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INTRODUCTION

Greenstein described that some enzyme activities of the liver
are affected when the animal bears tumor (1), and that many tumor
cells show similar tumor-specific enzyme pattern, regardless of
their derived mother cells (2). Since then, many workers studied of
enzyme in cancer. With the glycolysis enzymes, deviation of aldolase
isozymes was found by Schapira et al. (3) and Sugimura et al. (4),
and that of hexokinase isozymes by Sugimura et al. (4) and Weinhouse
(5), and that of pyruvate kinase isozymes by Tanaka et al. (6).

On the other hand, Nakahara ahd'Fukuoka (i)bextrucféa“assubs—
tance having in vivo 1ive;7éatalaSe—depressing activity from various
kinds of tumor, and they called it " toxohormone". Since then, many
workers carried out the purification and characterization of toxo—
hormone (8-10).

We reported that the catalase activity in the liver was depre-
ssed, when nuclei or chromatin isclated from the tumor, Rhodamine
sarcoma, is subcutaneously or intraperitoneally injected into normal
animals (11-16) . Matumoto et al. (17) purified from the'chromatin of

. the tumor the non-histone protein effective»furraépression of liver ™
catalaée;ilt ﬂud a moleculér weight of about 60,000 and an isoelect-
ric point of about 5.0.

This paper mainly deals with the purification and properties of

pyruvate kinase isozymes. |

Tanaka et al. (6) found that in Yoshida ascites hepatoma has a-

pyruvate kinase isozyme, which is different from those present

- dominantly in normal 1liver. They (18) purified the 1liver-type

(1)



(L-type) pyruvate kinase, the major isozyme in the liver, and the
muscle-type (M—type)‘enzyme, the major isozyme in the muscle. These
two types are distinguishable electrophoretically,immunologically,
kinetically, in reactivity to p-chloromercuribenzoate, in molecular
weight, etc.

Suda et al. (19) reported that M-type pyruvate kinase increases in‘
the liver of walker sarcoﬁa—bearing rats. The increased isozyme was
different from the L-type and M-type, called M2—type. Tanaka et al.
(6), using block zonal electrophoresis, found that four isozymes of
pyruvate kinase is present in rat liver; one is identical with M-type
isozyme in eleetrophoretic mobility. However, Susor and Rutter (20)
claimed, 'using electrophoresis on a cellulose acetate membrane, that
the M-type-like isozyme present in the liver is different from the
M-type isozyme present in the muscle. this conclusion was supported by
Jiméenez De Asfia et al. (21). ”

Imamura and Tanaka (22) succeeded in the purification of a new
type of pyruvate kinase isozyme from Ehrlich ascites tumor of.rats,

designating it "M, ,-type".

2
By isoelectric electrophoresis with Ampholine carrier-ampho-
lytes, Hess et al. (23) found that pyruvate kinase of pig liver is
distinguishable into at least two forms with respect to the moae of
FDP-binding.
Nakamura et al. (24), by isoelectric electrophoresis, demon-
strated that pyruvate kinase present in various tissues of the rat

is Separable into five pI-isozymes (different in pI value). They

found that M2—type (K-type) enzyme is the major isozyme in the

(2)



kidney as well as in Rhodamine sarcoma, and that it is also present
in the 1liver, spleen, lung and erythrocytes. In addition, they
observed that Mz—type enzyme increases in the liver of rats injected
with chromatin prepared from the nuclei of the tumor cells. Ibsen et
al. (25) reported that there are six pI-isozymes of K-type and at
least three pI-isozymes of L-type. Iﬁ addition, they (26) reported
that K-type pyruvate kinase increases in the liver of mice injected
‘with the extract from Ehrlich ascites tumor cells.

The findings in this report were: 1) Relationships among the
various pI-isozymes of pyruvate kinase present in various tissues of
rats were studied. We concluded that these pI-isoéymes were funda-
mentally classified into the three types, L-type, M-type and S-type
(Mz—type), in accordance with the Tanaka school (22). However, we

- call M2—typevspleen—type (S-type) , because the spleen contained the
isoenzyme in the‘highest amount among the normal tissues. 2) The
spleen—-type pyruvate kinase increased in the liver of rats injected
with chromatiA prepared from either Rhodamine sarcoma or the spleen,
but not in those injected with chromatin prepared from the liver.
The non-histone protein fraqtion prepared from Rhodamine sarcoma
chromatin gave the same result as the chromatin prepared from the
tumor. 3) Spleen-type and muscle-type pyruvate kinases were purified
to a homogeneous purity. The purified enzymes were subjected to
amino acid analysis énd peptide mapping. We found that spleen-type
and muscle-type were different in amino acid sequence, indicating
tha£ they were formed by different genes. 4) The FDP-binding and

various cation-binding properties of spleen-type pyruvate kinase

(3)




were studied.

The isozyme pattern of pyruvate kinase is considered as a good
marker for the differentiation or proliferation of the liver,
because the increase of the spleen-type enzyme accompanied with |
the decrease of the liver-type enzyme has been reported in the
regenerating and the fatal livers and during liver carcinogenesis
(27, 28, 29). Furthermore, it was reported that liver—type pyruvate
kinase is present in the fatal mouse liver culture in circumfusion
system for two weeks (30) and in the primary culture of adult rat
liver in at the resting phase (31l), whereas an adult rat liver cell
line synthesizes only spleen-type enzyme (32); However, we found
tha£ thé pyruvate kinase isozyme present in a clonal strain of rat
hepatoma cells (MHlCl) from Morris-hepatoma No.7795 is only of the
L-type. This indicates that spleen-type pyruVate kinase is
unsuitable as the marker of non-growing and normally differentiated
hepatocytes.

~Many workers consider that non-histone protein has important
functions in the gene expression. In fact, the content and the
specieé of non-histone proteins in nuclei are influenced by 'embryqf
genesis (33, 34), cell differentiation (35, 36), cell cycle (37, 38)
and carcinogenesis (39, 40).

In the studies on nuclei of various tissues of rats, we (41)
found that histone is essentially the same in species as well as in
relative contents per mg DNA, while some of the species of non-his-
tone protein are specific to the individual kinds of tissues, and

that the contents of some species of non-histone protein decrease in

(4)



the liver of Rhodamine sarcoma-bearing rats.

MATERIALS_ AND_METHODS

Animals and Tumor

Adult male albino rats of Donryu strain were used. Transplanta-
tion of Rhodamine sarcoma was carried out according to the method of
Matuo et al. (11) with the modifications in which the tumor tissue
was mixed with approximately 1 mg each of cephalosporin (Cefamezin)
and streptomycin (dihydro-streptomycin sulfate) per g wet weight of
tissue, and used without addition of Ringer's solution. Aboﬁt two
weeks after the implantation? Rhodamine sarcoma - was removai from
rats and used for usual experiments. For the purification of pyru-
vate kinase, tissue was stored in a frozen state before use.

Preparation of Pyruvate Kinase Extracts from Various Tissues

Normal and tumor-bearing rats were decapitated, and various
organs and tumor were dissected out. Extracts from various tissues

were prepared by the procedure of Nakamura et al. (24).

Ammonium Sulfate Treatment of,Pyruvéte'Kiﬁase Extracts

Solid ammonium. sulfate was added to various tissues or cells
extracts to 70% saturation, followed by centrifugation at 20,000 x g
for 20 min. The resulting precipitates were individually dissolved
in 10 mM Tris-HCl1l buffer (pH7.5) containing 5 mM ethylenediamine
tetraacetate (EDTA) and 10 mM B—mercaptoethanol; The‘solution thus
obtained were dialyzed against the same buffer. This process is

called "ammonium sulfate treatment”.

(5)



Isoelectric Electrophoresis of Pyruvate Kinase

Pyruvate Kinase extracts with or without ammonium sulfate
treatment were subjected to isoelectric electrophoresis with Ampho-
line carrier-ampholytes (pH 3.5-10) according to the method of
Vesterberg and Svensson (42), using a 100 ml electrofocusing column.
Otherwise, in the purification steps, a density gradient of form 50%
sucrose at the bottom to 25% glycerol at the top was made in the
electrofocusing column, since the enzyme was stabilized in the
presence of glycerol.

-Electrophoresis was carried out at 700V and 0-1°C for 48h. The
eluate from the column was divided into 1 or 2 ml fractions and the
resulting fractions were measured for pH, absofbance_at 280 nm and
pYruvate kinase activity. In some cases radioactivity was also

measured.

Assay Method for Pyruvate Kinase Activity

The actiﬁity of pyruvate kinase was measured according to the
method of Blicher and Pfleiderer (43). The standard reaction mixture
comprised 0.5 ml of 0.1 M Tris-HCl buffer (pH 7.5), 0.1 ml of 30 mM
phosphoenolpyruvate, 50 ul of 40mM ADP, 0.1 ml of 1.5M KC1, 50 ul of

0.2 M MgCl,, 50 pl of 5 mM NADH, 10 ul of 150-200 units/ml of

27
lactate dehydrogenase [L—lactate:NAD+ oxidoreductase, EC 1.1.1.27]
and water to make the total volume 1.0 ml. In some cases fructose
1,6-diphosphate was added to the standard reaction mixture. The
reaction was started by adding trace volumes of pyruvate kinase

solﬁtion, and the decrease of absorbance at 340 nm was measured at

24°C, using a Cary model 17 spectrophotometer. One unit of pyruvate

(6)




kinase was defined as the amount of enzyme that caused the oxidation
of 1 umole of NADH per min.

Determination of Phosphoenolpyruvate and Fructose 1,6-Diphosphate

Concentrations

Phosphoenolpyruvate concentrations were determined by the
method of assay for pyruvate kinase activity (see above). FDP
concentrations were determined as follows; To 0.2 ml of appropri-
ately diluted FDP solutions were added 0.5 ml of 0.2M Tris-HCl
buffer (pH7.5), 50 ul of 0.1 M EDTA, 20 ul of 10 mM NADH and 0.2 ml
of water. Ten ul of 80 unit/ml glycerol-3-phosphate dehydrogenase
{én-glycerol-3—phosphate: NAD+ 2—6xidoreductase, EC 1.1.1.8}] and
10 pl of 1,800 units/ml triosephosphate isomerase,[D—glyceraldehyde
3-phosphate ketolisomerase, EC 5.3.1.1]'were then added in order to
remove dehydroxyacetone phosphate and glyceraldehyde 3-phosphate
from the reaction system. The reactiop was started by adding 10 ul
of 90 units/ml fructose diphosphate aldolése [fructose 1,6-diphosphate
D-glyceraldehyde 3-phosphate-lyase, EC 4.1.2.13] and the amount of
fructose 1,6-diphosphate present in the reaction mixtqre'was estimated. -

Preparation of Nuclei, Chromatin, DNA, -Non-histone Protein, Histone and

Histone-free Chromatin

Nuclei from Rhodamine sarcoma were isolated according to the
method of Miyazaki et al. (15), which was a modification of the
method of Higashi et al. (44).

Chromatins were isolated not only from Rhodamine sarcoma but
alsé from spleen and liver according to the method of Clark et al.

® (45) and of Chaikley et al. (46) with some modifications. Details were

(7)




described by Nakamura et al. (24) and by Miyazaki et al. (15).
Separation of chromosomal protein and DNA from chromatin by

molecular-sieve chromatography on a Sephadex G-200 column in 2M NaCl

was carried out according to the method of Georgiev et al. (47), and

then, protein-free DNA aﬂa non-histone protein fractions were

prepared. Deﬁails were described by Miyazaki et al. (15).

SO

Histone was extracted from chromatin with O.lM H and

2574
acid-insoluble fraction was saved as the histone-free chromatin, as
described by Miyazaki et al. (15).

An aliquot of each preparation was injected into the “sub-
solution was injected. The injected rats were kept for 23 hr with
free access to water and diet. In some cases, second or third
injection was carried out at every 23 hr and rats were kept for
-farther,23 hr. They were then decapitated and the livers were

dissected out and used for experiments.

Molecular-Sieve Chromatography on Sephadex G-200 Column

The determination of molecular weights was carried'out accord-
ing to the method of Andrews (48), using a Sephadéx G¥260 (1.5 x 90
cm) column (Pharmacia Fine Chemfcals, Uppsala). Blue dextran (M.W.
2,000,000), rabbit muscle pyruvate kinase (M.W. 240,000), yeast
alcohol dehydrogenase [EC 1.1.1.1] (M.W. 140,000), bovine serum
albumin (M.W. 67,000) were used as molecular weight markers. The
flow rate was adjusted to 7 ml/hr by a peristaltic pump, type 10,200
(LKB) Produkter AB, Stockholm-Bromma). The eluate was divided into 1

ml fractions.

(8)



SDS-Polyacrylamide Bel Disc Electrophoresis of Pyruvate Kinase

SDS-polyacrylamide gel disc electrbphoresis was carried out
accoding to the method of Weber and Osborn (49), using 7.5%
polyacrylamide gel (5 x 90 mm).

