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Greenstein d.escribed that some enzyme activities of the liver

are affected when the anj-mal bears tumor (1) , and that many tumor

cells show similar tumor-specific enzyme pattern, regard.Iess of

their derived mother cel1s (2). Since then, many workers studied of

enzyrne in cancer. With the glycolysis enzymes, d.eviation of aldolase

isozymes hras 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 eg al. (6) .

On the other hand, Nakahara and Fukuoka (7) extracted a subs-

tance having in vivo liver catalase-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 isolated from the tumor, Rhodamine

sarcoma, is subcutaneously or intraperitoneally injected into normal

animals (1f-16). Matumoto et al. (17) purified from thg chromatin of

the tumor the non-histone protein effective for depression of liver -

catalase. ft had a molecular weight of about 60,000 and an isoelect-

ric point of about 5.0.

This paper mainly deals with the purificatj-on and properties of
pyruvate kinase isozymes.

Tanaka et al. (61 found that in Yoshid.a ascites hepatoma has a
pyruvate kinase isozyme, which is different from those present

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

(■ )
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(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,j-mmunologica1ly,

kineticaL]y, 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 sarcoma-bearing rats. The increased isozyme was

different, from the L-type and M-type, called Mr-type. Tanaka et a1.

(6), using block zonal electrophoresis, found that four isozymes of
pyruvate kinase is present in rat liveri one is id,entical with M-type

isozyme in electrophoretic 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 r^ras supported by

Jim6enez De Asria et al. (21).

Imamura and Tanaka (22) succeeded in the purification of a new

type of pyruvate kinase isozyme from Ehrlich ascites tumor of rat's,

designating it "Mr-type".

By isoelectric electrophoresis with Ampholine carrier-ampho- '\-

lytes, Hess et aI. (23) found that plrruvate kinase of pig liver is
d.istinguishable into at least two forms with respect to the mode of
FDP-binding.

Nakamura et g!. (24), by isoelectric electrophoresis, demon-

strated that pyruvate kinase present in various tissues of the rat
is separable into five pl-isozymes (different in pI value). They

found. that Mr-type (r-type) enzyme is the major isozyme in the



kidney as well as in Rhodamine sarcoma, and that it is also present

a in the liver, spleen, lung and erythrocytes. In ad.dition, they

observed that lt{r-type enz}rme 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 pl-isozymes of K-type and, at
least three pl-isozymes of L-type. In ad.dition, 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 pl-isozymes of pyruvate kinase present in various tissues of
rats were studied. We concluded that these pl-isozymes were fund.a-

mentally classified into the three types, L-type, M-type and S-type

(Mr-type), in accordance with the Tanaka school (22) . Howeverr we

call M2-type spleen-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 chromatin prepared from either Rhodamine sarcoma or the spleen,

but not in those injected with chromatin prepared frorn the liver.
The non-histone protein frac_tion 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 and peptide mapping. We found that spleen-type

and muscle-type were different in amino acid sequence, indicating

that they were formed by different genes. 4) The FDP-binding and

various cation-binding properties of spleen-type pyruvate kinase

(3)



were studied.

The isozlzme pattern of pyruvate kinase is consid.ered. 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

kj-nase 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 (31), whereas an adult rat liver cell

line synthesizes only spleen-type enzyme (321. However, w€ found

that the pyruvate kinase isozl.me 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

speci-es of non-histone proteins in nuclei are influenced by embryo-

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, w€ (4f1

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 ind.ividual kinds of tissues, and

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

(4)
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the liver of Rhod.amine sarcoma-beari-ng rats.

MATERIALS=AND=METHODS

Animals and Tumor

Adu■ t ma■ e a■bino ratS of Donryu strain were used. Transp■ anta―

tion of Rhodamine sarcoma was carried out according tO the method of

Matuo et al。  (■1) with the modifications in which the tumor tissue

was mixed with apprOXimate■ y ■ mg each of cepha■osporin (Cefamezin)

and streptomycin (dihydrO― streptOmycin su■ fate) per g wёt weight of

tissue′  and used without addition of Ringeris s。 ■uti9n. About two

wёeks after the ■mp■ antation′  良hOdamine sarcOma was removed from

Fa,S and used for usua■  experiments. For the purュ fication of pyru―

vate kinase′ tissue was stored in a frozen state before use.

Prёparation of PyruVate Kinase Extraこts from vaiious Tisstes

Normal and tumor― bearing rats were decapitated′  :and various

organs and tumor were dissected  out. Extracts from var■ ous tissues

were prepared by the procedure of Na卜 amura et a■ . (24).

ate KinaSe Extracts

So■ id ammonュum_su■ fate "as added to various tissueS or cel■ s

extracts to 70を  saturation′  fo■■Owed by centrifugation at 20′ 000 X g

for 20 mil. The resu■ ting precipitates were individual■ y disso■ ved

in ■O mM Tris―HC■  buffer (pH7.5) cOntaining 5 mM ethy■ enediamine

tetraacetate (EDTA) and ■O mM β―mercaptoethano■ . The solution thus

obta■ ned were dia■ yzed aga■ nst‐ the same buffer. This process ■s

ca■ ■ed ・・ammon■ um su■fate treatment".

(5)



Isoe■ ectric E■ ectrophoresis of Pyruvate Kinase

Pyruvate Kinase extracts w■ th or w■ thout ammon■ um su■ fate

treatment were subjected to isoe■ ectric e■ ectrophOresis with AmphO―

■ine carrier― ampholyte, (pH 3.5-■ 0) aCCOrding tO the method Of

VeSteFberg and Svensson (42)′  using a loO m■  e■ectrofё cusing co■ uIIm.

Otherwise′  in the purification steps′  a density gradient of form 50%

sucrose at the bottom to 252 g■ ycero■  at the top was made in the

e■eCtrOfOcus■ng co■ ulnn′  s■nce the enzylne was stabi■ ized in the

presence of g■ ycero■ .

E■ectrophoresis was carried out at 700V and o-1。 C for 48h. The

e■ uate from the column was divided into 1 0r 2 m■  fractions and the

resu■ting fractions were measured for pH′  absorbance at 280 nm and

pyruvate kinase activ■ ty.  In sOme cases radioactiv■ ty was a■ so

measured.

Assay Method fpr Pyr,v皇 上皇 不InaSe Activ■ ty

The activ■ ty of pyruvate kinase was measured according to the

method of Bucher and Pfleiderer (43). The Standard reaction mixture

comprised O.5 m■  of O.■ M Tris―HC■  buffer (pH 7.5)′  0。 l m■  of 30 mM

phosphoeno■pyruvate′  50 μ■ of 40mM ADP′  0.l m■  of l.5M KCl′  50 111 of

O.2 単 MgC■
2′
 50 μ■ of 5 mM NADH′  ■O ll■  of 150-200 units/m■  Of

■actate dehydrogenase [L― ■actate:NAD+ oxidoreductase′  EC ■.■ .■ .27]

and water to make the total vo■ ume ■.O m■ . 工n some cases fructose

■′6-diphosphate was added to the standard reaction mixture. The

reaction was started by adding trace volumes of pyruvate kinase

so■ ution′  and the decrease of absorbance at 340 nm was measured at

24° c′  using a cary model ■7 spectrophotometer。  One unit of pyruvate

(6)



kinase was defined. as the amount of enzyme that caused the oxidation

of 1 pmole of NADH per min.

Determination of PhosphoenolpyruvaFe and Fructose 1,6-Diphosphate

Concentrations

Phosphoenolpyruvate concentratj-ons were determined by the

method of assay for pyruvate kinase activity (see above). FDP

concentrations were determined as follows; To 0.2 mI of appropri-

ately d.iluted FDP solutions were added 0.5 mI of 0.2M Tris-HCl

buffer (pH7.5) r 50 UI of 0.1 M EDTA, 20 UI of t0 mM NADH and 0.2 ml

of water. Ten Ul of 80 unit/m1 glycerol-3-phosphate dehydrogenase

Isn-glycerol-3-phosphate: NAD+ 2-oxidoreductase, EC 1. 1. 1.8] and

10 Ul of, 1,800 units/ml tri-osephosphate isomerase, [D-glyceraldehyde

3-phosphate ketolisomerase, EC 5.3.1.f] were then added. in order to

remove dehydroxyacetone phosphate and glyceraldehyde 3-phosphate

from the reactj-on system. fhe reaction was started by adding 10 Ul

of 90 unitb/ml fructose diphosphate aldolase Ifructose 1,6-diphosphate

D-glyceraldehyd.e 3-phosphate-1yase, EC 4.1.2.I31 and the amount of

fructose 1,6-diphosphate present in the reaction mixtu:" 
:1" estimated.

greparat,ion of Nuclei, Chromatin-, DNA,-.Non-histone'Protein, Histone and

Histone- f ree Chromatin

Nuclej- 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 hrere isolated not only from Rhodamine sarcoma but

also from spleen and liver according to the method of Clark et al"
(45) and of Chalktey et al. (46) with some modifications. Details were

(7)



described by Nakamura et a■ . (24)and by Miyazaki et a■ _ (■ 5).

Separation of chromosoma■  protein and DNA from chromatin by

mo■ ecu■ar―sieve chromatography on a sephadex G-2oO co■ umn in 2M NaC■

was carriё d out accOrding to the method of GeoroleV et a■ 。 (47)′  and

then′  protё in― free  pNA and n9n,histone protein fFaCtiOns were

prepared. Detai■ S were dざもこribed by Miyazaki et a■ . (■ 5).

Histone was extracted from chromntin with O.■ 平 H2S°4 and
acid― insb■ ub■e fraction was saved as the histone― freё  chromatin′  as

desOribed by Miyazaki et a■ . (■ 5)。

An a■ iquot of each preparation was in]ectё d into the Sub―

cutaneous region on the back of ratso As a cOntro■ ′ 0.92 Nac■

so■ uti。, was in]ё cted. The in]ected 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 i 23 hr. They were then decapitated a,d the ■ivers‐ were

dissected out and used foF experiments.

Mo■eCular― Sieve chrOmatography on Sephadex c-200 cO■ urFm

The determination of mo■ ocu■ar weights was carriё d out accord―

ing to the methodlof Andretts (48)′  using a sephadex G-200 (■ .5 x 90

Cm) Co■ urrm  (Pharmaё ia Fine Chemica■ s′  Uppsa■ a). B■ue dextran (M.W。

2′ 000′ 000)′  rabbit musc■ e pyruvate kinase (Mow. 240,000)′  yeast

a■coho■  dehydrogenase [EC ■.■ .1.11 (MoW。   ■40′ 000)′  bovine  serum

a■bumin (M.W。  67′ 000) Were used as molecu■ ar weight markers. The

f■ow rate ttas adjusted to 7 m■ /hr by a perista■ tic pump′  type ■0′ 200

(LKB) Produkter AB′  StoCkhO■ m―Bromma). The eluatё  was divided into ■

m■ fractions:

(8)



SDS― Po■ yacry■ am■de Be■ Disc E■eCtrophOres■ s of Pyruvate Kinase

SDS― pO■yacry■amide ge■  disc e■ ectrophoresis was carried out

aCC00ing to the method of Weber and osborn (49)′  using 7.5老

po■yacrylamide ge■  (5 x 90 mm).

Ce■ ls and Ce■ ■ Cu■ ture

MH■Ci Cel■ s were purchased from the American Type Cu■ ture

co■■ection. BRL cellS origina■ ■y iso■ ated by Coon (50) from norma■

adu■t rat ■iver′  were  generous  gifts  from Dr.  Gordon  Sato

(UniVersity of Ca■ ifornia′  San DiegO)I MH.CI Ce■ ■s were cu■ tured On

■50-llull Fa■ con p■ates in Leibovitzis L― ■5/Ham'S F― ■O mixture (7:3)

supp■emented with ■7を  feta■  ca■ f serum. BRL ce■■s were cu■ tured On

■00-.lЩI Fa■con p■ ates  in  pu■beccols  modified  EagleiS  medium

SuppleIItented with 12.5t house serum and 2.5t feta■  ca■ f seruln.

Cu■tures were incubated at 37。 C in a jumicified atmosphoere of 52

C°2 and 952 air.

