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Effects .of hydrostatic·pressure·up.to 3,000.atm on phosphoenolpyruvate 

(PEP) carboxylase [EC 4.1.1.31] were studied. The enzyme·in the absence 

of its l_igands lost. some ·activity by. the· compression at 1,000 .atm for 15 

min at :22°C and was inactivated completely by the compression.at 2,000.atm 

for 15 min in complete nonreversibility upon.release of·pressure. An ac-

· tivation volume for the inactivation was.evaluated as about . ...;l20 ml/mole 

of the enzyme based on the depende~cy ·.of ·l.nacti vation rate on the m_agni tude _, 

of pressure. !nvest_igation of:the .effect :of ·each ligand on the pressure 

inactivation of the enzyme revealed: th~··. followi_ng facts: (i) ·PEP, one of 

the substrates, an4 the allosteric· activators . such as·. acetyl"':'CoA and 

:fructose-1;6-diphosphate showed.no·effect; (ii) L-Aspartate, one·of the 

allosteric inhibitops_, showed a ·marked ·protective ·effect •. :The extent ·.of 

"' A preliminary ~account :of ·this . work·: appeared·. in : Seikagaku ,: _ .:!;,£ ,·. ·s as : (19.6 8) 

(in Japanese). 
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protection increased· with increasi.ng. concentrations :of· L-:-aspartate and was 

saturated . at 10 · mM; (iii) . Lo?g: chain · fa~ty ·.acid . such. as ·laurate;, .. the . other 

allosteric . activator, marke(!.ly ~accelerated. the ·press-ure: inactivation. 

Discussion was . done on the . conformational . states i:nduced by; each ~igand 

based on these . results • In . addition, the . response ·of enzyme . to the ef- ·. 
(¥here the native subunit structure was possibly retained)}: 

fectors . at 500 . atmAwas invest_igated· with. the intension . o~. getti_ng. some 

information.on the cha?ge in·partial.molar volume of the enzyme associated 

with the allosteric transition •. -Altho_ugh .no s_ignificant ·pressure effect 

was observed in this . ~egard, ~ . possible . u~efulness ·of. this · approach --was 

discussed~ 

PEP~ carbqxylase [EC 4.1.1.3l].is a ~ey:e~zyme in Enterobacteriaceae, 

supporti?g the biosynthetic ~activ~ty -_of. the ·tricarboxylic .acid -~ycle by 

· replenishi_ng . oxaloacetate . to . it : ( 1;~) •.. The :enzyme . activity. is known to 
( 

be under the.control of multiple.allosteric.effectors; .reflect~ng impor-

tant roles .of the enzyme in intermediary .meteiPolism:- The enzym~ from E. 

·coli is inhibited by L-aspartate<(!-~4) . .-and .activated by .CoASAc ·:(~, FDP 

· (~) and by .lo_ng chain fatty ~acids ·or. their. CoA .derivatives ·.(7") •.. Further­

more, the enzyme is markedly .activated _by. h_igh. concentrations :of ·various 

* Abbreviations used are: 'PEP; phosphoeno~pyruvate; ·rnP; ·fructose-1,6-

diphosphate; .CoASAc~ .acetyi"':'CoA; .DTT·,.dithiothreitol; .DTN.B,".5,5'-dithio- · 

bis~(2~nitrobenzoic~acid). 
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o_rganic. solvents .such as dioxane. and. alcohols :{SLwhich. are presumed to 

bind. at the same site of. the: e~zyme . thai;: . for · fa-t;ty .: acids · (J) ... At .least 

four distinct ~egulatory sites·have.been.shown.to.be inherent:in the en-

. zyme for bindi?g with. these . effectors _by- the .. technique . o~ .·genetic 

desensitization·(~_). These·effectors.seem to affect the·cat~lytic activity 

by caus i:ng conformational cha:nges of. the . e~zyme protein. . TheJ::~efore, . it · 

is of interest·to inquire the·nature .of.conformational ch~nges of such an 

enzyme havi.ng .multiple effectors: induced·_by ·each effector •. A .series of 

studies in.this laboratory have.provided.some pieces .of.evidence.support-· 

i.ng that multiple conformational. states are .ac:;cessible. to. the. enzyme: (10, 

11) and that the state induced _by. bindi?g with aspartate is. remarkably 

·different from those by other .~ffectors ·;(..§_;11). 