Cells and Cell Culture

MHlCl cells were purchased from the American Type Culture
collection. BRL cells originally isolated bf Coon (50) from normal
adult rat 1liver, were generous gifts from Dr. Gordon Sato
(University of California, San Diego). MHlCl cells were cultured on
150-mm Falcon plates in Leibovitz's L-15/Ham's F-10 mixture (7:3)
supplemented with 17% fetal calf serum. BRL cells were cultured on
100-mm Falcon plates in Dulbecco's modified Eagle's medium
supplemented with 12.5% house serum and 2.5% fetal calf serum.
.Cultures were incubated at 37°C in a jumicified atmosphoere of 5%
CO, and 95% air. - |

2
Preparation of Cell Extracts

The cells were harvested by  trypsinizing subconfluent

6 7

monolayer. Averages of 5 x 10  BRL cell/100-mm plate and 10' MH

171
cell/150-mm plate were harvested. The trypsinized cells were )
centrifuéally washed three times with cold saline solution containing
phosphate buffer and suspended in 0.5 ml of 10 mM Tris-HCl buffer (pH

7.5) containing 10 mM B-mercaptoethanol, 5 mM MgCl, and 1 vaEDTA. The

2
cells were disrupted by freezing in liquid nitrogen and thawing at
37°C. This procedure was repeated three times. The cell lysate was

centrifuged at 105,000 x g for 1 hr and the supernatant was used as the

pyruvate kinase extract. In some cases, the extract was subjected to

(9)




"ammonium sulfate treatment" as described above.

Amino Acid Analysis

Dialyzed and then lyophilized samples (purified Spleen-type and
muscle~-type pyruvate kinase) were individually hydrolyzed in 6 N HCl
in a sealed tube under vacuum at 110°C for 24 hr, 48 hr and 72 hr.
After removal of HCl1 under vacuum, the sample was analyzed by a
amino acid.analyzer (model JLC-5AH, Japan Electron Optics Lab., Tokyo)
according to the method of Moore and Stein (51).

Preparation of Reduced and S$-Carboxymethylated Pyruvate Kinase and

Its Peptide Mapping

Reduction- and S-carboxymethylation of pyruvate kinase wés carried |
out according'to'tﬁe ﬁethod of Crestfield et al. (52). An aliéuot of
thus obtained sample was sﬁbjected to amino acid analysis ﬁo’test the
completion of the feaction and determine the contént of half-cystine.
To each 8 mg of reduced and S—carboxymgthylated sample, 1.6 ml of 0.2 M
ammonium bicarbonate buffer (pH 8.5) and 80 ug of trypsin (treated with
L-(l-tosylamide-2~phenyl)ethyl chloromethyl ketone) were added,
followed by incubation at 37°C. After 6 hr, additional 40 pg of trypsin
was added, followed by further incubatién for 6 hr. Resulting solutioh;
was lyophilized and thus obtained meterial was dissolved in 80 pl of
20% pyridine. Insoluble meterial was removed by centrifugation. The
supernatant (2 ul‘ containing 200 ug peptides) was subjected to
chromatography on a cellulose thin layer (Merck 5716 plate 20 x 20 cm)
in n-butanol/ pyridine/acetic acid/ water (15:10:3:12 by volume) for 6

hr ét 24°C. The thin layer was dried
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at 50-60°C for 15 min, allowed to stand at room temperature for 1 hr,

and then moistened with pyridine/acetié acid/ water (1:10:89 by volume,
pH 3.5). The second dimensional electrophoresis was carried out for 85
min at 700vV in a cold room (4°C). After resulting thin layer was dried
at 100°C for 10 min.

Measurement of Radioactivity

14C]FDP was measured within 5 hr after

The radiocactivity of |
mixing 0.5 ml of a sample solution and 15 ml of Bray's solution in
e ©Order to avoid chemical quenching, with a scintillation counter (model
LS-250, Beckman Instruments, Inc., Fullerton).

Protein and DNA Content

Protein amount was determined by the method of Lowry et al.. (53),

: |
using bovine serum albumin as a standard. DNA content was determined by
the method of Schneider (54), using calf thymus DNA as a standard.

Reagents and Other Chemicals

Phosphenolpyruvate, fructose 1,6-diphosphate, molecular weight
marker proteins, bovine serum albumin, ovalbumin, oa-chymotrypsinogen A,
horse myog}obin and cytochromec), dibutyryl cyclic  AMP, (BtchMP),
dibutyryl cyclic GMP (BtchMP), bovine. pancreas -insulin and giﬁbagon
Aﬁére obtained from Sigma Chémicél Co., St. Louis, Missouri. ADP, NADH,
pig heart lactate dehydrogenase and yeast alcohol dehydrogenase were
from Oriental Yeast Co., Ltd., Osaka. Blue dextran was from Pharmacia
Fine Chemicals AB., Uppsala. Ampholine carrier-ampholytes were from LKB
Produkter AB., Stockholm-Bromma. Rabbit muscle pyruvate kinase was from
Boeﬁringer Mannheim GmbH, Mannheim. Trypsin treated with L=~

. (1-tosylamide-2-phenyl) ethyl chloromethyl ketone was from Worthington
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Biochemical Corp., Freefold, New Jersey. For cell culture, trypsin was

from Difco Lab., Michigan, and medium and serum were from Folw Lab.

1

Inc., Inglewood, California. [ 4C]FTE> was from the Radiochemical

Center, Amersham.
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RESULTS

A) PYRUVATE KINASE ISOZYMES IN VARIQOUS TISSUES OF RAT, AND INCREASE

OF SPLEEN-TYPE PYRUVATE KINASE IN LIVER BY INJECTING CHROMATINS

FROM SPLEEN AND RHODAMINE SARCOMA

1. Isoelectric Electrophoresis of pI-Isozymes of Pyruvate Kinase

Present in Various Tissues of Rats

When the extract from livers of normal rats was subjected to
isoelectric electrophoresis, pI 5.4-, pI 5.6-, pI 6.2-, pI 7.4- and"

pl 7.8- isozymes were detectable (Fig.l). The pI 5.4-isozyme, if
Fig. 1

subjected again to isoelectric electrophoresis, was mostly converted

~into the pI 5.6- and pI 6.2-isozymes (Fig. 2). In repeated isoelect-

Fig. 2

ric electrophoresis, pl 5.6-isozyme converted into pI 6;2;iéozyme,
>7whereasfpi 6.2-isozyme did not change. When liver extract which had
been treated with ammonium sulfate was subjected to isoelectric
electrophoresis, pI 5.4- and pI 5.6-isozymes were hardly detectable,
and pI 6.2-isozyme increased significantly and pI 4.9-~isozyme was
newly formed, whereas pl 7.4- and pI 7.8-isozymes were hardly
affected (Fig.l). The resulting pI 4.9-isozymes was labile, and it

was not further examined; it seems likely that this isozyme was an
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artifact generated by the ammonium sulfate treatment.

Hess et al. (23) found with isoelectric electrophoresis method,
that two types of liver pyruvate kinase of pig can be disiinguish—
able on the basis of FDP binding; pI 5.3-isozyme binds FDP and pI
6.1 is FDP-free form.

When the liver pI 6.2-isozyme fractions obtained by isoelectric
electrophoresis were mixed with FDP (0.1 mM at final concentration)
and subjected to isoelectric electrophoresis, pI 5.4- and pl 5.6-
isozymes were formed with the ratio of approximately 2:1.

These rusults suggest that liver-type pyruvate kinase posseses
two kinds of sites capalbe of binding with FDP; liver-type isoenéYme
‘has a pI value of 6.2 when free of FDP, and when one kind of site ( the
1st site) binds with FDP, the pI value shifts from 6.2 to 5.6, and when
both kinds of sites (lst and 2nd sites) bind with FDP, the pI value
shifts further to 5.4.

Wheﬂ the extract from spleen of normal réts was subjected to
isoelectric electrophoresis, pI 6.2-, pI 6.6~, pI 7.4- and pI 7.8-

isozyme were detected (Fig. 3). In this experiment, pI 6.2—isozymé'
Fig. 3

was dominant form. However, in some spleen extracts, pI 6.6-isozyme was

dominant form. The resulting pI 6.2-isozyme, if it was again subjected

to isoelectric electrophoresis, mostly converted into pI 6.6-isozyme

(Fig. 4). The pI 6.6- and 7.8-isozymes were not affected by repeated

(14)




Fig. 4

isoelectric electrophoresis. When spleen extract which had been treated
with ammonium sulfate was subjected to isoelectric electrophoresis, pI
6.2- and pIl 6.6-isozymes did not appear, and then pI 7.8-isozyme
content increased significantly (Fig. 3).

The spleen pI 7.8-isozyme fractions obtained by isoelectric

- electrophoresis were mixed with FDP (0.1 mM at final concentration),

and followed by subjecting to isoelectric electrophoresis (Fig. 5).
Fig. 5

It was found that pI 7.8-isozyme converted into pI 6.2- and pIlI 6.6-
isozymes. In some experiment, only pl 6.6—-isozyme was formed. The
extent of conversion increased with increasing concentrations of FDP.
In addition, pI 7.8-isozyme was mostly converted into pI 6.2-isozyme
when 1 mM FDP was added to the whole of the solution placed in the
electrofocusing column.

These results suggest that spleen—tyée pyruvate kinase posseses
two kinds of sites capable of binding with FDP; spleen-type isoenzyme
has a pI value of 7.8 when free of FDP, and when one kind of site ( the
1st site) bind with FDP, the pI value shifts from 7.8 to 6.6 when both
kinds of sites (1st and 2nd sites) bind with FDP, the pI vlaue shifts
further to 6.2.

| When the extract from skeletal muscle of normal rats was subjected

to isoelectric electrophoresis, only pI 7.4-isozyme was detectable
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(Fig. 6). The muscle pI 7.4-isozyme was not influenced by repeated
Fig. 6

isoelectric electrophoresis before and after ammonium sulfate treatment
(Fig. 6) or with and without addition of FDP.

These suggest that muscle-type isoenzyme can not bind with FDP.

Nakamura et al. (24) previously reported that extract from
kidney, lﬁng and erythrocytes of normal rat contain pI 6.2- and/or
pI 6.6-isozymes with pI 7.8-isozyme. When these extracts were
subjected to ammonium sulfate treatment and then to isoelectric
electrophoresis, most of the pI 6.2-isozyme in the kidney extract
and all of the pI 6.6-isozyme in the lung and'erYthrocyte extracts
were converted into pI 7.8-isozymes. In addition, even 1if after
ammonium sulfate treatment, pIl 6.2-isozyme existed in the extracts
of kidney and erythrocyte indicating these extracts contain the
liver pI 6.2-isozyme. These results were summarized in Table I.

When the extract from Rhodamine sarcoma was anained{by iso-
_electric electrophoresis, pI 6.2-, pI 7.4~ and bIW7.8—isozyﬁé were

deteétabie (Fig;'7) and when ammonium sulfate treated extract was
Fig. 7

subjected to isoelectric electrophoresis, pI 6.2-isozyme disappeared

and then pI 7.8-isozyme content increased (Fig. 7 and Table I). With
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Table I
respect to the behavior in isoelectric electrophoresis, pI 6.2-iso-
zyme was identical to spleen pI 6.2-isozyme, and pl 7.4-isozyme was

identical to muscle pI 7.4-isozyme.

2. Kinetical Differences in pI-Isozyme of pyruvate Kinase of Rats

Various pI-isozymes were obtained from extracts of livers,
spleens, skeletal muscles and Rhodamine sarcoma of rats by isoelect-
ric electrophoresis before and after ammonium sulfate treatment.
Using the pI-isozymes thus bbtained, the effects of wvarious con-
centrations of phosphoenolpyruvate on activitieé in the presence,and'
absence of 0.1 mM FDP were measured. The reaction was started by
adding a small volume of enzyme sample to the standard reaction
ﬁixture._In some casés, FDP was added to the standard reaction
mixture before adding the enzyme.

Using liver pI 6.2-isozyme, the kinetical curve for initial rate
versus phosphoenolpyruvate concentration was sigmoidal (n = 2.0; Km =
1.5 mM) if FDP was absent in the standard reaction mixtufe’kfié. 8) .

Whilé, in the presence of FDP, the activity was signifi-
Fig. 8
cantly stimulated and kinetical curve showed hyperbolic (n = 1.0; Km

= 0.1 mM). The use of liver pI 5.4- and pI 5.6-isozymes gave prac-

tically the same results. This indicates that these isozymes liberated
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its bound FDP when FDP was not added to the reaction mixture, and
e coverted into pIl 6.2-isozyme, and that resulting pI 6.2-isozyme could
bind with FDP stimulating the activity, if FDP was provided. |
Using spleen pI 6.2-isozyme, the kinetical curve for initial
rate versus phosphoenolpyruvate concentration was hyperbolic (n =
1.0; Km = 0.2 mM) if FDP was not added in the reaction mixture

(Fig.9). In the presence of FDP, the activity was significantly
° } Fig. 9

stimulated when the concentration of phosphoenolpyruvate was'loﬁer
than 1 mM (n = 1.0; km = 0.06 mM). The use of spleen pI 6.6-isozyme,
and Rhodamine sarcoma pI 6.2- and pI 6.6-isozymes gave practically
the same results. Using spleen plI 7.8-isozyme, the kinetical curve
showed sigmoidal in the absence of FDP (n = 1.7; Km = 0.7 mM. The
activity was only slightly stimulated in the presence of FDP (n =
1.7; Km = 0.5 mM). Practically the same results were obtained with
Rhodamine sarcoma pI 7.8-isozyme. It is conceivable that when FDP was
pot\;dded in thg reaction mixture spleen pI 6.2-isozyme liberated a’
‘part of its bbuhd FDP and was thus converted into pI 6.6-isozyme, and
that Qhen FDP was added to the reaction mixture, the resulting pI
6.6~isozyme could bind with FDP, stimulating the activity, and that
spleen pI 7.8-isozyme could not bind FDP even FDP was provided in this
assay condition.

Using muscle pI 7.4-isozyme, the activity was not affected by
-

FDP and kinetical curve showed hyperbolic in the absence of FDP (n =
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1.0; Km = 0.06 mM) (Fig. 10).