Preparation of Ce■■ Extr09ts

The  ce■ ls  were  harvested  by  tryps■ n■ z■ng  subconf■ uent

m。1。■ayer. Averages of 5 x 106 BRL ce■■/106二mm p■ate and ■07 MH.c.

ce■■/150-mm plate were harvested.  The  trypsinized ce■ ■s ‐were  l 
｀

こentrifuga■ ■y washed three tilnes  with co■ d sa■ ine so■ution containing

phoSphate buffer and suspended in O。 5 m■ of ■O mM Tris― HCl buffer (pH

7.5)containing 10 mM β―merCaptoethano■ ′ 5 mM MgC■ 2 and ■ mM EDTA. The

cel■s were disrupted by freez■ ng in ■iqu■ d n■trogen and thaw■ ng at

37° C. This procedure was repeated three times. The ce■ ■ ■ysate was

centrifuged at ■05′ 000 x tt for ■ 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 Sp1een-type and

muscle-type pyruvate kinase) were individually hydrolyzed in 6 N HCI

in a sealed tube under vacuum at 110"C for 24 hr, 48 hr and 72 hr.
After removal of HCI under vacuum, the sample was analyzed by a

amino acid analyzer (model JLC-SAH, Japan Electron Optics Lab., Tokyo)

according to the method of Moore and Stein (51).

Preparation of Reduced and S-Carboxymethylated Pyruvate Kj-nase and

Its Peptide Mapping

Reduction and S-carboxymethylation of pyruvate kinase hTas carried

out according to the method of Crestfield "t .1. (521. An aliquot of
thus obtained sample was subjected to amino acid analysis to test the

completion of the reaction and determine the content of half-cystine.
To each 8 mg of red.uced and S-carboxymethylated sample, L.6 ml of O-2 M

ammonium bicarbonate buffer (pH 8.5) and 80 Ug of trypsin (treated with
L-(1-tosylamide-2-phenyl)ethyl chloromethyl ketone) were added,

followed by incubation at 37"C. After 6 hr, additional 40 Ug of trypsin
was added, followed by further incubation for 6 hr. Resulting solution.;

was lyophilized and thus obtained meterial was dissolved in 80 uI of
2OZ pyridine. Insoluble meterial was removed by centrifugation" The

supernatant (Z u1 containing 200 ug peptides) was subjected to
chromatography on a celluJ-ose thin layer (Merck 57L6 plate 20 x 20 cm)

in n-butanol/ pyridine /aceLic acid,/ water (15:10 z3:L2 by volume) for 6

hr at 24oC. The thin layer was dried

(■0)



at 50-60oC tor 15 min, allowed to stand at room temperature for t hr,
and then moistened with pyridine/acetlc acid,/ water (1:10:89 by volume,

pH 3.5). The second dimensional electrophoresis was carried out for 85

min at 700 V in a cold room (4"C). After resulting thin layer was dried

at 100oC for 10 min.

Measu,{ement of Radioactivity

The radioactivity of tl4cl Fop was measured within 5 hr after
mixing 0"5 mI of a sample solution and 15 ml of Bray's solution in
order to avoid chemical quenching, with a scintillation counter (model

T,S-250, Beckman fnstruments, 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 d.etermined 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, a-chymotrypsinogen A,

horse myoglobin and cytochromec), dibutyryl cyclic AIvlP, (BtrcAMP)"

dibutyryl cyclic cMP (BtrcGMP) , bovine pancreas'.-insulin and gldcagon

$tere obtained from Sigma Chemical Co., St. Louis, I{issouri. 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

Boehringer Mannheim GmbH, Mannheim. Trypsin treated. with L-

(l-tosylamide-2-phenyl) ethyl chloromethyl ketone was from Worthington

(■ ■)



Biochemical Corp", Freefold, New Jersey. For cell culture, trypsin was

from Difco Lab", Michigan, and medium and serum were from Folw L,ab.

Inc., Inglewood., California. tl4clrop was from the Radiochemical

Center, Amersham.

●

●



●

RESULTS

A) PYRWATE KINASE ISOZYMES IN VARIOUS TISSUES OF RAT, AI{D INCREASE

OF SPLEEN― TYPE PYRUVATE KINASE IN LIVER BY IN」 ECTING CHROMATINS

FROM SPLEEN AND RHODAMINE SARCOMA

1. Isoelectric Electrophoresis of pl-Isozymes of Pyruvate Kinase

Present in Various Tissues of Rats

When the extract from livers of normal

isoelectric electrophoresis, pI 5.4-, pI 5.5-

pr 7 .8- isozymes were d.etectable (Fig.l) . The

rats was subjected to

, pI 6 .2-, pI 7 .4- and'

pI 5.4-isozyme, if

●

Fig. 1

subjected again to isoelectric electrophoresis, was mostly converted

into the pI 5.6- and pI 6 .2-isozlrmes (Fig. 2) . In repeated isoelect-

Fig. 2

ric electrophoresis, pI 5. 6-isozyme converted into pI 6 .2^isozyme,

'whereas pI 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

.newIy formed, whereas pI 7 .4- and pI '7 .8-isozymes were hardly

affected (Fig.I). The resulting pI 4.9-isozymes was labile, and it
was not further examined.t it seems tikely that this isozyme hras an
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artifact. generated by the ammonium sulfate treatmen!.

Hess et al. (23) found with isoelectric electrophoresis method,

that two types of liver pyruvate kinase of pig can be distinguish-
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 pI 5.6-

isozymes were formed with the ratio of approximately 2:1.

These rusults suggest that liver-type pyruvate kinase posseses

two ki-nds of sites capalbe of binding with FDP; liver:type isoenZyme

has a pI value of 6.2 when free of FDP, and when one kind of site ( the

lst site) binds with FDP, the pI value shifts from 6.2 to 5.6, and when

both kind.s of sites (lst and 2nd. sites) bind with FDP, the pI value

shifts further to 5.4"

When the extract from spleen of normal rats 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-isozyme

Fig. 3

was dominant form. However, in some spleen extracts, pI 6 "6-isozyme was

dominant form" The resulting pI 6.2-Lsozyme, 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)
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Fig. 4

isoelectric electrophoresis. When spleen extract which had been treated

with ammonium sulfate was subjected to isoelectric electrophoresis, pI

6.2- and pI 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 mI\,I at final concentration) 
"

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

Fig. 5

It was found that pI 7.8-isozyme converted into pf 6.2- and pI 6.6-

isozymes. In some experiment, only pI 6.6-isozyme was formed. The

extent of conversion increased. with increasing concentrations of FDP"

In addition, pI 7.8-Lsozyme was mostly converted into pI 5.2-isozyme

when I mM FDP was added to the whole of the solution placed in the

electrofocusing column.

These results suggest that spleen-type 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

lst 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

(15)
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(Fig. 6) " The muscle pI 1.4-isozyme was not influenced by repeated

Fig. 6

isoe■ectric e■ ectiophoresis before and after aFrtlnOnium su■ fate treatment

(Fig。  6)or With and without addition of FDP.

These suggest that musc■ e―type isoenzylne can not bind with FDP,

Nakamura et a■ 。 (24) previOusly reported that extract from

kidney′  lung and erythFOCytes of norma■  rat contain pェ  6.2- and/or

p工  6.6-isozylnes with P1 7.8-iSozyme.  When these extracts were

subjected to ammonium su■ fate treatment and then to isoe■ ectric

e■ectrophoresis′  most of the p工  6.2-isozyme in the kidney extract

and a■■ of the p工  6.6-isozyme in the ■ung and erythrocyte extracts

were converted into p■  7.8-■ sozymeS. In addition′  even ■f after

ammoniuln su■ fate treatment′  p1 6.2-isozyme existed in the extracts

of kidney and erythrocyte ■ndicating these extracts conta■ n the

■iver p工  6.2-isozyme. These resu■ ts were summarized in Table 工.

When the extract from Rhodam■ ne sarcom直  was analyzed by iSo―

91eCtric electronhoreSiS′  p工  6.21-′  p工  7.4T and p1 7.8-ユ sozyme were tiヽ

detectable (Fユ g. 7)and when ammon■ um su■ fate 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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Tab■e 工

respect to the behavior in isoelectric electrophoresis, pI 6.2-iso-

zyme was id^enticat to spleen pI 6.2-Lsozyme, and pI 7.4-isozyme $ras

identical to muscle pI 7.4-isoz!rne.

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

Various pl-isozymes were obtained from extracts of livers,

t spleens, skeletal muscles and Rhodamine sarcoma of rats by isoelect-

ric electrophoresis before and. after ammonium sulfate treatment.

Using the pl-isozymes thus obtained., the effects of various con-

centrations of phosphoenolpyruvate on activities in the presence and

absence of 0.1 mI,I FDP were measured. The reaction was started by

add.ing a small volume of enzlzme sample to the standard reaction

mixture. In some cases, FDP was added. to the standard reaction

mixture before adding the enzyme.
I

Using liver pI 6.2-isozyme, the kinetical curve for initial

versus phosphoenolpyruvate concentration rrtas sigrmoidal (n = 2._O i

1.5 mM) if FDP was absent ifr the standard reaction mixture (Fig.

Whi1e, in the presence of FDP, the activity was signifi-

rate

Km=

8) :'

Fig. 8

cantly stimulated and kinetical curve showed hyperbolic (n = 1.0; Km

= 0.I 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

(17)



its bound FDP when FDP was not added to the reaction mixture, and

coverted into pI 6.2-isozlzme, and that resulting pI 5.2-isozyme could

bind with FDP stimulat,ing the activity, if FDP was provided.

Using spleen pI 6.2-Lsozyme, 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 mi-xture

(F'ig.9). In the presence of FDP, the activity was significantly

Fig. 9

ien the concentration of phosphoenolpyruvate was lowerstimulated wh hosPhoenolpYr'

than 1 mM (n = 1.0; km = 0.06 mI4). The use of spleen pI 6.6-isozyme,

and Rhod.amine sarcoma pI 6.2- and. pf 6.6-isozlzmes gave practically

the same results. Using spleen pI 7.8-isozlzme, the kinetical curve

showed sigrmoidal in the absence of FDP (n = L.7 i Km = A.7 ml4. The

activity was only slightly stimulated. in the presence of FDP (n =

L.7; Km = 0.5 mM). Practically the same results were obtained with

Rhodamine sarcoma pI 7.9-isozyrne. It is conceivable that when FDP was

not added in the reaction mixture spleen pI 6.2-Lsozyme liberated a

part of its bound. FDP and was thus converted into pI 6.6-isozyme' and

that when FDP was added to the reaction mixture, the resulting pI

6.6-isozyme could bind with FDP, stimulatj-ng the activity, and that

spleen pI 7.8-isozyme could not bind FDP even FDP was provided in this

assay cond.ition.

Using muscle pI 1.4-tsozyme, the activity was not affected by

FDP and kj-netical curve showed hyperbolic in the absence of FDP (n =

(r8 )
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1。 0, Km = 0。 06 mM) (Fig。  ■0)

Fttg. ■o

These results $rere summarized in Table II.

Tab■e ェェ

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 livert pI 6.2-

isozyme content increases, whereas other pl-isozymes are little

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

Fig. ■l

extract from liver of Rhodamine sarcoma-bearing rat was subjec€ed to'*

ainmonium'-sulfate treatment and then to isoelectric electrophoresis, pI

7.8-isozyme content increased to remarkably more extent than when

normal liver extract was used (Fig. 11 and Fig. 1). These d.ate j-ndicate

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

●

7 - B-isozyme)
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4. Effect of fnjection of Nuclei from Rhodamine sarcoma on pl-iso-

zyme Pattern of Pyrgvate 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-

Tab■ e II工

tion of maximum dose tested, 3.3-fo1d. increase was observed. In

add.ition, dt daily injection for 3 days pI 7.8-isozyme content

increased 4 times" These observations support the previous report by

Nakamura et al. Q4) 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 RaFs, on pI-Isozyme Pattern of
Pyruvate Kinase i-n Livers

The. ext,ract 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 (Tab1e III). fhe same

kind of experiment was carried out with chromatins prepared from

spleens and livers of normal rats. It was found that when spleen

(20)



chromatin was injected into rats, and the liver extract was subjected

to ammonj-um sulfate treatment, the pI 7.8-isozyme content in the livers

increased appreciably" The injection of liver chromatin d.id not affect

the pl-isozyme pattern (Table III).