As a . new approach . to this · p~oblem . the·. effect . of each . allosteric ~igand 

on the e~zyme:stability under ~igh .hydrostatic pressure was.studied. Since 

pressure i~ known. to be one of the .agents . for .. destruction :of. folded. struc­

.ture of native proteins~ can alteration:of·pressure~stability of.the enzyme 

caused by .. effector is . supposed. to. be indicative . of some cqnforn1ational 

cha?ge:of.the..e~zyme associated with· an allosteric transition •. Further­

more, the resp,.onse ·of the enzyme ~activity::. to. the .effectors under ·pressure 

was inves~igated £rom the.follow~ng.point:. An increase in pressure, in 

general, sQ.ifts the equilibrium. in. the·. direction which reduces. the. volume 

~of the . system as a whole. . If a . che3?ge . in . the·_. partial . molar . volume of the 

e~zyme protein is as~ociated· with an -allosteric ·transition,. the. application 

of ,hydrostatic pressure o:h the'. e~zyme ·~ay s4ift the allosteric equilibrium. 
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defined by . Monod: et · al. : (12) . as :if. it . were a kind . of. '~effector". . . Such a 

. study wili ·provide. some ~nf6rmation, about·. the·: therm~dynamic ·properties of 

·allosteric ·transition·~ and . consequ~ni;ly ·.about . the · natwe :of. chemical . bonds 

involved in . the.· transition. 

·EXPERIMENTAL · 

PEP carb~xylase was partia~ly·.pu~ified from E ~·coli W by. the .method . 

. described previously ·.(6~13)' •. The·. e~zyme ·preparation~ ·capable ·.of·cataly~i:ng · 

5 to 20·prnoles :o~ oxaloacetat~.formation.per.min.per :mg·protein.under the 

standard . reaction . condi t.ions : (13 )', ·was . used: thr~ughout this . study. It was · 

. stored . at .0° C in . suspension · iri 60%-saturated · (~H4 ) 
2
so 

4 
solution . containi_ng 

10 mM aspartate, 10 mM .Mg ++. and 0 .1· M · Tris-HCl, . pH 7. 4. . Before use, the 

:enzyme was. col~ected by centri~ugation, dissolved in 0.1 M Tris;H2so4 , .pH 

8. 5, contairii.ng 1 mM . DTT, and. the .. solution ·was ·passed thro_ugh. the . column 

of Sephadex G-50 equilibrated with 0 .1 ·M · Tris;H2s.o4 , pH 8. 5 ~ . c;!ontaini.ng 

0.1 mM DTT. In the experiment of:sucrose.densit~ gradient.cent~i~ugation; 

the Tris-H2so4-:-DTT.buffers.contain~n,g l·mM.and 0.1 mM EDTA .. were used fqr 

dissolution_~n4.for elution.of the enzyme, respectively. 

The e~zyute:activity was.determined_by.photometric method'(l3)' or 

isotopic .method: (10) •. Th~· former ·was. used. for the measurement . of. residual 

enzyme : activity ·after application :of pre~sure, and th.e ·latter. for the · 

measurement of the enzyme.activ~ty under·pressure. The.standard.reaction 

mixtur~. for. photometric: as~ay. contained.:th~. followi_ng. constituents in 

pmoles .per one .ml:. TJ:'is~H2so4 :])uffer·; :pH 8.5, ·100; potassium 'PEP, l~O; 
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KHC0
3

, lO;. _MgS04 , 10; dioxane,. l,-170; .NADH,. 9 ~i; and .1. 8 I. U. :of malate 

dehyd~ogenase [EC. 1.1.1 •. 37]. ·. . The .. standard: reaction mixtur~ . for. isotopi'c· . 