Fig. 10

These results were summarized in Table II.

Table II

° 3. Pyruvate Kinase pl-Isozymes in Livers of Rhodamine sarcoma-

bearing Rats

Nakamura et al. (24) found, using the isoelectric electro-
phoresis, when Rhodamine'_sarcoma is transplanted into rats, the
total activity of pyruvate kinase increases in 1liver; pI 6.2-
isozyme content increases, whereas other pI-isozymes are little

influenced. Their results were reproduced (Fig. 11). When the
Fig. 11

extract from liver of Rhodamine sarcoma-bearing rat wés subjeéfed to
nh&ﬁﬁohiumﬁsulfaté treatment and then to isoelectric electrophoresis, pI
7.8—isszme éontent increased to remarkably more extent than Qhen
normal liver extract was used (Fig. 11 and Fig. 1). These date indicate
that increase of the pyruvate kinase activity of tumor-bearing rats was
mostly due to the increase of spleen-~type isozyme (pI 6.2- or pI

L 7.8-isozyme) .
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4. Effect of Injection of Nuclei from Rhodamine sarcoma on pIl-iso-

zyme Pattern of Pyruvate Kinase in Livers

The nuclei prepared from Rhodamine sarcoma was injected into
the subcutaneous region on the back of rats. The liver extract from
these rats was subjected to ammonium sulfate treatment, and followed
by subjecting isoelectric electrophoresis, The increase of pI 7.8-

isozyme content showed dose dependency (Table III); at single injec-
Table III

tion of maximum dose tested; 3.3-fold increase was observed. Inu
addition, at daily >injection for 3 days pI 7.8-isozyme content
increased 4 times. These observations support the previous report by
Nakamura et éi, (24) They used the chromatin preparations from

Rhodamine sarcoma instead of nuclei.

5. Effect of Injection of Chromatins Prepared from Rhodamine

sarcoma, Spleen and Liver into Rats, on pI-Isozyme Pattern of

Pyruvate Kinase in Livers

The_exfgact from livers of rat injected with chromatin prepared
from Rhodamine sarcoma was subjected to ammonium sulfate treatment
and then to isoelectric electrophoresis. As reported by Nakamura et
al. (24), the pI 7.8-isozyme content increased to 2.3 times the
levels in extract from livers of normal rats (Table III). The same
kiné of experiment was carried out with chromatins prepared £from

spleens and livers of normal rats. It was found that when spleen
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chromatin was injected into rats, and the liver extract was subjected
to ammonium sulfate treatment, the pI 7.8-isozyme content in the livers
increased appreciably. The injection of liver chromatin did not affect

the pI-isozyme pattern (Table III).

6. Localization of Spleen-Type-Ilsoenzyme-Increasing Substance in

Chromatin

Prepared from Rhodamine sarcoma

The chromatin preparation from Rhodamine sarcoma was divided into
the four fractions, histone—free chromatin, histone; non-histone
protein and DNA. Each of}resulting fractions was injected into rats,
and the liver extract was subjected to ammonium sulfate treatment and
followed by subjecting to isoeléctric electrophoresis (Table III). When
histone-free chromatin was injected, pI 7.8-isozyme increased to
approximately two time the level of control rats, and this increase was
similar to that of when whole chromatin was injected. When non-histone
protein fraction was injected, pI 7.8-isozyme increased appreciably.
Whereas histone and DNA fractions had no effect on the increase of pI
7.8-isozyme. These suggest that pI 7;8—isoZymé‘ihcreasingQaétivity

localized in non-histone protein fraction of Rhodamine sarcoma.

B) RETENTION OF LIVER-TYPE PYRUVATE KINASE IN CULTURED RAT HEPATOMA

CELLS, MH,C, CELLS

1. Effects of Phosphoenolpyruvate Concentrations and FDP on Pyru-

vate Kinase Activities in BRI and MH,C, Cell Extracts
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The specific activity of pyruvate kinase in the extract of BRL
e cells was about 20 times that in the extract of MH,C; cells (Table 1IV),
and about 5 times that in the extract of normal liver tissue (24). The
growth rates of BRL cells and MHlCl cells under the present conditions,
as represented by doubling times, were about 16 hr aﬁd 24 hr, respective-
ly (data not shown).
In the kinetic Studies, pyruvate kinase activity in the extract of

MHlC1 cells was stimulated significantly by FDP (Fig. 12); the Km

®
Fig. 12
values for phosphoenolpyruvate in the presence and absence of FDP were
0.13 mM and i.S mM, respectively. On the other hand, the activity in
the extract of BRL cells was only slightly stimulated by FDP; the Km
values for phosphoenolpyruvate in the presence and absence of FDP were
o 0.50 mM and 0.55 mM, respectively.

As described already, liver-type isoenzyme can bind with FDP
stimulatin the activity, whereas spleen-type isozyme can not bind with
FDP in the reaction mixture of convgntional activity assay. on the.a
basés_of tﬂes; FDP—binding probérfiés aﬁd the km values for phosphoenol-
pyruvate, it was suggested that the pyruvate kinase isozymes in the
extract of MHlCl cells and BRL cells were mainly liver-type and spleen-
type, respectively.

L 2. Isoelectric Electrophoresis of Pyruvate Kinase Isozymes from BRL

and MH,C, Cells
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When the extract of BRL cells was subjected to isoelectric
electrophoresis, pyruvate kinase activity was separated into two
fractions: pI 7.8-isozyme as the main component and pI 7.4-isozyme as
the minor component (Fig. 13). Treatment with ammonium sulfate did not

influence
Fig. 13

the pI-isozyme pattern (data not shown). These results show that BRL
cells contain spleen-type isocenzyme as a main component and muscle-type
isoenzyme as a minor component. Although BRL cells retain some liver—
specific functions (60) , they are not fully differentiated with regard
to synthesis,of pyruvate kinase isozymes. Similar deviation of expres-
sion of pyruvate kinase isozyme in cultured liver cells was reported
previously (32). On isoelectric electrophoresis, an extract of MHlCl

cells gave two fractions of pyruvate kinase activity, pI 5.4-isozyme

and pI 6.2-isozyme (Fig. 14); there was no detectable activity at pI 7° S
Fig. 14

to pI 8. As deséribed already, the pI 5.4-isozyme is liver-type iso- j
enzyme associated with FDP at two kinds of binding sites, whereas the
pI 6.2-isozyme is liver-type isoenzyme free from bound FDP or spleen-
type isoenzyme associated with FDP at two kinds of binding sites. On
amménium sulfate treatment of the extract, the content of the pI

6.2-isozyme increased with decrease in that of pI-5.4 isozyme (Fig.
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15)..As described already for rat liver (Fig. 1), pI 4.9-isozyme also
Fig. 15

éppeared. Again, no isozymes with pI values of 7.4 and 7.8 were detect-
able. These results indicate that MHlCl cells, which are a clonal
strain, contain only liver-type pyruvate kinase. Expression of liver-
type pyruvate kinase in MHlCl cells is stable because the cells were
established before 1969 (55) and this phenotype has not changed during

culture for at least the last two years.

3. Effects of Insulin, Glucagon, Bt,cAMP and Bt.,cGMP on Liver-Type

Pyruvate Kinase Activities in MH,C, Cells

It is known that the activity of liver-type pyruvate kinase is
controlled by hormones (56,57) and diets (18,24). We tested the effects
on liver-type pyruvate kinase activity in cultured MHlCl cells of

insulin, glucagon, BtchMP and Bt,cGMP by adding these compounds to the

2

medium. Insulin has no effects on stimulation of pyruvate kinase

activity at any concentrations tested (0.1-3 ug/ml) for 5 min to 48 hr.

6 6 4

Glucagon (1 pg/ml), Bt,CAMP (10" ° and 10-4M) and Bt.cGMP (10 ° and 10

2

M) has little effects. These results were summarized in Table V. Thus,
Table V

it seems like that the systems for transmission of signals of hormones

to expression of enzyme activity are probably disconnected in MH]_Cl
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cells.

C) PURIFICATION OF SPLEEN-TYPE AND MUSCLE-TYPE PYRUVATE KINASE, AND

THEIR DIFFERENTIAL PROPERTIES

1. Purification and Crystallization of Spleen-Type Pyruvate Kinase

from Rhodamine sarcoma of Rats

Frozen tissue of Rhodamine sarcoma (5 Kg in wet weight) was put in
e O Volumes of 10 mM Tris-HCl buffer containing 10 mM B-mercaptoethanol,

5 mM MgCl and 1 mM EDTA (pH 7.5), and then homogenized in a Waring

27
blender (Model CB-2-10, Eberbach~Corporation, Michigan) ét the medium
speed for 1 min. The buffer used is called "Tris-MME buffer." The
homogenate was centrifuged at 14,000 x g for 20 min. The supernatant is
hereafter called "extract."

The extract (30 liters) was subjepted to ammonium sulfate frac-
tionation. The 40 to 70% saturated ammonium sulfate precipitaté was
dissolved in Tris-MME buffer, and then passed through a Sephadex G-25
column (the bed volume=the sample volume x 4) equilibrated with Tris-
MME buffer. The desalted protein solution is called "40;70% sé£;aAmSOz

fraction."

The 40-70% sat. AmSO, fraction (4 liters) was passed through a

4
DEAE-cellulose column (16 x 30 cm) equilibrated with Tris-MME
buffer. To the protein fraction that was not absorbed on the column
(passed fraction), ammonium sulfate was added up to 70% saturation. The

resulting precipitate was dissolved in small volume of 5 mM potassium

citrate buffer containing 25%(v/v) glycerol and 10 mM B-mercaptoethanol
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(pH‘6.2) and then dialyzed against an excess volume of the same buffer.
® The dialyzed solution in called "DEAE-cellulose passed fraction."
The DEAE-cellulose passed fraction (500 ml) was passed through a
CMrcellulose.column (6.5 x 100 cm) equilibrated with 5 mM potassium
citrate buffer containing 25%(v/v) glycerol and 10 mM B-mercaptoethanol

(pH 6.2) (Fig. 16). The charged column was then eluted with a linear
Fig. 16

concentration gradient formed of 7 liters of 5 mM potassium citrate
buffer (pH 6.2) and 7 liters of 30 mM potaséiufﬁ'éitra-te bﬁffér(pﬁ 6.2),
both of which contained 25%(v/v) glycérol and 10 mM B—mercaptoethénol.
The eluate was divided into 250-ml fractions. The fractions showing

higher specific activities of pyruvate kinase than 15 units/A were

280nm
mixed. The resulting mixture (2.3 liters) was concentrated to approxi-
e mately 1 liter by means of membrane filtration and dialyzed against an
excess volume of 70 mM Tris-HCl buffer containing 25%(v/v) glycerol and
10 mM B-mercaptoethanol(p 7.5) ("Tris-GM buffer"). The dialyzed solu-

tion is called "CM cellulose eluate." -

The CM-cellulose eluate was passed through a P-cellulose column-

(6.5 x 65 cm) equilibrated with Tris-GM buffer (Fig. 17). The charged
Fig. 17

column was washed with three-fold bed volumes of Tris-GM buffer, and
[ J

then eluted with Tris-GM buffer containing 25 mM potassium phosphate.
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The resulting eluate was divided into 40-ml fractions. The fractions
showing higher specific activities of pyruvate kinase than 74 units/
A280nm were mixed. fhe resulting mixture (400 ml) was concentrated to.
approximately 50 ml by means of membrane filtration. The concentrated
solution is called "P-cellulose eluate."”

The P-cellulose eluate was divided into portions containing
4,000-5,000 units of pyruvate kinase, and the portions were indi-

vidually subjected to isoelectric electrophoresis with Ampholine

carrier—-ampholytes (Fig. 18). Pyruvate kinase (FDP-free) was

Fig. 18

collected into fractions, the pH values of which were centered at 7.8
("isoelectric separation: 1lst"). These fractions containing the pI
7.8-isozyme of the enzyme were preincubated with 1 mM FDP for a suf-
ficient length of time (see below) and then subjected to a second
isoelectric electrophoresis. Pyruvate kinase (FDP bound with the 1lst
site) was collected into fractions, the pH values of which were center-
ed at 6.6 ("isoelectric separation: 2nd(+FDP)"). The enzyme in these
fractions is called "pI 6.6-isozyme”. The results of the purificafion

are summarized in Table VI.

Table VI

The spleen-~type pyruvate kinase preparations purified by the 2nd

isoelectric separation were subjected to crystallization. To the enzyme
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solution (approximately 600 units/ml) (30 ml) were added a one-
twentieth volume of 0.2M Tris-HCl buffer containing 25% glycerol (pH
7.5) and a one-hundredth volume of 0.1 M FDP. The resulting solutioﬁ
was supplemented with solid (NH4)2504 up to 50% saturation, adjusting
the pH to approximately 7 with ﬁH4OH. The enzyme solution thus obtained
was concentrated to approximately 2 ml by means of membrane filtration.
In this step the enzyme solution became slightly turbid. To the concen-
trated enzyme solution, solid (NH4)2SO4 was added up to 70% saturation.
When the resulting enzyme solution was allowed to stand overnight, the
turbidity increased so that a silky stream was detectable upon shaking
of the solution. Small neédié-shaped crystals were seen under a micro-
scope (Fig. 19).

Fig. 19

All the procedures described above wefe carried out at 4°C. The purity
was not appreciably improved after crystallization.