6. Localization of SpIeen-Type-Isoenzyme-Increasing Substance in

Chromatin

Prepared from Rhodamine sarcoma

The chromatin preparation from Rhodamine sarcoma was divided into

the four fractions, histone-free chromati-n, histone, non-histone .

protein and DNA. Each of resulting fractions lras injected into rats,

and the liver extract was subjected to ammonium sulfate treatment and

followed by subjecting to isoelectric 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 j-ncreased. appreciably.

Whereas histone and DNA fractions had no effect on the increase of pI
'7.8-isozyme. These suggest that pI 7 .}-isozyme-increasing aetivity

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" E_ffects of Phosphoenolpyruvate Concentrations and FDP on Pyru-

vate Kinase Activities in BRL and MH-C- Cell Extracts

(2r)
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The specュ fic activ■ ty of pyruvate kinase ■n the extract of BRL

ce■■s was about 20 times that in the extract of MH.C. ce・
・

S (Tab■ e ttV)′

and about 5 times that in the extract of normal ■iver tissue (24). The

growth rat,S O「  BRL cel■ s and MH.Ci Ce・
・

S under the present conditions′

as represented by dOubling times′  were about ■6 hr and 24 hr′  respective―

■y (data nOt shown)。      1

工n the kinetic studies′  pyruvate kinase activ■ ty in the extract of

MH■CI Ce■■s was stimu■ated significant■y by FDP (Fige ■2), the Km

Fig。  ■2

values for phosphoenolpyruvate in the presence and absence of FDP were

0.13 mM and 1.5 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

0.50 ml{ 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 conventional activity assay. on the o

bases of these FDP-binding properties and the km values for phosphoenol-

pyruvate, it $ras suggested that the pyruvate kinase isozymes in the

extract of MH'C, cells and BRL ce1ls were mainly liver-type and spleen-

type, respectively.

2. Isoelectric Elect,rophoresis of Pyruvate Kinase Isozymes from BRL

(22)



When the extract of BRL cel1s was subjected to isoelectric
electrophoresis, pyruvate kinase activity was separated into two

fractions: pr 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

rig. 13

the pl-isozyme pattern (data not shown). These results show that BRL

cells contain spleen-type isoenzyme 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 $ras reported.

previously (32') . On isoelectric electrophoresis r Err extract of ffilCt
cells gave two fractions of pyruvate kinase activity, pI 5.4-isozyme

and pf 6.2-Lsozyme (Fig . 14) i there was no detectable activity at pI 7

Fig. 14

to pI 8. As d.escribed already, the pI 5.4-isozyme i-s liver-type iso-
enzyme associated with fOp at two kinds of binding sites, whereas the
pI 6.2-isozyme is liver-type isoenzyme free from bound FDP or spleen-

lyPf isoenzl.me associated with FDP at two kinds of binding sites. On

ammonium sulfate treatment of the extract, the content of the pf
6.2-isozyme increased with decrease in that of pr-5.4 i-sozyme (Fig"

(23)
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15). As described. already for rat liver (fig. l), pI 4.9-Lsoz1.me also

Fig. ■5

appeared.. Againr ro isozymes with pI values of 7.4 and 7.8 were detect-

able. These results indicate that ffitCt cells, which are a clona1

straj-n, contain only liver-type pyruvate kinase. Expression of liver-

type pyruvate kinase in WlCt cells is stable because the cells were

established before L969 (55) and this phenotype has not changed during

culture for at least the last two years.

3. Effects of lnsulin′  G■ucagon′  ョtぅ CAMP and Btっ gGMP o■ LiVer―Type

ft is known that the activity of liver-type pyruvate kinase is
controlled by hormones (56,57) and diets (18,241. We tested the effects
on liver-type pyruvate kinase activity in cultured. ffitCt cells of
insulin, glucagon, BtrcAMP and BtrcGMP by adding these compounds to the

medium. Insulin has no effects on stimulation of pyruvate kinase

activity at any concentrations tested (0.1-3 11g/ml) for 5 min to 48 hr.
Glucagon (1 Vg/mI) , BtrcAD,lP (fO-6 and tO-4t,t) and BtrcGMP (fO-5 and 1O-4

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

Tab■e V

it

D
to

seems like

expression

that the systems for

of enzyme activity

transmission of signals of hormones

are probably disconnected in ffilct

ruvate Kinase Activities in MII,C. Cells
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cells.

C)PURIFIcAT工 ON OF SPLEEN― TYPE AND MUSCLE―TYPE PYRUVATE KttNASE AND

THEIR DttFFERENTIAL PROPERTttES

1" Purification and Cryst,allization of Spleen-Type Pyruvate Kinase

from Rhodami-ne sarcoma of Rats

Frozen tissue of Rhodamine sarcoma (S Kg in wet weight) was put in
5 volumes of 10 mM Tris-IICI buffer containing l0 mM $-mercaptoethanol,

5 mM MgCl' and I mM EDTA (pH 7.5) , and then homogenized in a Wari-ng

blender (Mode1 CB-2-10, Eberbach'Corporation, Michigan) at the med.ium

speed for I min. The buffer used is called "Tris-MME buffer." The

homogenate was centrifuged at 141000 x g for 20 min. The supernatant is
hereafter called "extract. "

The extract (30 liters) was subjected to ammonium sulfate frac-
tionation. The 40 to 703 saturated ammOnium su■ fate prё cipitate

dissolved in Tr■ s―MME buffer′  and then passed through a Sephadex

co■ umn (the bed vOlume=the sample vo■ ume x 4)equi■ ibrated with

MME buffer. The desa■ ted prOtein so■ ution is ca■ ■ed "40-702 sat.

fraction.'

was

l G-25

Tr■ s―

AmSL

The 40-702 sat. AmS04 fraction (4 ■iters) was passed through a

DEAE― ce■■u■ ose co■ ulrln (■ 6  x 30 cm) equilibrated with Tris― MME

buffer. TO the prote■ n fraction that was not absorbed on the co■ umn

(paSSed fraction)′  ammOnium su■ fate was added up to 702 saturation. The

resu■ting precipitate was dissolved in sma■ ■ vo■ ulne of 5 mM potassium

citrate buffer containing 252(v/v)g■ ycero■ and ■O mM β―merCaptoethano■

(25)
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(pH 6.2) and then dialyzed against an excess volume of the same buffer"

The dialyzed solution in cal1ed "DEAE-cellulose passed fraction. "

The DEAE-ce1lulose passed. fraction (5OO ml) hTas passed through a

CM-cellulose column (6.5 x I0O cm) equilibrated with 5 mM potassium

citrate buffer containing 252(v/v) glycerol and 10 mM g-mercaptoethanol

(pH 6.2) (Fig. 15). The charged column was then eluted with a linear

Fige ■6

concentration gradient formed of 7 1it,rS Of.,I TM´ ♀91'F,111‐ 19itFate
buffer(pH 6。 2) and 7 ■iters of 30 mM j6tasξ iumさitrate もuffer(pH 6.2)′

both of which contattned 25亀 (v/v)g■ycero■ and 10 mM β―merCュptoethanO■・

The e■ uate was divided into 250-m■  fractionso The fractions showing

higher spec■ fic activ■ ties of pyruvate kinase than ■5 un■ts/A280nm  ere

mixed. The resu■ ting m二Xture (2。 3 ■iter,)was cOncentrated to approxi―

mate■ y ■ ■iter by means of membrane fi■ tration and dia■ yzed aga■nst an

excess vo■ ume of 70 mM Tris― HC■ buffer containing 252(v/v)g■ ycerO■ and

■O mM β‐mercaptoethano■ (p 7.5) (:lTris― GM buffer"). The dia■ yzed so■ u―

tion ■s ca■led "CM ce■■u■ose e■uate.1                                ~

The CM― ce■■u■ose e■uate was passed through a P― cel■ulose colurrm―

(6.5 x 65 cm)equi■ ibrated with Tris―GM buffer (Fig. ■7). The Charged

Fige ■7

column was washed with three-fold bed volumes

then eluted with Tris-GM buffer containing 25

ｏｆ
　
耐

Tris-GM buffer, and

potassium phosphate.
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The resulting eluate was divided into 40-m1 fractions. The fractions

showing higher specific activities of pyruvate kinase than 74 urLiLs/

A280nm Were mixed. The resu■ ting mixture (400 m■ )Was cOncentrated tO

approximately 50 ml by means of membrane filtration. The concentrated

solution is called "P-cellulose eluate. "

The P-cellulose eluate l^ras divided into portions contai-ning

4,000-5 ,000 units of pyruvate kinase, and the portions were j-nd.i-

vidually subjected to isoelectric electrophoresis with Ampholine

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

Fig. IB

collected into fractions, the pH values of which hrere centered at 7 "8

("isoelectric separation: lst"). These fractions containing the pI

7.8-isozyme of the enzyme were preincubated with I 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 lst
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 purification

are summarized in Table VI.

Tab■e VI

The spleen-type pyruvate kinase

isoelectric separation were subjected

preparations purified by the 2nd

to crystallization. To the enzyme

(27)



solution (approximately 600 units/ml) (30 ml) were added a one-

twentieth volume of 0.2M Tris-HCl buffer containing 252 glycerol (pH

7.5) and a one-hundredth volume of 0.1 M FDP. The resulting solution
was supplemented with solid (NH4) ZSO' up to 509 saturation, adjusting

the pH to approximately 7 with NH4OH. The enzyme solution thus obtained

was concentrated to approximately 2 mI by means of membrane filtration.

In this step the enzyme solution became slightly turbid. To the concen-

trated. enzyme solution, solid (NH4) rSOn was added up to 7AZ saturation.
When the resultingr enzyme solution was allowed to stand overnight, the

turbidity increased so that a silky stream was detectable upon shaking

of the solution. Smatl neeate-shaped crystals were seen under a micro-

scope (Fig. 19).

FIg. ■9

A11 the procedures described above were carried out at 4"C. The purity

was not appreciably improved after crystallj-zation.

Crystales of the enzlrme $tere collected by centrifugation and

dj-alyzed agaj-nst an excess volume of water for 2 days, during which the

water was renewed,4 times. The d,ialyzed enzyme-was lyophilized and then

dried at 60oC under vacuum in a P,OS desiccator. It was determined that
1 mg/mL of the enzyme showed Arr.rr*=0.47 in HZO with the cuvette of
light pass I 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 hand, the activity of pI

7.9-Lsozyme 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

buf fer (pH 7 .5') containing 25? glycerol was added to 1.0 m]. of the

standard. reaction mixture for activity assay containing 0.1 mM

phosphoenolpyruvate and 0.15 M KCI (final concentration of FDP=2 pM

(Fig. 2L). On the basis of kinetical behavior, it h/as clear that pI

7.9-isozyme $rere mostly coverted into pI 6.2-isozyme by preincubation

with rDP at low ionic strength (10 mM Tris-HCI 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 Prieincubation Time with FDP on Activity of spleen-type

Pyruvate Kinase

In this study, the pI 1.8-isozfrme was dissolved in 10 mM Tris-HCl

buf fer containJ-ng 25* (vlv) glycerol and 1 mM FDP (pH 7 .5) . The enzyme

solut,ion thus obtained was preincubated. at room temperature for various

Iengths of time, and the enzyme activity was measured by adding the

preincubated enzyme solution (f0U1) 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 ( rr+FDP" in Fig. 22) .

(29)



When the pI 7.8-isozyme was preincubated in the standard reacti-on

amixture containing 0.1 mM phosphoenolpyruvate and I mM FDP but free of
ADP' and when the enzyme activity was measured by adding the preincu-

bated enzyme solution (I0Ul) to the standard. reaction mixture for

activity assay which con"tained 0.1 mM phosphoenolpyruvate but not FDP,

the maximum stimulation of enzyme activi-ty 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

I phosphoenolpyruvate, and when the enzyme activity was measured by

ad.ding the preincubated enzlzme solution (10U1) to the Sfandard reaction
- mixture for activity assay which contained 0.1 mM phosphoenolpyruvate,

almost the same result as above was obtained ("+RI,I-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 "+RI4,-PEP").
a

The standard reaction mixture used for the preincubation contained

50 mM Tris-HCl, 0.15 M KCl, 10 mM MgClr, etc. Therefore, these results
suggest that the FDP-binding rate to the lst 'site of spleen-type. .