assay contained. the· .. fol1owi.ng. constituents·· in Jrrno1es .per one .ml: . Tris- · 

H2so
4 

.buffer, .pH 8.5, 100·; .potassium· .. PEP; ·1f~4; .KH14co
3

_{o.s pCi/pnole), 

10 ; ~gSO 4 , 10 _; . NADH , ·I. 8; and :10 I ~ U • . of ·malate .. dehydr.ogenase • ·Malate 

dehyd~ogenase was assayed : accord~ng . to :the . method-: of . Ochoa : (14) • 

The. pressure equipment . used·. was ·of. the ·same . type as . described by 

Suzuki and . Suzuki: (15) • . A pressure . vessel·· was ·a . cylinder, :10 ·em in diain- .· 

eter and .13 om in he.ight with a. hole :of 1. s~cm ·diameter. at . the . center. 

The hole was filled with ·liquid· pa~~ffin .. and the . reaction :tubes, . at .most 

7 , were ·immersed . t.ogether into . the·. liquid · pa:r::'affin in the·. hole. · Pressure 

was applied by press~ng the·:ba~ fitted in :the hole by the use .of hydro-

;pressure . al.ignment. The . reaction :tube .. was C!- . plasticized . PC?lyv~nylchloride 

tube havi.ng a dimension of 2 · mm . in inner :diameter and 4 ·em . in . he.ight, 

. stoppered ~i th: glass·. rods· on .both sides. : .. The: .. tube was ·washed. thro_ughly 

with dete.rgent and . ether .l:?efore. useil •. 

* The e~zyme ~~activity in the. absence .of. ~ny. allosteric .activator ·was found 

always ~igherby about ~-fo1d·when the.reaction·was.allowed.to proceed 

in a· water-washed . tube of. plasticized· .. PC?lyvinylchloride . than . when . it was 

done in ~ . glass . test . tube.· .. This . phenomenon ·was ascertained. to .be . du~ to 

the.activation by trace amounts :of.some:plasticizer which:exuded from the 

· .. tube of . PC?lyvinyl-ch).oride . to·.: the· .. reaction mixture. . To . avoid. this . unfa-

.· .vorable .~ffect the :tube.·had .to .be··.washed·. as :described •. · Am~ng :the -7 itl "'~'i:< 
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Zone sedimentation of. the·. enzyme. in .sucrose. dens~ty. · gr~dients ·was 

carried:out as.described_by Martin:and'Ames~ taki?g.yeast.alcohol.dehydro-

genase ( [EC 1.1.1 •. 1], s
20 

w = J1.4 :s) ·:and. bovine liver· catalase :([EC 1.11 •. 
' 

1.6], :s20 ,w ~ ) . .1.3 :S) .as internal.standards :(16) •. A ~lQO..,.Jll··sample solution·. 

containi_ng PEP· carboxylase. (1.0 ·or :roo·-pg ·protein), alcohol.d~hyd~ogenase 

(140 pg) and catalase (37pg) ·was ~ayered··on a.linear S.to ;20% (w/v) 

sucrose. gradient of total. volume . of 4. 6 .; ml. · . Both .the ·sample . solution and 

t~e. gradient.contained 0.1 M·Tris~H2so4 :puffer~ .pH 8.5, O.l·mM 'EDTA; 0.1 

mM DTT and, when indicated, the· .. compound . which ·was . to . be . tested . as l:i~and. · 

After.centt'i~ugation.at 40,000.r~v/mi:Q..for B_hr.at ·20°C in a·RPS SOA.rotor 

of Hitachi .model .SSP ultracent:r?i~uge,. the.·· gradient waE:; fractionated. PEP 

carboxylase-was assayed.spectrophotometrically.at 30°C with a 10-pl por­

tion of each fraction in . the . standard~ reaction mixture. :- . Alcohol 

dehydrogenase and catala~e.were.as~ayed.spectrophotometrica~ly with a·S-
. . \ .. 

pl portion :of· each. fraction . accordi.ng . to -~.the· .. methods ·.of Racker ~ (17) , and 

Chance and.M~e~ly:(l8), respectiv~ly • 

. Protein .concentration was .determined·._by .the .method :of.Lo~y :~~al. 