Crystales of the enzyme were collected by centrifugation and
dialyzed against an excess volume of water for 2 days, dufing which the
water was reneweq 4 times. The dialyzed enzyme -was lyophilized and then
dried at 60°C under vacuum in a P,O. desiccator. It was determined that

275

1 mg/ml of the enzyme showed A280nm=0‘47 in H20 with the cuvette of

light pass 1 cm. Absorbance spectrum of spleen-type pyruvate kinase in

0.1 N NaOH was also measured. (Fig. 20)

Fig. 20
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2. Effect of Preincubation with FDP on Activity of Spleen-Type

Pyruvate Kinase

As described above, spleen-type pyruvate kinase is hardly
stimulated by FDP when the initial rate is measured by adding the pI
7.8-isozyme (FDP-free). On  the other haﬁd, the activity of pI.
7.8-isozyme was stimulated by FDP to a significant extent, when 20 ul
of the enzyme which was preincubated with 0.1 mM FDP in 10 mM Tris-HCl
buffer (pH 7.5) containing 25% glycerol was added to 1.0 ml of the
standard reaction mixture for activity assay containing 0.1 mM
phosphoenolpyruvate and 0.15 M KCl (final concentration of FDP=2 uM
(Fig. 21). On the basis of kinetical behavior, it was clear that pI
7.8-isozyme were mostly coverted into pI 6.2-isozymé by preincubation
with FDP at low ionic strength (10 mM Tris-HCl buffer without KCl). The
conversion from the pI 6.6~isozyme into the pI 6.2-isozyme by further

binding with FDP presumably took place at high ionic strength.

3. Effect of Preincubation Time with FDP on Activity of spleen-type

Pyruvate Kinase

In this study, the pI 7.8-isozymé was dissolved in 10 mM Tris-HCl
buffer containing 25%(v/v) glycerol and 1 mM FDP (pH 7.5). The enzyme
solution thus obtained was preincubated at room temperature for various
lengths of time, and the enzyme activity was measured by adding the
preincubated enzyme solution (1l0ul) to the standard reaction mixture
for activity assay which contained 0.1 mM phosphoenolpyruvate. With
increasing preincubation time, the initial rate gradually increased; it

took approximately 20 min to reach the maximum ("+FDP" in Fig. 22).
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When the plI 7.8-isozyme was preincubated in the standard reaction
.nﬁxture containing 0.1 mM phosphoenolpyruvate and 1 mM FDP but free of
ADP, and when the enzyme activity was measured by adding the preincu-
bated enzyme solution (1l0ul) to the standard reaction mixture for
activity assay which contained 0.1 mM phosphoenolpyruvate. but ﬁot FDP,
the maximum stimulation of enzyme activity increased to a remarkably
higher extent ("+RM-ADP+FDP"). When the pI 7.8-isoenzyme was preincu-
bated in the standard reaction mixture containing 1 mM FDP but free of
® phosphoenolpyruvate, and when the enzyme activity was measured by
adding the preincubated enzyme solution (10ul) to the standard reaction
mixture for activity assay which contained 0.1 mM phosphoenolpyruvate,
almost the same result as above was obtained ("+RM~PEP+FDP"). On the
other hand, a slight but appreciable stimulation of the enzyme activi-
ty was observed when the pI 7.8-isoenzyme was preincubated in the
standard reaction mixture free of ADP or phosphoenolpyruvate ("+RM-ADP"
and "+RM-PEP").
The standard reaction mixture used for the preincubation contained
50 mM Tris-~HCl, 0.15 M KC1l, 10 mM MgClz, etc. Therefore, these results
suggest that the FDP—blndlng rate to the 1st -site of spleen type -
1soenzyme was remarkably slow regaredless of the ionic strength in
prelncubatlon. In addition, the fact that the pI 7.8-isozyme was
activated to a much higher extent by preincubation in the standard
reaction mixture containing 1 mM FDP than by preincubation in 10 mM

Tris-HCl1 buffer containing 1 mM FDP, suggests that the enzyme was

additionally activated'by the factor present in the reaction mixture;

the activation reached the maximum within 10 min. This factor was the
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monovalent cations present in the reaction mixture (See below).

L)
4. Effect of FDP Concentration in Preincubation on Activity of

Spleen-Type Pyruvate Kinase

The pI 7.8-isozyme of spleen-type pyruvate kinase was preincubated
with various concentrations of FDP in 10 mM Tris-HCl buffer (pH 7.5)
containing 25%(v/v) glycerol for 30 min, which is sufficient for the

maximum stimulation (See Fig. 23). An aliquot of
Fig. 23

the preincubated enzyme solution was added to a 50-fold volume of the
standard reaction mixture for activity assay, which contained 0.1 mM
phosphoenolpyruvate and 0.1 mM FDP, and the initial rate for activity
was then measured. With increasing concentration of FDP in preincuba-
tion, the rate increased (¢ in Fig. 23). The Km wvalue for FDP in

7

pfeincubation was approximately 3 x 10 M. On the other hand, the pI

7.8~isozyme of spleen-type pyruvate kinase was preincubated_in the same
manner as described above, but the preincubated'eﬁi&me?sélﬁaigﬁ.wasa
added to the standard reaction mixture for activity assay, which
contained 0.1 mM phosphoenolpyruvate but not FDP. With increasing
concentrations of FDP in preincubation, the rate increased by two
steps; the Km values for FDP in preincubation were approximately 3 x

"M and 2 x 107°

10~ M (n in Fig. 23). Together with the fact that the one
kind of FDP-binding sites (lst site), if once bound with FDP, dose not

release the FDP in isoelectric electrophoresis (pI 6.6-isozyme in Fig.
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4 and Fig. 5) whereas the other kind of FDP -binding sites (2nd site)
is able to bind with FDP provided that the lst site had been bound with
FDP and free FDP was present in the medium (Fig. 9), these results

indicate that 3 x lO—7M was the Km value for FDP binding to the 1lst

site and 2 x lO—SM was the apparent Km value for FDP binding to the 2nd
site. In the latter case, the enzyme solution incubated with FDP was
50-fold diluted with the standard reaction mixture for activity assay,
which did not contain FDP; thus the concentrations bf FDP actually
present in activity assay should be as those indicated by the dotted
line in the figure. Therefore, it is conceivable that the Km value for

FDP binding to the 2nd site in approximately 4 x 10-7M.

5. Effect of Various Kinds of Salt on Activity of Spleen-Type

. Pyruvate Kinase

The pI 7.8-isozyme of spleen—type_pyruvate kinase was . preincubated
with various concentrations of NaCl or KCl in lOva Tris-HC1l buffer (pH
7.5) containing 25%(v/v) glycerol for 10 min. The aétivity was then
measured by adding the preincubated enzyme solution to the standard
reactlon mixture for activity assay, whlch contalned 0.15 M KCl and -3
" mM or O 1 mM phosphoenolpyruvate. The 1n1t1al rate for activity increas
ved with 1ncrea51ng ‘concentrations of the salts. NaCl and KCl1 gave
essenﬁially the same results; the maximum rate was obtained at 0.3 M

with either 3 mM or 0.1 mM phosphoenolpyruvate (Fig. 24). LiCl, RbCl,

Fig. 24
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NH4Cl,(NH4)ZSO4, KI, KHCO3 and Tris-HCl also gave the same results as
NaCl and KCl.

The plI 7.8-isozyme was preincubated with 0.3 M NaCl in the presence
and absence of 0.1 mM FDP. The activity wés then measured by adding the
preincubated enzyme solution to the standard reaction mixture for
activity assay, in which the phosphoenolpyruvate concentration was
varied (Fig. 25). When the enzyme was preincubated with 0.3 M NaCl, the
VmaX value was raised by 30-40%, and the Km value for phosphoenol-

pyruvate shifted from 0.7 mM in the absence of FDP and from 0.1 mM to

0.04 mM in the presence of FDP. LiCl, KCl, RbCl, NH,Cl,- (NH KI,

4 4) 250"
KHCO3, and TrisFHCl gave the same results as NaCl. It may be noteworthy
that the concentration of fhe salts for preincubation (0.3 M) was
50-fold diluted in the reaction mixture for activity assay; thus, their
concentration in thé reaction mixture (6 mM) is negligibly low in
comparison to the concentration of KCl in the reaction mixturei(O.lS
M). In addition, the pI 7.8-isozyme was preincubated with various kinds

SrCl Cacl, and MnCl

27 27 2 2

in the absence of FDP. The activity was then measured by adding the

of divalent cation salts (0.3 M) such as MgCl

preincubated enzyme solution to the standard reaction mixture for
activity assay, in which the phosphoenolpyruvate concentration was

varied. By preincubation with MgCl the Vm value was hardly changed,

2’
whereas the Km value for phosphoenolpyruvate shifted from 0.7 mM to 0.3

ax

mM. By preincubation with SrClz, CaCl2 and MnCl the Vm value was

27 ax

lowered by 23%, 55%, and 93%, respectively, and the Km value for
phosphoenolpyruvate dropped to 0.3 mM by preincubation with SrCl2 and

CaCl2 (data not shown).
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The pI 7.8-isozyme was preincubated for 10 min with various kinds
of salt (0.3 M), and the activity was then measured by adding the
pfeincubated enzyme solution to the standard reaction mixture for
activity assay, which contained various concentrations of KC1 or NaCl
besides 3 mM phosphoenolpyruvate. The actiﬁity in the Presence of 3 mM
phosphoenolpyruvate (nearly equal to Vﬁax) was significantly raised
when the enzyme had been preincubated with LiCl, NaCl, KCl, RbCl and
Tris-HCl (0.3 M at preincubation and 1.5 mM in the reaction mixture for
activity assay), regardless of the kinds of salt contained in the
reaction mixture for activity assay (0.15 M KCl or NaCl) (Fig. 26). All

the salts tested stimulated the activity to a similar extent.
" Fig. 26

The pI 7.8—isozyﬁe was added to the standard reaction mixture
which contained various concentrations of several salts instead of 0.15
M KC1, for activity assay. When the activity was then measured, the
initial rate for activity was greatly stimulated by KC1l, RbCl and
: NH4Cl, F@}s being“in‘good accordance With the'fiﬁdinég by Béyer (58)

.~(Fi§;'27f,'Maximum stimulation was obtained at 0.1 M KC1, 0.1 M RbCl
Fig. 27

and 0.03M NH,Cl. Such stimulation was not observed with the other salts

4
including NaCl, LiCl and Tris-HCl. The relative activities of spleen-

type pyruvate kinase under various assay conditions are summarized in
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Table VII.

Table VII

6. Purification of Muscle-Type Pyruvate Kinase from Skeletal

Muscle of Rats

Frozen skeletal muscle of rats (1 Kg was homogenized with 2 liters
of 10 mM Tris-HC1l buffer (pH 7.5) containing 10 mM B-mercaptoethanol, 5

mM MgCl, and 1 mM EDTA (Tris-MME buffer) by waring blender (model

2
CB~2~10, Eberbach Corp.( Michigan) at the medium speed for 2 min,
folléwed by centrifugation at 14,000 x g for 20 min. Resulting super-
natant (2 liters) ("extract") was supplemented with ammonium sulfate up
to 50% saturation, followed by éent;ifugation. Resulting supernatant
was further supplemented with ammonium sulfate up to 70% saturation.
Resulting preéipitate centrifugally collected was dissolved in Tris-MME
buffer and dialyzed against the same buffer ("50-70% saﬁ. AmSO4“).
Precipitate formed during dialysis was removed by centrifugation.
Resulting supernatant was heated at 60°C for 30 min, followed by
centrifugation. The supernatant thus obtained ("heat-treatment") was
passed through a DEAE-cellulose columh (2.6 X 28“Cm) equilibréﬁediwith
Tris-MME buffer. The fraction that was not adsorbed ("DEAE-cellulose
non—adsorbed") was dialyzed against 5 mM potassium citrate buffer (pH
5.5) and charged.on the CM-cellulose column (6.8 x 33 cm) equilibrated
with the same buffer. Pyruvate kinase was eluted with a linear concent-
ration gradient formed with 2 liters of 5 mM potassium citrate buffer
(pH;5.5) containing 0.1 M KCl and the 2 liters of the same buffer

containing 0.4 M KCl. the fractions showing specific activities higher
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than 240 were combined. The mixture (1.4 liter) was concent-

U/R)80nm
rated to approximately 200 ml by Diaflow filtration apparatus (model
402 with PM30 filter membrane, Amicon Corp., Lexington), followed by
aialysis against 70 mM Trig—HCl buffer (pH 7.5) containing 25%(v/v)
glycerol and 10 mM B-mercaptoethanol (Tfis;GM buffer) ("CM-cellulose
eluate"). The CM-cellulose eluate was applied on a P-cellulose column
(6.8 x 42 cm) equilibrated with 70 mM Tris-GM buffer and eluted with
the same buffer containing 10 mM ATP. Resulting eluate ("P-cellulose
eluate”) was concentrated to approximately 50 ml as describea above,
followed by dialysis against 10 mM Tris-GM buffer. A part of the

resulting sample containing 10,000 units of pyruvate kinase was sub-

jected to isoelectric electrophoresis with 2% Ampholine carrier-

. ampholytes (pH 3.5-10). The fractions of specific activities higher

than 430 U/A were combined ("isoelectric electrophoresis").

280nm
Summary of the purification procedures was shown in Table VIII.