-,: i.

as remarkably slow regaredless of the ionic strength inisoenzyme l^ti

preincubati-on. In addition, the fact that the pf 7.8-isozyme was

activated to a much higher extent by preincubation in the stand.ard

reaction mixture containing I mM FDP than by preincubation in 10 mM

Tris-HCI buffer containJ-ng I mM FDP, suggests that the enzyme was

additionally activated by the factor present in the reaction mixture;
t the activation reached the maximum within 10 min. This factor was the

(30)
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monovalent cations present in the reaction mixture (See below).

4. Effect of FDP Concentration in Preincubation on Activity of

Spleen-Tvpe Pyruvate Kinase

The pI 7.9'isozyme of spleen-type pyruvate kinase was preincubated

with various concentrations of FDP in 10 mtvl Tris-HCl buffer (pH 7.5)

containing 25t(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-fo1d volume of the

standard reaction mixture for activity assay, which contained 0"1 mM

phosphoenolpyruvate and 0.1 mI,I FDP, and the initial rate for activity

was then measured. With increasing concentration of FDP in preincuba-

tion, the rate increased (e in Fig. 23). The Km value for FDP in
preincubation was approximately 3 x tO-7u. on the other hand, the pI

7.8-isozyme of spleen-t1'pe pyruvate kinase was preincubated. in t,he same

manner as described above, but the preincubated.' enzlrme sotulion w€rs;.

ad.ded 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

tO-7t,t and 2 x tO-5tt (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 Fiq. 5) whereas the other kind of FDP -binding sites (2nd site)
is able to bind with I'DP 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 10-7tut was the Km value for FDP bind.ing to the lst
site and 2 x 10-5M t." 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 of FDP actually
present in activity assay should be as those ind.icated 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 tO-7u.

5。  Effect of Various Kinds Of Sa■ t_9n Actユ vity of Sp■ een―Type

Pyruvate Kinase

The p1 7.8-isozyme of spleen― typeipyruVate kinase was preincubated

with various concentrations of NaC■  or KC■ in ■O mM Tris― HC■ buffer (pH

7.5) containing 25老 (v/v) g■ ycero■  for ■O min. The activity was then

measured by adding the preincubateo enzyme sQ■ ution tO the Standard

reactユon mixture fOr activity assay′  which contained O.15 M KC■  and_3

mM 6■‐ o.ュ mM I五。sphoeno■ pyruvate. The initia■  rate for activity increas

ed w■th increas■ng concentrations of the salts. NaCl and KC■  gave

essentia■ ly the same resu■ ts, the maximum rate was obtained at O.3 M

with either 3 mM or O。 ■ mM phosphoeno■pyruvate (Fig. 24)。  LiC■ ′ RbCl′

Fig。  24
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NE4C・ ′(NE4)2S°
4′

 KI′  ,HC03 a■d TriS~HC■  a■ so gave the same resu■ ts as

NaC■ and KC■ .

The p工  7.8-isozyme was preincubated with O.3 M NaC■  in the presence

and absence of O.■ mM FDP. The activity was then measured by adding the

preincubated enzyme so■ ution to the standard reaction mixture for

activity assay′  in which the phosphoeno■ pyruvate concentration was

varied (Fig。  25)。 When the enzyme was preincubated with O.3 M NaC■ ′ the

Vmax Va■ ue was raised by 30-402′  and the Km va■ ue for phosphoeno■ ―

pyruvate shifted from O。 7 mM in the absence of FDP and from O.■  mM to

O.04 mM in the presence of FDP. LiC■ ′ KC■ ′ RbCl′  NH4C・ ′・
1(NH4)2S。

4′
 KI′

KHC03′  and Tris― HC■ gave the same resu■ ts as NaCl. It may be noteworthy

that the concentration of the sa■ ts for preincubation (0.3 単) was

50-fo■ d di■uted in thё reaction mixture for activity assay, thus′  their

concentration in the reaction mixture (6 mM) is neg■ igib■y ■ow in

comparison to the concentration of KC■  in the reaction mixture (0.15

M). 工n addition′  the p1 7.8-isozyme was preincubated with various kinds

of diva■ ent cation sa■ ts (0.3 M)su9h as ttgC■
2′

 SrC■
2′

 Cac■ 2 and MhC■ 2

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

preinCubated enzylne sO■ ution to the standard reaction mixture for  t

actiOity assay′  in which the phosphoeno■pyruvate concentration was

Varled・  By preincubation with MgC■
2′

 the Vmax  a■ ue was hard■ y changed′

whereas the Km va■ ue for phosphoeno■ pyruvate shifted from o.7 mM to O.3

mM. By preincubation with SrC■
2′

 CaC■ 2 and MnC■ 2′
 the vmax Va・ ue was

■owered by 232′  55%′  and 932′  re spective■ y′  and the Km va■ ue for

phosphoeno■pyruvate dropped to O.3 mM by preincubation with SrC■ 2 and

CaC・2 (data nOt Shown).



The pI 7"8-isozyme was prei-ncubated for 10 min with various kinds

of salt, (0.3 M), and the activity was then measured by adding the

preincubated enzyme solution to the standard reaction mixture for
activity assay, which contained various concentrations of KCl or NaCl

besides 3 mM phosphoenolpyruvate. The activity in the presence of 3 mM

phosphoenolpyruvate (nearly equal to V*.*) 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 nM in the reaction mixture for
activity assay), regardless of the kinds of salt contained. in the

reaction mj-xture for activity assay (0. f5 M KCl or NaCl) (Fig" 26) " A1l

the salts tested stimulated the activity a similar extent.

Fig. 26

The pI 7"8-isozyme was added to. the standard reaction mixture

which contained various concentrations of several salts instead of 0"15

M KClrfor activity assay. When the activity was then measured, the

initial rate for activity was great.ly stimulated by KCl, RbCl and

NH4C1, th'is being in good accordence with the finaings by Boyer (58)

(Fig; 27)" Maximum stimulation was'obtained at 0.1 M KCI, 0.1 M RbCl

Fig. 27

Ｍ
　
　
Ｏｔ

and.0.03M NH4C1" Such

including NaCl, LiCI

type pyruvate kinase

stimulation was not observed with the other salts
and Tris-HCl. The relative activities of spleen-

under various assay conditions are summarized in

(34)
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Tab■e VII.

Tab■e VttI

6" PlEificatign of Muscle-Type Pyruvate Kinase from Skeletal

tvluscle of Rats

Frozёn ske■ eta■ muSc■ e of rats (■  Kg was homogeni2ed with 2 ■iters

of ■O mM Tris― HC■ buffer (pH 7.5)cOntaining lo mM β―merCaptoethano■ , 5

mM MgC・ 2 and l mM EpTA (Tris― MME buffer) by waring b■ ender (mode■

CB… 2-10′  Eberbach Corp.′  Michigan) at the medium speed for 2 min′

fo■ ■owed by centrifugation at ■4′ 000 x tt for 20 min. Resu■ ting super―

natant (2 ■iters) ("extractll)waS S,pp■ emented wttth ammoniun su■ fate up

to 502 saturation′  fo■■ёwed by centrifugatiOn. Resu■ ting supernatant

was further supp■ emented with alrlmonium Su■ fate up to 702 saturation.

Resu■ting precipitate centr■ fuga■ ■y co■■ected was disso■ved in Tr■ s―MME

buffer and dialyzed against the sane puffer (1150-70t sat. AmS0411)・

Precipitate formed dur■ ng dia■ ys■ s was removed by centr■ ftgation.

ReSu■ting supernatant was heated at 60'C for 30 min′  fo■lowed by

centrifugation. The supernatant thus obta二 五ed ("heat― treatmentll)was

passed through a pEAE― ce■■u■ ose c。■urrul (2。 6 x 28 cm) equi■ ibratea with

Triご二MME buffer. The fraction that was not adsorbed (1lDEAE― ce■■u■ose

non― adsorbed“ )waS dia■ yzed against 5 mM potassium citrate buffer (pH

5.5) and charged On the CM― ce■■u■ose co■ umn (6.8 x 33 ёm)equtt■ ibrated

with the same buffer. Pyruvate kinase was e■ uted with a ■inear concent―

ration gradient formed with 2 ■iters of 5 mM PotaSSium citrate buffer

(pH 5.5) containing O.■  M KC■  and the 2 ■iters of the same buffer

containing O.4 M KC■ . the fractions showing specific activities higher
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than 240 U/AZg'nm were combined. The mixture (L.4 liter) was concent-

rat,ed to approximately 200 mI by Diaflow filtration apparatus (model

402 with PI\,130 filter membrane, Amicon Corp., Lexington) r followed by

dialysis against 70 mM Tris-HCl buffer (pH 7.5) containing 252(v/v)

glycerol and 10 mM $-mercaptoethanol (Tris-GM buffer) ("CM-cellulose

eluate") " The CM-cellulose eluate was applied on a P-cellu1ose column

(6"8 x 42 cm) equilibrated with 70 nM Tris-GM buffer and eluted with

the same buffer containing 10 mM ATP. Resulting eluate ("P-ce11ulose

eluate") was concentrated. to approximately 50 ml as described above,

followed. by dialysis against I0 mM Tris-GM buffer. A part of the

resulting sample containing I0,000 units of pyruvate kinase was sub-

jected to isoelectric electrophoresis with 22 Ampholine carrier-

ampholytes (pH 3"5-fO) " The fractions of specific activities higher

than 430 U/1280n  Were combined (1liSOe■ ectric e■ ectrophoresis").
m

Summary of the purification procedures was shown in Table VIII"

Tab■e VIII

7.                            “

PyruVate Kユ■■■9                ・      ヽ

Heat― stabi■ ities of spleen―type and musc■ e―type pyruvate kinase

were testёd using ・040-70t sat. AmS041・  fraction and "50-702 sato AmS04"

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

Fig. 28
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treated at 60° C for various lengths of time′  802 of muscle― typё pyruvate

kinase activity was retained even after heat treatment fOr 50 min′

whereas sp■ eenTtype pyruvate kinase activity comp■ ete■y disappeared

w■thin ■O m■n. Addition of glycero■  and FDP has no effect On heat―

stabi■ ity of sp■ een― type pyruvate kinase (data not shown). During this

heat―treatlnent′  the specific activ■ ty of musc■ e― type pyruvate kinase

was ■ncreased about five fo■ d.

pH―  stabi■ ities of sp■ een―type and muscle―type pyruvate kュnase

were a■ so tested w■ th the non― adsorbed fractions from DEAE― ce■ ■u■ose

co■uIIn chromatography. 工n the absence of g■ ycero■ ′ spleen― type pyruvate

kinase was-'unstable and the activity $ras decreased to the half leve1 of
the ori-ginal activity within four hours at pH 7.0-8.0 (data not shown).

Whereas, in the presencb of 25e" glycerol, spleen-type pyruvate kinase

was stable at pH 5.0-9.0 for at least three days (at 4"C) (Fig" 29A1.

Fig. 29(A′ B)

Re■ative■y to sp■ een―type′  in the absence of g■ ycero■ ′ muscle― type

pyruvate kinase was stab■ e and approximate■ y 70老 of the enzyIIle aし tivity

was retained at 4°C after three days at pH 7.0-9.o. In the presence of

252 g■ycero■ ′ musc■ e― type activity was near■ y 100t retained at any pH

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

8. SDS― Po■yacry■amide Ge■  E■ ectrophoresis Of Sp■ een―Type and Musc■ e―

Type Pyruvate Kinase

Spleen-type and muscle-type pyruvate kinase from final purJ-fica-
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tion procedures ( "isoelectric separation; 2nd(+FDP) " and "isoelectrj-c

a electrophoresis" respectively) were d.ialyzed against d.istilled 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) , o-chymotrypsinogen A (M.W.