· (19) with cry"stalline. bovine . serum. albumin. as a .. standard • 

. CoASAc was prepared _by. the:.method :of Simon and. Shemin ·.(20}. and was -. 

ft1 ,.Ja<.-+ .authentic ··samples :of .plasticizers .tested .such.as dio~tyladipate, 

dio~tylphthalate.and.tetrae~hyle~eglyeoldimethylether,.the·last·compound 

was .effective in. th'e~activation.· · ·Pres'ilmaqly .it causes ·an :activation by 

bindi:ng .to·: the·. allosteric sit~·. fo~ ·:Ere~·_. fatty :acids ··(7). · 

...; 6 -



determined .bY the .method wi~h·. citrate .synthase .JEC. 4 .1. 3 .·7]·. and. DTNB ·.(21). 

Bovine liver catalase, . bovine . seri.un . albumin ; . DTT; · FDP and . DTNB . were . pur-

chased from s.igma Chemical . Co. , . yeast·. alcohol . d~hydr:ogenase ~ ·malate 

dehydr:ogenase, ·. ci trat~ . synthase· and . CciASH . were ·.from . Boehri:nger Mannheim ~ : 

All.other. chemicals .were prepared·.· or :purchased. as ,described :~reviously 

(~). 

'RESULTS. 

·'Enzyme· inactivation ·by 'pressure··:----< ~igure 1 shows time course of 

the enzyme inactivation ·under: various ·m.agnitudes ·:of pressure •. The enzyme 

lost .so%.of.its o~igina~.~ctiv~ty iri.3o:..min.compression.at I,OOO.atm of· 

. pressure .at :22°C. :. The linear~ty·.:of .semil:oga:t'ithrilic .plots ·.of .residual 

f>ig •. ·1 ... 

activity .against time shows.that.the.inactivationby·pressure.is of first 

·order with .respect to the eJ?.zyme .concentration •.. The· influence :of pressure 

on . the inactivation rate cons.tant :. (k) . is . related,· .bY ·. Eq •. ( 1) , ·.where t is 

. : :Alnk 
= .(1)' 

·ap -· ·:RT. 

· the ~agni tude :of ·pres sur~; R .. is :the.·, gas . const~~; · T :·is ... the· absolute 
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temperature and · -~~ is . the . molar_ volume : eha_nge . of : act1 vat ion •. ·From the 

plots .accordi.ng .to· Eq. (1) (inset·: in :t:ig~ :1), :tAy_~ ·was .evaiuated .. to .be 

about ~120 ml/mole. Inactivation was irreversible, and.seemed.not to.be 

attributable.to the oxidation:of.essential:s-q.lfhydryl: groups:of.the enzyme 

. (11) .accelerated _by. compression,, since .no ·protective ~ffect :of .sulfhydryl 

compound.such as 5 mM mercaptoethanol·or 5·m~.glutathione was.observed. 

The.· influence of allosteric ·: ~ffectors · and . substrates on . the enzyme 

.stability under· h_igh ·pressure ·was. then·: invest_igated in ·order·_.to. obtain· 

·. :t:ig.: 2 ·. 

some j,.nformation about the·nature:of.cqnfor.mational.states :of.the.enzyme 

induced _by bind~ng with each· ~igand •.. As . seen.· from ~ig ~ · 2 . and ·Table I, 

. ·Table I 

.. 
. 15 mM aspartate. stro:ngly protected·~ the .. : e~zyme .against ·pressure inactivation. 