Table VIII

7. pH- and Heat-Stabilities of Spleen-Type and Muscle-Type -

Pyruvate Kinase

Heat-stabilities of spleén—type'and muscle~-type pyruvate kinase

were tested using "40-70% sat. AmSO4" fraction and "50-70% sat. AmSO4"

fraction respectively (Fig. 28A and B). When enzymes were

Fig. 28
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treated at 60°C for various lengths of time, 80% of muscle-type pyruvate
kinase activity was retained even after heat treatment for 50 min,
whereas spleen-type pyruvate kinase activity completely disappeared
within 10 min. Addition of glycerol and FDP has no effect on heat-
stability of spleen-type pyruvate kinase (data not shown). During this
heat-treatment, the specific activity of muscle-type pyruvate kinase
was increased about five fold.

pH- stabilities of spleen-type and muscle-type pyruvate kinase
were also tested with the non-adsorbed fractions from DEAE-cellulose
column chrdmatography. In the absence 6f glycerol, sp;een—type pyruvate
+ kinase was*ﬁﬁséable_and_the'aCtiViEy'was décréégedﬁfé the half level of ‘
the originai aétivity within four hours at pH 7.0-8.0 (data not shown).
Wheteas, in the presence of 25% glycerol, spleen-type pyruvate kinase

was stable at pH 5.0-9.0 for at least three days (at 4°C) (Fig. 29A).
Fig. 29(A,B)

Relatively to spleen-type, in the absence of leCero}, muscle-type
pyruvate kinasemwas stéble and approximatély 70% of the_enzyﬂ;%aétiQity
was retained at 4°C after three days at pH 7.0-9.0. In the presence of
25% glycerol, muscle-type activity was nearly 100% retained at any pH

tested (pH 4.0-9.0) for three days (Fig. 29B).

8. SDS—-Polvacrylamide Gel Electrophoresis of Spleen-Type and Muscle-

Type Pyruvate Kinase

Spleen-type and muscle-type pyruvate kinase from final purifica-
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tion procedures ( "isoelectric separation; 2nd(+FDP)" and "isoelectric
electrophoresis" respectively) were dialyzed against distilled water
sufficiently and lyophilized. Thus obtained samples were subjected to
SDS-polyacrylamide gel electrophoresis, in which bovine serum albumin
(M.W. 67,000), ovalbumin (M.W. 45,000), a—chymotrypsinogen A (M.wW.
25,700) ,horse myoglobin (M.W. 17,600) and beef heart cytochrome c (M.W.
12,000) were used as markers. In SDS-polyacrylamide gel electropho-
resis, both of spleen-type and muscle-type pyruvate kinase formed a
single band correspond to a molecular weight of 66.000 + 5,000, showing

the same migration patterns (Fig. 30).
Fig. 30

9. Molecular-Sieve Chromatography of Spleen-Type and Muscle-type

Pyruvate Kinase

The molecular weight of spleen-type pyruvate kinase was reported
to be 216,000 by Imamura et al. (22), 178,000, 140,000 and 116,000 by
Ibsen et al. (59) Hofmann et al. (60) and Ibsen et al. (25) described
that this isoenzyme exists at a dimer-tetramer equilibrium and the
presence of FDP favors the tetrameric state. In this study, the-molecu—
lar weights of spleeh-type and muscle-type pyruvate kinase were estimat-
ed at various concentrations of enzymes by molecular-sieve chromato-
graphy on Sephadex G-200 column.

The pI 7.8-isozyme of spleen-type pyruvate kinase (FDP-free form)

was preincubated with 1 mM FDP for sufficient lengths of time, placed

. _
on the bottom of a Sephadex G-200 column equilibrated with 50 mM
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Tris-HCl1 buffer containing 0.15 M KCl, 10 mM MgCl, and 1 mM FDP (pH

2
7.5) ("Tris-KMF buffer") and then developed upward with the Tris-KMF
buffer. Glycerol was not added to the developiné buffer, because the
chromatographic profile was not reproducible. With either 30 units/ml
to 150 units/ml of the enzyme charged to the column, the activity was
eluted at practically the same elution volume forming a nearly symmetri-
cal peak corresponding to a molecular weight of 240,000 + 10,000. This
indicate that the spleen-type pyruvate kinase, when bound with FDP,
existed as a tetramer composed of subunits having a molecular weight of
approximately 60,000. On the other hand, activity was eluted, forming a
peak having a shoulder on the lower molecular weight side, when 30
units/ml of the pI 7.8—isozyme without preincubation with FDP was
charged to the column equilibrated with the buffer containing no FDP
("Tris-KM bufferﬁ, pH 7.5) and then developed with Tris-KM bﬁffer. The
peak and the shoulder correspond to mplecular weights of 100,000 +
10,000, and 60,000 + 10,000, respectively. This suggests that at 30
units/ml, the enzyme existed as a mixture of dimer and monomer. The

results of molecular-sieve chromatography of spleen-type pyruvate

kinase under various conditions are summarized in (Fig. 31A). Studies
Fig. 31A

by analytical centrifugation were fruitless, because the monomer-dimer-

tetramer equilibrium occurred at such low protein concentrations

(0.16—0.79 mg/ml) that the analysis was not effective.

In molecular-sieve chromatography of muscle-type pyruvate kinase
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on a Sephadex G-200 column in the presence of 1 mM FDP (with the use of
e "Tris-KMF buffer"), the activity was eluted at approximately 240,0001

daltons. The elution position was unchanged not only by the concen-
trations of enzyme but also by the depletion of FDP. These indicate
that although muscle-type as well as spleen-type was ¢omprised of four
identical or similar subunits, the binding of FDP favored the formation
of tetrameric structure with épleen—type, but not with muscle-type. The
results of molecular-sieve chromatography of muscle-type pyruvate

@ kinase under various conditions are summarized in (Fig. 31B).
Fig. 31B

10. Isoelectric Electrophoresis of Spleen-Type and Muscle-Type

Pyruvate Kinase Preincubated with [14C]FDP

In order to estimate the amount of FDP bound with spleen-type
.pwruvate kinase, the pI 7.8-isozyme of spleen-type pyruvate kinase
("isoelectric separation: 1lst") was preincubated with 1 mM [14C]FDP for
a sufficient length of time, and then subjected to isoelectric electro-
phoresis, in which free FDP could be removed from the enzyme éopeu(Fig.

32A) . As described already, the pI value shifted from 7.8 to 6.6 (if in
Fig. 32(A.B)

the presence of free FDP, the pI 6.6-isozyme instantly binds with FDP

to form the pI 6.2-isozyme). In addition, the radioactivity and A280nm

were also focused in the pH 6.6 fraction. In two experiments, it was
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estimated that in the pI 6.6-isozyme, 2.1 and 2.4 mol of FDP were bound

13 _
280nm 2-7-

It is predictable that on the basis of the pl value, the pI 6.2-isozyme

s per mol of the tetramer, on the basis of M.W.=240,000 and E

is bound with 4 mol of FDP per mol of tetramer.

When the muscle-type pyruvate kinase ("P-cellulose eluate") was
preincubated with 1 mM FDP and subjected to isoelectric electro-
phoresis, the activity and the radioactivity were separately focused at
approximately pH 7.4 and anode fraction, respectively (Fig. 32B); As

® described already, the pI value of the muscle-type was not influenced
by preincubation with FDP. These results suggest that muscle-type has
not an ability to bind FDP and that FDP-binding properties are remarka-

bly different between muscle-type and spleen-type pyruvate kinase.

11. Comparison of Amino Acid Compositions of Spleen-Type and

Muscle-Type Pyruvate Kinase

Crystallized spleen-type sample and muscle-type sample from final
purifiéation procedure ("isoelectric electrophoresis") were dialyzed
against water sufficiently and lyophilized. Thus obtained samples were
used for amino acid analysis apd peptide mapping.

The amino acid compbsitions of épleen-type and muscle-type are

presented in Table IX. The number of amino acid residues was calculatea
Table IX
on the basis of the subunit molecular weight of 59,000 daltons with

isoenzymes. The data were in a good accordance with those of rabbit
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muscle (61) and human muscle (62). The amino acid compositions of
spleen-type and muscle-type were significantly similar to each other.
The total numbers of dicarboxylic amino acid residues (aspartate and
glutamate) and those of basic amino acid residues (lysine, histidine
and arginine) are 100 and 83 with spleen-type, and 102 and 80 with
muscle-type, respectively. This accords with the facts that at the
FDP-free form, both isoenzymes were slightly alkaline, the pI value of

‘muscle-type was lower than that of spleen-type.

-

12, Differences in Peptide Maps of Spleen-Type and Muscle-Type

Pyruvate Klnase

Tryptlc peptlde maps of spleen type and muscle- -type pyruvate

kinase were shownvln (Fig. 33)._Approx1mately 66 and 65 spots of
Fig. 33

peptldes were detectable on each tryptic peptide maps of spleen-type
and muscle-type, respectively. These numbers were almost coincident
with those calculated on the basis that each of these.lsoenzymes is
composed of four 1dentlcal subunits; 72 and 69 ninhydrin-positive spots
for spleen—type and for muscle-type, respectively. As predicted from
amino acid analysis, the peptide maps of both isoenzymes were highly
similar. Of the spots in the peptide maps, 61 spots were common for
both isoenzymes; 5 spots were specific to spleen-type and 4 spots were

specific to muscle-type. These results indicate that spleen-type and

muscle-type were the products of different genes.
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DISCUSSION

Multiple forms of pyruvate kinase have been observed by many
workers (18, 20, 22-25).

In this report, it was concluded that pyruvate kinase in various
tissues of rats, if they were free of FDP could be classified into
three tYpes of isoenzymes, liver-type (L-type), spleen-type (S-type)
and muscle-type (M-type). This conclusion agrees with that of Tanaka et
al. (18, 22), who designated the spleen-type as Mz—type on the basis of
cross reaction of the antibody for the muscle~type isoenzyme with the
spleen—-type isoenzyme. However, we designated it to spleen—fype on the
basis of the tissue which contains the isoenzyme most abundantly.

The liver-type isoenzyme had a pI value of 6.2 when it was free of
FDP (liver-type pI 6.2-isozyme). This isoenzyme was present in kidney
and erythrocyte besides liver. The molecule of liver-type isoenzyme

probably possesses two kinds of FDP-binding sites. When one kind of

.site (the lst site) bind with FDP, the pI value of the isoenzyme shifts

from 6.2 to 5.6 (liver-type pI 5.6-isozyme). When both kinds of sites
(1lst and 2 nd sites) bind with FDP, the pI value_shifts further to 5.4
(liver-type pI S5.4-isozyme). On the kinetical behaﬁior, livér—gype pIl
5.4—iébzy&e and 5.6-isozyme were indistinguishable (Table II). It seems
likely that the binding with FDP at the lst and 2nd sites occurs almost’
simultaneously and rapidly (even if it is the fact that the 2nd site
can not bind with FDP unless the lst site already carries the FDP) in
the reaction mixture of conventional activity assay which contains

0.15M KCl and where the ionic strength is approximately 0.16 (high

ionic strength), if provided excess concentration of FDP. Therefore, if
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FDP was provided enough, all the pI-isozymes of liver-type employed in
activity assay covert into pI 5.4-isozyme. Whereas, if FDP was not
provided, all the pI-isozymes of liver—-type employed in activity assay
convert into pl 6.2-isozymes liberating its bound FDP in the reaction
mixture (high ionic strength). However, on the isoelectric electro-
phoresis (at low ionic strength), pI 5.4 and pI 5.6 isoenzymes were
distinguishable. For example, liver—-type pI 6.2-isozyme was converted
into pI 5.4-isozyme and then into pI 5.6-isozyme on repeated iso-
electric electrophoresis (Fig. 2). It seems likely that the two kinds
of sites are not equivalent with respect to the ability to bind with
FDP,

The muscle-type isoenzyme was unable to bind with FDP even by
preincubation at low ionic strength (muscle—type pI 7.4-isozyme). This
was confirmed with purified muscle-type isoenzyme from skeletal muscle.
The result indicate that no radioactivities of [ C]FDP was incorpo-
rated into muscle-type isocenzyme (Fig. 32B). This isoenzyme was abun-
dant in skeletal muscle, brain and heart muscle, and a detectable
amount was present in all other tlssues tested The subunlt molecular
welght of muscle- type 1soenzyme was estlmated to 59, 000 by amino acid
analy515, and it composed of four 1dent1cal subunits in good agreement
with the report by others (73). Their tetramer structure was not
affected by enzyme concentrations and FDP, unlike the spleen-type
isoenzyme as described below.