25,7O0),horse myoglobin (M.W. 17,600) and beef heart cytochrome c (M.W.

12,000) were used as markers. In SDS-polyacrylamide ge1 electropho-

resis, both of spleen-type and muscle-type pyruvate kinase formed. a

1 single band correspond. to a molecular weight of 60.000 + 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 vras reported
a

to be 216,000 by Imamura et al. (22), L78,000, 140,000 and 116,000 by

Ibsen et al. (59) Hofmann et al. (60) and Ibsen et al. (25) described

that this isoenzl.rne exists at a dimer-tetramer equilibrium and the

presence of FDP favors the tetrameric state. In this stud.y, the molecu-

lar weights of spleen-type and muscle-type pyruvate kinase were estimat-

ed at various concentrations of enzymes by molecular-sieve chromato-

graphy on Sephadex G-20O column.

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

was preincubated with I mM FDP for sufficient lengths of time, placed
I on the bottom of a Sephadex G-200 column equilibrated with 50 mM
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Tris-HCl buf fer containing 0 .15 I,t KCI, 10 mM I4gC1, and 1 mM FDP (pH

7.5) ("Tris-KMF buffer") and then developed upward. with the Tris-KMF

buffer" Glycerol was not added to the developing buffer, because the

chromatographic profile was not reproducible. With either 30 units/m1

to 150 units/ml of the enzyme charged to the column, the activity was

eluted at practically the same elutj-on volume forming a nearly symmetri-

cal peak correspondi-ng to a molecular weight of 240tO00 + 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 601000" 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 buffer", pH 7.5) and then developed. with Tris-KM buffer. The

peak and the shoulder correspond. to molecular 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 pyr:uvate

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

Fig.31A

by analytical centrifugation were fruitless, because the monomer-dj-mer-

tetramer equilibrium occurred at such low protein concentrations

(0"15-0"79 mglml) 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 I mM FDP (with the use of

1"Tris-KIvlF buffer"), the activity was eh-lted at approxlmately 24O.OOO

daltons. The elution position was unchanged not only by the concen-

trations of enzyme but also by the depletion of FDP. These ind.icate

that although muscle-t1zpe as well as spleen-type was comprised of four
identical or similar subunits, the binding of FDP favored the formation

of tetrameric structure with spleen-type, but not with muscle-type. The

results of molecular-sieve chromatography of muscle-type pyruvate

I kinase under various conditions are sunrmarized. in (Fig. 31B) .

Fig. 31B

10. Isoelectric Elgctrophoresis of Spleen-Type and Muscle-Type
1LPyruvate Kinase Preincubated with [-=C] FDP

In ord.er to estimate the amount of FDP bound. with spleen-type

pyruvate kinase, the pr 7.8-isozyme of spleen-type pyruvate kinase

("isoelectric separation: Ist") was preincubated with I mM [14c]r'op for
a sufficient length of time, and then subjected to isoelectric electro-
phoresis, in which free FDP could be removed from the enzyme zorte,;n (Fig.

32A). As described already, the pf value shifted from 7.8 to 6"6 (if in

Fis. 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 add.ition, the radioactivity and Arg0nm

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-isozfrme, 2.L and 2.4 mol of FDP were bound

tper mo1 of the tetramer, on the basis of M.W. =240,000 and 
"rtS'rr*=4.1.

It is predict,able that on the basis of the pI va1ue, the pI 6.2-isozyne
is bound with 4 mol of FDP per mol of tetramer.

When the muscle-type pyruvate kinase ("P-cellulose eluate") $ras

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

r d.escribed al ready, 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-

b1y different between muscle-type and spleen-type pyruvate kinase.

11. comparison of Amino Acid compositions of spleen-Type and

Muscle-Type Pyruvate Kinase

a Crystallized spleen-type sample and muscle-type sample from final
purification procedure ("isoelectric electrophoresis") were dialyzed.

against water sufficiently and lyophilized.. Thus obtained samples were

used for amino acid analysis a;rd pepti_de mapping.

fhe amino acid compositions of spleen-type and muscle-type are

presented in Table IX. The number of amino acid residues was calculated

Tab■ё lx

on the basj-s 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 resid.ues (aspartate and

glutamate) and those of basic amino acid. resid.ues (lysine, histidi-ne

and arginine) are 100 and 83 with spleen-type, and LO2 and 80 with
muscle-type, respectively. This accord.s 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.

L2: Differences. in Peptide Maps of Spleen-Type and Muscle-Type
tr.:----"Pyruvate Kin?se

Tryptic peptide maps of spleen-type and muscle-type pyruvate

kinase $tere shown in (Fig. 33). Approximately 66 and 65 spots of

Fig. 33

peptides were detectable on each tryptic peptide maps of spleen-type

and muscle-typer respectively. These numbers were almost coincident

with those calculaled on the basis that each-oi these isoenzymes is
composed of four identical subunits; 72 and 69 ninhydrin-positive spots

for spleen-type and for muscle-type, respectively. As predicted from

amino acid analysis, the pepti-de maps of both isoenzymes were highly
similar. Of the spots in the peptide maps, 6L spots were cofllmon for
both isoenzymes; 5 spots $/ere 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 dif ferent grenes.

●
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a Multip1e forms of pyruvate kinase have been observed by many

workers (I8, 20, 22'25).

In this report, it was concluded that pyruvate kinase in various

tissues of rats, Lf 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
a■ . (18′  22)′  who designated the sp■ een―type as 平2~type on the basis of

ocross reaction of the antibody for the muscle-type isoenzl.me with the

spleen-type isoenzyme. However, we designated it to spleen-type on the

basis of the tissue which contains the isoenzyme most abundant.ly.

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 besid.es 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
a

from 5.2 to 5.6 (liver-type pI 5.6-isozyme). When both kinds of sites
(lst and 2 nd sites) bind with FDP, the pI value shifts further to 5.4

(liver-type pf 5.4-isozyme). On the kinetical behavior, liver-type pI

5.4-isozyme and 5.6-isozyme were indistinguishable (Tab1e 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 KCI and where the ionic strength is approximately 0.16 (high
I ionic strength), if provided excess concentration of FDP. Therefore, if
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FDP rr/as provid.ed enough, all the pl-isozymes of liver-type employed in
activity assay covert into pI S. -Lsozyme. Whereas, lf FDP was not

provided, all the pl-isozymes of liver-type employed in activity assay

convert into pI 6"2-isozymes liberating its bound FDP in the reaction

mixture (high ionic strength). However, orr the isoelectric electro-
phoresis (at low ionic strength), pI 5.4 and pf 5.6 isoenzymes hrere

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 1ikely that the two kinds

of sites are not equivalent with respect to the ability to bind wi-th

FDP"

The muscle-type isoenzyme was unable to bind with FDP even by

preincubation at low ionj-c strength (muscle-type pI 7.A-itsozyme). This

was confirmed. with purified muscle-type isoenzyme from skeletal muscle.

The result indicate that no radioactivities of [14c]rop was incorpo-

rated j-nto muscle-type isoenzyme (Fig. 32B). This isoenzyme was abun-

dant in skeletal muscle, brain and heart muscle, and a detectable

amount was present in elJ. other tissues tested. The subunit molee.ular

weigh't of muscle-type isoenzyme was estimated" to 59,000 by amino acid

analysis, and it composed of four identical 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

(spleen-type pI 7.8-isozyme). This isozl.me was present in spleen, lung,

kidney, liver and erythrocyte besides Rhodamine sarcoma, but was scarce
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■n ske■eta■ musc■ e′  heart musc■ e or bra■ n. The sp■ een― type ■soenzyme

possesses two kinds of FDP― binding s■ tes which are different in the■ r

mode of FDP―‐binding. On the Sp■ een―type is6enzyme, un■ ike the liver―

type p1 6.2-isozyme′ the FDP―binding rOte to the ■st site Was remarka…

b■y slow (Fig. 22) regard■ esS Of the ionユ c Strength. Therefore′  the

activity of spleen― type p工  7。 8-isozyme was hard■y stimu■ ated by FDP in

a conventiona■  assay in a ■imited time (Fig。  9)′  wherё as when the FDP

once bound tO the ■st site′  the ptt va■ ue of sp■ een―type i,oenzyme

shifts from 7.8 to 6.6′  and the FDP once bound at lst site was not

re■eased in ■soe■ ectr■ c e■ ectrophores■ s and in the reaction m■ xture of

activity assayo ln the p工  6.6-isozyme′  it was estimated that 2 mol of

FDP were bound per lno■  of tetramer (Fig. 32A). On the contrary′  the 2nd

s■te cou■d rapid■ y bind w■ th FDP prov■ded that the ■st s■te had been

bound with FDP and free FDP was present in the medium′  and then′ the pI

va■ ue shifts from 6.6 to 6.2. On the basis of pl va■ ue′  the sp■ een―type

p工  6.2-isozyme is supposed■ y bound with 4 mo■  of FDP tetramer. 工t was

estimated that the Km Va■ ues for FDP―binding to the lst and 2nd sites

were lとar■y the same, 3-4 x ■0~7M (Fig. 23). The mO■ edu■ar weight of

sp■ een― type isOenzyme was estimated to 59′ 000 by amino acid analySi■ .P

工t cou■d exist as mOnomer′  dimer and tetramer′  and a■■ of which were

enzymical■ y activeF ■OW COncentratiOns of the enzyme favored the

formation of the monomer′  whereas high concentrations favored the

formation of the tetramer. However′  when FDP was present in the medium′

a■ ■ the enzyme ex■ sted as the tetramer even at ■owest concentration

tested (0.16 mg/m■ ). TherefOre′  in a conventional activity assay (at

very ■ow concentrations of enzyme)′   it seems ■ike■y that p工
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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 Ntg2+or Mrr2+ as a
divalent cation and K+, *"4* or Rb* as a monovalent cation. The activi-
ty of spleen-type pyruvate kinase h/as also stimulated by K*, Nttn+ of
nb* Uy instant manner in the presence of ug2+ in agree with the finding
of Boyer. Such stimulation was not observed with N"*, Li*, Cr*, St2*,

cu2* and Tris* (Fig. 27r. on the other hand, the acti-vity was signifi-
cantly stimulated by time dependent manner by wa+, Li*, and Tris* as

well as by K+, NHn+ and Rb+, when the enzyme was preincubated with one

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

observed by rtg2*, sr2*, c^2+ or Mn2+. Therefore, it seems likely that
the enzyme had two different sites capable of binding various mono-

valent cationsi 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
+++with K+, NHr* and Rb+ but not with the others; the binding of mono-

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

raised being additive

Immunological studies by rmamura -et al. (22) suggeit that liver-
':

type is different 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 indicate that spleen-type

and.muscle-type pyruvate kj-nase were the different molecules in amin<>

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 find.ing by Nakamura g! al.
(24) " When chromatin prepared from spleen of rats was injected into
rats, the isoenzyme content j-ncreased in their liver to an appreciable

extent, although the extent was less than in the case with sarcoma

chromatin. Furthermore, when histone-free chromatin or non-histone

protein fraction prepared from Rhodamine sarcoma was injected into
rats, spleen-type isoenzyme increased in their liver, whereas histone

and DNA fraction had no effect on the increase of this isoenzyme. On

t.he other hand, it has been reported that in vivo liver catalase-

d.epressi-ng substance is a non-histone protein having a pI value of 5.1

and a molecular weight of approximately 60,000, and which is bound with
chromatin in the muscle nuclei and the Rhodamine sarcoma nuclei (L4,

15, L7) . These results suggest that the factors contro'l.ling the gene

expression for catalase and pyruvate kj-nase are non-histone protEins.

