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SUMMARY

  Phosphofructokinase （ATP：D－fructose－6－Phosphate

1－phosphotra．nsferase’ EC 2．7．ユ．ユ1〕 was purified to

homogeneity from pig－1iver． The fina1 preparaセion．wh■ch

showed a specifユ。 activ■ty of 160 uniIヒs／mg o：E protein，

contained on1y a sing1e po1ypepセide of Mr ＝ 80，000 on a

s■1ver・stained SDS－Po1yacry1amide qe1・  Po1yc1ona1 an七■body

against the purified enzyme was induced in a rabbit’ and iセs

工g’G fraction was obtaユned by chromatoqraphy on a Protein

A－Sepharose CL－4B co1u㎜．The工gG showed the b■nding

a．ct■v■ty to the predominant isozyme of phosphofructokinase

in pig liver’ rat 1iver and hu皿an erythrocytes’ but not to

i sozyme in musc1e． The specユf■c antibody was p1ユrified

fur亡her by i㎜㎜oaff■nity chr㎝at◎graphy on a

phosphofructokinase－c㎝〕ugated Affi・Ge110co1u㎜．

工ntermediate catabo1ユ。 products ■n the主旦vユvo degradation

◎f phosphofructokinase were extracted from fresh p■g 1ive】＝s

under inh■bition of proteinases．  And they were adsorbed on

an anti・phosphofructokinase 工g－G－conゴugated Affi－Ge1 10

co1u㎜ Po1ypeptides in七he e1uate fr◎m the i㎜㎜◎affinity

co1u㎜were further separated by preparatユve two－dim㎝si㎝al

po1yacry1amide ge1 e1ectrophoresis’ and their cross・re＿

activity to 1iver－type phosphofructokinase was substantia11y

｛ 1 〕



assessed by an i㎜㎜oelectrotransfer b1ot method．The

po1ypeptide of Mr ＝ 84’000’which was an intact form of

phosphofrucセ。kinase in piq 1■ver’ was demons七rated in a

major spot on the b1ot．  Phosphofruct◎kinase of Mr ： 80’000’

wh■ch was purified by the mu1ti－step chromatographic meセhod，

seemed to be an unphysi◎1ogica11y dユgested form◎f Mr ＝

84，000 po1ypeptide． since no spot corresponding－to Mr ＝

80’000 was detected on the b1ot．  Po二しypept■des of Mr ＝

68’000’ Mr ； 64’000． Mr ＝ 56’000 and Mr ＝ 51’000 were

as signed to cata．bo1■c products of Mr ＝ 84’000 Po1ypept■de’

s■nce they were ◎bvious1y demonstrated on the b1ot．

However’ it was st：L11 in doubt that a11 of these

po1ypepセ■des were recognized w■th the c1ones of IgG wh■ch

recognized Mr・84，000polypeptide in their co㎜om ant■genic

determinants．  Hence 工qG sub species in the p◎1yc1ona1

antibody preparat■on were separated by two－dimensional

ce11u1ose aceta’ヒe e1ectrophoresis under a natユve condition’

and their i㎜㎜oreactivit■es to the rad■oユ。dinated

po1ypeptides （Mr ＝ 84’000’ Mr ＝ 68’000’ Mr ＝ 64’000’ Mr

＝56’000 and Mr ； 51’000）were examingd by a reversed－phase

i㎜㎜ob1ot meth◎d．Thus◎btained autoradiogram indicated

that these po1ypept■des were bo㎜d to the co㎜㎝工gG

subspecies ｛p工 5・3’ p工 5・7’ p工 6・0’ p工 6・3〕・  The structura1

homo1oqy among’these cr◎ss－reactive p◎1ypeptides was further

（ 2 ）



assessed by proteinase－V8 digest■on fo11owed by

SDS－Po1yacry1amide ge1 eユectrophoresis and autorad■ography．

The resu1ted autoradiogram showed that the co㎜㎝sized

fragment of Mr ＝ 7，500 was yie1ded from a11 of these

po1ypeptides， and Mr ； 16，000’ Mr ≡ 12，500 and Mr ＝ 6，300

fragments were from Mr ＝ 84’000’ Mr ≡ 80’000’ Mr ＝ 68’000’

Mr ＝ 64，000 and Mr ≡ 56’000 polypept■des． The s■m■1arity ］一n

the digestion prof■1es supPorts our conc1usion that these

po1ypeptides are intermediate catabo1ic products of

phosphofructokinase of Mr ＝ 84’O00．

  The possibi1ity of artifacts in preparation was ru1ed out

as fo11ows．  Radioiodinated phosphofructokinase （Mr ≡

84’000） was added to the buffer for homogenization   The

trace］＝ mo1ecule accompanied inter㎜ediate catab◎1ic products

in the who1e procedures inc1uding homogenization’

centrifugat■on andユ㎜unoaffinity chromatoqraphy．

Radioactive po1ypeptides recovered fr㎝the i㎜㎜oaffinity

co1umn were separated by SDS－po1ya．cry1amide g－e1

e1ectrophores■s’ and detected by autoradiography．  工t was

conf］一rmed that the enzyme was not digested in preparation’

because no band corresponding to Mr 昌 68’000’ Mr ＝ 64’000’

Mr ＝ 56’000 or Mr ＝ 51’OOO was detected even on the

extensユve1y exposed X－ray fi1m． On the resu1ts。 ユt ユs

conc11ユded that the pred◎minant isozyme of
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phosphofructokinase ■n pig 1ユver ｛Mr ＝ 84，000） ■s in v■vo

degraded throug－h intermed■a．te catabo1■c products of Mr ＝

68，000． Mr ＝ 64’000’ Mr ＝ 56’000 and Mr ＝ 51’OOO．
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工NTRODUCT工ON

  Sユnce Spence ｛1〕 reported tha七 the ユmpaユrment of g1ucose

to1erance was 1ike1y to progress ］一n aged men， many qroups

have discussed on the re1ation between the glucose

ユnto1erance and aging．  Most of them with a few exeptions

｛2’3〕 have reported that the g－1ucose to1erance deteriorates

in e1der1y men． Dav■dson （4） has care＝Eu二L1y a．na1yzed the

data in the exeptiona1 repo］＝ts’ and has  conc1uded that the

data a1so ind■cate the age－re1ated impairment of g－1ucose

uti1ユzation in セissues．

  The cases of abnorma1 b1oo（ヨ。g1ucose paセtern after ora1

g1ucose 1oad may inc1ude path◎1ogica1 （diabetユ。） and

non－path◎1ogicaユ ｛no場一dユabetic） deterエ。ration in gユucose

to1erance． Nonaka et a1． （5〕 made eff◎rts to exc1ude

pa七ho1ogica1 cases from the test subj ects’ and reported as

foユエ。ws．  The 100－g－ora1 g’1ucose to1erance test （OGTT，

perf◎rmed on 34 hea1thy’ n◎n－obese subゴects aged 60 t◎ 89

years without fami1y history of diabetes revea1ed a high

incidence of abnorma1 tolerance： 21毛 chemica11y diabetic and

53毫 border1ine type． The incidence of chemica1 diabeセes

（d■abetes decipiens） increased with advancinq age， 10亀 in

the 7th． 24著 in the 8th and 29毛 in the gth decades   The

incidence of border！ine type a1so increased’ and it resu1ted
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in the decrease of abso1ute1y norma1 cases in e1derly

subj ects． T◎ e1ucidate the causes of the ■mpaユrment’

capacity for insu1in secre七ion in a．ged subjects was

ex㎜ユned．工㎜㎜◎react■ve insu1inにR工〕1eve1s dur■nq100－g

OGTT in 2 h◎urs were p1otted   An area under the curve of

工R工 durinq 2 hours of OGTT ｛工R工 area〕 was divided by an area

of b1o◎d g1ucose （g1ucose area〕 in the same test． The raセio

thus obtained in sudjects aged 60 to 89 years was not

statistica11y differen七 from セhat in sub］ects aged 20 to 49

years   Therefore’ the decreased to1erance to g1ucose ユ。ad

cou1d not be ascribed to the impaired insu1in secretion’ which

was cha．rac七eristics of primary d■abetes （diabetes me11i七us〕．

1Paradox■ca1risel ofユ㎜㎜oreactive q1ucag㎝（工RG〕’which

was first reported by Buchanan and McCarro1 （6） as the

characteristics of d■abetes me11itus’was not observed in

e1der1y subj ects of chemica11y diabetic and border1ユne type．

Hence Nonaka and hi s co－workers have conc1uded that the

abnorma1ity of g1ucose to1erance in e1der1y sub］ects appears

to be caused by pathogenesis other than insu1in d．efic■ency

and g1ucagon overproductユ。n．  And’ セhey have specu1ated that

decrease in q1uc◎se－Inetabo1iz ing capacity in the 1iver and

decrease in sensitivity of tissues to the insu1in action

might be the factor responsib1e for the g1ucose into1erance

in e1de二【一1y sub j ects．
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  エmura determ■ned the g1ucose d■sposa．1 rate in hea1thy

elder1y men ｛N ＝ 13， 73丈3 yea．rs o1d） and young conセro1s （N

＝ 12， 29：！＝2 years ◎1d〕 under insuユin adminis七raセion．  And，

he found that there was no apP11＝eciab1e difference in the

max■ma1 disposa1 rate ちe七ween aged and young groups， but the

b1ood insulin 1eve1 】＝equired to induce a ha1f maxima！

dユsp◎sa1 rate ユncreased with ag■ng． The resu1t means that

the ユnsu1in sensit■vユセy in t■ssues is 1ike1y to decrease

with aqinq． To assess the contrib1ユtion of receptor 1eve1 to

the decrease in sensitivityσ he further assayed the insu1in

receptor on erythrocytes from young and aged men’ and

concユuded thaセ there was n◎ statユst■caユ change ■n both

receptor 1eve1 and recept◎r aff■nity to ■nsu1in b■nd■ng．  On

the resu1ts’ he has conc1uded that the post－receptor system

for g1ucose utilization deteriorates w■セh a．qing．

  No change iri insu1in receptor has a1so been observed by

目1011enberg and Schneider （7） ■n human sk■n 1Eユbrob1a．sts， Fink

et a1． （8エ in human mon◎cytes’ and by He1derman ｛9） ■n human

T－1ymphocytes．  And yet the reduced re sponce to insul in

st■mu1ation has a1so been observed．by 工to （10〕 in human skin

fibr◎b1asts． Mug－g－eo et aユ． （11） in human monocytes． and by

Paqano et a1． （12’ 13， in human ad■pocytes and rat

hepatocytes．
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  On the bas■s of these f■ndings’ we have set up our work■ng・

hypothes］一s as fo11ows・  1・ The post－receptor system for

g－1ucose uti1izatユ。n deセeriorates w■th advanc■ng aqe．  2． The

age－re1ated deter■◎ration may be ascr■bed to alteration of

proteins in the post－receptor s■qna1 transmission system

and／◎r key enzyme s in g－1yc◎1ytic paセhway． And we have

arranged two distinct approaches to セhe aqe－re1ated

post－receptor defect・ One ■s the screen■ng of ag－e－reユated1y

changing Proteins in t■ssues・ For th■s purpose’ we

deve1oped a new Inethod of two－d■mensユ。na1 e1ectrophoresis

（14’15〕 and two－d■mensiona1 densitometry （16－18）．  L■ver

proteins ◎f 1一’ 6一’ 12一’ 24－ and 28－months－o1d rats were

separated by the two－dimens iona1 e1ectrophores■s on

ce11u1ose acetate membrane （2DCAE）．  Prote■n spots on the

membrane were stained out with Coomassie Brilliant B！ue

G－250’ and quant■f■ed by two－d■Inens■◎na1 densitometry using

a TV－camera－equipped system （F工MC system）． And we found out

セwo un■que proセeins of p工 4．9 and pI 7・3’ wh■ch changed in

quantity w■th aging． P工 7・3 proセe■n was observed t◎

decrease in Wistar and Fischer strain ma1e raセs with

advancing age．  However’ it cou1d not be specu1ated that the

protein was in the direct re1ation to aqing process’ because

fema1e rat 1iver contained on1y a trace amount of the

protein at any age’ and the castration ◎f young ma1e rat
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resu1ted in marked decrease o：E the protein． On the

contrary’ P工 4．9 protein （Mr ＝ 26’000工 could partic■pate the

defec七 〇f 1■ver in insu1■n response， since the protein was

◎b served t◎ decrease in boセh ma1e and fema1e rats of Wistar

and Fischer sセrains’ and it was not a：Efected by castrat■on

（19〕．  Hence we have continued our studies on p工 4．9 prote■n

to e1ucidate ■セs physio1og■ca1mean■ngs in the post－recep七〇r

defect．

  Another approach to the age－re1ated deterioration of

g1ucose metabo1ism under insu1■n st］一mulation has been

arranged on the stud■es on catabo1■c pathways of

phosphofructokinase． There is a qeneral agreement in the

1iterature that phosphofruc七〇kinase p1ays a ma］or role in

the contro1 of g1yco1ysis in near］一y a11 types of ce11s

（20－26〕．  The activity of this enzyme is under the

a11osteric regu1ation with severa1metabo1ites． Among 七hem’

ATP is the most potent inhibiセ。r which is be1■eved to be a

feedback mediator in the Pasteur1s effect． And the ATP

〕一nh■bit■on is re1ieved by fructose 2’6－bisphosphate which

has been suggested to be a fina1 messenger from g1ucaqon

receptor ｛27－30）．

  工n addition to the a11osteric regu1ation’

phosphofructokinase activity is known to be reg1ユ1ated in

enzyme amount itse1f． Dunaway and his c〇一workers （31－34）
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h・v… p・・t・dth・tth・i㎜㎜・一・…tiv・p・・t・i・・fPFK－L2