The spleen-type isoenzyme had a pI value of 7.8 when free of FDP
(spieen—type pI 7.8-isozyme). This isozyme was present in spleen, lung,

kidney, liver and erythrocyte besides Rhodamine sarcoma, but was scarce
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in skeletal muscle, heart muscle or brain. The spleen-type isoenzyme
possesses two kinds of FDP-binding Sites which are different in their
mode of FDP-binding. On the spleen-type isocenzyme, unlike the 1liver-
type pI 6.2-isozyme, the FDP-binding rate to the lst site was remarka-
biy slow (Fig. 22) regardless of the ionic strength. Therefore, the
activity of spléen—type pI 7.8-isozyme was hardly stimulated by FDP in
a conventional.aésay in a limited time (Fig. 9), whereas when the FDP
once bound to the 1lst site, the pI value of spleen-type isoenzyme
shifts from 7.8 to 6.6, and the FDP once bound at 1lst site was not
released in isoelectric electrophoresis and in the reaction mixture of
activity assay. In the pI 6.6-isozyme, it was estimated that 2-mol of
FDP were bound per mol of tetramer (Fig. 32A). On the contrary, the 2nd
site could rapidly bind with FDP provided that the 1lst site had been
bound with FDP and free FDP was present in the medium, and then, the pI
value shifts from 6;6 to 6.2. On the basis of pI value, the spleen-type
pIl 6.2~-isozyme is supposedly bbund with 4 mol of FDP tetramer. It was
estimated that the Km values for FDP-binding to the lst and 2nd sites

7M (Fig. 23). The molecular weight of

were nearly the same; 3-4 x 10~
spleen-type isoenzyme was estimated to 59,000 by amino acid analysis,
It could exist as monomer, dimer and tetramer, and all of which were
enzfmically active; low concentrations of the enzyme favored the
formation of the monomer, whereas high concentrations favored the
formation of the tetramer. However, when FDP waé present in the medium,
all the enzyme existed as the tetramer even at lowest concentration

tested (0.16 mg/ml). Therefore, in a conventional activity assay (at

very low concentrations of enzyme), it seems 1likely that pl
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7.8-isoenzyme exist as the monomer and pI 6.6-isozyme exists as the

dimer, and pI 6.2-isozyme exists as the tetramer. By the finding of

Boyer (58), it is known that pyruvate kinase requires Mg2+or Mn2+ as a

. . + ’ . . .
divalent cation and K+, NH4 or Rb+ as .a monovalent cation. The activi-

+
4

'Rb+ by instant manner in the presence of Mg2+ in agree with the finding

of Boyer. Such stimulation was not observed with Na+, Li+, Cs+, Sr2+,

Ca2+ and Tris' (Fig. 27). On the other hand, the activity was signifi-

cantly stimulated by time dependent manner by Na+, Li+, and Tris+ as

ty of spleen-type pyruvate kinase was also stimulated by K+, NH of

well as by K+, NH4+ and Rb+, when the enzyme was preincubéted with one

of these cations before activity assay. This later stimulation was not

observed by Mgz+, Sr2+, Ca2+ or Mn2+. Therefore, it seems likely that

the enzyme had two different sites capable of binding various mono-
valent cations; one kind of site could bind at slow rate with all the

cations tested, whereas the other kind of site could bind at fast rate

+
4

valent cations to either site raised the Vmax wvalue, the extent thus

with K+, NH and Rb+ but not with the others; the binding of mono-
raised being additive.

Immunolqgical studies by Imamuraugg-gi;‘(ZQ) séggéét that iivéf;
type is dfffefént from muscle—tYpe and spleen-type, whereas spleen-type
and muscle-type cross-reacted each other. However, there are little
data concerning the relationship between spleen-type and muscle-type
pyruvate kinase. The results presented here inaicate that spleen-type
and muscle-type pyruvate kinase were thé different molecules in amino
acid compositions and in peptide maps, although they were very similar

on its respects, suggesting they were the products from distinct genes.
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In Rhodamine sarcoma-bearing rats, the content of spleen-type
pyruvate kinase increased in the livers to remarkable extent (Fig. 11
and Table III). In addition, when nuclei or chromatin prepared from
Rhodamine sarcoma was injected into rats, spleen-type isoenzyme content
increased in their liver to an extent similar to that in Rhodamine
sarcoma-bearing rats, in accordance with the finding by Nakamura §E al.
(24) . When chromatin prepared from spleen of rats was injected into
rats, the isoenzyme content increased in their liver to an appreciable
extent, although the extent was less than in the case with éarcoma
chromatin. Furthermore, when histone—frae chrdmatrn or non-histone
protein fraction prepared from Rhodamine sarcoma was injected into
rats, spleen-type isoenzyme incréased in their liver, whereas histone
and DNA fracﬁion had no effect on the increase of this isocenzyme. On
the other hand, it has been reported that in vivo livér catalase-
depreséing substance is a non-histone protein having a pI value of 5.1
and a molecular weight of appfbximately 60,000, and which is bound with
chromatin in the muscle nuclei and the Rhodamine sarcoma nuclei (14,
15, 17). Thése results suggest that the factors contrdlling the gene
expression for catalase and pyruvate kinase afe non-histone prot&ins.
.COnCerpdngfwith the factor which”cadées the increase of spleen-type
isoenzyme in thé liver of host animal, similar observations have
reported in the liver of parabiotic twin of tumor-bearing animal (19),
and in liver perfused with blood from tumor-bearing animal (63) by Suda
et al., and in the liver of animal injeéted with the blood of tumor-
beafing animal (26) by Ibsen et al. These observations suggest that the

factor can be released from tumor cells into circulatory system.
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However, at present time, it is not clear whether the factor acts in
the parenchymal cells of the‘liver with derepressing the gene of
®spleen—-type isoenzyme or acts in non-parenchymal cells of the liver
with stimulating the synthesis of spleen-type isoenzyme. The present
data suggest that the factor could exist in tissue in which spleen-type
isoenzyme was expressed abundantly. This supports that the factor
itself is a regulator of gene expression of spleen-type pyruvate
kinase. Thus, the elucidation of the properties of this factor will
depend on its purification and development of an in vitro assay'system.
Farina et al. (29), using the transplantable Morris hepatoma

demonstrated that one highly differentiated hepatoma (9618A) has . -

pyfﬁVate kinase’ isozyme pattern similar to that of liver, and that
ether highly and well differentiated hepatoma had much lower activity
of liver-type isoenﬁyme than normal liver with a preponderance of
spleeh—type isozyme, whereas the poorly differentiated hepatoma had
little liver type isoenzyme and showed .a extremely'high activity of
e Spleen-type isoenzyme. On the other hand, increase of spleen-type
isoenzyme with decrease in liver-type isoenzyme has been observed in
regenerating liver (27, 29), fetal liver (27, 28, 29) and during liver
carcinogenesis (27). From these ebservations, isozyme patgern of
pyruvete kinase has'been considered as é good marker of liver differen-
tiation or proliferation (27). In fact, it has proved difficult to
establish a line of fully differentiated mature liver cells in culture
(64, 65), and a adult rat liver cell line synthesized only spleen-type

isoenzyme (32). However, in the present study it was found that a line

of Morris hepatoma cell from Buffalo rat, MHl 17 contained only liver-

(48)



type pyruvate kinase, whereas a line of normal liver cells, BRL, from
rat had the spleen-type isoenzyme mainly and the muscle-type isoenzyme
in small amount. This finding that growing hepatoma cells in culture
synthesize only liver-type isoenzyme suggests that the expression of
liver-type isoenzyme is not suitable as a marker of non-growing and
normally differéntiated hepatocytés. Mchl line was established by
Richardson (55) in 1969 from Morris hepatoma No.7795. These cells have
retained some liver-specific function, including secretion of serum
albumin and response of tyrosine transferase (EC 2.6.1.6) activity to
hydrocortisone. The expression of liver-type isoenZyme. is stable
because this phenotype has not changed during the culture for at least
the last two years. It seems likely that this hepatoma cells defect the
system fér tfansmission of signals of hormones to control the.activity
of liver-type isoenzyme since insulin, glucagon, BtchMP and BtchMP
had no effects on activity of liver-type isoenzyme. Because, MHlC1 line
is a cell line that express the liver-type isoenzyme repressing the
spleen-type isoenzyme, it will be expected that this cell line is
available in an in vitro assay system for the factbﬁ»Whighﬁcauses the

increase of spleen-type isoenzyme in the liver, as described above.

This problem is under investigation.

(49)
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Table I. Amounts of pI-isozymes in extracts of various tissues after
.conversion into their fructose 1,6-diphosphate-free forms by ammonium

sulfate treatment

Specific activities (units/g protein)

Tissues pl 6.2-isozyme pl 7.4-isozyme pI 7.8-isozyme
° ~ (Liver-type) (Muscle-type) (Spleen—-type)
Liver : 190 14 36,
Rhodamine sarcoma 0 140 1260
Spleen : 0 73 537
Lung 0 : 86 524
Kidney . 50 67 443
. Erythrocytes 3 1 ‘ 17
Skeletal muscle 0 - 8,900 -0
Heart muscle 0 950 0
Brain ' 0 1,900 » 0 -~
Ld
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Table II1. Properties of pI-isozyme of pyruvate kinase from various tissues of rats.

Origin of pl-isozyme Liver spleen

Type of pI-isozyme Liver—~-type Spleen-type

pl-Isozyme used for assaya 5.4 5.6 6.2 6.2 6.6 7.8
pl-Isozyme assayeda> 6.2 5.4 6.2 5.4 6.2 5.4 6.6 6.2 6.6 6.2 7.8 7.8
Kind of site binding FDP in 1st&2nd 1st&2nd  1lst&2nd 1st lst&2nd lst lst&2nd

presence of 0.15M KC1

Addition of 0.1 mM FDP to

reaction mixture for activity assay - + - + - + - + - + - +
Km for PEP (mM) 1.5 0.1 1.5 0.1 1.5 0.1 0.2 0.06 0.2 0.06 0.7 0.5°
Hill constant for PEP 2 1 2 1 2 1 1 1 1 1 1.7 1.7
Stimulation by FDP + + + + + *

Origin of pl-isozyme

Skeletal muscle

Rhodamine sarcoma

Type of pI-isozyme

Muscle-type

Spleen-type (M, -type)

6.2 6.6 7.8

pl-isozyme used for assaya‘

pI—isoZyme assayeda

704

7.4 7.4

6.6 6.2 6.6 6.2 7.8 7.8

Kind of site binding FDP in
presence of 0.15M KC1

Addition of 0.1 mM FDP to

raction mixture for activity assay

lst lst&2nd

lst 1st&2nd

Km for PEP (mM)
Hill constant for PEP
Stimulation by FDP

b

.06 0.7
1.7
+ *

— O

#Since the ionic strength of the reaction mixture for activity assay was approximately

0.16,

the fructose 1,6-diphosphate (FDP) bound with liver-type pI 5.4-isozyme and

spleen-type pl 6.2-isozyme was partially dissociated in the reaction mixture when sugar

phoaphate was not added externally;
of the kinetic results.

thus,

the pI-isozyme assayed was deduced on the basis

bPhosphoenolpyruvate. “Due to slight stimulation by FDP.
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Table III. Localization of the factor which causes the increase_of spleen-type pyruvate kinase
in the liver by its injection into rats.

Dose) ~ Injection Specific activities (units/g protein)

Rats Proteina or time
DNAb) ( mg ) Liver-type Muscle-type Spleen-type
Normal 190 14 36
Rh. sarcoma-bearing . 155 20 : 155
Injected with :
0.15M NaCl ) 1 188 14 33
Rh. sarcoma nuclei 14a) 1 182 g 17 76
" 28:) 1 174 19 90
" 56a) 1 136 20 - 120
" 20a);‘ 1 181 20 81
" 203) o 2 165 19 98
" 203); 3 160 19 146
Rh. sarcoma chromatin 30a) B 1 199 24 83
ggfogg ¢oma histone-~free 30 Yf 1 202 21 75
Rh. ggrcoma non~histone 30a) . 1 210 20 61
protein I
Rh. sarcoma histone: 302;" 1 190 15 ’ 38
Rh. sarcoma DNA - 30a) 1 193 15 39
Spleen chromatin 30a) 1 184 17 69
Liver chromatin 30 1 198 ‘ 15 35
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Table IV. Pyruvate kinase activity of cultured liver and hapatoma cells

®
Activityl)
Cells
mU/mg proteinz) mU/lO7 cellsz)
BRL 1,100 + 200 710 + 160
MHlCl 55 + 6 43 + 16
°
l)Activity was measured in the presence of 3 mM phosphoenolpyruvate
with (MH,C, cells) or without (BRL cells) 1 mM FDP.
2) Values are means + S.D. for 6 samples.
®
°
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Table V. Effects of insulin, glucagon, BtchMP and BtchMP on

activities of pyruvate kinase in Mchl cell extracts

Specific activity

Additions Concentration Treated time (mU/mg protein)
None { 53
Insulin 0.1 pg/ml 24 hr . | 53
0.3 ug/ml 24 hr ' 50
1l yg/ml | 5-30 min 53
y | 24 hr 51
P 48 hr 51
3 pg/ml | ) 24 hr 54
Gludagon 1 ug/mll . 0.5-1 hr ' 53
Bt ,CAMP 1078 M | 5-30 min 49
1074 M 5-30 min 41
Bt, CGMP 1076 5-30 min 54
1074 M 5-30 min 46

(59)




Table VI. Summary for purification of spleen-type (type MZ) pyruvate kinase from Rhodamine sarcoma of rats.

Steps Total activitya Total protein Specific activitya

Purification Y}eld
(units) (A280nm) (unitS/AZSOnm) (%)
Extract 241,000 (361,000)b 1,080,000 = - 0.223 (0.334)b (1.00) 100
40-70% sat.(NH,) SO4 fraction 221,000 256,000 0.863 3.87 92
DEAE-Cellulose passed fractionm 118,000 12,500 9.44 42.3 49
€M~Cellulose eluate 84,700 1,880 45.1 ' 202 35
P-Cellulose eluate 64,100 ‘ 336 191 857 27
Isoelectric separation: : b . : b
lst 41,700 (62,5_00)b 106 393 (590)b 1,760 17
2nd (+FDP) 33,400 (50,200) 82.5 405 (608) 1,820 14

%The enzyme was properly diluted with 10 mM Tris-HCl buffer containing 25% (v/v) glycerol (pH 7.5), and the
activity was measured by adding the diluted enzyme solution to the standard reaction mixture containing
0.15M KCl. The enzyme was preincubated in 10 mM Tris-HCl buffer containing 25% (v/v) glycerol and 0.3M NaCl

(pH 7.5), and the activity was measured by adding the preincubated enzyme solution to the standared reaction

mixture containing 0.1M KC1. .
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Table V.