ConCe'rning- with the factor which causes the increase of spleen-type

isoenzyme in the 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 Sud.a

"a +. , and in the liver of animal injected with the blood of tumor-

bearing animal (26) by Ibsen et al. These observations suggest that the

factor can be released from tumor cel1s into circulatory system"
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I{owever, dt present time, it is not clear whether the factor acts in

the parenchymal ce1ls of the liver with derepressing the gene of

lspleen-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 elucj-dation of the properties of this factor will

depend on its purification and deve■ opment of an ■n vitrё assay system。

・      Farina et a■ 。 (29)′  using the transp■ antab■e Morris hepatoma

demonstrated tha● one high■y differentiated hepatoma (96■ 8A)・ ha,:.1」

pyr,Vate 、inaseliS9Zyme patterh Simi■ ar to that of ■iver′  and that

OtheF hiOh■ y ,,d ,we■■ oifferentiated hepatoma had much ■。wer activity

of liver― type iSOenzyme than norma■  ■iver with a preponderance of

sp■een‐type isozyme′  whereas the poor■ y differentiated hepatoma had

■ittle ■iver type ■soen2yme and showed_a extreme■ y high activ■ ty of

o sp■een―type isoenzyme. On the other hand′  ■ncrease of sp■ een― type

isoenzyme with dё crease in ■iver― type isoenzyme has been observed in

regenerating ■iver (27′  29)′  feta■ ■iver (27′  28′  29)and during ■iver

carcinOgenesis (27). FrOm these observations′  isozyme pattさヒn of

pyruvate kinase has been considered as a 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, MH'C', contained only liver-
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type pyruvate kinase, whereas a line of normal liver cells, BR-L, from

rat had the spleen-type isoenzyme mainly and the muscle-type isoenzyme

in small amount" This finding that growi-ng hepatoma ce1ls in culture

synthesize only liver-type isoenzyme suggests that the expression of

liver-type isoenzyme is not suit,able as a marker of non-growing and

normally differentiated hepatocytes. MHIC' line was established. by

Richard.son (55) in 1969 from lvlorris hepatoma No.7795. These cells have

retained some liver-specific function, including secretion of serum

albumin and response of tyrosine transferase (EC 2.6.L.6) activity to

hyd.rocortisone. The expression of liver-type isoenzyme is stable

because this phenotype has not changed during the culture for at least

the last t-tro years. It seems likely that this hepatoma ce1ls defect the

system for transmission of signals of hormones to control the activity

of liver-type i-soenzyme si-nce insulin, glucagon, BtrcAMP and BtrcGMP

had no effects on activity of liver-type isoenzyrne. Because, ffilCI 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 factor which,91uses the

increase of spleen-type isoenzlrme in the li'verr ds describeC -norre.-

This problem is under investigation.
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Table I. Amounts of Pl-isozYmes

lconversion into their fructose

sulfate treatment

in extracts of various tissues after

1,6-d.iphosphate-free forms by ammonium

Specific activities (units/g protein)

Tissues pI 6 .2-isoz1'rne

(Liver-type)

pI 7.4-isozyne

(Muscle-type)

pI 7.8-isozyme

(SpIeen-type)
●

Liver

Rhodam■ ne sarcoma

spleen

Lung

Kidney

Erythrocytes

Ske■eta■  musc■e

Hcart musc■ e

Bra■n

■90

0

0

0

50

3

0

0

0

■4

■40

73

86

67

1

8′ 900

950

1′ 900

36

■260

537

524

443

17

0

0

0
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Table II. Properties of pI-isozyme of pyruvate kinase from varlous tlssues of rats.

Ortsin of pI-isozyme Liver spleen
Tvpe of pI-lsozyne Liver-type Spleen-type

5.4pI-Iso zyme used for """"y' 5.6 6.2 6.2 6.6 7.8

pr-rso zyme 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 lst&2nd      lst&2nd    lst&2nd lst ist&2nd lst lst&2nd
presence of O.15M KC■

Addition of O。 l mM FDP tO
reacttton mixture for activity assay   =    十     ―     +     ―    十     一    +     ―    +      …    +

1.5 0.1 1.5 0.1 1.5 0.1 0.2 0.06 0.2 0.06 0.7 0.5c
2      1      2 1          2        1 1   1    1    1     1。 7  1.7

Sttnulatlor by IDP + + + + + t

Orieln of pI-lsozyme Skeletal muscle Rhodamine sarcoma

11.i° [。 l::11lMIor PEPb

Type of pI-lsozyme Muscle… type

pI-isozyme used for assaya 71。 4 6.2 6.6 7.8

pr-lsozyme assayed.a 7 .4 7 .4 6,6 6.2 6.6 6.2 7 ,8 7 .8
Kind of slte blnding FDP ln lsr lsr&2nd lsr Lst&2rrd
presence of O.15M KC■
Addition of O.l mM FDP to
raction mixture for activity assay

―      +       …     +       ― ,   +      …     +

苦111° 161:lallMIor PEPb
Stimulation by FDF

0。 06  0106   0。 2   0。 06   0.2   0.06   0。 7   0.5C
l     l      l    l      l    l     l.7   1。 7
-             +            十           十

"Sirr"e the ionic sLrength of the reactlon mixture for actLvLty assay r^ras approximately
0.16, rhe fructose L,6-diphosphate (FDP) bound wlth l-iver-type pI 5.4-isozyme and
spl-een-type pI 6,2-Isozyme was partiall-y dissociated ln the reaction mixture when sugar
phoaphate r^ras not added externaLJ-y; thus, the pI-lsozyme assayed \,ras deduced on the basis
of the klnetie results.
hoPhosphoenolpyruvate. "D,r" to slight stLmuLatlon by FDP.
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Table III. Local-ization of the
ln the liver by lts lnjection

●
津

「
●

factor whlch causes the lncrease of spi-een-type pyruvate kinase
into rats

J,。 1:li3) 。r

bNAb) ( m蒼  )

Inj ec t lon
t ime

Specific actlvities (units/g proLein)
Rat s

Liver-type Muscle-type Spleen-type
No rmal
Rh. sarcoma-bearing
InJ ected with

0. 15M NaCl
Rh. sarcoma nuclei

tl

It

il

il

ll
Rh. sarcoma chromatin
Rh. sarcoma histone-freecnromatl_ne

Rh. . sarcoma non-his toneproce].n
Rh. sarcoma histone
Rh. sarcoma DNA
Spleen chromatin
Llver chromatLn

30a).

1

1

1

1

1

2

3

1

1

1

190
155

188
182
174
136
181
165
160
199
202

210

190
193
184
198

14
20

14
17
19
20
20
19
19
24
21

20

15
15
17
15

36
155

33
76
90

120
81
98

146
83
75

61

38
39
69
35
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Table IV. Pyruvate kinase activity of cultured liver and hapatoma cells

●

●

activityl)
Cel■s

mu/mg protein2) mv/Lo7 ce11s2)

BRL                           l,■ 00 + 200       7■0 + ■60

MH.ci                             55 + 6          43 + ■6

1)Activity was measured in the presence of 31mM phOsphoё no■pyruvate

With(甲 .C.ce■ ■,)Or wit,out(BRL.ce■ ■s)■ mM FDP.

2)values arと  means + S.De for 6 samp■ es:

●

●
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Table V. Effects of insulin, glucagon,

activities of pyruvate kinase in MH.,C.,

Bt,cAMP a,d l12CGttP on

cel■  extracts

Additions Concentration Treated time specific aetivity
(mU/mg prOlё in)

None

Insulin

G■ucagon

Bt2CAMP

Bt2 9'MP

0.l μg/ml

O.3 口g/ml

l μg/ml

,|      !|

3 μg/m■

l μg/m■

1076 M

10 4 M

10 6 立

iO―   M

24 hr

24 hr

5二 30 min

24 hr

48 hr

,    24 hr

015-l hi

5-30 min

5-30 min

5-30 min

5-30 mttn

53

53

50

53

51

51

54

53

49

41

54

46

(59)
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table VI. sulrnary for purlflcetLotr of spleen-type (type ur) pyruvate klnese froE Rhbdeolne sercona of rats

Steps T6tal activitya
(units)

Total prote■ n
(A280nm)

Opecific actiVIt,a
(,■ +tS/A,86nm)

Purill。▲‐18n  lヵ ,ld

ExtracL
40-707" sat. (NIIa) 2S0a f raction
DEAE-Cel-l-ulose-pissEd f ract,ion
CM-CelluLose eLuate
P-Ce11ul-ose eluaEe
Isoelectric separati.on :

lst
2nd (+FDP )

241,000
221,000
118,000
84,700
64,100

41,700
33,400

( 36 1 ,000) 
b

1::::::}:

1,080,000
2565000
12,500
1,880
‐  336

106.
82.5

012'」  (6.334)|
0。 863
9。 44

45.1   ‐

191

1:: 1:::}:‐    i

(1.00)
3.87

42.3
202
857

1:760
1,820

100
92
49
35
27

17
14

"The.nryr. was ptoperly dlluted wlth 10 nM Trle-Ec1 buffer contalnlng 257 (v/v) glycerol (pH 7.5), and !he
actlvlty !rCs heaaured by addlng the dlluted enryDe solutlon to the standard reactlon nixtute contalnlng
o.fsu rbf. oTh. .ozyue nas prelncubsted ln I0 DM Trls-ncl buffer contalnir.g 257 (,t/,t) glycerol and o.3M Nacl
(pH 7.5), and the actlvlty lras neasured by addtIlg the prelncubeted enzyEe aolutlon to the 6tendared reectlon
nlxture contelninS 0.lM fC1.
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Tab■ё V.

The gttowing `u■ ttres (2-5 x 106 9e■ ■S/■50 mm plate)Were rep■ aced in

the Du■beceO'` modifェ ed コagleS'S medium supplemented with 2を  FCS′  and

then′  after 48 hr′  ce■■s ■ere harvested. The ce■ ■s were treated with

indicated concentrations‐  on hormones for indicated time before

harvesting the cё■■s.           ‐

●

●

●
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Table VII. Relative actlvitles of spleelr-type pyruvate kloase undef, varlous e6sey condltlons,

Relative activities of spLeen-type pyruvate kinase (%)Reagents added
ln prelncubation Value of

pI of
isozyme
as s ayed

0.1 mM phosphoenoLpyruvate 3 mM phosphoenolpyruvate

Salt

O.3 M

FDP

l mM

NH4Cl  RbC■

30 mM  100mM

KCl NH4Cl

30 mM

RbCl KC■

100 mM   100 mM 150 mM100 mM 150mM

NaC■
NaCl
NaCl

¨
　

　̈
＋
　
一　

一　
＋

:|::
6.2C

::::
6.2C

10
35
48
56
74
90

75
75
75

110
110
110

20
67
67
77

100
100

110
110
110
150
150
150

5。 0
14
41
10
16
80

6。 0
30
55
38
45

110

5。 0

26
50
25
40
98

(100)a
100
100
140
140
140

aThe pI 7.8-isozyne as illssolveal ln 1O nlt Trls-ItC1 buffer coIItalnlng ?52 (v/v) glycerol (pn 7.5), 6nd rhe
activlty l'ae then fleasured ln the 6tandard teaction Dlxture, rhlch contaLned 0.1 DM or 3 nM phephoenolpytu-
vate and varloua s61ta as lnflceted. The speclflc actlvlty oeaeured 1n the pteFence of 3 mM phsphoenolpyru-
vate and 0.l5lt KCl (405 untts/Arrn-_=190 unltE/ng ptoteln) eas tsken es I002, "The pI 6.6-l6ozyme !ra€
prelncubated dt 24"C toc 10 ntn'ilt6 and nlthout 0.3H NaCl ln 10 EM Trts-gcl buffer contelnlng 251 (v/v)
glycerol (pH 7.5), end the actlvltLes were then neasured 1n the eaEe hanner aa for (a). c The pI 7,8-lsozyfre
was preldcubeted et 24"C for 30 nln wlth I DU FDP ln the presence and ebsence of O.3U NeCl tn 10 nM TrLs-llcl
buffer cotlatLnhg 251 (v/v) glycerol (pII 7.5), and the actlvltles r.ere then neasu!ed ln the aane nanner as
for (a).
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Tab■e VIII. Summary for pur■ fication of musc■ e― type pyruvate kinase frOm muscle of rats,

Steps
Total act,ivity

( units)
Tota■ prote■ n

(A280nm)

Specific
activ■ ty
( untttS/A280nm)

Pur■ ficatiOn  Yield
(暑 )