（the predom■nant ■sozyme of phosphofructok■nase ■n the

1ive】＝〕 decreases 60－70毛 in 6－day fas七ed rats or rats made

diabetes with a11oxan or streptozotoc■n．  Refeeding induces

a return to norma1 1eve1 within 72 h． and 二しnsu1in treatmen亡

for 72 h increases the amount of this isoenzyme to 6－ t0

8－fo1d greater than the dユabetic 1eve1s．  They have

determined the syn七hetユ。 and the deg’radation rates and have

・・n・1ud・dth・tth… d・・t・㎝・fPFK－L2i・f・・ti・g・・d

diabetes is the resu1t of an increased degradation rate w■七h

1ittle or no change in synthet］一。 rate．  工n our experiments’

1ive〕＝phosphofructokinase decreased with a1ユ。xan diabetes

faster in aged rats （N ＝ 3’ 2 months o1d） than in young

contro1s （N ＝ 3’ 30 months o1d）． Recovery from the diabetic

1eve1 by insu1in administration was a1so s1ower in aged rats

than in young contro1s．  And the recovered 1eve1s were sti11

10wer in aged rats than in young contro1s．  On the se

observations we have specu1ated that the age－re1ated

a1terations in phosphofructokinase responce to a11oxan

diabetes and insu1in adminisセration miqht be ascribed t0

decrease in synthetic rate and to increase ：Ln degradat■on

rate of the enzyme． And we have continued the studies on

degradati◎n pathway of ph◎sphofructokinase， ta．king－the

1atter possibi1ity for our primary working hypoセhesis．
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  In ◎ur pre1imina】＝y experiments’we have observed 七haセ the

enzyme is inact■vated faster in 1■ver extracts from diabetic

rats than in those from normal contro1s． And the enzyme in

1iver extracts from norIna11y aged （n◎n－d■abetic〕 rats ■s

1ess stab1e than that f】＝om young contro1s．  The inactivation

ユs marked1y prevented by addition of proteinase inhib■tors

to the extracts．  And under the inhib■tion’ no apPrec■ab1e

d■fference in inactivat工。n rate has noセ been observed

between aqed and－young ra七s． The resu1ts means tha七 some

intrace11u1ar proteinase’whユ。h inactivates

phosphofructokinase， is 1ike1y to increase with advancing

age． However’ such 1phosphofructokinase－degrading

proteinase1 has sti11 not been assiqned．  Hence in亡ermediate

ca七abo1ic products ユn the in vivo deg－radation of

phosphofructokinase shou1d be identified to assign the

specific pro．ヒeinase

  工n thユs paper’the techniques ofユ㎜unoaffin■ty

chromatography’ preparative two－dimensiona1 e1ectrophoresis

of工SOTACHO／DALT system’enzyme－1inked i㎜㎜odetect■on’

ce11u1ose acetate two－dimensi◎na1 e1ectrophores■s’

radioi㎜modetection and protei胴se－V8pept■de mapp■nq were

used to purify and identify the intermediate catabo1ic

products of phosphofructokinase．  The possib■1ity of
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art■facts in preparation was ru1ed out by a tracer method

using rad■o■odinated phosphofructokinase．

（ 12 〕



MATER工ALS AND METHODS

  旦…姓…≡．一一 Phosphoce11u1ose ｛P－11） and Glass Fiber F■1．ヒer

GF／B were purchased from Whatman’ Ltd・ ｛Ma■dstone， Eng1and），

DEAE－Sephace1 and Protein A－Sepharose CL－4B were from

Pharmacia Fine Chemicals （Uppsa1a’ Sweden）， acry1amide，

N’N1－methy1ene bisacry1am■de’ Aff■一Ge］一Blue and Aff■一Ge1 10

were from Bio－Rad 几abora・ヒ。ries （Richmond’ Ca1if．’ U．S．A．），

Ce11u1ofine GCL－2000－sf was from Seikag－akukogyo Co．’ エItd．

（Tokyo’ Japan〕．  Tris’ dithiothreito1． ATP’ AMP’ fructose

6－Phosphate’ fructose 2’6－b二しsphosphate’ antipa■n’ 1eupeptin’

pepstatin． triosephosphate isomerase． g1ycerophosphate

dehydrog－enase and bovine serum a1bumin were obtained from

S■gma； NADH was from Orユenta1 Yeast Co．’Ltd． （Tokyo’
            125

Japan）．  Na［   I］iod■de was purchased from New Eng1and

Nuc1ear （Boston’ Mas s．。 U．S．A．〕． Horseradish

peroxidase－1inked qoat an七i－rabbit 工gG ant■body and

proteユnase V8were purchased from Mi1es 工。aboratorユes’ 工nc．

｛Napervi11e’U．S．A．）， Pansorbin was from Ca1b■ochem－Behring

Corp． ｛La Jo11a’ Ca1if．’ U．S．A．〕． T■tan エエエ ce11u1ose

acetate p1ates was purchased from kabushik■一kaisha Helena

Kenkyujyo （Urawa－shi’ Japan〕．  Separax’ Separax EF and

Sepa1ine were products of Fuj i Photo Fi1m Co．’ Ltd． （Tokyo．

Japan）． Visking－dia1ysis tubing was obtained from Unユ。n
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Carbide （Ch■cago’ U．S．A．〕’ X－ray fユ1m （RP Royal X－OInat） was

from Eastman Kodak Co． ｛Rochester’ U．S．A．）， Cronex

in亡ens■fying Screen 〔L■gh七n■ng p1us〕 was from E．］＝． Du Pont

Nemours＆Co． 〔Wユ1m■ngton’U．S．A．）εriitroce11u1ose membエane

〔Membrane Fi1ter BA85’0・45 1ユm）was from Sch1eicher ＆

Schu11 GmbH ｛Dasse1’West Germany）7 F■1terpaper No． 51A was

from Toyo Roshユ Kai sha ｛I工◎kyo’ 1Japan）， Coomas s ie brユ11iant

blue G－250 was from Nakarai Kagaku Yakuhin （Kyoto，Japan），

Ampholine carr■er ampholy七es were from LKB Productor AB

｛Stockho1m’ Sweden〕． Other chemica1s of ana1yt■ca1 reagen七

grade were pu〕＝chased from Wako Pure Chemica1s ｛Osaka’

Japan）一

  幽ミ…。一一 Two types of apParatus were made for

two－dimensiona1 ce11ulose acetate e1ectrophoresユs （F■g・． 1）．

Fig．1

工sotachophoretic concentra亡■on and 七he fo11owing

first－dimensiona1 separation were performed on appara七us A．

The apParatus was equipPed w■th suspension bridges （c） to

supp1y e1ectric current to the strips of ce11u1ose acetate

membrane （f） simu1taneous1y with the contact of the strips

with the bridqing Pads（d and e）・ 工f e1ectric current was

n◎t supp1ied to the strips of ce11u1ose acetate membrane’
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the sharp boundary of the two d■f1Eerent e1ectro1y亡es cou1d

not be maintained ◎n the strips．  The apparatus had four

ho1es on the 1id for sample app1icaセion．

  エsoe1ectr〕一。 focusユng was performed on apparatus B ｛Fig． 1）

for the second－dimensiちnal separation． The sharp edqes of

the p1atinum e1ectrodes and the ㎜inimu凧 dead space in the

apParatus made ■t possib1e to reproduce ■soelectric focusinq

on the thin．membrane1140ト町110x60㎜）．Apparaセus A and

B were kind1y Inade by Jookoo Co． （Tokyo’ Japan〕 in

accordance with our designs．

  Regu1ated DC power supp1y Mode1 2000・200 Auto was

purchased from Koike Precision 工nstruments ｛Kawasak■一shi’

Japan）． Per■sta1tic pump Mode1 P－3 was from Pharmacia Fine

Chem■ca1s （UpPsa1a’ Sweden）．  The temperature of circu1atinq

coo1ant was regulated by Coo1nics Mode1 CTR－220

（Komatsu－Yamato’Tokyo，Japa剛． The p目was measured using

pH Meter 26with combined e1ectrode GK 2321C ｛Radiome亡er

A／S’ Copenhagen’ DenInark）。

  The hardware of two－dimens■ona1 densitome亡er ｛工P－1〕’ shown

in Fig一． 2．was designed and made by ADS Co． （Nara’

Fig．2
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Japan） on the basis of ou］＝ spec■ficat■◎ns・  A CCD

so1■d－state v■deo camera BS－703 ｛Matsushita E1ectr■c Co．。

Osaka’ Japan） is equipPed forユmag－e acqu■s■tion． The array

size of the CCD imaqe sensor エs 404 x 256’ and the S／N is 50

dB ｛300：1〕． The image’data sent from the camera unit are

temporari1y resistered in a disp1ay memory （DM〕 of 512 x 256

matrix arra．y．  Processinq of the imaqe data ■s carried out

on the DM．  Storage ◎f the oriqina1 and the processed image

data i s on four page s ◎f frame memory ｛FM）．  Subroutine

programs for data．acquisitユ。n’ data transfer’ data d■splay’

and oセher primitive tasks were executed with Z－80 CPU in

工1P－1．  And the CPU is contro1ed by SORD microcomputer M223

markV｛SORDComputerSystems’工nc．’Tokyo’Japan）via

para1！e1 ■nterfaces ｛P工O）・ The subp〕＝ograms ｛F工MC） for

contro1 of 工P－1 and the main programs ｛2DD） for eva1uation

of two－d■皿ensiona1 e1ectrophoretograms were prepared on the

SORD microcomputer ■n both ASSEMBLY and BAS工C 1ang・uages by

ourse1ves．

  幽三皇 一一 The fo11owing assay system
was used throughouセ the purification procedure． The

reacセi◎n mixture contained in a fina1vo11ユme of 1 m1： 50 mM

Tris－HC1’p直8．0’100汕KC1’20耐a㎜㎝■um su1fate’2耐

dithi・th・・it・1・6耐MgC12・1汕ATP・1汕fmc七〇se
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6－phosphate’ 0．5 血M AMP’ 1 pM fructose 2，6－bisphosphaセe’

0．15 mM NADH， a1do1ase ｛0・4 unit）、 triosephosphate isomerase

｛2．4 un■ts〕’ 91ycerophosphate dehydroqenase （O．4 un■t）。 and

phosphofructokinase ｛O．001－O．01 unit）． After 5－min

preincubation without substrate． enzyme react■on was

■nitiated by addユtion of fr1ユ。tose 6－Phosphate．  The rate of

◎x■dation of NADH was measured in a spectrophotometer at 340

nm． A unit of phosph◎fructokinase was defined as the amount

of enzyme that cata1yzed the formation of 1 ドmo1 of fructose

1’6－bisphosphate per min at 25oC．

  旦…幽 一一 PrOtein COnCentratiOn waS
determined by Lowry1s method ｛35〕 m◎dified by Bensadoun and

We■nste■n ｛36） with crysr1二a11ine BSA as a protein standard．

  Titration of anti－ h◎s hofructokinase antibod  一一 Titer of

anti－phosphofructok■nase ant■body preparation was determined

by EL工SA on mu1tiwe11 p1ate as fo11ows． We11s of Fa1con

9311 p1ate were treated with antigen by ho1ding 50－ng each

of purif■ed phosphofructok■nase in 50 pl of PBS （10 mM

KH2p04－KOH’ PH 7・4’ 0・14 M NaC1〕 at 4oC overnight・

Unadsorbed ph◎sphofructokinase was removed by washing with

TPBS （PBS containinq 0．05亀｛v／v〕 丁青een 20）． Fifty－micro1iter

a1iquots ◎f di1uted an七■body preparations were he1d in the
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we11s at room temperatu］＝e with a g－entle shaking’for2 h．

The we11s were then washed with TPBS． and セreated with

100－p1 a1■quots of 2’000－fo1d di1uted HRPO－conコugated

ant■一rabbit 工gG antibody ｛M■1es 二［lab・〕 at room temperaセure

for1h． The we11s we土e washed with TPBS． and f■11ed w■th

150－1ユ1 each of peroxidase react］一〇n medium （5 血M

5－aminosa1■cy1ic acid－NaOH’ pH 6．O’ 0，005宅 H O 〕． The                                          2 2

reaction was carried out at 37oC with a gent1e shak■nq for

30 m■n’ and terminated by addition of 50 p1 of 1．5 N NaOH．

Products of the reaction was quanti：Eied by photome七ry at 492

nm reffering’to 600 nm． Titer was defined as the d■1ution

of antibody p】＝eparation which gave 0．8 0．D． in this assay

system．  Specific titer was def■ned as the titer

extrapo1ated to 1 mg／m1 ■n protein concentration．

幽三皇 一一 Pig 1ivers were
ob亡ained from a 1oca1 s1aughterhouse within 30 m二Ln after

s1aゆter’and frozen in a dry－ice box i㎜ed■ate1y．Two

ki1ograms of セhe t■ssue was thawed in a co1d room at 4oC

◎vernight’ and mユnced before use．

  Step 1： Extract■on． The minced tis sue was homoqenized in

a b1ender with 3’00C m1of buffer A ｛50 mM Tris／phospha七e’

pH 8．0σ 50 mM NaF’ 5 m皿EDTA’ 2 血M dユthiothreito1’ 1 mM ATP’
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0・5 mM PMSF）・  The homogenate was centrifuged at 53，000 x g