Since .15 m~.glut~ate;.-an analpgue ·.of. aspartate :but not ·an·.·allosteric in-· 

hibi tor . of. the· enzyme~· showed·. no ·protection, ·:the:: effect :of. aspartate ·may 

·be . attributable . to· the· specific. allosteric· interaction· ·with :the· .. enzyme. 

- 8 .;_. 



The. d,egree -~of protection was . dependent :·on. the .. concentration :of. aspartate 

and saturated .at .the·. concentration :of'::lo '·mM;: ~s: shown ~n .t:ig.· a.· .. The·· 
•( 

F.ig.·. 3 . 

reason for a s.ignificant departure .of "protection .curve" :from "inhibition, 

'curve" is .not .clear .at pr~sent ·.(~lg.' :3)'. ·: Unlike .to aspartate, 1.1 M di-

oxane as . well as 0. 2 mM ·laurate, ·.both·. of which· are known: to bind. to the 

same site on • the· enzyme . to·: exert . their ·. acti vati.ng effect · (7) ; remarkably 

accelerated. the enzyme inactivation' .by.:pressure .(~ig.: 2 and ·Table ·r) • 

. . However, . it seems not . reasonable •. to. ascribe :these.· effects ·primarily . to the 

conforma".!:ional. cha:fige · caus~d _by .. allosteric: interaction of the.: ~ffectors 

with· the enzyme, since.non-speqific.denaturi!lg:effect·of.these.compounds 

cannot be excluded. The apparent .syne~gism :of them· with pressure in. the 

·effect on. the·. enzyme inactivation : s:ll:ggest ::that . both may.- have . somethi;ng in 

common with .-~espect to the . mode : o£ :action :on the protein . structure;. e.£· 

labili'zation :of .hydrophobic .bond ·t2·2·;'23}'~ ·, . The ... other effectors :such as 

CoASAc (6.4 ·mM) and ·rnP (10 ·mM) ·caused·. no. s.igni,ficant ·effect .on. the enzyme . 

. stability.-under ~igh pressure, and ·1o·mM .Mg++,. one of the.reaction compo-

. nents, with or without ·1a mM ·PEP.: showed·: oJ:?.ly · a . s~~ght ··protection . (Table :r) • . 

From these . results~. it: ·~may be·.: supposed·: that a. ·gross . conformational : cha!lge 

is induced' in ·the' e~zyme .at.least··upon •bindi.ng with aspartate. 

9 ..... ' 



•. 

· · tffect·:.~ 'pressure :generated:·~:· cen~rifugal :f6rce· · ert: sUbunit: struct~e . 

· --. As known with .·most. allosteric ·proteins .·PEP.: ca:i:'b(?xylase :. is. also an 

o~igomeric protein which is . composed·.: of .. 4 :subunits ·of equal .. molecular 

we.ight {88,200 ;daltons~':).'.(~~ -:·13) .~ Since ·pressure.is. genet'ally .known .to 

facilitate . depC?lymerization of. pqlymeric proteins to their , subunits ··:(.24~ · 

26), it is ~ig~ly probable that.PEP·carb~ylase.reversibly dissociates 

under several .hundred .. atm of. pressure where. the allosteric .~ffect ·was 

invest.igated ... as :described in . th~ ·. follow~ng . se~;r~ion • .. In · oroer. to·. test ·this 

~ig •. 4 ·. 

possibil~ty. the' .. sedimentation PI?Ofile :'Qf.the .. el?-zyme in the':pressure 

gradient from l .. to 600. atm, which ·was, expected tcf.be .. generated _by. centrif­

.ugal force~· was ·, examined. In . addition;. the. ~nfluences of ~ffectors on 

. the profile . were al.so examined. . ~igure . 4. and Table II show. the . results 

of .. sl).crose . d~ns~ ty_ ·g.t'adient . cent~i~ga-:ti'on. in. the absence of :effectors . 

·, 
' . 

• • 0 •••••• - ••• • ••• t,.; 

* T •. Yo~hill;aga, H •. Teraoka, K. :.rzui. and .. H~ Katsuki, presented·.at. the 44th. 