Extract

50-72 sat. (NH4) 
ZSo4 fraction

HeaL-treatment

DEAE-CeIlulose passed fraction

CM-Cel1ulose eluate
*

P-Cellu1ose eluate by ATP

Isoelectric separation

217′ Oo0

187′ 000

159′ 000

96′ 000

88′ 400

61′ 000

42′ 600

45′ 000

13′ 000

2′ ■90

■′020

231

124

86。 4

4.82

14.4

72.6

94.1

383

492

493

(1。 00)

2.99

15.1

19。 5

79。 5

102

102

100

86

73

44

41

28

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

Amino acids
lvlolar ratio relative to phenylalanine

24 hrs 48 hrs 72hrs Cor-.-arected

Mo■es per
59′ 000 g
prote■n

AsPartate

Threon■ ne

● Ser■ ne

G■utamate

Proline

G■ycine

A■anine

Ha■ f― chstineC

Va■ine

Methion■ne
●

lsoe■ucine

Leucine

Tyros■ne

Phenyla■anine

Tryptophand

Lysine

Histidine

Arginine

3.26

1.60

■.56

3.36

■。57

2.82

3。 98

0.667

2.96

1.■ l

2.44

2.68

0.670

1。 00

2.52

0.75■

2.03

3。 30

■.63

■.45

3.42

■.60

2.74

3.90

3.02

■.03

2.44

2.68

0。 687

■.00

2.58

0.787

2.■ 4

3.22

■。52

1.23

3.35

1。 53

2.74

3.91

3.28

■。0■

2.47

2:67

0.670

1.00

2.60

0。 774

2.■ 3

3.26

1.64

1,76

3.38

1.57

2.77

3。 93

3.28

1.05

2.47

2.68

0.676

1.00

2.57

0.77■

2.■ 0

49

25

26

51

24

42

59

■0

49

■6

37

40

■0

■5

5

39

12

32

●
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Tab1e IX B. Amino acid composition of muscle-type pyruvate kinase from

arat muscle

Amino acids
Molar ratio relative to phenylalanine

24 hrs 48 hrs   72hrS Cor-
recteda

Mo■es per
59′ 000g

Aspartate

Threon■ ne

Ser■ne
●
l G■ utamate

Proline

G■ycine

A■anine

Ha■ f― cystine

Va■ ine

Methionine

●Isoe■eucine

Leuc■ne

Tyttos■ne

Pheny■alanine

Tryptophen

Lys■ne

Histidine

Arginine

3.33

■.53

■.49

3.40

■.50

2.70

4.02

0.638

3.05

■.20

2.30

2.85

0.686

■.00

2.43

0.795

2.06

3.34

■.30

0.978

3.44

1.50

2.75

4。 06

3.09

1.22

2.31

2.89

0.700

■.00

2.49

0.810

2。 09

2.44

0.783

2.07

3.01

■.21

2.26

2.85

0.694

■。00

2.45

0。 796

2。 07

3.35    3.34

■.29    ■.67

0。 959   ■.75

3.52    3.45

1.54    ■。51

2.70    2.72

4.■1    4.06

3.Ol

l.20

2.26

2.82

0.695

1。 00

50

25

26

52

23

4■

61

■0

45

■8

34

43

■0

■5

5

37

■2

31

●

(65)



●

三≡蔓̈ te±81 lab■ e:文 |

aThe values for threonine and serine were obt.ained by extrapolation to

zero time. For valine and isoleucine, the values at, 72 hours were

taken. For other amino acids, average values were taken.
bth" number of phenylalanine was taken as 15 residues.

o "D"t"rmined as S-carboxymethylcysteine.
dD.t"t*imed. spectrophotometrically by the method of Bencze and Schmid.

(66).
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Fig. 1. Effect of ammonium sulfate treatment on isozyme pattern of

lpyruvate kinase from normal rat liver. A portion (1.5 ml) of the

extract from nomal rat liver was subjected to isoelectric separation

with Ampholine carrier arnpholytes of pI from 3 to lO,at a final concen-

tration of Leo (w/v). After e-l-ectrofocusing, the eluate was divided into

I-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 $tas subjected to ammonj-um sulfat,e treatment by the

oproced.ure described in the text. The resulting precipitate was dissolv-

€d, and the solution thus obtained was subjected to isoelectric separa-

tion. o, Without ammonium sulfate treatment; ., with ammonium sulfate

treatment.
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Fig. 2. Repeated isoelectric separatj-on of pI 5.4-isozyme and pI

a6.2-isozyme obtained by isoelectric separation of extracts from normal

rat liver. The fractions for pI 5.4-isozyme and pI 6.2-isozyme obtained

in the experiment in Fig. 1 were each subjected to isoelectric

separation. Other experimental conditions were the same as in Fig. I.
o, Re-electrofocusing of liver pI 5.4-isozltme; a, re-electrofocusing of

liver pI-6.2-isozyme. Re-electrofocusing of the pI 6.2-isozyme obtained

from the isoelectric separation of extracts with and without ammonium

lsulfate treatment gave essentially the same results.
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●

Fig. 3. Effect of ammonium sulfate treatment on isozl.me pattern of

lpyruvate kinase from normal rat spleen. Experimental conditions were

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

used. o, Without ammonium sulfate treatment; a, with ammonium sulfate

treatment.
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Fig. 4. Repeated isoelectric separations of pI 6.2-isozlnne and pI

a 7.8-isozyme obtained by isoelectric separations of extract from normal

rat spleen. The fractions for pI 6.2-isozyme and pI 7 .8- isozl.me

obtained. in the experiment in Fig. 3 were each subjected to isoelectric

separation. Other experimental condj-tions hrere the same as in Fig" 1"

ot Re-electrofocusing of spleen pI 6.2-isozyme; a, re-electrofocusing

of spleen pI 7.8-Lsozyme.
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Fig. 5 . Convers j-on of spleen pI 7 . 8-isozlme to pI 6 .6 and pI 6 .2-

;isozymes by bindinq with fructose I, 6-d.iphosphate. The experimental

conditions are described in the text . o, re-electrofocusing of spleen

pI 7.9-isozyme; a, re-electrofocusing of a mixture of 5m1 of spleen pI

7.8-isozyme and 5m1 of 0.2mM fructose 1,6-diphosphate; o, re-electro-

focusing of spleen pI 7.8-isozyme in the electrofocusing column, in the

presence of I mM fructose lr6-d.iphosphate.
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Fig. 6. Effect of ammonium

pvurvate kinase from normal
!--

treatment; ., with ammonium

sulfate treatment of on

rat muscle. o, Without

sulfate treatment.

isozyme pattern of

ammonium sulfate
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Fig. 7. Effect of ammonium sulfate treatment on isozyme pattern of

tpyurvate kinase from Rhodamine sarcoma. o, Without ammonium sulfate

treatmenti .. with ammonium sulfate treatment.
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Fig. 8" Effect of phosphoenolpyruvate concentrations on activity of

^liver pI 6.2-Lsozlrme. Liver pI 6.2-Lsoz!rme was prepared by isoelectric
a

electrophoresis of ammonium sulfate treated liver extract. The

activities were measured in the Presence (o) and absence (o) of 0.1mM

FDP. The activities in the presence of 5 mM phosphoenolpyruvate were

taken as 100t. The use of liver pI 5.4- and pI 5.6-isozyme gave

essentially the same results as the use of liver pI 6.Z-isozyme.
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Fig. 9. Effect of phosphoenolpyruvate concentration on activity of

aspleen pI 7.8- and pI 6.2-Lsozymes. Spleen pI 7.8-isozyme was prepared

by isoelectric separation of extracts from normal rat spleens. Spleen

pI 6.2- and pI 6.6-isozymes \^rere prepared by isoelectric separation of

spleen pI 7.8-isozyme mi:red with fructose 1,6-diphosphate according to

the method in Fig. 5. The activities were measured j-n 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

1 pl-isozymes in the presence of 5 mM phosphoenolpyurvate were taken as

100?" The use of spleen pI 6.6-isoz1.me gave essentially the same

results as the use of spleen pI 6.2-isozyme.

3     4    5 0.0   0.:

Phosph● enol,yrur● te (mM)

●

●

spleert ,ソ pe
p:6.2‐ iS●2yme

+FDP

(75)



Fig。  ■0. Effect of phOsphOeno■pyruvate concentrations oni activ■ ty of

ごpuSC■e p工 7.4-isozyme. The activities were measured in the presence (● )

and absence (0)of O.l mM FDP.
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●

Fig. 11. Effect of ammonium sulfate treatment on isozyme pattern of

rpyruavte 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. o, Without ammonium

sulfate treatment; ., with ammonium sulfate treatment"
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Fig. L2. Effect of phosphoenolpyruvate concentration on pyruvate kinase

aactivities in extracts of ffitCl cells and BRL ceIls. Activities were

measured in the presence (o) and absence (o) of 1 mM FDP. Activities of
pyurvate kinase in the presence of 3 mM phosphoenolpyruvate and I mM

FDP in each sample were laken as 100?; 1008 activity corresponded. to

L.4 U/mL for MH, C, eells and 30 U/mL for BRI cells. With the extract
of WtCt cells, pyruvate kinase activity in the presence of 5 mM

phosphoenolpyruvate and the absence of FDP was about 1008.
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Fiq. 13. Isoelectric separation of pyurvate kinase in an

cells. Experimental conditions were as described in the

(0.50 ml, 1.6 U) from I.5 x 107 BRL cells was subjected

focusing. The yield of activity after fractionation was

extract of BRL

text. Extract

to isoelectric
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Fig. L4. Isoelectric separation of pyurvate kinase in an extract of

rWlCl cells. Experimental cond.itions were as described in the text.

Extract (L.7 ill, O.4g U) from g.2 x 107 l,IHICl cel1s was subjected to

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

Fig. 15. Effect of ammonium sulfate treatment on the isozl.me pattern of

tpyurate kinase from WtCt cells. An extract of 2.0 x lOB WtCt cells
was treated with ammonium sulfate (7.0 ilI, 0.49 U) and then subjected

to isoelectric focusing. Fractions of I ml of eluate hrere collected.
Other experimental conditions were as described in the text. The yield

of activily on fractionation was t-.07 E.
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Fig. 16. Chromatography

asarcoma on CM-cellulose

in the text..

of spleen-type pyruvate kinase

column. Exper5-mental conditionsｆｒ。ｍ　　』

Rhodamine

described
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fig. L7. Chromatography of spleen-type pyruavte kinase from Rhodamine

asarcoma on P-cellulose column.
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Fig. 18. lst and 2nd isoe■ ectric ,eparatュ Ons of Sp■ een― type pyruvate

さinSae from Rhodamine sarcoma. The e■ uate form thё  P―cel■ u■ose co■ umn

(4 m■  containing 4′ 000-5′ 000 units of pyruvate kinaSe)was subjected tO

the ■St iSOe■ectric separation with AmphO■ ine carrier― ampho■ytes of p工

va■ues frOm 3.5 to ■O at a fina■  concentration Of 2t (w/v)。  The tota■

reCOVeFy of activity which centered at PH 7。 8 was 90 to 98t. The

fractiOn having a specific activity higheF lhan 350 units/A280nm Were

co■■ected (recovery′  60 to 70を ) and used for tho 2nd isoe■ ectric

゛ eparatiOn. Thё fractttons of the p工  7.8-isozyme co■ ■ected by the ■st

isoe■ectric separation (4′ 000■ 5′ 000 units)Were preincubated with ■ mM

FDP at 24。 C for 30 min and then subjected to the 2nd isoO■ectric

separation by the same lnethod as for the ■st‐  isOe■ectric separation.