for 90 min．

  Sセep 2： Ammonium su1fate precipitation．  The supernaセant

（3，000m1）was supP1㎝ented w舳83090f a㎜onユ㎜su1fate

to give 45著 saturat■on’ and stirred overniqht ■n a co1d

room．  precipitate was spun down at 18，000 x q for 30 min，

and disso1ved in 1，500 ㎜1 of buffer B （50 mM Tris／acetate，

pH 8．0’ 50 mM NaF’ 1 m皿EDTA’ 1 mM dithiothreito1’ 1 mM ATP，

O・1 mM PMSF）’ and dia1yzed againsセ buffer B overnight ■n a

co1d room．

  Step 3： Heat treatment． The dia1yzed preparation was

transferred to con■ca1 f1asks’ and heated ■n a water bath at

80oC． The enzyme so1ution was kept at 60oC for 1 min’ then

chi11ed on ice． The precユpitate formed was removed by

centrifugation at 5，000 xξ for 30 min． The supernatant was

dia1yzed aga■nst buffer B overnight．

  S亡ep 4： Affユnity chromatog’raphy on a phosphoce11u1ose

co11ユmn． The heat extract was di1uted with buffer B to 3’000

m1’ and app1ied to a phosphoce11u1ose co1umn （Whatman P－11σ

2’OOO－m1 bed） equi1ibrated with buffer B． The co1umn was

washed w：Lth 2’000 m1of buffer B． Phosphofructok■nase

a．ctivity was e1uted with 2’500 m1 of buffer C （75 mM

Tris／phosphate， pH 8・0’ 50 mM NaF， 1 mM EDTA， 1 mM

dith■othreito1’ 3 mM ATP’ 1 mM AMP’ 25 pM fructose
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2’6－b■sphosphate’ O・ユ mM PMSF）・  Fractions of hユgh

phosphofructokinase activ■ty （1’050 m！）were pooled．

  Step 5： Anion－exchange chromatography on a DEAE－Sephace1

co1u㎜．Phosphofructokユnase act■v■ty fr㎝the

phosphoce11u1ose column was app1ied t◎ a DEAE－Sephace1

co1umn equi1ibrated with buffer C． The co1umn was washed

with 100 m1 of buffer D1 〔0．1 M Tr■s／Phosphate， PH 8．0， 50

血M NaF’ 10著（w／v） sucrose’ 1 mM EDTA’ 1 mM dithioセhreito1． 1

mM ATP’ 1 mM AMP’ 2 ドM fructose 2’6－bisphosphate’ 0．1 mM

PMSF｝．  Phosphofructokエnase was e1u1＝ed in a 1inear gradient

from buffer D1 to buffer D2 （1 M Tris／phosphate， pH 8．0， 0．1

M a㎜㎝i㎜su1fate150汕NaF’1耐EDTA．1洲
d■thiothreito1’ 1 mM ATP’ 1 mM AMP’ 2 ドM fructose

2．6－b］一sphosphate’ 0．1 mM PMSF工． Major peak fractions of

hig－h phosphofructok〕一nase activity were comb■ned and dia1yzed

against buffer E （25 mM Tris／phosphate’ pH 8．0’ 40 mM

a㎜oni㎜su1fate’10汕NaF’0．1mM ED訟’4㎜

d■thユdthrei亡。1・ 0・05 mM ATP・ 0・1 mM AMP・ 50 トM fruc．ヒ。se

2’6－bisphosphaセe）．

  Step 6：Aff二Ln■ty chroma七〇graphy on an Aff二じ一Ge1B1ue

co1u㎜．Phosphofmctokinase activity fr㎝the DE肥一Sephace1

co1u㎜was app1エedセ。 an Affi－Ge1B1ue co1㎜n160－m1bed〕

equユ1ibrated with buffer E．  The co1umn was washed with 500

m1 of buffer E． Phosph◎fructokinase activity was e1uated
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with 2’000 ml of b1ユffer F （25 mM Tris／phosphate’pH 8．0’ 40

刷a㎜㎝i㎜sulfaセe．10汕NaF．O．1㎜EDTA’4mM

d■thユ。threito1’ 3 mM ATP’ 1 mM AMP’ 50 PM fructose

2’6－bisphosphate）．

  Step 7： Ge1 permeat二L0n chromatog－raphy・ Fract■ons of h■gh

phosphofructokinase activity from the Aff■一Ge1B1ue colu㎜

was concentrated to 4 m1’and app1ied to 190－m1 bed of

Ce11u1ofine GCL－2000－sf co！umn （exclusion l imit： M】＝ ＝

2’000’000〕 equi1ibrated with buffer C supp1emented wユth 0．1

M a㎜◎ni㎜su1fate Phosphofructokinase activiセy recovered

］ust behind the vo■d fract■ons was stored at －70oC unt■1

u Se．

SDS－ o1 acr 1amide  e1 e1ectro horesis and si1ver sセainin

一一@For the test of purity of phosphofructokinase

preparat■ons’ SDS－po1yacry1amide g－e1 e1ectrophoresis was

perfomed according to the method of Lae㎜1i137）㎝1一㎜

thick gβ1s1ab170x90㎜）．Protein bands㎝七he ge1were

visua1ized by si1ver staininq of Poeh1ing and Neuhoff ｛38〕

with our modificatibn s．  In br ie f’ the ge二し was dipped in

50著｛v／v） methano1’ 10号（v／v） acet■c ac■d for 30 min’ and in

10毛（v／v） methano1’ 15毫（v／v〕 acetic acid’ 2著｛v／v）

g－1uta1a1dehyde for 15 m■n． The ge1was rinsed with

disti11ed water for 15 m■n with refreshinq the water every 5
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min’ and ユncubated with O．1 毫（w／v〕 d］一thiothreito1 for 1O

m■n・  After rinsing－with d。■st■11ed water for 5 m■n， the ge1

was incubated with O．5毛｛w／v） s■1ver n■trate， O．5宅（w／v）

a㎜㎝■a’0．01HaOH for15min’and then r■nsed帆th

dユsti11ed water for 20 m■n with refreshing the water every 5

min． Pr◎tein bands were deve1oped in O．01著（w／v）

forma1dehyde’ 0，005著（w／v） citrユ。 acid

  旦≡幽 一一 Anti・phospho－
fructokinase ant■body was induced in a rabbit accordユng to

the method of Vaituka■tis （39） with s1ight mod■fications．

For the primary i㎜㎜ユzati㎝、0．1mg of purified pig1■ver

phosphofructokinase ｛160 units／mg〕 in 1．5 m1 of

phosphate－bufferred sa1ine was mixed with an equa1 v◎1ume of

Freund l s incomp1ete adコuvant ｛Difuco 0639－60〕 supP1emented

with 7．5 mg－of non－v■able descicated幽

tubercuユ。si s H37 RA （Difuco 3144－33－8〕、 and emuls■fied by a

syringe一七ransfer method．  A ma1e rabbiセ of 2．85－kg body

weight was i㎜㎜ized with the e㎜1si㎝at40sites㎝the

back intraderma11y and on every toe pad．  The rabbit was

boosted with 0．2 mg and 0．35 mg of phosphofructokユnase

emu1s ified with Freund I s comp1ete adj uvant ｛Difco 0638－59）

◎n da．y 49 and 63 respective1y． Anti－serum was harvested

fr㎝day70after the primary i㎜㎜ization．The rabbi亡was
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bled 10m1 a day from the cent】＝a1 ear ar七ery over 2weeks．

On day 84’ the whole b1ood was extruded from the hear亡．

Titer of the anti－serum was eva11ユated by an E】二一工SA．  The 工g－G

fracセion was purユfied by chromatography on a Pr〇七ein

A－Sepharose C工■一4B co1umn．  The 1O－m1 aユiquot of the

anti－serum was app1ied to4－m1bed of Protein A－Sepharose

CL－4Bco1umnequi1ibratedwithbufferG（10mMTris－HC1，pH

7．5’ 0．14 M NaC1）． Nonspecifica11y adsorbed pro亡e■ns were

washed out with 70 m1 ◎f buffer H ｛10 mM Tris－HC1’ pH 7．5’

1．5 M NaC1’ 0．05号（v／v） Tween 20〕． 工g－G was e1uted in buffer

エ （0．1 M g1ycine－HC1’ pH 3．0〕．  The e1uate was neutra1ized

to pH 7．5 by addition of 1 M Tris．  A 1arge port■on of the

pur■fied 工qG was cova1ent1y fixed on Affi－Ge1 1O・ A sma11

portユ。n of the 工g’G preparation was further purified by

aff■nユty chroma上。graphy on a phosphofructok■nase－con〕ugated

Affi－Ge11O co1㎜n．The i㎜㎜oaffinity－pur■f■ed IgG was

used as a first antibody for enzyme－1inked i㎜㎜osta■nmg of

phosphofructokinase and its intermediate catabo1ic products

on nitroce11u1ose membrane．

Corl’u ation of  hos hofructokinase and 工 G to Aff■一Ge1 1O

一一@〇ne－m1 bed of Aff■一Ge1 10 was suspended in 10 m1 of

dユsti11ed water’ and sed■mented by centrifugation at 2，O00 x

g－for 30 sec．  The washing cyc1e was repeated 3 times within
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10 min． The washed AffユーGe1 10 was then suspended in 1O m1

of 50 mM HEPES－NaOH’ PH 7．5 contaユning Purif■ed

phosphofructokinase or 工gG．  The suspens■on was shaken

gent1y overnight at 4oC’ and centrifug’ed at 2，000 x g fo】＝ 30

sec．  The phosphofructokinase－ and 工gG－conjuqaセed Aff■一Ge1

10 preparations were treated w］一th 1 M ethano1amine－HC1， pH

7．5 for 1 h at room temperature to mask the remained sites

for conjugation． The gels were then washed with buffer G

containing 0．05毛｛v／v） Tween 20’ and stored in a refrigerator

at 4oC unti1use．

工㎜㎜oaffinit chr㎝ato ra h㎝anti－hos hofructokinase

王g幽聖呈 一一 A hunfred g】＝ams of
fresh pig 1iver was homogenized w■th 900 m1 of buffer J ｛0．1

M Tris－HC1’ pH 8．0’ 50 InM NaF’ 5 mM EDTA’ O．5 mM PMSF． 5

トg一／m1 ant■pain’ 5 pq／m1 1eupeptin’ 5 pg／Inユ pepstatユn）． The

homogenate was centr■fuged at 175，000 x g for gO min． The

supernatant was fi1tered through Mi11ipore membrane （O．45

1ユm）’ and app1ied to an anti－phosphofructokinase

工gG－c㎝jugatedAff■一Ge110co1u㎜（i・d．10㎜x100㎜）．

Nonspecifica11y adsorbed proteins were washed◎ut with 300

m1 of buffe】： J’ and 20 m1 of buffer H．   】二ntact phospho－

fructokinase and ■ts ca上abo1ic products were e1uted w二しth 30

m1 of buffer 工．
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  pre arative two－dimensiona1  o1 acr lamide  e1

皇幽≡…三三 一一 Two－dimensiona1 e1ectrophores■s ■n

OlFarre111s system ｛40， 41） has been a powerfu1technique to

i so1ate po1ypeptユdes from c◎mp1ex protein mixtures．

However’ it ha－s been pointed out that セhe pr◎teins’ wh■ch

are 1ess so1ub1e ■n a buffer of 1ow ion■c streng一七h， 1■kely

to remain at the top of isoe1ectric focusing ge1 ■n the

first dimension・  And phosphofructok■nase has been suqgested

to precipitate under 1ow ion■c strength by Massey and Dea1

〔42）．  工n fact’ we observed thaセ the pur■fユed

phosphofructokinase and its catab◎1ユ。 products hard1y

migrated into ■soe1ectric focusing ge1 ■n our pre1im■nary

experiments． Hence the me七hod of two－d■mensionaユ

e1ectrophoresis in 工SOTACHO／DA工．T system shou1d have been

developed．  工n this method’ polyacry二しamide ge1 isotacho－

phoresis ユs performed in the fエrst dユmensiona1 direction，

and SDS－Po1yacry1amide g－el e1ectrophores■s is in the second

dimensiona1 direction．

  Because o f iセs 1arqe capac■セy for samp1e 1oad■ng’

isotachophoresユs is suitab1e for the f■rst dimension of

two－d■mensiona1 e1ectrophoresis in preparative use．

  工sotach◎phoretic ge1 for the first dimensional separation

was prepared as fo11ows． One mi11i1■ter of 27亀｛w／v）

acry1amide was mixed with 1．5 m1 of 2宅（w／v） B工S’ 1 m1 of O．5
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M Tris／セartarate’PH 4．5’ and 3 ml of 6．5亀｛w／v） NP－40． Five

gra工ns of urea was disso1ved－in the mixed so1ution． After a

brユef deaeration in va㎝o’20ド1of1O宅（w／v）a㎜㎝ium

persu1fate and 7 ト1 of TEMED were added・  The so1ut■on was

i㎜ed■ate1y poured into2・5一㎜一i・d・x13一㎝gass tubes’and

the surfaces were ove〕＝1ayered w■セh a sma11 amoun亡 of water．

The acry1amide was po1yInerized ◎vernight at room

temperature． The overlayered water was removed before use．

  工sotachophoresis was performed as fo11ows．  Polypeptides

in the e1uate fr㎝the i㎜㎜oaff■nity co1㎜n were

precipitated with 15塁（w／v〕 trich1oroacetic acid’ and washed

3 times w■th acetone／HC1 ｛100：1）． The precipitate was dr■ed

in vacuo and d■ssoユved in 200 ト1 of sample－applicat■on

medium （8．5 M urea． 2亀（w！v） NP－40． 5塁｛v／v）

2－mercap七〇eセhano1． 0．1 M Tris）．  工nso1ub1e residue was

removed by centr■fuqation．  About 1 mg of protein in a．

100一ド1 a1■quot of the supernatant was mixed with 30 ト1 of

Ampho1ine （pH 3．5－9．5〕’ and app1ied to the g－e1．  The samp1e

so；しution was over1ayered with terminating e1ectro1yセe ｛0．5 M

6－amin◎一n－caproic acid’ 50 mM Tris〕σ and the upper e1ectrode

vesse1 was fi11ed with the same e1ectro1yte． Lower

e1ect】＝ode vesse1was f■11ed with 1eading e1ectro1yte ｛50 mM

tartaric acid’ 50 mM Tris）． 工sotachophoresis was carried

out at 1 mA for 3 h・ The ge1 was extruded from the g1ass
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tube’ and incubated with 100 ml of SDS－treatment solution