Annual . M~eti;ng ·.of .. ti:e. Japanese· Biochemical . Society . held . at . Sendai in · 

· . October, l9 71. 

"'!' ·10 ;.. 
:. 
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. ~Table._II. 

.. . ++ 
and in the ·presence . of 10 roM . aspartate' .10 ·roM .Mg ... ; ·or ·10 ·mM · FDP ~plus o· .: 82 . 

mM CoASAc. In.all.runs the·.syrnmetical si_ngle .peak ·.of.the enzyme :activity 

·was observed; and all s 20 w·values'estimate4 from the internal.standards 
~ ' . . .... 

were almost the · same (12. 8~13 .1 S )' within . experimental e~ors .. : . These 

results indicate· that the· e~zyme.does.not dissociates to.its.subunits 

even under . several :hundred . atm.; of :pressure; and . that . the . ~ffectors . do not 

cause any . cha?ge. in . sUbunit . structure . of., the· e~zyme under. these . conditions~ 

. The observations with the enzym~ from !~·:col.i W .described:-~ere .seem.to be. 

s_ignificantly . different from . those· with .'the. e~zyme ·.from E ~- :coli B which· is 

, similar . to . the former enzyme in . allosteric ·properties ·.(27) ~ · 

· ·Allosteric ~effect ·under ·nigh ·pressure< --· . It. is .. genera~ly .known 

that by the· application :of ·pressure,: .. the··rate :of e~zyme-catC!-~yzed .reaction 

is . accelerated or retarded owi?g :to.: the· .. volume che3:nge associated with the 

formation.of.et?-z:Yme~substrate.complex·:(28).· In.the case.of.allosteric 

enzymes, th~. follo~!.1lg additional ·pressure : ~ffect is expected. to-~ occur; 

if the. volum~. chel!lge is associated· with·~ the· .. allosteric ·transition of en-

zyme protein: The enzyme .activ~ty ·is -e~traordinarily enhanced·. or depressed,. 
. . 

or the: cooperati vi ty of each allosteric :effector is increased'· or. decreased 

by the application . of pressure.· .. :From. this . point . of view, 'PEP· carboxylase 

seemed .to .. be·. ~ · favor~le. e~zyin~ .for .st~dy~ng .whether or .not pressure ~acts 

on enzyme . as ~if. it . were a kind :of·'~ allosteric ; activator_· or: inhibitor". 

~ .11-. 

I 
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Because :our previous kinetic . studies · ... which. we;['e . done . under~ the . atmospheric · 

pressure· (10;29r·had established.that .. the>.~ffects ·of. CoASAc · (a.ctivator) 

and aspartate· (fnhibitor) :are ·ant.agonistic .to one another·:·and :that. the 

· cooperativity· .of.the· one .becomes·.:remarkable _by ·in~::_ea~i.ng :·the .. concentration 

of the other. 

The applied pressure was soo·:·a.tm·;. "Under which ·irreversible. inactiva-­

tion .of the· e~zyme ~was n_eg~igible :duri_ng .15.;;.min .compression_: (cf •. ~ig. ·2). 

Under the . conditions,· malate .. d~hyd~ogenase ·.which ·was contained in the 

reaction mixtur~ for trapp~ng:of·oxaloacetate.as·malate·wa~·fai~ly stable: 

It only .. lost.S% and 11% of.its.o~iginal:activ~ty in 0.1 M·Tris-HCl,.pH 8.5,_ 

by 15-min. compression. at 1;000 and 3 ,ooo·:~ atm, .res}?ectiv~ly •. The .results 

are_ given·. in ~ig. 5 ... A pressure :of :socr.atm:caused.no. s_igt)ificant .effect. 

': 
,.; ' 

~. 