The tota■  reёOvery of ,p■ een―type pyurvate kinase activity which

centered at pH 6.6 was near■ y ■Oo2。  The fractions having a specific

activity ,igher than 400 units/み ぅoOnm Were cO■ lect,d (reCOVery′  75 to

85七 ). △&▲ ′ ■St isoe■ 9ctriC Separation, 0&● ′ 2nd isoe■ectric separation。
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●

Fig. 19. Crystals of spleen-type pyruvate kinase. The crystals were

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

final rnagnification is 900.
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●

fig. 20. Absorbance spectrum of spleen-type pyruvate kinase purified

lfrom Rhodamine sarcoma. The specLrum 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. 2I. Effect of KCl concenLration on activities of spleen-type pI

r7.g-isozyme with and without preincubation with fructose

I,6-diphosphate. Spleen pI 7.8-isozyme prepared by isoelectric

separation of extracts from normal ra! spleens or Rhodamine sarcoma was

used. The reaction mixture was as d.escribed in the text, except that
the KCl concentration was varied. In some cases, I ml,l fructose

lr6-diphsophate was added to the reaction mixture. In other cases, the

isozyme in 10 mM Tris-tlCl buf fer (pH 7 ,5) with 252 glycerol was

opreincubated with 0.I nM fructose 1,6-diphosphate for a few minutes,

and then used for activity assay. a, Activity of spleen pI 7.$-isozyme

in a reagtion mixtirre containj-ng no FDP; ^, activity of the enzyme in a

reaction mixture containing I mM FDP; o, activity of the preincubated

enzyme in a reaction mixture containing no FDP; ., activity of the

preincubated. enzyme in a reaction mixture containing 1 mM FDP. In the

presence of 3 mM phosphoenolpyruvate, spleen pf 7.8-isozyme showed

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

addition of FDP(r).
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Fig. 22. Effect of preincubation with FDP on activity of spleen-type

4>yruvate kinase. The pI 7.8-isozyme obtained by the lst isoelectric

separation was preincubated with and without 1 mM FDP at 24"C for

various lengths of time under the cond.itions described below. The

activities of the preincubated enzyme solutions htere assayed by adding

10 U1 of the preincubated enzyme solutions to 1.0 ml of the standard

reaction mixtures, in which the phosphenolpyruvate concentration $ras

fixed at 0.1 mM, but not at 3 mM. 
-o- 

& --tr--, The pI 7.8-j-sozyme hras

oadded to 10 mM ?ris-HCl buffer (pH 7.5) containing 252 (v/v) glycerol

withl-o-) and without (--tr--) t mM FDP, and preincubated. 
--

--o--, The pI 7.g-isozyme was added to the standard reaction mixture

containing 0.1 mM phosphoenolpyruvate and 252 (v/v) 91ycero1 with
(-.-) and without (--o--) lmM FDP, in which ADP, as the substate, was

omitted, and preincubated. --^- & --a--, The pI 7.g-isozyme was added

to the standard reaction mixture containing 252 (v/v) glycerol with

- (-^-) and without (--v--) I mU FDP, in which phosphoenolpyruvater ds
o
the substate, hras omitted., and prej-ncubated. (+RM-PEP-ADP) gave

essentially the same result as (+RM-PEP) and (+RM-ADP), and

(+RM-PEP-ADPtFqP)_ the same q: (1RM-PEP+FDP) and-.1+rut:eoe+FDP) ,i,,.
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Fig. 22。
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Fig. 23. Effect of FDP concentration in preincubation on spleen-type pI

o7.8-isozyme activity. An aliquot (10 U1) containing 4.5 units of the pI
'7 .9-Lsozyme obtained by the lst isoelectric separation was add.ed to 1.0

ml of I0 mM Tris-tlCl buffer (pH 7.S)containing 252 (v/v) glycerol and

various concentrations of FDP, and preincubated at 24oC for 30 min"

After preincubation, the enzyme activities were assayed by ad.d.ing 20 ul
of the preincubated enzyme solution to 1. O ml of the standard reaction

mixt.ures with and without 1 mM FDP, in which the phosphoenolpyruvate

o concentration was fixed. at O.l mM. {-, Assayed in the standard

reactio:r mixture with l mM FDP; 
-a-, 

assayed in the standard. reaction
'mixture without FDP; , described in the text. The'r;"rria" r"r" 

'

reproducible in experiments done in triplicate.
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Fig. 24. Effect of preincubation of spleen-type pyruvate kinase with

.NaC1 and KCl on its activity. An aliquot. (50 UI) containing 20 units of
the pI 7.g-isozyme obtained by the lst isoelectric separatj-on was

dissolved in I ml of 10 mM Tris-HCl buffer (pH 7.5) containing 252

(v/v) glycerol and various concentrations of either NaCl or KCI, and

then preincubated at 24oC for 10min. After preincubation, the enzyme

activities were assayed by adding an aliquot (10 pl when assayed at 0.1

mM phosphoenolpyruvate, and 2 VL when assayed at 3 mM phosphoenol-

opyruvate) of each preincubated. enzyme solution to the standard reaction

mixture containing either 3 mM or 0.1 mllt phosphoenolpyruvate.. 
_o- 

& o,

Preincubated with KC1, and assayed at 0.I mM and 3 mM phosphoenol-

pyurvate, respectively; a & Ar preincubated. with NaCl, and assayed at
0.1 mM and 3 mM phosphoenolpyruvate, respectively.
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Fig. 25. Effect of phosphoenolpyruvate concentratj-on on activity of

ospleen-type pyruvate kinase preincubated with NaCI 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 I m1 of 10 mM Tris-HCl buffer
(pH 7.5) containing 25* (v/v) 91ycero1, to which 0.3 MNaCI andlor 0.1

mM FDP was added. The resulting enzyme solutions were preincubated at

24oC for 30 min. The enzyme activity of each preincubated. enzyme

solution was assayed by adding 20 Ul of the preincubated enzyme

osolution to 1.0 ml of the stand.ard reaction mixture containing various

concentrations of phosphoenolpyruvate. o, Non-elelncgbate$; .,
,-. i'

preincubated with 0. I mi{ FDP; a, preincubated with 0.3 M NaCI i L,

preincubated with O. g ['1 NaCl plus O .1 ml4 FDP.
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Fig. 26. Effect of preincubation of spleen-type Pyruvate kinase with

avarious salts on its activity in presence of KCI or NaCl. An aliquot
(20 Ul) containing 9.5 units of the pI 7.8-isozyme obtained by the Ist

isoelectric separation was dissolved in 1.0 m1 of l0 mM Tris-HCl buffer
(pH 7.5) containing 252 (v/v) glycerol and 0.3 M of various salts
(LiCl, NaCl, KCl, RbCIr or Tris-HCl), and preincubated at 24oe for 10

min. The enzyme activity of each preincubated enzyme solution was

assayed. by adding 5 ul of the preincubated enzyme solution to 1.0 ml of

rthe standard reaction mixture containing various concentrations of

either KCl or NaCl besid.es 3 mM phosphoenolpyruvate. or Non-:

prei-ncubated and assayed. in the presence of KCl; ^t non-preincubated

and assayed in the presence of NaCl; (trra rorY,x)-KCl, preincubated with

0.3 M of LiCl, NaCI, KCl, RbCl, and Tris-HCl, respectively, and assayed

in the presence of KCl; (tr ,a,o ,Y ,x) -S"at,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
l-
such as NH4C1, (NH4) 25c^4, KI, ot KHCO3, essetially the same results
were obtained-
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Fig. 27. Effect of various salts added on activity assay of spleen-type

fpyruvate kinase. An aliquot (40 U1) containing 13 units of the pI

7.8-isozyme obtained by the lst isoelectric separation was dissolved in

1.0 ml of IO mM Tris-HCl buffer (pH 7.5) containing 252 (v/v) glycerol

and 0.3 M NaCl, and preincubated at 24oC for 10 min. The activity was

assayed by adding 5 UI of the preincubated enzyme 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. o, KCl or

'tris-Hcl; --a--, Rbcl or Licl i L, NH4c1 ;--D--,CsC1 i e , NaCl i 4--r

SrCLri 
-a-' 

CaCIr"
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fig. 28. Effect of heat treatment on activities of spleen-type and

puscle-type pyruvate kinase. I ml of each isoenzlrme solution was heat

treated at 60"C for various lengths of time indicated. Resulting

precipitate was removed by centrifugation, and the supernatant was used

for activity assay and meaSuFement of A280 nm・  A′  With the use of

spleen-type i Br with the use of muscle-type; o, activityi a, AZ.O nm.

■oot activity and ■00お A280 nm  °rrespond to 55 U/m■  and A280 nm 64′

respective■y for sp■ een―type′  and those for musc■ e―type are 375 U/ml

oand AZSO ,r*=26-
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Fig. 29. Effect of glycerol on stabi-lites of spleen-type and

amuscle-type pyruvate kinase. Each isoenzl'me was dissolved in the buffer

solutions which contain various concentrations of glycerol and had

indicated pH valued. The used buffer solutions $rere 10 mM K-citrate

buffer for pH 4.5-6.0 and 10 mM Tris-HCl buffer for pH 7.0-9.0.

Resr.llting solutions were stood at 4"C for 3 days, and then activities

were measured. o, The activities at 0 time without addition of

glycerol i Lt without addition of glycerol (08); E, add.ition of 10?

rglycerol (I0?) i at add.ition to 252 glycerol (252); o, addition of 50?

glycerol (50?) i A, with the use of spleen-tyPe; B, with the use of

muscle-type.
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Fig' 30' sDS-polyacrylamide gel disc erectrophoresis of
rspleen-type and muscle-type pyruvate kinase. Approximately
spleen-type and r00 ug of muscre-type were analyzed.

purified

50 u9 of
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F'ig.31. Summary of molecular-sieve chromatography of spleen-type and

lnuscle-type pyruvate kinase on Sephadex G-200 column. A, Spleen-typet

B, muscle-type. o, Molecular weight marker proteins; bovine serum

albumin (M.W. 67,000), yeast alcohol dehydrogenase (M.W. L40,000), and

rabbit muscle pyruvate kinase (Itt.W. 240,000). a, Eluti-on volume and

apparent molecular weights of pyuravte kinase under indicated.

condj-tions. The values (U,/ml) show the enzyme concentrations applied to

the column. The symbol on the left in parenthesis, "none" or '+FDP",

oshows wether the enzyme was preincubated. with I mM FDP (+FDP) or not

(none), and symbol on the right in perenthesisr"none".or "+FDP", shows

wether the buffer solutions for equilibration and the elution of the

column contained 1 mM FDP (+FDP) or not (none) "
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Fig. 31

b
‖ 0

∞
　
　
　
　
　
　
　
　
　
”

＾
〓
０
●
０

一
Ｅ
二

一　
』
●
Ｏ
Ｅ
５
●
　
●
０
一一
●
●
じ
Ｌ

●

5rlo' ?rlO' lrtO'
Molccutor rcight

2r to3 3rto5

●

α
　
　
　
　
　
　
　
　
　
９。

＾
〓
Ｏ
ｏ
●
一Ｅ
一
）
●ヽ
Ｏ
Ｅ
●
ｃ
●
０
〓
０
●
」ヽ

lxtOs

Moleculor wcight

Eovinc scrurn olbumin

30 U/n! (norc,nonc) Yaost olcohol dchydroganosc

IOO U/ml (nooe,aone)- Robbit ousclc

l5OU/nl (none,nonet-i pyiuvotc kinose

IOOU/ml (+FDP.nonc)-)

30 U/rnl (+FDp.+FDpr-l
l5OU/mf l+FgP,+FDpr-

Bovine serum olbumin

30 U/mt(+FOp,+FDpt
30 U.rnrl ( none, none )
l5o u/ml (nong,n6ns;

●

(99)



Fig. 32. Isoe■ ёctric e■ectrophoresis of spleen― type and musc■ e―type

●pyurVate kinase preincibated with  [・
4c]FDP.  A′

  Sp■ёen―type  p工

7.8-isozylne obtained by ■st isoe■ectric separation (2 m■  containing 400

units)was inCubated with 2 m■  (4 11Ci)Of 2 mM [・
4cI FDP (■  Ci/mO■ ) in

■o mM Tris― HCl buffer (pH 7.5) containing 25t(v/v) g■ ycero■ ′ at 24° C

for 30 min′  and then subjected to isOe■ eCtric‐ electrophoresis, B′

musc■ e― typё  samp■ e (P― Ce■■u■ose e■ uate) was dia■yzed against 10 mM

Tris― HC■ buffer (pH 7.5) containing 25老  g■ycero■ 。 An a■iquot (2 m■

●containing 1000 units)Was treated with [・ 4c]FDP as the same manner as

descr■bed above。
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Fig. 33. Peptide maps of spleen-type and muscle-type pyruvate kinase.

f Of the ninhyd.rin-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-typei B,

SpIeen-type.

A ) M -type B ) S -type
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