（50 mM Tris－HCユ’ pH 6．8’ 1亀｛w／v） SDS’ 2老（v／v）

2＿mercaptoethano1）． The SDS－treated ge1was stuck on 亡he

top of a qe1s1ab（150x130x1㎜〕for SDS－po1yacry1amide

ge1e1ectrophoresis in Lae㎜1ils system（37）．

E1ectrophoresis was carried out at 15 mA for 1 h and then at

30 mA for 4 h．

  After electrophoresis’ 亡he ge1 was stained overnight with

0．06暑（w／v） Coomassie Br■1！ianセB1ue G－250 in 5著｛w／v）

trich1oroacetic acid’ 3．2著｛w／v〕 su1fosa1icy1■c acid’

50老（v／v） ethano1． The exess dye was removed by rinsing with

1O亀（v／v） acetic acid’ 20宅｛v／v） ethano1． Coomass■e－stained

spots on the qe1 s1ab were ana1yzed by image processing on

our F工MC system of two－dimensiona1 densitoIneter as descr■bed

b1ow．  And the po1ypeptides in the spots were subコected to

the fo11o帆ng i㎜㎜ochemica1detection and to rad■o－

iodination．

Detect■on of intact  hos hofructokinase and its catobo1ic

£≡≡9幽』 一一 Spot areas of
Coomassie－sta■ned po1ypeptides on the qe1 s1ab were punched

◎ut． And from each of the spots’ sma11 and 1arge ge1 disks

were obtained．  Sma11 disks were thor01ユgh1y washed with

40暑（v／v）ethano1to remove Co㎜assie dye．and dried■n
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vacuo． The dried gel d■sks were swo11en in a solub■1ization

buffer （25 mM Tris’ O．192 M g1ycine’ 1亀（w／v〕 SDS〕’ and

po1ypept】一des in the qe1 were electrophoretica11y transferred

to a sheet of nitroce11u1ose membrane． The membrane was

then treated with 3著（w／v〕 1iquid qe1atin in TBS ｛20 mM

Tri s－HC1’ pH 7．5’ O．5 M NaC1〕’ and ユncubated with the

aff■nユty－Purified anti－Phosphofructokinase 工g－G in TBS．

After washing with TTBS （TBS containing－O．05者｛v／v） Tween

20）’ the membra．ne was incubated with HRPO－1■nked goat

anti－rabbit 工gG antエbody in TBS．  Peroxidase act■vity was

visua1■zed by incubat■on w工th 2 mg／m1 3’31－d■aminobenzidine’

0．06老（w！v〕 H O  in TBS．           2 2

Radioiodination and V8－di es七ion of intact

 hos hofructokinase and i亡s catab◎1■c  roducts 一一

Po1ypeptides in the 1arqe disks were rad■o■od■naセed

according to the me亡hod of E1der （43）．  Radioiod■nated

po1ypeptides were purif■ed aga■n by SDS－po1yacry1amide ge1

e1ectrophoresi s． and e1ect】＝ophoretica11y e1uted in TGS

buffer （25 mM Tris’ O．192M g1ycine’ O．1書｛w／w） SDS）． The

apparatus for e1ectrophoretic e1ution was made as fo11ows．

The bottoms of a micro test tubes ｛Sarstedt 72－699） were cut

○二E：E． and ゴ。inted to a d］一a1ysis tubings （Union Carbide Corp．

8／32）． The ends of the tubings were c1osed with p1as亡ic
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c1ips （Spectram Med． Ind．’ 工nc． 132734）．  The ge1 pieces

・㎝・・i・i・g・・di・i・di・・t6dp・1yp・p・id・・w・・。p・亡i・t。七h．

micro test tubes’ and the tubes were mounted on an apparatus

for disc e1ectrophoresis． The tube was fi11ed with TGS

buffer containing 10毛 g1ycero1’ and both e1ectrode ves se1s

were with TGS buffer．  E1ectrophoretic e1ution was performed

at100Vfor30min｛cathodicsideup）． Afterremovingthe

electro1ytes from the upper vesse1’ e1uates in the tubes

were obtained．  Radioactivities in the elua亡es were measured

with a ga㎜a co㎜ter．The e1uates were supplemented wユth

BSA（0．2mg／m1〕in accordance with the reco㎜endati㎝of

Takeda and Cone （44）’ and di1uted w■th TGS buffer containing

0．2 mg／ml BSA to ad］ust the radユ。activity to O．4 トCi／m1．

F■ve microg・rams of proteinase V8 in 1O ト1 of TGS buffe］＝was

・ddedt・100一 g1…h・fth・d・1・t・d・1・・七… D・g・・ti・・w・・

carried out at 25oC f◎r 20 h． Enzyme react■on was

terminated by heat■ng at ユ00oC for 3 min． The digest■on

products were ana1yzed by SDS－po1yacry二Lam■de qe1

e1ectrophoresis fo11owed by autoradiography．

anti－ hos hofructokinase antibod  ◎n ce11u1ose actate

membrane一一Ce11u1ose acetate strips（Titanエエエ’76x1O㎜〕
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were wetted w■th a leadユng elec七ro1yte ｛described ■n Table

エ）and1aid㎝a g1ass plate（2x80x75㎜）．The p1ate

Tab1e 工

was mounted on the coo1ing bed of apparatus A ｛F■q． 1〕．  The

anode and セhe cathode vesse！s were fi11ed wi七h the 1eading

and the termina七ing e1ectrolytes ｛Tab1e 工〕’ 】＝espective1y．

The br■dqinq pads of f■1ter paper’ wh■ch were mo■stened with

respective e1ectro1ytes’ were mounted on セhe suspension

bridges on the 1id （see Fig． 1）．  Excess e1ectro1ytes on the

strips were removed by b1otting with a ＝Ei1terpaper．  The 1id

was then 1oose1y closed to keep the bridges suspended． 工n

th■s step’ the strip of ce11u1ose aceセate did not contact

with either the anodic or the cathodic bridging pads．  A

power supP1y was connected to the p1at■num e1ectrodes’ and

200Vwasapp1ied． The1idwasthentighセ1yc1osedtomake
them in contact． The f1ow of e1ectric current was in■t■ated

by the contact． Af亡er a shorセprerun ｛for 5 m■n at 200V）’

the strips were 1oaded with 1O p1 a二しiquots of

anti－phosphofructokinase antiserum near the cathodic end．

Proteins in the app1ied specimens were concentraセed in

narrow bands at the bounda】＝y between 1eading’and terminating
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e1ectro1y亡es according－to the theory of －steady sta．te

stacking1 in isotachophoresis．

  工㎜ediate1y after attainmg the is〇七achophoret■c

concentratユ。n’ 七he cathode vesse1was rep1aced with another

one f■11ed with the passing e1ectro1yte ｛Tab1e 工〕． The

cathodic bridqinq pad wa．s a1so rep1aced with a fresh pad

mo■stened with the passing e1ectro1yte． Wユth thi s

e1ectro1yte’ l steady s七ate stackinq・was broken．

E1ectrophoretic separat■on was carried out at a constant

current ｛0．4 mA for each s亡rip） for about 45 min．  The fronセ

。f migration wa－s monitored w■セh セhe band of BPB ｛bromopheno1

b1ue）．

  工n the second－d■mensiona1 d■rect■on． isoe1ectric focus■ng

wa s ca．rr■ed out on two 1ayers of ce11u1ose acetate membrane

（Separax EF’110x60㎜）wiセh carrier－ampho1ytes lTab1e工）．

After the f■rst－d■mensiona1 e1ectrophoresis’ the cathod】一。

end of the Titan工工I strip was cut off’1eaving a60一㎜1onq

・lece・Thesl「’・wasthen・utrnthem6曲「an・

perpendicu1ar1y to the direction of e1ectric cur】＝ent for

isoe1ectric focusing （as Fig． 1）． A pad of g1ass fiber

f■1セer（GF／B’59x5㎜）moistened w■th anode e1ectro1yte

（Tab1e 工） was put on the anodic end of the pi1ed membrane’

and another pad with cathode e1ectro1yte ｛Tab1e 工） was put

on the caセhodic end．  Before the pads were put ◎n the
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membrane． excess electro1ytes on the pads were removed by

b1otting w■th a f■1terpaper to avoid irreg－u1ar spread of the

e1ectroly・ヒes over the membrane・  When the lid is c1osed’ セhe

p1atinum e1ectrodes were got in touch with the e1ectrode

pads． A constant current （2 mA per two 1ayers of membrane）

was app1ied’ and the increase in vo1tage was monitored．

When the v◎1tage reached 800 V’ the Titan 工ユエ strip was

removed and isoe1ectric focusing was cont■nued at 800 V for

add■tiona1 1．5 h．

  Stainin  of  rotein on ce11u1ose acetate membrane 一一 After

セhe second－dimensiona1 isoe1ect】＝ic focusing’ the upper 1ayer

of ce11u1ose acetate membrane was d■pped ■n 20毛（v／v）

su1fosa1icy1■c ac■d for 5min for protein f■xa亡ion． The

me皿brane was then dipPed in 0．06塁（w／v） Coomassie Bri11ian七

B1ue G－250’ 5宅（w！v） trich1oroacetic acid’ 3．2亀｛w／v）

su1fosa1■cy1■c acid’ 50毛（v／v） ethano1 for 7 mir1． Exess dye

was removed by rユnsユng with 10宅（v／v） aceセ■c acid’ 20著｛v／v）

ethano1．  The membrane was then dipped in 0．5著（w／v〕

po1yviny1 a1coho1’ 5著｛v／v） acetic acid for 5 min’ and stuck

on a g－1as s p1ate． The membrane was dried at room

temperature ove〕＝night．
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Doub1e deセecセion ◎f anti－ hos hofrucセ。kinase antibod  and

姓皇 一・ The 1ower 1ayer of
ce11u1ose acetate membrane was sandw■ched ■n between two

sheets of nitroce11u1ose membrane’ and they were kept 二しn a

mo■stened box at 4o C overnユght．  Protein spots were

transferred to nitr◎ce11u1ose membrane by the 1sandwich

b1otl method． After the b1ott■nq’ the n■troce11uユ。se

membranes were treated wi七h 3著｛w／v） 1■quid g－e1atユn ユn TBS t0

b1ock nonspecific bind■ng s■tes・ One sheet of each pair was

then incubated w■th radio■odinated Mr 2 84’000 polypept■de’

and the other sheet was incuba七ed with radioiod■nated Mr ：

68’000’ Mr ＝ 64’000’ Mr ＝ 56’000 or Mr ＝ 51’000 po1ypeptide

overnighセ． Afセer washing with TTBS’ the sheets were dried

and app1ied to autoradiography． Kodak X－Omat AR film （20．3

x 25．4 cm） was he1d between the nitroce11u1ose membrane and

an intensifying screen ｛DU PONT l1二一ightning Plus） at －70oC ：Eor

15 days．  After the use for autoradiography’ the

nitroce11u1ose membrane was wetted．again with TBS’and

incubated with HRP6－conゴugaセed anセi－rabbit一工gG antibody for

2 h at room tempera七ure  unbound antibodies were rinsed out

with TTBS’ and the 工gG pattern was visua1ized by peroxid．ase

reacti◎n with 3’31－diaminobenz］・d■ne and H202・
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  幽≡三X ■・ ｛■） 工mage aCqu■S■tiOn．

Three types of optical readers have been availab1e for us セ。

acqu■re two－dimens■ona1 paセterns． A drum scanner is

suitab1e for transparent f■1㎜s such as autorad■ograms’ but

not applicab1e セ。 opaque materia1s such as ce11u1ose acetate

membrane・  Scanning－m■croscope photo皿eters （45，46） Prov■de

the most accurate image acq1ユisition as yet， but they are

sセi l1 t■皿e－consuming． Televis：L0n （TV〕 cameras have been

proposed as the most rapユd optica1 reader for

two－dimensiona1 densitometry’ and a few qroups （47’ 48） have

a1ready ■ntroduced TV cameras into their methods． However’

conventiona1 TV cameras w■セh image tubes sti11 have some

prob1ems． The virtua1 signa1－to－noise ratios ｛S！N） of

V■d■con and P1umbicon tubes are around 46 dB （200：1〕。 and

that of 工mage Orthicon tube is around 35 d－B ｛60：1〕． Under

these 1ow S／Ns． 8－b■’ヒ d■gユt■zation of the v■deo s■gnals is

meanユnq1es s・  工n practice’ 8－bi亡 dig■t■zation into 256 gray

1eve1s is required to eva1uate 0，01 0．D． in the fu11 range．

of 0－2 0．D． The ・b1ooming1’ 1burning■’ gain and offset

prob1ems of these tube cameras interfere wiセh re1iabi1ity in

quantitative ana1ys■s of 亡wo－dimensionaユ e1ectrophoreセ。－

grams． Especia11y the burninq causes gross mod■fication of

optica1 data． These prob1ems have not been so1ved in any

other type of image tube． Recent1y’ a so1■d－state TV camera
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with a CCD ユ㎜age sensor has been ava■1able， which may offer

a w■der dynam■c range than tube cameras．  The CCD－TV camera

shows no burning’ 1e ss b1ooming and a high S／N ｛50 dB’