~ig.· s· 

on the.allosteric properties:of PEP~carbC?Xylase·with.respect.to .. both 
_.., 

. aspartate and .;CoASAc, · n~ely, on· heilf .... saturation concentration~ ·maximal 

extent.of:activation or inhibition; and on.the.shape .of·saturation.curve 

of the .effector. furthermore, pressure·caused no.remarkable:~ffect on 

the e~zyme:activ~ty:in the absence:of.an:effector as.seep.:from.the plot$· 

,Y on the oordin'ates. o:e -~ ~igure~ ·. ~ B ... 'These·. results. indicate. that a 

pressure :of ·:soo·. atm did not :act. on: the:: e~zyme. as :if. it 'were a kind. of 

~ :12 -



"effector"-. 

. DISCUSSION 

PEP carbC?Xylase was found. to· .. be·· inactivated .·at rathe:i:'.lower ·pressure t .-. 

compared with·. other enzymes sq ·far .studied···(3CY~'31) which •were .reported to 

be inactivated. at press~es above 4 ;ooo· .. ·a.tm·. · : Furtl;lermore ,·.the-~ activation 

volume (- :AV~) ·.of inactivation :of ·pEp·. carboXylase .was shown. to .be .. s.ignifi~ 

cantly l~ger. than those described on. ~ther enzymes ·'(31). Since previous . 

studies on the· .. stability. of enzymes· under h_igh pressure. were rather con~ 

fined. to .monomeric enzymes· or. the: 'ones ·:with .. lower.molecular .we.ight (below . 

· 5 x 104 · daltons), it _is uncertain :whether·, the·: instability :of ·PEP· carboxylase 

'· under h:igh . pressure is an inherent :nature:. of . o~igomeric e~zymes . composed 

'of subunits of h_igher molecular .we.ights ·(above 5 x 104 ·daltons) ·or this 

fact reflects one of -the cha:baeteristics ·.:of. the·. allosteric enzy.mes in 

whic:Q conformational flexibility·piays- an'important -:t"ole.fcit'.thei~ function. 

Aspartate," one of the allosteric ·.~ffectors, was f:ound ~to .be· markedly 

protective .aga~nst· pressure inactivatio~:of.the· enzyme, whereas PEP and 

++ . . -: 
.Mg , the .. react ;ion components, .were. not . so : ~ffecti ve. This ·implies· that 

aspartate· causes, by bindi.ng. at .·its ·:allosteric. site, a conformational 

ch~ge :of' the. e~zyme protein. thro.ugh which. the catalytic site: of. the en- . 

zyme acquires a .more stability .. against h;igh ·pressure. In :accordance with· 

this. observation, 'previous . studies _by. us. have. revealed the. dist~.nguished 

effect .of. asp~tate. amo?g.other'.l:igands;on:the'. e~zyine cqnformation: 

Aspartate ·was. show ~.st:t"ongly··protective:.against:. inactivation hy .heat :·(6) 
~ . . . . . . . -

' 



;>.' 

and by.SH-:-modification with·N-:-ethylmaleimide:(ll), and.i-t·caused 40% . . . -
depression.of the:quantum yield:o:f.fluorescence.due.to·l-anilino.-..B..o.naph-

thalenesulfonate· .. bound to the~:e~zyme*·· .. ·Since aspartate did.not .exert .its 

effect on . the .. subunit . structure ~of . the·. e~zy.me as observed. _by .. sedimentatio;n. 

velocity in .sucrose .density.· gradient. cent:J::~i:t::ugation, the above-:-mentioned 

effects ofaspartate_may be· ascri~ea·.to· .. some·in~kC?d ch~nge ·in.tert.i~ 

. structure ·.of. the·. enzYme. . However, . it . remains .. to .. b~ ·_elucidated. whether 

aspartate has ~ny effect on the .. stabil~ty· .. of:.subunit~structure.of.the en-

zyme in ·order. to_ get more information: on: the· .. mechanis~ ·for protective 

effect . of aspartate .against.· pressure : inactivation of the .e~zy.me.. . Since 

pressure. is .. generally known. tq ·facilitate .. depolymerization ·.of. PC?ly.meric 

'· . . proteins to .their .subunits as .mentioned~alre~dy, .it is. h.ighly probable 

that the dissociatfon precedes· the~· irreversible. inactivation .of. the e~~yme 

at high pressures (>1,000. atm). as·.seen·: in. the· .. case of ·. F-actin (32). 
. • \., l-

(1. 