The growing cultures (2-5 x lO6 cells/150 mm plate) were replaced in

the Dulbecco's modified Eagles's medium supplemented with 2% FCS, and
then, after 48 hr, cells were harvested. The cells were treated with

indicated concentrations on hormones  for indicated time before

harvesting the cells.

(61)



Table VII. Relative activities of spleen~type pyruvate kinase under various assay conditions.

Reagents added Relative activities of spleen-type pyruvate kinase (%)

in preincubation Value of
pL of 0.1 mM phosphoenolpyruvate 3 mM phosphoenolpyruvate
isozyme
Salt FDP assayed NH4Cl RbC1l KC1 NH4C1 RbC1 KC1
0.3 M 1 mM 30 mM 100mM 100 mM 150mM 30 mM 100 mM 100 mM 150 mM
- - 7.8: 10 5.0 6.0 5.0 75 20 110 (100)2
- - 6.6 35 14 30 26 : 75 67 110 100
- + 6.2° 48 41 55 50 75 67 110 100
NaCl - 7.8§ 56 10 38 25 110 77 150 140
NaCl - 6.6 74 16 45 40 110 100 150 140
NaCl + 6.2 90 80 110 98 110 100 150 140

2The pl 7.8-isozyme was dissolved in 10 mM Tris-HCl buffer containing 25% (v/v) glycerol (pH 7.5), and the
activity was then measured in the standard reaction mixture, which contained 0.1 mM or 3 mM phsphoenolpyru-
vate and various salts as indicated. The specific activity measured in the pregence of 3 mM phsphoenolpyru-
vate and 0.15M KCl (405 units/A2 0 =190 units/mg protein) was taken as 100%. "The pl 6.6-isozyme was
preincubated at 24°C for 10 min with and without 0.3M NaCl in 10 mM Tris-HCl buffer containing 25% (v/v)
glycerol (pH 7.5), and the activities were then measured in the same manner as for (a). ¢ The pl 7.8-isozyme
was preincubated at 24°C for 30 min with 1 mM FDP in the presence and absence of 0.3M NaCl in 10 mM Tris-HC1
buffer conatining 25% (v/v) glycerol (pH 7.5), and the activities were then measured in the same manner as
for (a). :
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Table VIII. Summary for purification of muscle-type pyruvate kinase from muscle of rats.

_ Total activity Total protein sPeCi?i?
Steps ( units) (A280nm) (aggizgﬁizsonm) Purification Yizid
Extract | 217,000E 45,000 4.82 (1.00) 100
50-7% sat. (NH4)2804 fraction 187,000 13,000 14.4 2.99 86
Heat-treatment 159,000 2,190 72.6 15.1 : 73
DEAE-Cellulose passed fraction 96,000 1,020 924.1 19.5 44
‘CM—Cellulose eluate 88,400 231 383 ' 79.5 41
P-Cellulose eluate by ATP* 61,000 124 492 ‘ 102 28

Isoelectric separation 42,600 . 86.4 493 102 20

A280nm was measured after dialysis
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Table IX A. Amino acid composition of spleen-type pyruvate kinase

.from rat Rhodamine sarcoma

Molar ratio relative to phenylalanlne Moles per

Amino acids : 59,000 g
24 hrs 48 hrs 72hrs Cor- protein
rected
Aspartate 3.26 3.30 3.22 3.26 49
Threonine 1.60 1.63 1.52 1.64 25
® Serine 1.56 1.45 1.23 1.76 26
Glutamate 3.36 3.42 3.35 3.38 51
Proline 1.57 1.60 1.53 1.57 24
Glycine 2.82 2.74 2.74 2.77 42
Alanine 3.98 3.90 3.91 3.93 _ 59
Half-chstine® 0.667 10
Valine 2.96 3.02 3.28 3.28 49
.Methionine 1.11 1.03 1.01 1.05 16
Isoelucine 2.44 2.44 2.47 2.47 37
Leucine 2.68 2.568 2.67 2.68 : 40
Tyrosine 0.670 0.687  0.670 0.676 10
Phenylalanine 1.00 1.00 1.00 1.00 15
Tryptophand ' 5
Lysine 2.52 | 2.58 2.60 2.57 39
Histidine 0.751 0.787 0.774 0.771 12
Arginine 2.03 2.14 2.13 2.10 32
°
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Table IX B. Amino acid composition of muscle-type pyruvate kinase from

'rat muscle

Molar ratio relative to phenylalanine Moles per

Amino acids 24 hrs 48 hrs 72hrs Cor- 59,0009
rected®
Aspartate 3.33 3.34 3.35 3.34 50
Threonine 1.53 1.30 1.29 1.67 25
Serine 1.49 0.978 0.959 1.75 26
.Glutamate 3.40 3.44 3.52 3.45 52
Proline 1.50 1.50 1.54 1.5 - -7 23
Glycine 2.70 2.75 2.70 2.72 41
Alanine  4.02  4.06 4.11  4.06 61
Half-cystine® 0.638 10
Valine 3.05 3.09 3.01 3.01 . 45
Methionine 1.20 1.22 1.20 1.21 18
eIsoeleucine 2.30 2.31 2.26 2.26 ' 34
Leucine 2.85 2.89 2.82  2.85 43
Tyfosine 0.686 0.700 0.695 0.694 10
Phenylalanine 1.00 1.00 1.00 1.00 15
Tryptophend : .5
Lysine 2.43 2.49 2.44 2.45 37
Histidine 0.795 0.810 0.783 0.796 12
Arginine 2.06 2.09  2.07 2.07 31
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~ Footnote for Table IX

4 The values for threonine and serine were obtained by extrapolation to
zero time. For valine and isoleucine, the values at 72 hours were
taken. For other amino acids, average values were taken.

bThe number of phenylalanine was taken as 15 residues.
Cbetermined as S~-carboxymethylcysteine.

dDetermimed spéctrophotometrically by the method of Bencze and Schmid

(66) .
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Fig. 1. Effect of ammonium sulfate treatment on isozyme pattern of
ePyruvate kinase from normal rat liver. A portion (1.5 ml) of the
_extract from nomal rat liver was subje¢ted to isoelectric separation
with Ampholine carrier ampholytes of pI from 3 to 10,at a final concen-

tration of 1% (w/v). After electrofocusing, the eluate was divided into

1-ml fractions. The pH and the pyruvate kinase activity (U/ml) of each

fraction were measured. In a parallel experiment, another portion of

the same extract was subjected to ammonium sulfate treatment by the
eprocedure described in the text. The resulting precipitate was dissolv-
ed, and the solution thus obtained was subjected to isoelectric separa-

tion. ©0, Without ammonium sulfate treatment; ., with ammonium sulfate

treatment.
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Fig. 2. Repeated isoelectric separation of pI 5.4-isozyme and pI
’6.2—isozyme obtained by isoelectric separation of extracts from normal
rat liver. The fractions for pI 5.4-isozyme and pl 6.2-isozyme obtained
inrthe experiment in Fig. 1 were each subjected to isoelectric
separation. Other expérimental conditions were the same as in Fig. 1.
0, Re~electrofocusing of liﬁer pIl 5.4-isozyme; 4, re-electrofocusing of
liver plI-6.2-isozyme. Re-electrofocusing of the pI 6.2-isozyme obtained
from the isoelectric separation of extracts with and without ammonium

e sulfate treatment gave essentially the same results.
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Fig. 3. Effect of ammonium sulfate treatment on isozyme pattern of
ePyruvate kinaserfrom normal rat spleen. Experimental conditions were

the same as in Fig. 1, except that extracts from normal rat spleen were

used. 0, Without ammonium sulfate treatment; A, with ammonium sulfate

treatment.

@ Normal spieen - pl 7.8

(NH4), SO, - treated

Pyruvate kinase achHy (u/mi)
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Fig. 4. Repeated isoelectric separations of pI 6.2-isozyme and pI
.7.8—isozyme obtained by isoelectric sepa:ations of extract from normal
rat spleen. The fractions for pI 6.2-isozyme and pI 7.8- isozyme
obtained in the experiment in Fig. 3 were each subjected to isoelectric
separation. Other experimental conditions were the same as in Fig. 1.
0, Re-electrofocusing of spleen pI 6.2-isozyme; A,.re—electrofocusing

of spleen pl 7.8-isozyme.
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Fig. 5. Conversion of spleen pI 7.8-isozyme to pI 6.6 and pI 6.2-

¢ isozymes by binding with fructose 1, 6-diphosphate. The experimental
conditions are described in the text. O, re-electrofocusing of spleen
pI 7.8-isozyme; 4, re-electrofocusing of a mixture of 5ml of spleen pI
7.8-isozyme and 5ml of 0.2mM fructose 1l,6-diphosphate; 0O, re-electro-
focusing of spleen pIl 7.8-isozyme in the electrofocusing column, in the

presence of 1 mM fructose 1l,6-diphosphate.
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Fig. 6. Effect of ammonium sulfate treatment of on isozyme pattern of
.pyurvate kinase from normal rat muscle. ©, Without ammonium sulfate

treatment; e, with ammoniumv sulfate treatment.
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Fig. 7. Effect of ammonium sulfate treatment on isozyme pattern of
.pyurvate kinase from Rhodamine sarcoma. ©, Without ammonium sulfate

treatment; ®, with ammonium sulfate treatment.
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Fig. 8. Effect of phosphoenolpyruvate concentrations on activity of
.liver pl 6.2-isozyme. Liver pl 6.2-isozyme was prepared by‘isoelectric
electrophoresis of ammonium sulfate treated liver extract. The
activities were measured in the presence (®) and absence (0) of O.lmM.
FDP. The activities in the presence of 5 mM phosphoenolpyruvate were
taken as 100%. The use of liver pI 5.4- and pl 5.6-isozyme gave

essentially the same results as the use of liver pI 6.2-isozyme.
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Fig.. 9. Effect of phosphoenolpyruvate concentration on activity of
.spleen pI 7.8- and pl 6.2-isozymes. Spleen pI 7.8-isozyme was prepared
by isoelectric separation of extracts from normal rat spleens. Spleen
pl 6.2- and pI 6.6-isozymes were prepared by isoelectric separation of
spleen pI 7.8-isozyme mixed with fructose 1,6-diphosphate according to
the method in Fig. 5. The activities were measured in the presence and
absence of 0.1 mM fructose 1,6-diphosphate (FDP). Other experimental
conditions are described in the text. The activities of the various
e pPI-isozymes in the presence of 5 mM phosphoenolpyurvate were taken as
100%. The use of spleen pI 6.6-isozyme gave essentially the same

results as the use of spleen pI 6.2-isozyme.
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Fig. 10. Effect of phosphoenolpyruvate concentrations on activity of

‘muscle pI 7.4-isozyme. The activities were measured in the presence (®)

and absence (0) of 0.1 mM FDP.

100 ——6 9 -
£ 80 7
>
2> i
< 60
o
2 w0 .
[

QL
m "

N
o

0’ L L '
1 2
Phosphoenolpyruvate ( mM)

(76)



Fig. 11. Effect of ammonium sulfate treatment on isozyme pattern of
‘ePyruavte kinase from Rhodamine sarcoma-bearing rat liver. Experimental

conditions were the same as in Fig.l, Except that extracts from

Rhodamine sarcoma-bearing rat livers were used. ©, Without ammonium

r

sulfate treatment; ®, with ammonium sulfate treatment.
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Fig. 12. Effect of phosphoenolpyruvate concentration on pyruvate kinase
activities in extracts of’MHlCl cells and BRL cells. Activities were
measured in the presence (®) and absence (©) of 1 mM FDP. Activities of
pyurvate kinase in the presence of 3 mM phosphoenolpyruvate and 1 mM
FDP in each sample were taken as 100%; 100% activity corresponded to
1.4 U/ml for MHl Cl cells and 30 U/ml for BRL cells. With the extract
of MH,C, cells, pyruvate kinase activity in the presence of 5 mM

171
phosphoenolpyruvate and the absence of FDP was about 100%.
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Fig. 13. Isoelectric separation of pyurvate kinase in an extract of BRL
.cells. Experimental conditions were as described in the text. Extract
(0.50 ml, 1.6 U) from 1.6 x 107 BRL cells was subjected to isoelectric

focusing. The yield of activity after fractionation was 71 %.
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Fig. 14. 1Isoelectric separation of pyurvate kinase in an extract of

OMchl cells. Experimental conditions were as described in the text.

Extract (1.7 ml, 0.49 U) from 9.2 x 107 MH.C. cells was subjected to .

171
isoelectric focusing. The yield of activity after fractionation was 85

%.
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Fig. 15. Effect of ammonium sulfate treatment on the isozyme pattern of
.Pyurate kinase from MH1C1 cells. An extract of 2.0 x 108 MHlC1 cells
was treated with ammonium sulfate (7.0 ml, 0.49 U) and then subjected
to isoelectric focusing. Fractions of 1 ml of eluate were collected.

Other experimental conditions were as described in the text. The yield

of activity on fractionation was 107 %.