300：1〕 matchユng to 8・bit digitizat■on． Hence．we ユntroduced

the CCD－TV camera into our F工MC system of two－dimensional

densitometer （17〕．

  （ii） B1ank subtraction．  工t ■s pract■ca11y impos sib le to

rea1iz e a comp1ete1y even i11um■na亡■on ■n the camera1s fie ld

of view． And the nonuniformity in i！luminatユ。n wou1d cause

pos■tion dependency of oPt■ca1 measurement in the camera l s

f■e1d of view． We overcame the prob1em w■th a method of

lb1ank subtraction1． Theoret■ca1 bas■s of the method is as

          S      B ．  ．        ．    1 ．
f・11・w・：IO・・d工0ユ・F・g・3・・… t・…t・… fth・1・ght

Fig．3

source for a samp1e and a b1ank me㎡brane’ respect■ve1y．

        、    S           B       ．    ．   ．
工・t・…t… 工1｛至・X工・・dI1（至・X）・・11・m…tmg・㎜it

area of each membrane at posit■on （至’X〕’ are given by Eqs・

［1］ and 〔2］．

  S               S
工1｛至・Xトk1（至・Xゾエ0 ［1】

  B               B
工1（圭・X）≡k1〔至・Xジエ0

｛ 35 ）



              S

＝k1（至・XジkO’工O

      S
＝kO．工1｛差・X） ［2］

                    ’B  S    ．
  H・… kOm・… th・工0／工0・・t・・… dk1（至・エ）・・th・

efficiency of the 1■qhting system at p◎sition （至’X）．

  S          B
OD （至’X〕 and OD ’ which are opt■ca1 dens■t■es at position

｛至’X〕 on the samp1e and the b1ank membrane respectively’

are defined by Eqs．［3］ and ［4］．

                 S

  S    工2（至・エ）
OD（至・X）昌一1・g S
                工1凶X）

  B

OD ＝一1◎9

 B
工2｛至・X）

 B
工1〔至・X〕

［3］

［4】

         S           B         ．    ． ．          ．
  H・… 工2｛至・X）… d工2（至・X）・・… t・…t・… fth・1・ght

scattered from the samp1e and the b1ank me㎡branes at
   ． ．           B ．
pos■t■on ｛圭’X〕． OD  ■s ■ndependent from至and X’ provided

that the b1ank membrane is opt■ca11y uniform． Each part of

the scattered 1ight is ga七hered with the 1ens system． and

focused on the surface ◎f the CCD image sensor at each

                              ．           ．    S
・・・…p㎝di・gPi・・1p・mt・Th・1・ghti・t…it… 工31茎・X〕
     B
・・d工3（至・X〕㎝th・・…。・… d・fi・・dbyEq・・［5】・・d同・
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  S           S          S
工3｛至・X）＝（1■k2）’k3（至・Xゾエ2｛至・X） ［5］

 B           B
工3｛至・X〕＝（1■k2ジk3（至・X） 〔6】

         S      B
  H・… k2・・dk2・・・…tt・・i・g…ffi・i・・t・・fth・

sample and the b1ank’ respectively．  The 1ight scattering

m・・tb・・v・・㎝h・m・g・・・… m・mb・… with・・・…k・k3｛至・X）

refers to the beam＿gathering efficiency of the 1ens system’

and it is same for both the samp1e and the b1ank．

  E1ectric sig’na1s on the CCD image sensor corresponding セ。
                     S          B

th・1ightmt…iti・・工3（至・X工・・d工3（玉・エ〕・… ㎝…t・dt・
 ．         S          B
P■xe1 da．ヒa PD （主。i， and PD （工’ユ） through the video amp1ifier

（AMP）’ the ana1og－to－digi七a1 converter ｛A／D） and the

1ogarithmic trans former ｛LOG〕．  Then the p■xe1 data are

resistered in the disp1ay memory （DM）．   I工he 七rapped data

corresp◎nding－to the sample and the b1ank membranes are

given by Eqs．［7］ and ［8］．

・・S（工1ユ）一・。．…（・。’・。S1軸） ［7］

 B                 B
PD〔主・ユ）＝k4’1・g〔k5’I3｛至・州 〔8］

  Here’ ｛主’j．〕 means an address of the matrix array on the

CCD image sensor’which cap亡ures photons from the corre一

・p㎝di・gP・・iti㎝㎝th・m・mb・・… Th・・…t・・tk4i・th・
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mu1tip1yinq strength for fユ七ting the pixe1 data to 8－b■t

bi…yint・g・・・… dk5・・f… t・セh・g・i・・f㎜P・

 Subtraction of Eq．［8］ from ［7］ gives：

                       S

 S．  B．1   工3｛至・X）
PD（三・iトpD（土・ユ）≡k4’1・g B        ［91
                      工3（至・X〕

工nserting Eqs．工2］一［6］ into 〔9］’ we obtain：

                        S      B

 S  B、    工3｛至・Xジエ1｛至・X）
PD（工・i〕一PD（土・ユトk4’1・g B   S
                      工3｛至・yザk0’I1｛至・X〕

          S           B              S
   ． 工2（至・X〕  工2（至・X）   1－k2
＝k4（1・g S  －1・g B  ＋1・g B ）
        工1（至・X）  工1（至・X）  ｛1ik2ジkO
                              S
                           1－k       S          B         2

＝一k4’OD（至・X）十k4’｛OD＋1・q B ）    ［101
                         （1－k ）．k                            2   0

 The net OD of the sampユe is u1timate1y described in 七he

form shown b1ow：

          S        B
ODN凶X）＝OD｛至・X〕一〇D

      S      B               S
    PD（主・ユ〕■PD（二・ユ〕   1－k2
≡一 @         十1og一            ［11］                           B
         k4     ｛1－k2ジkO

 Thi・・qu・ti・・m・… th・tODN（至・X）i・・bt・i・・df・・m

 S   ．   B
PD ｛主’ユ〕一PD （エ’ユ）  by a 1ユnear function． Unevenness of

i11umination in the caInera l s fie1d of view may not affect
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th・ODN｛至・X）・・… ifit・ff・・t・th・S／N・fth・・p七ユ・・ユ

data・  And when the scatterinq propert■es of the sample and
                                  S    B
the b1ank me㎡branes are the same （k   ＝ k  ） and the                                 2    2

intensities of the 1ight source are rヒhe same for the samp1e

and for the b1ank （k  ＝ 1〕’ we obtain：                   0

  S       B
PD （主’ユ〕一PD （j：’ユ）

ODN｛至・Xト・
k 4

〔12］

  The actua1 procedure to rea1■ze the dens■tometry according

to the above equations is as fo11ows．  First’ a sheet of

unstained membrane is put on the camera stage’ and the

lb1ank ■mageI is acquired w］一th a CCD image sensor． Pixe1
      B
data PD （主。ユ） on the b1ank ■mage are transferred 1Erom the

camera 1ユnit to DM throug－h AMP’ A／D and 工。OG．  Here’ DM is a

paqe of d■splay memory comprising 512 x 256 pixe1s ■n matrix

array’ and the imaqe in ■七 is d■sp1ayed on a ca七hode－ray

tube ｛CRT） in 256 steps of gray 1eve1s． The b1ank ■mage

data are he1d on pag－e 1 and 3 of frame memory 〔FMO and FM3〕．

Then， a samp1e image is acquired’ and the pixe1 data
  S
PD （主’ユ〕 are he1d on DM and FM1・  Pixe1 data on FMO are

subtracted from those on DM’ and the remainders are stored

in FMO and FM2 as b1ank subtracted data．

  ｛iii） Loca1 background subtracti◎n．  The still remained

background，which modユf■es optica1 density ◎f protein spot、
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wo1ユ1d be given by the sum of the following’three maj or
                       S      B

・1・me・ts；t・㎜1o州1・k2〕／（1－k2）k0）・fEq・［111・

over1appinq of the pr◎亡ein spot with ・ヒrails of the

neighboring peaks’ remaining of the dye on the membrane used

for protein stain■ng．  The 1atter two e1ements are inc1uded

i・ODN｛至・X）・工・th・p・・q・・m・th・・v…11b・・kg・…di・

             ．                                S
simp1y deセermユned as the 1ocal 1owest 1evel of 一‘PD （主’ユ）

   B ． ．            ．
一PD （土’ユ〕） within a w■ndow ｛58 x80 pixe1s） as fo11ows． The

frame of window appears on the video－monitor CRT’ and an

operator is a11owed to move it to designate a sユte for the

1oca1 area．  Pixe1 data in the window is subj ected to

smooセhing－for noise red．uc亡ion’ and the 1owest leve1 of

    S       B       ．
一｛PD ｛主’ユ）一PD （主’ユ）〕  ■s determined．  The gray 1eve1is

subtracted from pixe1 data in the window．

  ｛iv〕  工ntegration of p■xe1 data． The 1oca1 view in the

window is’ then’ extended three times in dimension’ and

d■sp1ayed．on the 1eft ha1f of the v■deo－monitor CRT．  Iセs

perspect■ve v■ew is exhibited on the right ha1f． if

requユred．  An operator is a11owed to draw a circle on the

expanded 1oca1 image using a digit■zer．  The pixe1 data in

th・・i・・1・・・・・…11・df・㎝㎜0…d・・㎜・d・pt・g・tk4

0DN（至・X〕・

  （v工 Integrated◎pticaユdensity sセandard． Thus obtained

sum is ゴust a re1ative va1ue ◎f inセegrated optica1 dens■ty
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（工OD〕・・・… th・p…1d・t・… m・1t・p1ユ・dbyk4t・b・

converted into 8－bit－b■nary ■nteqers’ and the sca1e of the

1ength is arbitray ■n the camera1s f■e1d of view． Hence the

obtaユned va1ue shou1d be ca1■brated with an ■nterna1

                   ．     2               2
standard’ofwhユ。hs■ze（㎜）and工OD（O．D．㎜）are

previous1y determined using Joyce 工・oeb1 M■crodens■tometer 6・

  幽 一一 Both ASSEMBLY 1anguag－e and
BAS工C1anquage were utilized in our progra㎜ユng for the

fo11ow■ng reasons．  BAS工C has been the most popu1ar

progra㎜ing1anguage for m■croc㎝puセer users’and there have

been many potentユal progra㎜ers even in our medicaユ

■nstitute．  Programs in BAS工C 1anguage are easy to revユse．

However’ execution of a 1arg’e program written in BASIC

1anguage is qu■te s1ow．  Subroutine programs written in

ASSEMBLY 1anguage i㎜prove the execution speed．  Hence’ we

prepared a packag－e of subroutine modu1es ｛FIMC） in ASSEMBLY

1anguage’ and then wrote the ut■1ity program ｛2DD） for

two－dimensiona1 densitometry in BAS工C 1anquage on the

subroutines．F工MC consis七s of four modu1es’a co㎜㎝modu1e

and three over1ay modu1es．The c◎㎜㎝modu1e is

incorp◎rated ■n the main frame of BAS工C interpreter’ and

1◎aded ◎n the random access memory ｛RAM） of SORD M223

throughout the processing．  The over1ay modules are held on
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the floppy dユsk．  Each ◎f the over1ay Inodules is fe七。hed

from the disk and appended to the ma】一n frame of BAS工C

interpreter’when a subrou七ine in the module ■s reca11ed in

the BAS工C proqram．
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RESULTS

  旦些山一一There・u1tsof
purificati㎝are su㎜e平ized in Tab1e工工・More than gO毫。f

Tab1e ユエ

phosphofructokinase activity in p■q 1■ver homogenaセe was

extracted in the supernatanセ fraction． And 92毛 of

phosphofructokinase acセivity in the extract was prec■p■tated

with45号saturati㎝of a㎜oni㎜su1fate．The precipi亡ate

was disso1ved in buffer B’ and dia1yz ed against the same

buffer f◎r the fo11owing heat treatment． Major contaminants

were prec■pita－ted by the incubation at 60o C for 1 mユn．

Phosph◎fructokinase activity was mainセained in the

treatment． The activity recovered in the supernatant was

adsorbed on phosphoce11u1ose．  Phosphofructokinase activity

was e1uted with the buffer o：E hiqh ATP concentration （Fig．

4）．

Fig．4
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  Phosphofructokinase in the eluate was then adsorbed on

DEAE－Sephace1・ The ㎜a］or activity was e二しuted in a ma■n peak

at O．3 M Tr■s／Phosphaセe in the buffer－9radient （F■g． 5）．

Fig．5

The peak fractions were dユa1yzed aga■nst buffer E． and

adsorbed on Affi・Ge1 B1ue．  FroIn the dye・aff■nity co1umn’

セhe activity was e1uted with 3 mM ATP and 1 mM AMP ■n buffer

E （F■q． 6）．  Phosphofruc七〇kinase in the eluates was セrapPed

Fig．6

on a sma11 bed of DEAE－Sephace1 for concentration．

  The enzyme was fina11y purifユed by ge1 permeat■or1

chromatog－raphy．  Phosphofructokinase acセivity e1uted ユn a

sy㎜etric peak just behind the void fracti㎝s was poo1ed

｛Fユq． 7）．  P1ユrities of the enzyme preparations were examined

Fig．7

by SDS－po1yacry1amide geユ e1ectrophores■s fo11owed by si1ver

staining．  The fina1 preparation after the ge1 permeatユ。n
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chromatoqraphy comprised Mr ＝ 80，000 po1ypept■de on1y （Fig一．

8工．  The apParen七 molecular weight ｛Mr ≡ 1’300’000〕

Fig．8

determined by the ge1 permeation chromatography corresponds

to hexadecamer of Mr昌 80’000． The high1y purif■ed

phosphofructokinase ｛speci f■c act■v■ty ＝ 160 units／mg） was

used as an antigen for ind1ユ。tion of antibody on a rabb■t’ as

an antigen for titration of the ant■body by ELISA’ and as a

1iqand for preparation ◎f an ■mmunoaffinity co1umn．

工nduction of anti－ hos hofructokinase antibod  ・一 A male

rabbit of2．85－kg body weユght was i㎜㎜ized wi七h tota10．65

mg of phosphofructok■nase as described in Methods．  Seven

days after the second boosting． titer of the anti－serum rose

to 5’500 ■n El［．工SA （F■g． 9）．  The rabbit was b1ed 10 m1 a

Fig－9

day’ and tota1 200 m1 of anti－serum was obtained．

工㎜㎜oreactivity of the anti－serum was examined by a

so1id－phase■㎜㎜oadsorpti㎝test usinq Prote■n A－c㎝］ugaセed

partic1es． And the antibody in the serum was observed to
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have the b■nding－act■vity to 1■ver－type isozyme， bu七 not to

musc1e－type isozyme．

purification of the antibod  and  re aration of an

ant■一 hos hofrucセ。kinase 工 G－con u ated Affi－Ge1 10 co1umn

一一@Anti－phosphofruc．ヒ。kinase antibody was pur■fユed by

chromatoqraphy on a Protein A－Sepharose CL－4B co1umn and on

a phosphofructokinase－conゴugated Affi－Ge1 10 co1umn． The

spec■fic titer rose 6 fo1d by Protein A－af：Ein■ty

chromatography’ and 150 fo1d by ant■gen－aff■n■ty

chromatography （七〇ta1 900－fo1d pur■fication）． Abou七 170 皿q

of 工qG was e1uted in buffer 工 from Prote■n A－Sepharose

C1［1－4B・  The 工gG fracti◎n was then filtered throuqh a

Sephadex G－25c◎1um equilibrated with50汕HEPES－NaOH’pH

7．5’ to rep1ace g1ycine buffer． Abou亡 150 mg of 工gG was

cova1ent1y f■xed on 8－m1 bed of Affi－Ge1 1O a亡 4oC．

Rema■ning s i七es for con］ug－at■on on Aff■一Ge1 1O were b1ocked

by ．incubaセion with 1 M ethano1amine－HC1’ pH 7．8．  Binding・

capacity of the 工g・G con］ug・ated with Affi－Ge1 10 was

determined as fo11ows． Various vo1umes of pig 1iver extract

from 10塁（w／v〕 homogena七e were incubated with 0．1－m1 aliquots

of the 工gG－conjugated geユ． After 1O－min incubation’the ge1

was spun down and phosphofructokinase activity in the
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supernatant was assayed・  One－mユ11■1■セer bed of ・ヒhe geユ

precipitated 7 units o二E phosphofructokinase．

I㎜㎜oaffinit chr㎝ato ra h of in七act

hos hofructokinase and its catabolic  roducts on the

anti・ hos hofructokinase 工 G－con．u aセed Aff■一Ge1 10 co1umn

・一@Catabo1■c inセermed■a七e s were ex七racted from l O O g of

fresh p■q 1■ver iη a．buffer containing Prote■nase inh■bitors

as descr■bed in Methods．  Cross－react■ve po1ypep亡ides ■n the

exセract were adsorbed on the i㎜㎜oaff■n■セy co1㎜n（8－m1bed

of anti－phosphofructokinase 工gG－conjuga－ted Affi＾Ge1 1O）．

Nonspecific prote■ns adsorbed on the gel were extensive1y

washed ouセwith buffer J and buffer H． About 2mg of

protein ユnc1ud■nq intermed■ate catabo1ic producセs of

phosphofructokinase were e1uted ユn buffer 工 ｛Fig一． ユ0）．

Fig．10

Purifica亡ion of intact  hos hofructokinase and its

catabo二しic  roducts b  re ara七ive two－d．imensiona1

山一一The i㎜㎜oaffinity－purified po1ypepセides
were further separated by a preparative two－dユmens■ona1

po1yacry1am■de ge二L electrophoresisク and stained with
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Coomass■e Bri11iant B1ue G－250 （Fig． 11，． Distribution of

Fig一．11

po1ypeptides was ana1yz ed by セwo－d■mensiona1 densitometry

using－our TV－camera－equipped system． The b■narized image

（Fig・・ 12〕 showed 1O is1e s of polypept二Lde s numbered 1 to 1O．

Fig．12

工sユe 1with a sma1］一tai1 seemed to contain two componen’ヒs．

工s1e g  seemed to consist on1y of a sing1e component．

However’ the contour 1■nes ｛■so－density 1■nes） made ユt c1ear

that is1e g consisted of 3 componen亡s （Fig． 13）．  Relative

Fiq．13

am01ユnts of these components were a1so deter㎜ined by the

two－dimensiona1 densitometer．  The resu1ts are shown in

Tabユe 工ユエ．

Tab1e エエエ

Peak areas of these components ｛i．e． po1ypepセides）’which
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were circ1ed with the mosセ ■nner 1ines of ■so－dens■七y’ was

punched out from the ge1 s1ab    And sma11 and 1arge d二Lsks

were obta■ned fro皿each peak area．  Cross－react■vity of

po1ypeptides to phosphofructok◎nase were assessed by an

enzyme－1inked i㎜㎜oeユectrotransfer b1ot（Wesセem blot）

method．  Po1ypeptide of Mr 昌 84’000’ which was an intact

form of phosphofructokinase in pig 1］一ver’was most intense1y

demonstrated on the b1ot・  Polypeptユdes of Mr ＝ 68，000’ Mr ＝

64’000’ Mr ＝ 56’000 and Mr ≡ 51’000 were a1so noticeab1y

demonstraセed by the■㎜unochemica1staininq lFig．14）．

Fig．14

Those po1ypeptides ■n the qe1 pieces were subコected to

radioiod■nat■on accord■ng to the method of Elder （43）．  And

           ．    125                     ．
about 50 PC■ of ［  工］iodide was inco〕＝Porated ■nto 1一ドq each

of po1ypepセ■des   The rad■o■odinated po1ypeptides were

purified again by SDS－po1yacry1amide ge1 e1ectrophoresis

（Fig． 15）’ and e1uted e1ectrophoretica11y from the ge1

Fiq．15

s1ices at the radioactive peaks．
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Two－di爬nsi㎝aユe1ectro horesis and rad■oi㎜unodetection

of an七i－ hos hofructok■nase antibod  on ce11ulose acetate

membrane 一一 Subspecies of 工gG in the an亡■一Phosphofructo－

kinase anti－serum were separated by two－d■mensionaユ

e1ectrophoresis on two 1ayers of ce1二Lulose aceta七e membrane

under a native （dena．turant－free） condit■on．  Protein

patterns were vis1ユa1■zed by Coomass■e stain■ng on the

orig■na1 ce11u1ose ace七ate membrane ｛工．A’ I工一A’ I工I－A and

工V－A in Fig． 16）． Distributions of 工gG were demonstrated by

Fig．16

HRPO－1inked i㎜㎜ostaining㎝nitroce11ulose membrane after

■sandwich－ b1otting （工一B’ エエーB’ エエエーB and 工V－B in Fiq． 16）．

Spots o＝E specifユ。 antibod■es were detected by

autorad■ography on nitroce11ulose membrane after incubation

wi亡h rad■o■od■na七ed antigens ｛工一C’ 工工一C’ 工I工一C and 工V－C in

Fig’． 16）．  The autoradiog－rams indica七e thaセ 亡he anセiserum

conta■ns a．t 1east 6 species of ant■一phosphofructokinase

antibody ｛p工 5・3’ p工 5・7’ p工 6・0’ p工 6・3’ p工 6・6 and p工

7．3）． A11 six show the bindinq activity to Mr ； 68’000

po1ypeptide’ five （p工 5．3’ p工 5．7’ pI 6．O’ p］＝6．3 and p＝［

6．6） to Mr ； 64’000 and Mr ＝ 56’O OO po1ypeptides’ and four

（p工 5．3’ p工 5．7’ p工 6．0 and p工 6．3〕 to Mr＝ 51’000
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po1ypept■de．  The results ind■ca亡e that セhe cand■date

po1ypeptides for intermediate catabo1ic products of

phosphofrucセ。kinase shares the co㎜㎝ant■genic detemユnants

（epitopes）・

E1ectro horetic  rofi1es of  roteinase－V8 di ests of

radioiodinated  hos hofructokinase and its catabo1ic

p幽王 一一 The rad一■o■odinated phosphofructokinase and its

catabo1ic pr◎ducts were digested with proteinase V8． And

the d■gests were separated by SDS－Po1yacry二しam■de ge1

electrophoresis’ and detected by a－utoradiography．  The

autoradiograms showed tha七七hese p◎1ypept■des yie1ded co㎜on

sizes ◎f V8－digests ｛Fig． 17〕． The resu1ts support our

Fig．17

conc1ution that these cross－reacセive po1ypept■des ｛Mr ＝

68’000’ M平 ＝ 64’000’ Mr ＝ 56’000 and－Mr ＝ 51’000） are a！1

catabo1ic product s of phosphofructok inase of Mr ＝ 84’000．

Assessment of the  ossibi1it  of un h siolo ■ca1

de radation of  hos hofructokinase in  re aration 一一 Fresh

pig－1ivers were homogenized with buffer ■J containing

rad■◎i◎dinated phosphofructokinase （Mr ＝ 84，000） or with
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rad■oiodinated catabo1■c products ｛Mr ＝ 68’000’ Mr ＝64’O00）．

Centr■fugati㎝and■㎜㎜oaffinity chr㎝aセ。graphy were

carried out as described above・  The po1ypep・ヒ■des recovered

after the i㎜㎜oaff■nユty chromatography were separated by

SDS－Po1yacry1amide ge1 e1ecセrophores■s． Bands of

rad■oactive po1ypept■des were deセected by autorad■ography （B

■n Fiq． 18）．   Degradation of the rad■o■odユnated

Fig一一18

phosphofruct◎kinase ■n preparat■on was n〇七 〇bserved on the

autoradioqram．  Thus the possibi1ity of artifacts in

preparation was ruled out．

｛ 52 ）



D工SCUSS工ON

  In 1970’ Gershon and Gershon （49） reported 亡he

accumu1ation of inactive isocユtrate 1yase in aged nematodes

■n their experiments as fo11ows． They purifユed the enzyme

from young nematodes’ and prepared a specif■c ant■body

against the puri fied enzyme．  工soc iセra亡e 1yase actユv■ty ■n

the homogenates of young and aged nematodes were t■セrated

wiセh the anセibody． And 七hey observed that more ant■body was

required to precipitate a un■t of the enzyme from aqed

nematodes than that from young controls． They conc1uded

that cross－reacive materia1s without enzyme activity

accumu1aセed in the aged nematodes． After the report’

severa！ groups followed their study． and Reznick e亡 a！． ｛50）

observed 50毛 decrease in speci fic activity of a1do1ase in

31－months－o1d mouse 1iver’ Reis and Gershon （51〕 ob served

60号 decrease in that of superoxide dismutase in

27－monセhs－o1d rat liver’ Gafnユ （52） observed 37毛 decrease in

that of g1yceraldehyde－3－phosphate dehydrogenase in

28－months－o1d rat musc1e’ and Sharma et a1． （53〕 observed

50毛 decrease in that of eno1ase in 26－days－old nematodes．

A1though the cause of the enzyme defects has not been

c二しeared’ intrace11ular proteinases have been suggested to be

responsib1e for the inactivation process ◎f the enzymes．
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  Enzyme a1tera亡ions other than the defects in spec■fユ。

ac］一vity have been a1so observed一■n ag－ed anima1s． Ho1ユエday

and Tarrant （54〕 have found that the heaセー1abi1e

g1ucose－6－phosphate dehydrogenase appears in cultured human

＝Eibrob1asts at 七he 1ate pas sages in popu1ation doub1ing．

And thay have specu1ated thaセ the heat 1ab■1ity of the

enzyme is the resu1t of post－trans1at■onal a1terations．  The

appearence of such heat・1abi1e enzyme in aqed animals has

been reported by severa1 other groups， g1ucose－6－phosphatase

in rat 1■ver by Grinna and Barber ｛55）、 glucose－6－phosphate

dehydrogenase in mouse 1iver by Schofie1d and Hadfie1d ｛56）’

and DNA po1ymerase in rat 1iver by Taguchi and Ohashi （57）．

1…lowever’ it has sti1ユ been in doubセ that the instabi1ity is

due to the enzyme mo1ecu1es themse1ves’ since they were

examined in crude extracts．  Hence intrace1］一u1ar proteinase

cou1d be responsib1e for the appearence of heat－1abi1e

enzymes in tissues of aged anima1s．

  S ince Schimk号 ｛58ジーreported that the change in arginase

activity in rat 1iver under a dietary restrictユ。n was due to

the change in degradation rate’ the phys■o1ogica1 ■mpor七ance

of enzyme catabo1ism have been discussed by many groups．

The mosセ advanced studies have been accomp1ished on

prosthetic group・requiring－enzyme s．  Kominami et． a1． （59〕

have reported that the formation of apoenzyme of ornithine
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am■notransferase is a rate－1imit■ng step ■n the degradation

pathway of the enzyme． エnactive apoenzyme ■s more

susceptible than the ho1oenzyme to B6 group－spec■fic

proteinase．  And they have specu1ated that the partia11y

c1eaved apoenzyme is further digested in 1ysosomes with most

of nonspecif■c proteinases．  However’ catabo1ic pathways of

other a11osteric enzymes under hormona1 regu1ation are sti11

unc1ear．

  Phosphofructokinase is one of the raセe－1iIniting enzyme s on

g1yco1ytic pathway in ma㎜a1ian hepatocytes．The enzyme is

under the hormona1 and dietary regu1ation through

concentrations of many aユ1osteric modu1ators．  工n addi七ion

to the a11osteric regu1at■on’ phosphofructokinase act■vity

is known to be requ1ated in the ba1ance ◎f synthesis and

degradation of the enzyme．   Dunaway et  a1． （31－34〕 have

reported that the reduc亡ion in phosphofructokinase ■n fasセed

and dユabetic 1iver is the resu1t of an increased degradation

rate with 1itt1e change in synthetic rate．   工n this paper’

we have reporセed the purification and idenセ■f■cation of the

interInediate catabo1］一。 products in セhe二旦vivo degradation

of p■g 1iver phosphofructokinase in order to estab1■sh the

basis for assigning the phosph◎fructokinase－c1eaving

proteinases． エntermediate catabo1ic products were extracted

from norma1 pig 1ivers under the inhibition of pr◎teinases’
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and they were chromatographed on an anti－phosphofructok■nase