100 L ] 1 v
° _
MHGC

. { NH« )250/.- treated —pl6.2

I 80} o o

;3 _

E i

> 60f

=

o

o

¥ 40

0

g ) -
® Xx

9

o 20¢

>

5

5,

a

(81)




Fig. 16. Chromatography of spleen~-type pyruvate kinase from Rhodamine
eSarcoma on CM~cellulose column. Experimental conditions were described

in the text.
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Fig. 17. Chromatography of spleen-type pyruavte kinase from Rhodamine

¢ Sarcoma on P-cellulose column.
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Fig. 18. 1lst and 2nd isoelectric separations of spleen-type pyruvate
&insae from Rhodamine sarcoma. The eluate form the P-cellulose column
(4 ml containing 4,000-5,000 units of pyruvate kinase) was subjected to
the 1lst isoelectric separation with Ampholine carrier-ampholytes of pI
values from 3.5 to 10 at a final concentration of 2% (w/v). The total
recovery of activity which centered at PH 7.8 was 90 to 98%. The
fraction having a specific activity higher than 350 units/A280nm were
collected (recovery, 60 to 70%) and used for the 2nd isoelectric
eseparation. The fractions of the pI 7.8-isozyme collected by the 1st
isoelectric separation (4,000-5,000 units) were preincubated with 1 mM
- FDP at 24°C for 30 min and then subjected to the 2nd isoelectric
separation by the same method as for the 1lst isoelectric separation.
The total recovery of spleen-type pyufvate kinase activity which
centered at pH 6.6 was nearly 100%. The fractions having a specific
activity higher than 400 units/A280nm were collected (recovery, 75 to

85%) . 4a&a, l1lst isoelectric separation; 0&®, 2nd isoelectric separation.
®
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Crystals of spleen-type pyruvate kinase.

19.

Fig.

The crystals were

.photographed on 35 x 35-nm film at a magnification of 160, and the

final magnhification is 900.
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Fig. 20. Absorbance spectrum of spleen-type pyruvate kinase purified
e from Rhodamine sarcoma. The spectrum was measured at concentration of

0.88 mg of spleen-type pyruvate kinase per 1.0 ml of 0.1 N NaOH.
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Fig. 21. Effect of KCl concentration on activities of spleen-type pI
@7.8-isozyme with and without preincubation with fructose
1,6-diphosphate. Spleen pI 7.8-isozyme prepared by isoelectric'
separation of extracts from normal rat spleehs or Rhodamine sarcoma was
used. The reaction mixture was as described in the text, except that
the KCl concentration was varied. In some cases, 1 mM fructose
1,6-diphsophate was added to the reaction mixture. In other cases, the
isozyme in 10 mM Tris-HCl buffer (pH 7,5) with 25% glycerol was

® preincubated with 0.1 mM fructose 1,6-diphosphate for a few minutes,
and then used for activity assay. 4, Activity of spleen pI 7.8-isozyme
iﬁ a reaction mixture containing no FDP; 4, activity of the enzyme in a
reaction mixture containing 1 mM FDP; O, éctivity of the preincubated
enzyme in a reaction mixture containing no FDP; e, activity of the
preincubated enzyme in a reaction mixture containing 1 mM FDP. In the
presence of 3 mM phosphoenolpyruvate, spleen pI 7.8-isozyme showed

.practically the same activity, regardless of preincubation with FDP and

addit}on of FDP(m) .,
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Fig. 22. Effect of preincubation with FDP on activity of spleen-type
ecyruvate kinase. The pI 7.8-isozyme obtained by the 1lst isoelectric
separation was preincubated with and without 1 mM FDP at 24°C for
various lengths of time under the conditions described below. The
activities of the preincubated enzyme solutions were assayed by adding
10 ul of the preincubated -enzyme solutions to 1.0 ml of the standard
reaction mixtures, in which the phosphenolpyruvate concentration was
fixed at 0.1 mM, but not at 3 mM. —0-— & —--0--, The pI 7.8-isozyme was
e®added to 10 mM Tris-HC1l buffer (pH 7.5) containing 25% (v/v) glycerol
with (—8—) and without (--0--) 1 mM FDP, and preincubated.,——ﬁf— &
-=-0~=, The pI 7.8-isozyme'was added to the standard reaction mixture
containing 0.1 mM phosphoenoleruvate and 25% (v/v) - glycerol with
(—e—) and without (--0--) 1mM FDP, in which ADP, as the substate, was
omitted, and preincubated. —A-— & --A--, The pI 7.8-isozyme was added
to the standard reaction mixture containing 25% (v/v) glycerol with
.(——A——) and without (--v--) 1 mM FDP, in which phosphoenolpyruvate, as
the substate, was omitted, and preincubatéd. (+RM-PEP-ADP) gave
essentially the same result as (+RM-PEP) and (+RM-ADP), and

(+RM-PEP-ADP+FDP) the same as (+RM-PEP+FDP) and-(+RM-ADP+FDP)
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Fig. 23. Effect of FDP concentration in preincubation on spleen-type pI
®7.8~isozyme activity. An aliquot (10 ul) containing 4.5 units of the pI
7.8-isozyme obtained by the lst isoelectric separation was added to 1.0
ml of 10 mM Tris-HCl buffer (pH 7.5)containing 25% (v/v) glycerol and
various concentrations of FDP, and preincubated at 24°C for 30 min.
After preincubation, the enzyme activities were assayed by adding 20 ul
of the preincnbated enzyme so;ution to 1.0 ml of the standard reaction
mixtures with and without 1 mM FDP, in which the phosphoenolpyruvate

® concentration was fixed at 0.1 mM. —O—, Assayed in the standard
reaction mixture with 1 mM FDP; —aA—, assayed in the standardi;gac;inn
- ‘mixture without FDP; ----, described in the -text. TneffésniEQ:Wene

reproducible'in experiments done in triplicate.
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Fig. 24. Effect of preincubation of spleen-type pyruvate kinase with
.NaCl and KCl on its activity. An aliquot. (50 ul) containing 20 units of
the pI 7.8-isozyme obtained by the 1lst isoelectric separation was
dissolved in 1 ml of 10 mM Tris-HC1l buffer (pH 7.5) containing 25%
(v/v) glycerol and various concentrations of either NaCl or KCl, and
then preincubated at 24°C for 10Omin. After preincubation, the enzyme
activities were assayed by adding an aliquot (10 ul when assayed at 0.1
mM phosphoenolpyruvate, and 2 ul when assayed at 3 mM phosphoenol-
e pyruvate) of each preincubated enzyme solution to the standard reaction
mixture containing either 3 mM or 0.1 mM phosphoenolpyruvate. © & e,
Preincubated with KCl, and assayed at 0.1 mM and 3 mM phospﬁoenol—
pyurvate, respectively; 2 & A, preincubated with NaCl, and assayed at

0.1 mM and 3 mM phosphoenolpyruvate, respectively.
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Fig. 25. Effect of phosphoenolpyruvate concentration on activity of
espleen-type pyruvate kinase preincubated with NaCl and FDP. An aliquot
(10 ul) containing 3.5 units of the pI-7.8-isozyme obtained by the lst
isoelectric separation was dissolved in 1 ml of 10 mM Tris-HCl buffer
(pH 7.5) containing 25% (v/v) glycerol, to which 0.3 M NaCl and/or 0.1
mM FDP was added. The resulting enzyme solutions were preincubated at
24°C for 30 min. The enzyme activity of each preincubated enzyme
solution was assayed by adding 20 pl of the preincubated enzyme
®solution to 1.0 ml of the standard reaction mixture containing various
concentrations of phosphoenolpyruvate. O, Non—p;g;ncubate@; e,
_preincubated with 0.1 mM FDP; 4, preinCubaféanith 0.3 M NaCl; a,

preincubated with 0.3 M NaCl plus 0.1 mM FDP.
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Fig. 26. Effect of preincubation of spleen-type Pyruvate kinase with
evarious salts on its activity in presence of KCl or NaCl. An aliquot
(20 ul) containing 9.5 units of the pI 7.8-isozymé obtained by the 1lst
isoelectric separation was dissolved in 1.0 ml of 10 mM Tris-HCl buffer
(pH 7.5) containing 25% (v/v) glycerol and 0.3 M of various salts
(LiCl, NaCl, KCl, RbCl, or TriséHC1), and preincubated at 24°C for 10
min. The enzyme activity of each preincubated enzyme solution was
assayed by adding 5 pl of the preincubated enzyme solution to 1.0 ml of
ethe standard reaction mixture containing various concentrations of
either KCl. or NaCl besides 3 mM phosphoenolpyruvate. e, Non:
preincubated and assayed in the presence of KCl; 4, non—preihéubated
and assayed in the presence of NaCl; (9,s,0,v,x)—KC1, preincubated'with
0.3 M of LiCl, NaCl, KCl, RbCl, and Tris-HCl, respectively, and assayed
in the presence of KCl; (9,4,0,V,x)—NaCl,preincubated with 0.3 M of
LiCl, NaCl, KCl, RbCl, and Tris-HCl, respectively, and assayed in the
.presence of NaCl. When the enzyme was preincubated with other salts
KI, or KHCO

such as NH,C1, (NH4)ZSO
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were Obtainedo T ﬁlllll L VTR Ti DL TS I(Ké”
(Tris-HCl): S AT
(Licn
SOmM Tris HCI (pH 7.5) . _\B ' .
151 " 1OmM MgCiz . o (NoCl}

2mM ADP . (RbC1)

3ImM PEP

Pyruvate kinase activity (U/mi)

[+ ] 1 084 ] Lt s p ety 1 lllu\n‘l\ltl

- @ -3 -2 -1

log [KCJ or NaC{ in octivity assoy, M ]

(93)




Fig. 27. Effect of various salts added on éctivity assay of spleen-type
®yruvate kinase. An aliquot (40 ul) containing 13 units of the pI
7.8-isozyme obtained by the 1lst isoelectric separation was dissolved in
1.0 ml of 10 mM Tris-HCl buffer (pH 7.5) containing 25% (v/v) glycerol
and 0.3 M NaCl, and preincubated at 24°C for 10 min. The activity was
assayed by adding 5 ul of the preincubated ehzyme solution to 1.0 ml of
the standard reaction mixture, which contained various concentrations
of saveral salts instead of 0.15 M KCl as indicated. ©, KCl or

4

®Tris-HCl; --4--, RbCl or LiCl; ®, NH,Cl;--0--,CsCl; ®, NaCl; —b—,

SrClz; ——, CaClZ.
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F:Lg 28. Effect of heat treatment on activities of spleen-type and
enuscle-type pyruvate kinase. 1 ml of each isoenzyme solution was heat
treated at 60°C for various lengths of time indicated. Resulting
precipitate was femoved by centrifugation, and the supernatant was used
for activity assay and measurement of A280 am® A, With the use of
spleen~type ; B, with the use of muscle-type; ©, activity; &, A280 nm®
correspond to 55 U/ml and As80 nm-04

100% activity and 100% A280 nm

respectively for spleen-type, and those for muscle-type are 375 U/ml

®and A280 nm=26 .
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Fig. 29. Effect of glycerol on stabilites of .spleen-type and
emuscle-type pyruvate kinase. Each isoenzyme was dissolved in the buffer
solutions which contain various concentrations of glycerol and had
indicated pH valued. The used buffer solutions were 10 mM K-citrate

buffer for pH 4.5-6.0 and 10 mM Tris-HCl buffgr for pH 7.0-9.0.
Resulting solutions were stood at 4°C for 3 days, and then activities
were measured. ©®, The activities at 0 time without addition of
glycerol; A, without addition of glycerol (0%); O, addition of 10% . _
® glycerol (10%); &, addition to 25% glycerol (25%); ©, addition of 50%
glycerol (50%); A, with .the use of splgen—type; B, with the use of

muscle-type.
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Fig. 30. SDS-polyacrylamide gel disc electrophoresis of purified

sSPleen~type and muscle-type pyruvate kinase. Approximately 50 ug of

spleen~type and 100 ug of muscle-type were analyzed.
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Fig.31l. Summary of molecular-sieve chromatography of spleen-type and
gnuscle-type pyruvate kinase on Sephadex G-200 column. A, Spleen-typé;
B, muscle-type. ©, Molecular weight marker proteins; bovine serum
albumin (M.W. 67,000), yeast alcohol dehydrogenase (M.W. 140,000), and
rabbit muscle pyruvate kinase (M.W. 240,000). 4, Elution volume and
apparent molecular weights of pyuravte kinase under indicated
conditions. The values (U/ml) show the enzyme concentrations applied to
the column. The symbol on the left in parenthesis, "none" or "+FDP",
eshows wether the enzyme was preincubated with 1 mM FDP (+FDP) or not
(none), and symbol on the right in perenthesis,"none" or "+FDP", shows
wether the buffer solutions for equilibration and thé elution of the

column contained 1 mM FDP (+FDP) or not (none).
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Fig.

31
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Fig. 32. Isoelectric electrophoresis of spleen-type and muscle-type
ePyurvate kinase preincubated with [14C]FDP. A, Spleen—type‘ pI
7.8-isozyme obtained by lst isoelectric separation (2 ml containing 400
units) was incubated with 2 ml (4 pCi) of 2 mM [“4CIFDP (1 Ci/mol) in
10 mM Tris-HCl buffer (pH 7.5) containing 25%(v/v) glycerol, at 24°C
for 30 min, and then subjected to isoelectric electrophoresis; B,
muscle~-type sample (P-cellulose eluate) was dialyzed against 10 mM
Tris-HC1l buffer (pH 7.5) containing 25% glycerol. An aliquot (2 ml

e containing 1000 units) was treated with [14C]FDP as the same manner as

described above.
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Fig. 33. Peptide maps of spleen-type and muscle-type pyruvate kinase.
e Of the ninhydrin-positive spots, less-dense ones are shown by dotted
circles, and these different between both types by dlinded circles.

Experimental conditions were described in the text. A, Muscle-type; B,

Spleen-type.
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