工gG－c㎝コugated Affi－Ge1ユ0co1u㎜．The■㎜unoaffinity－Puri－

f■ed po1ypept■des were further pur■fied by two－dimens■onal

e1ectroph◎resis in 工SOTACHO／DALT system． Cross－reactユv■ties

of the po1ypeptides isoユated on the ge1 s1ab were assessed

by an i㎜㎜oe1ectrotransfer b1ot method．The cross－reactive

po1ypeptides were radioiodinated by the ch1oramine・T method’

and digested w■th proteinase V8． The dユgestユ。n pr◎fi！es

were ana1yzed by SDS－po1yacrylam：Lde ge1 e1ectrophores■s

fo11owed by autoradiography’and the co㎜on－sized pep亡■des

were demonstrated on the autorad■ogram． Hence we conc1uded

that the cross－reactive p◎1ypeptides purified by i㎜㎜o－

a＝Ef■n■ty chromatoqraphy and by two・dimensiona1 eユectro－

phoresユs are the intant phosphofructokinase and its

catabo1■c products．  The pos sibi1■ty of artifacts ■n

preparation was ru1ed out by an interna1 tracer method．

Radioiodinated phosphofructokinase ｛Mr 昌 84’000） accompanied

the in vivo catabo1ユ。 products in the whole procedures of

preparati㎝．After i㎜㎜oaffinity－purificati㎝’recovered

po1ypeptides were separated by SDS－po1yacry1amide gel

e1ectrophores二Ls’ and radioactive ba．nds were demonstrated by

autoradiography．  On1y Mr ； 84’000 band was detected even on

the extensive1y exposed X－ray fi1ms． On the resu1ts’ it has

been c◎nc1uded that phosphofruct◎kinase in pig 1iver is
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degraded through the intermediate catabolic products of Mr ＝

68’000’ Mr ＝ 64’000’ Mr ＝ 56’000 and Mr 昌 51ρ000

phys■o1ogica11y．

  Thus we have estab1ished the way to ass■gn phosphofructo－

kinase－degrading－proteinases in pig 1iver．  Physio1ogica1

proteinases which degrade phosphofruc1二〇kinase 二旦 v■vo sholユ1d

digest radioiodinated phosphofructok■nase ｛Mr ＝ 84’000） in

vitro． The in vivo diges七ion products of radユ。■od■nated

phosphofructokinase cou1d－be ident■fied by two－d■mensional

e1ecセrophoresis w■th the use of the rad■oユ。d■nated in v■vo

catabolic products as markers．
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ABBREVIAT工ONS

  Abbreviations used are： PFK， phosphofructok■nase， BSA’

bovine serum a1bumin， ST工’ soybean tryps in inhibiセ。r， 工gG，

i㎜㎜og1obuユin G，工R工’i㎜㎜oreactive■nsu1in，工RG．

i㎜unoreactユve q1ucag㎝，Trユs，tris－lhydroxymethy1〕一a㎜ino－

methane， HEPES’ N－2－hydr◎xyethy1p■peraz ine－N1－2－ethane－

sulfonic acid， ATP’ adenosine triphosphate， AMP’ adenosine

monophosphate． NADH’ n〕一。otinam■de－aden■ne dinuc！eotide

reduced form， Tween 20’po1yoxyethy1ene sorb■tan mono1au－

rate7 PBS’ phosphate－buffered sa1ine， TPBS’ Tween 20－supp1e－

mented phosphate－buffered sa1ine， TBS’ Tris－buffered saline，

TTBS’ Tween 20－supp1emented Tris－buffered sa1ine， BIS’

N，N，一methy1enebisacry1amide， SDS’ sodium dodecy1 sulfate3

TEMED’ N’NσN I’N l－tetramethy1ethy1ene diamine， PMSF’

pheny1methy1su1fony1 fluoride， HRPO’ horseradish perox■dase，

EL工SA’ enzyme－1■nked immunosorbent assay， OGTT’ ora1 q1ucose

to1erance test， Mr’ re1atエve ㎜o1ecu1ar weight， p工’

isoe1ectric point， PAGE’ po1yacry1amide ge1 e1ectrophoresis3

CAE’ ce11u1ose acetate eユectrophoresis， CE’ concentrating

e1ectr◎phoresis7 工EF’ isoe1ectric focusing， CA’ ce11u1ose

acetate， NC’ nitr◎ce11u1ose， AR’ au七〇radioqram， OD’ opt■ca1

density7 0．D．’unit of optica1der1sity， 工OD． integrated

optica1 density， F工MC’ frame－imag－e－memory contro11er， CCD’
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charge－coup1ed device， CpU’

random acces s memory．

centra1 processing unit， RAM。
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               Tab1e 工

肌θ・切・Z抑εSア〃施・4｛胴mε｛・舳τ

  ・Ze・切・砂0〃ε加m・・ZZ”・・ε

       αoe加古emm加αne

Firs1二dirnension

  Leading electrolyte

  Terminating

    eleCtrOlyte

  Passing eIectro－yte

Second dimension

  Carrie卜ampho1yte

An◎de electroIyte

Cathode electrolvte

62mM Tris－Hα，PH6，7
50mM arginine－
 Ba（OH）2，pH ll．7

100mM Tris－H3P04，PH
 7．5

5％（w／v）Ampholine（pH
  3．5－lO）／lO％（w／v）

  SuCrOSe

1％（v／v）H3P04！30％（w／

  V）SuCrOSe

1％（・／・）Ethylenediamine

｛66 ）



Tab1e 工I

Step

P〃け加α〃。noアP勿 Z加〃帥08帥0∫用0右0㍑れσSe

      a       b       c
Vo1ume   Activiセy   Prote in Specific Activity  Purification Yie1d

⑦

H

Crude extract

Ammonium su1fate
  fractionation

Heat treatmenセ

Phosphoceユ1u1ose

DEAE－Sephace1
Affi－Ge1 B1ue

Ce11u1ofine

mz

3．000

2．750

2．150

1．050

  115

1．000
   10

〃ητ亡8

3．700

3．400

3．500

2．900

1．900
  670

  207

   刎9

360．000

170．000

36．000
    920

     92

      7

      1．3

州れ8／胴g

    0．01           1

0．02           2

0．10           10

  3．2

21

96

160

   320

2．100

9．600

16．000

100

92

95

78

52

18

5．6

  a
   With 2 kg of piq 1iver as starting materia1．
  b                                                 ．          ．
   Activity was measured by a rate assay coup1ed with a1do1ase’ セr■osephosphate ユsomerase

and g1ycerophosphate dehydroqenase． A unit of PFK is defined as the amount of the enzyme

that cata1yzes the formation of 1 μmo1 of fructose 1，6－bisphospha七e per min at 25oC．
  C
   Proセein was determined by the method of Lowry e七 a1（35）modified by Bensadoun and

Weinstein（36） with crysta11ine BSA as a protein standard．



Tab1e I II

5名2e， ∫00 αn∂ γeZα右4リe ∫00 ∂e吉erm尤ηe∂ わμ

切。一∂伽mε乞mαZ∂m8乞亡。m古〃。f肛MOs炉古m

is1e／Peak
    2．          2s二ize（皿n ） IOD｛qD．皿m ） reユative IOD

1－a

1－b

2

3

4

5

6

7

8－a

8－b

8－c

9

10

26．8

ユ．9

2．1

2．5

5．5

5．1

2．9

3．6

ユ4．7

ユ2．9

8．3

8．2

5．3

ユO．35

0，05

0，05

0，05

0，45

0，21

0，18

0，08

6，24

4，53

1，45

0，30

0．26

100

 0．5

 0，5

 0．5

 4．3

 2．0

 1．7

 0，8

60，3

43，8

14．0

 2．9

 2．5
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   F■g． 1． Dユag’ram of セhe apparatus for two－dimens■onal

ce11u1ose ace亡ate membrane electrophores■s． ApParatus A，

equipped with suspensユ。n bridg・es， is des■gned to make a

disconセinuous elec’ヒro1ytes system on four strips of

ce11u1ose a．cetate membranes．  ｛a） Leaf springs’ （b〕 ho1es

for samp1e apP1ユ。ation’ 〔c〕 suspension br■dge s’ （d〕 br■dg■nq

pad of filterpaper moistened w■th 1eading－e1ectrolyte， and

｛e） bridging Pad mo■sセened with terminat■ng e1ectrolyte ■n

the ■sotachophoretic concentrat■on step．  Pad ｛e） ■s

replaced with ano亡her one moistened with passing e1ectro1y亡e

in the fo11owinq separation step．  （f〕 Strips of ce11ulose

acetate176x10㎜）’lg）g1ass p1ate12x80x75剛’（h）
anode vesse1 containユng 1eading e1ec亡ro1yセe’ and ｛i〕 cathode

vesse1 conセaining terminating e1ecセro1yte in the

concentration step． Vesse1 （i） is replaced with another one

containing passing e1ectrolyセe in the sepa．ra亡■on s亡ep．  O）

E1ec・ヒrode wickes of fi1te］＝paper’ ｛k） p1atユnum e1ectrodes’

｛1〕 termina1s’ （m） coo1ing bed’and （n）water circu1at■on

（4oC）． The 1id is des■gned セ。 c1ose in two states ｛■．e．’

suspended and contacted states）．  工n the suspended state’

the strips of ce11ulose acetate membrane ｛f） are not ■n

contact with either the anodic bridginq pad ｛d） or the

cathodic bridging－pad （e）． Apparatus B’ equipped with

knife－edge－shaped e1ectrodes’ has minimized dead space to
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prevent evaporation and condensation of water during

isoe1ectric focusing一．  ｛o〕 1［一eaf springs、 ｛p） terminals’ ｛q）

kni fe－edge－shaped platinum electrode s， ｛r） 91as s p la七e ｛3 x

ユ20x70㎜〕’ls）severa11ayers of ce11ulose aceセate

membrane（110x60㎜）’旧strip of ce11u1ose acetate㎝

wh■ch first－dimensiona1 electrophoresis was carried out。 ｛u）

pad of g1ass fiber（59x5㎜）mo■stened with anode

e1ectro1yte’ （v） pad of q1ass ：Eiber moistened wi七h cathode

e1ecセro1yte’ ｛w） coo1inq bed’ and ｛x） water circu1at■on

（4oC）． Four sets of apparatus B matches to one set of

apParatus A・
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   Fig． 2． Block diagram of the hardware system of

two－d■mensiona1 dens■tome七er・  CPU’ central process■ng

uni七， P工O． Para11e1 】一nterface； D工G’ d■g－itizer， FM． frame

memory， DM， disp1ay memory， D／A， dig〕一七a1－to－analog

converter， LOG． 1ogarithmユ。 transformer， A／D．

ana1og一七。－d■gita1 converter， AMP’ video amp1ifier， CRT’

cathode－ray セube， CCD’ charqe－coup1ed dev■ce．

CPU
        r・              ■
        ；Host      l

P1O～1microcomputer l
        し・一…  ■一・…

Dl G

。。。1・3 CCD
Cαmelrα

DM  LOG A／D AMP

D／A

’4宥〃
、・v ‘

鮒’’

．心CRT ⑲
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  F二Lg． 3・ Optユ。a1 system of the CCD camera un■t for data

     ． ．      S      B  ．
・・q・i・・t・㎝・工O・・d工0… t…iti… fth・1ight・・u…l
 S          B
工1｛至・X〕・・d工1（杢・X）・i・t…it・… fth・…id・・t1ight

upon a samp1e and a blank membrane at posit■on ｛至’X），

 S          B     ’．
工2｛至・X）・・dI2｛至・又）・ユnt…iセi… fth・1ight…tt…d

from the samp1e and the blank membrane at posit■on ｛至’エ），

 S          B
工3｛差・X）・・d工3（至・X）・int…iti… fセh・…id・・t1ight

upon a surface ◎f the CCD image sensor．

CCD imQge
 SenSOr

Lens
  SyStem

Sqmple
membrαne
（or’’bに一nk’I）

タ    I．S（三，y）f…α。。1。
、、（工・B（三・y）f舳…）

 、▲’

y判総、練
OpQ1
glαSS

Light

SOUrCe 噺

工18（三，エ）舳・・…）

工。Sf㈹。ρ1・

（工。Bf・・“・1・・ゼ）
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   Fig・ 4・  Phosphoce11u1◎se （P－11） co1umn chromatography．

The phosphofructok■nase activity in the heat extract （step

3） was apP1ied to the phosphoce11u1ose co1umn ｛Whatman P－11、

■．d．100㎜x255㎜）equエ1ユbratedwithbufferB（50㎜

Tris／acetate． pH 8．0’ 50 mM NaF’ 1 mM EDTA’ 1 mM

dithiothre■to1’ 1 mM ATlP’ 0．1 mM PMSF）． More than 90老 of

app1ied prote■n was passed throughセhe colu㎜．About80per

cent of apP1ied phospho：Eructokinase activ■セy was e1uted w■th

buffer C （75 ㎜M Tris／phosphate’ pH 8．0， 50 mM NaF． 1 mM

EDTA’ 1 mM dithiothreito1’ 3 mM ATP’ 1 mM AMlP’ 25 トM

fructose 2’6－b■sphosphate’ O．1 mM PMSF〕．  The peak fractions

indicated with a bar were poo1ed．

lood1ng     wQsh el u t iOn
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   Fig・ 5・  DEAE－Sephace1 co1umn chromatog］＝aphy． The

phosphofructok］一nase activity e1uセed from phosphoce11ulose

co1㎜n was adsorbed on DEAE－Sephace1（i．d．25㎜x200㎜）

equi1ibrated w■th buffer C・ About gO署 of protein passed

through the co1u㎜．After the co1㎜n was washed with buffer

D1 ｛0．1 M Tris／phosphate’ pH 8．0’ 50 mM NaF’ 10著（w／v）

sucr◎se’ 1mM EDTA’ 1 mM dithiothreito1’ 1 mM ATP’ 1 mM

AMP’ 2 1ユM frucセ◎se 2’6－bisphosphate’ O．1 InM PMSF）’

phosphofructokinase was e1uted with the buffer of a

1inear salt gradient fro州buffer D1 to buffer D2 ｛1M

Tris／phosphate’pH8・O，0．1M a㎜㎝i㎜su1fate’50汕NaF’

1 mM ED’工A’ 1 mM dithiothreito1’ 1 mM ATP’ 1 mM AMP’ 2 1ユM

fructose 2’6－bユsphospha七e’ 0．1 血M PMSF）． Abouセ 65著 of

the activity was recovered－in a maj or peak at 0．3 M of

Tris／phophate． The peak f】＝actions ind■cated wiセh a bar were

poo1ed．             l0Qding wQsh  elution

pooled

工15

二
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＼
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   F■g． 6． Affi・Ge1 B1ue co1umn chromatog－raphy． The poo1ed

Phosphofructokinase actユv■ty from DEAE－Sephace1 co1uIm was

dia1yzed against buffer E ｛25 InM Trユs／Phosphate， PH 8．O， 40

汕a㎜㎝i㎜su1fate’10刷NaF’O．1㎜EDTA’4汕
d■thiothreito1’ 0・05 mM A工P’ 0・1 mM AMP’ 50 ドM fructose

2’6－bisphosphate）’ and app1■ed 七〇 an Aff■一Ge！ B1ue co1umn

equi1ibrated with the same buffer． After washing the column

with buffer E．phosphofrucセ。kinase actユvity was e1uted with

buffer F（25棚Tris／ph◎sphate’pH8．O’40汕a㎜㎝i㎜

su1fate’ 10 mM NaF’ 0．1 mM EDTA． 4 mM diセhiothreito1． 3 mM

ATP’ 1mM AMP’ 50 pM fructose 2’6－bisphosphate）．  The peak

fractions indicaセed with a ber were poo1ed．
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   Fig・ 7・  Ge1 permea七ユ。n chromatog・raphy on Celluユ。f■ne

colu㎜・The phosphofructokinase preparati㎝purifユed by

dye－aff■nity chromatography on an Aff■一Gel B1ue co1umn was

app1■ed to Ce11u1ofine GCL－2000－sf co1umn equilibrated w■th

buffer C supplemented with100汕a㎜on■㎜su1fate．

Phosphofructokinase act■vユty was recovered in a sinq1e peak

ゴust behind the void vo1ume．  Peak po siセions of marker

proteins’ which were chromatographed separate1y， are

indicated with a11ows． The peak fractions indicated w■th a

bar were pooユed as the fina1 preparat］一〇n of purified

phospho＝Eructokinase．  The apparent mo1ecu1ar weight （Mr ＝

1’300’000〕 corresponds to the hexadecamer of the subunit

which shows Mr 昌 80’000 on SDS－po1yacry1amide qe1．
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   Fig・ 8・  SDS－Po1yacry1amide ge1 e1ectr◎Phorsis． The

phosphof】＝uctokinase preparations at the heat treatment step

（1ane b）’ at the DEAE・Sephace1 step （1ane c） and at the

；Einaユ £tep 〔ユane d〕 were subゴected to e1ectroph◎resis on

SDS－Po1yacry1amide ge1・ Pr◎tein bands were visua1yzed by

the si1ver staining’method of Poeh1ing and Neuh◎ff －38）．

Monomer． dimer and trime】＝ of BSA were ◎n 1ane a as mo1ecu1ar

weig’hセmarkers．
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   Fig． 9・   工nduction of anti－phosphofructokinase an七ibody

on a rabbit．The rabbi七was i㎜unized primarily wiセh O．1mg

of phosphofructokinase’ and boosted twice with O・2 mg and

0．35 皿g of セhe enzyme as described in MATER工ALS AND METHODS・

Tユセer of 亡he an七i－seruI1＝』was deセermined by E工I工SA．  From day

70to day84after the pr■mary i㎜㎜iza亡ion’anセi－serum was

harvested and．poo1ed．  The inserted fig－ure shows the

specific■ty of the poo1ed ant■一serum・  工ndicated volumes

of the anセi－serum were mixed with 1－uni七 each of 1iver一七ype

and．musc1e－type isozymes．  工gG－bound enzyme was precipitated

with Pasorbin’ and the remained ac七ivity in the supernatant

was assayed．
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   Fig．10．工㎜o㎜oaffユniセy chr㎝aセ。qraphy of intemed■ate

catabo1■c prod1ユ。ts of phosphofructokinase on an

anti－phosphofruct◎kinase 工gG－con］ugated Affi－Ge1 10 co1umn．

Extract fr◎m 100 g of pig 1ive】＝was d■rect1y apP1ied to an

anti－Phosphofructokinase 工qG－conコuqated Affi－Ge1 10 co1umn

（i．d．10㎜x100㎜）．N㎝specificproteinsof1owaffin■ty

to the 1igand were washed out with buffer J （O．1 M Tris－HC1’

pH 8．0’ 50 mM NaF’ 5 mM EDTA’ O．5 mM PMSF． 5 pg／m1 antipain’

5 ドg／m1 1eupeptin’ 5 トg／m1 pepstat■n〕 and buffer H （10 InM

Tris－HC1’ pH 7．5’ 1．5 M NaC1’ 0．05著｛v／v〕 Tween 20）．

Specific pr◎teins of high affinity to the

anti－phosph◎fruct◎kinase 工gG were e1uted with buffer 工 （0．1

M g1ycine－HC1’ pH 3．O）・ Proセein c◎ncentration was estimated

from the absorbance at 280 nm’ assum■ng that 1 O．D．

corresponded to 1 mg／m1．
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   Fiq． 11．  工SOTACHO／DALT tw◎一dimensiona1 p◎1yacry1amide

ge1 e1ectrophoresis   Thirty micr◎1iセers ◎f 40巷（w／v）

A㎜ph◎1ine’ pH 3．5－9．5’ and 100一ド1 a1iquot of samp1e－app1i－

cati㎝medi㎜containinq1mq of i㎜㎜oaffinity－purified

poユypeptides were mixed一、and a－pp1ied t◎ the preparative

tw◎一dimensiona1 e1ectr◎phoresis   工n the first dimensi◎na1

directi◎n’ i sotachoph◎res i s was carried ◎ut on p◎1yacry1amide

ge1 c◎ntaining urea and NP－40．  工n the sec◎nd dimensiona1

di】＝ecti◎n’ SDS－p◎1yacry1amide ge1 e1ectroph◎resis was

performed． Proセein spots on the g－e1 s1ab were vis1ユa1ized

by staining with C◎◎massie Bri11iant B1ue G－250．
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   Fig・ 12・  工mage processing・of two－dimensiona1

e1ectrophoretogra．m．  I． Si1houetセing （binarization）．

Optica1 intensities at pixe1s （picture e1ements）

were acquired with a CCD・TV camera’ and stored in a

disp1ay memory （DM〕．  Unevennes s of the 1ighセ source

was cance11ed by l b1ank subセraction1 meセhod．  Pixe1

data within a 1windowl area （ca． Mr ＝ 100，000－45，000’

pH 6．5・8．8） were transferred t◎ the main memory of ’ヒhe

host microcomputer （SORD M223mark V）． Pixe1s of

hig－her op七ica1 1eve1s than a given threso1d va1ue

were brighten on セhe CRT screen．  The si1houetted

imaqe shows the distribu亡i◎n of maj or is1es in セhe

1window l area
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   F ig． 13．  工mage proce s s inq of two－di㎜ens■ona1

e1ecセrophoretogram．  工工． Contou】＝mapping．  Pixe1 data in

セhe main memory of SORD M223 microcomputer were processed

through the subroutine pr◎gram ll CONTOURll written in the

machine 1anguage of Z－80 CPU． 工n brief． the contour 1ines

were obtained as fo11ows7 1． The is1es were si1houetted at

various cont◎ur 1eve1s． 2． Boundaries ◎f the si1houettes

were drawn as c◎ntrour 1ines． Thus obtained contour 1ines

show the distribution ◎f peaks on the is1es．
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   Fig．ユ4．工㎜㎜ochemica1detecti㎝of phosphofmct◎kinase

a－nd its catabo1ic pr◎ducts in po1yacry1amide ge1 disks．

The sma11 ge1 disks were punched out from the peak a．reas of

the C◎omassie－stained ge1． Po1ypeptides were transferred

fr◎m the ge1 disks ontcr nitr◎ce11u1◎se membrane e1ectro－

phoretica11y．  The membrane was treated with 1iquid ge1atin’

inc1ユbated with rabbit anti－ph◎sphofructokinase 工qG （firsセ

antibody）’ and then with HRPO－1inked g◎at anti－rabbit一工gG

a．ntibody （sec◎nd antibody）． Peroxidase activity was detected

by the reacti◎n with 3’31－diamin◎benzidine．
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   Fig． 15． SDS・po1yac】＝y1amide ge1 e1ect］＝ophoresis of

rad■oiodina亡ed po1ypeptides．  Phosphofructokinase purified

by㎜1ti－step co1㎜n－chr㎝atographic method’intact phosph〇一

fmctokinase and its ca七abo1ic producセs purified by i㎜㎜o－

affini七y chromatography．and セwo－d■mensiona1 e1ectrophoresis

were radioiodinated in the po1yacry1amide ge1 disks by a

ch1oramine－T method modified by E1der et a1・ （43）．  The

ra－dioiodinated po1ypeptides were so1ubi1ized wiセh SDS－

treating so1ution and subゴected to SDS－po1yacry1aInide ge1

e1ectrophoresis．  After the e1ectrophoresis’ each 1ane was

s1iced inセ。2一㎜fracti㎝s’and radioactivity was measured

with a ga㎜a co㎜七er．Po1ypeptides1oaded were，peak1－a

（Mr ＝ 84’000） in A’ purified phosphofructokinase （Mr ＝

80’000） in B’ is1e3 （Mr＝68’000） in C’ is1e5 （Mr＝

64’000） in Do is1e 7 （Mr ＝ 56’O00） in E and peak 8－c

（Mr ＝ 51’000） in F．

（O．3

0
ユO．2

）
きO．1
’；

58
．90．3
召
。：O．2

O．4

O．3
A

O．2

O．1

0

O．3
B

．O．2

O．1

O

O．3
C

O．2

0．1

0O
O

D

E

F

10  20  30    0   10  20  30

     Slice number（2－mm eoch）

          ｛84）



   Fiq． 16．   Two－d■mensiona1 ce11u1ose acetate e1ectro－

phoresis of anti・Phosphofructokinase 工gG・  Proteins in

10 u1 a1iquots of anti－serum were two－dimens iona11y

separated on two 1ayers of ce11u1ose acetate ㎜embrane．

One 1ayer ◎f the pair was s七aユned with Coomas sie Bri11iant

B1ue G－250 セ。 visua1ize protein patセerns． Proteins ◎n

the other 1ayer were transferred onto two sheets of

nitroce11u1ose membrane by l sandwichl b1o亡 method。．  After

nonspecific binding s ites were b1ocked with 1iquid ge1atin’

one sheet of the nitroce11u1ose membrane was incubated with

radioiodinated M】＝ ＝ 84σ000 po1ypeptide’ and the other sheet

was wiセh radioiod■nated po1ypeptide of Mr ≡ 68’000 in 工・

Mr＝ 64’000 in 工I’Mr＝ 56’000 in エエエ and Mr ＝ 51’OOO in 工V’

respective1y．  D■stribution of specific antibodies with

binding activity セ。 the radioiodinaセed po1ypeptides wa．s

visua1ized by auセ。radiog－raphy． Kodak X・Omat fi1m with

Cronex 工ntensifying Screen was exposed with the nitroce11u1ose

membrane for 15 days at －70oC．  After the use for autoradio－

graphy’ the nitroce11u1ose membrane was incubated with

HRPO－1inked goat anti－rabbit 工gG an・ヒibody’ and the distrib1ユtion

◎f who1e 工gG was detected by peroxidase reac七ion with

3’3I－diaminobenzidine．
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   Fig． 17．  SDS－po1yacry1amide ge1 e1ectrophoresis of

proteinase－V8 diqests of radioiodinated phosphofructok■nase

and its catabo1ic products．  Purifed phosphofructokinase．

intact phosphofructokinase and its cross－reactive

po1ypeptides were rad■oiod■nated and digested with

Proteinase V8． The digests were separated by

SDS－po1yacry1amide ge1 e1ectrophoresis’ and detected by

autoradioqraphy．  1［．ane a， Mr ＝ 84’000， 1ane b’ Mr ≡ 80’000，

1ane c’ Mr ＝ 68’000， 1ane d’ Mr 昌 64’000， 1ane e’ Mr ≡

56’000， 1ane f’ Mr ＝ 51’000．
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   Fig． 18．   SDS－po1yacry1amide ge1 e1ectrophoresis of

intact phosphofructokinase and its 主£vivo catabo1ic

products prepared under the coexistence of interna．1

tracers．  Radioiod■nated po1ypeptides of Mr ＝ 84’000’ Mr ＝

68’000 and Mr ＝ 64’000 were respective1y accompanied－with

intact phosphofructokinase and its catabo1ic products in

the who1e procedure fr㎝h㎝ogenizati㎝to i㎜㎜oaffinity

chr㎝atography．po1ypeptides recovered after the i㎜㎜o－

affinity chromat◎qraphy were separated by SDS－po1yacry1amide

ge1 e1ectrophoresis （5 pg Protein per 1ane in A’ 0・1 1ユg

protein per 1ane in B）．  A． Cross－reactive po1ypeptides

were detected by HRPO－1inked i㎜㎜oe1ectrotransfer b1ot

method   B． Radioactive po1ypeptides were detected by

autoradiography． Accompanied tracers were Mr ＝ 84’000

in 1ane a’ Mr＝ 68’000 in 1ane b and Mr＝ 64’000 in 1ane c

respective1y．
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