'" 
Therefore, . if. aspartate stabilizes. the· .. ~etrameric. structure :of the enzyme, 

. ". the protecti.ng :effect of .aspartate:inay ·.maif?.ly·.be. attributable. to. t~e an-.' 

t.agonistic. action :against the dissociati:ng.~ action of pressure... /' .l t>, i'.~u> 
· No s.igni"fioant effect ·.of pressure .'.(500 .~·a.tm) was detected on the 

,. 
.allosteric:nature of PEP carbC?Xylase• ·: . tlnfortunately the·. instabil~ty. :of · 

the enzytne under pressure. did .. not ; perini t , the. invest.ig.ation .at h;igher 

•• 't • •••. • ............ . 

* T. Yo~hi~aga, K •. ·Izui and H. ·Katsuki,·presented.at the 19th·.Annual 

.Meeti;ng :of Kinki-branch :of. the.:J:apan.ese· Biochemical.Soci~ty .held .at 

Osaka· in .June, ···197.2. ·· 



pressures ( > 500 . atm). In .. general, j.f: the· .. ch~nge. in ·partial molar. volume 

(.6V) .of an enzyme. is. associated·. with·.:its· .. allosteric ·transition,. the :effec:t 

of pressureon.the.allosteric.constant:(L}.<:)efinedby.Monod:et:al. '{12) 

may . be estimated . accordi:ng .. to : th~ · .. followi.ng .-therm<;?dytiamic . equ~tion, where 

~ and Y:R arae the p~rtial molar volume ·.of an enzyme .in · T-:-state (inactive 

,state) and R-:-state (active state)', .raespectively~ If; ·for-example, .at 

least one .hydrophobic bond is involved·.in ·the ·transition, about :20 .ml per. 

' · mole of voll,liile cha.nge is expected._'(3.3} .atl.d .hence L· may~be· increased ora~-c~-~~~· 

decreased by about · 5-fold by . the~ application of 2 ~ 000 atm ·of pressure. On . · 

the other hand, a raemarakable ·effect ·.of pressure may .be expected in. those 

allosteric enzymes, in whihh.the· dissociation~association processes.of 

subunits are closely associat~a· with the'.allosteric ·transition :{cf~· '34). 

Because · '6 V . accompanied with polymerization ·of . subunits are usually known · - . 

to be la.rger than 100 ml/mole ·of .subunit '.{'2.5;·:.35·..:;37)_ so that.!!_ ~ay .be. 

.. cha:nged by about 3,000~fold .at :sooc by the· application ·of 2~000 .atm as 

Recent.our study extended to the .system 

·~affinity . of 

he~oglobi~ .. for ethylisothiocyanide by about ·7..:.fold but caused .no :effect 

on the ~igand cooperati vi ty ·:· (38}. · .. Al tho.ugh . no: s.ignificant ·.effect . of pre~­

sure was observed ·on the.allosteric·properties·with these .systems,.it 

. seems. necessary. to .. apply this approach. to ·mC!Jly other. allosteric .systems 
. . . . 

in Order. to obtain .more· i~s.ight~: into·:the~::allosteric ·.transi~ion • 

.. ·.15 ..... . : 

·, 
\ 

\ 

.• 



... 

ACKNOWLEDGEMENT: I . would lik~ · to~- exp:r:tess ._my since:r:te ~thanks-·. to Prof. J ~ 

Os:ugi (Kyoto Unive:r:tsity). for. the. use :of. the>p:ressu:r:te equipment, .,to· Drs T. 

Asano, Y. _Kitamura, ·Profs H~ · Katsuki- (Kyoto·:.Unive:r:tsity) ~ J<. :Suzuki. 

(Ritsumeikan.Unive:r:tsity), and S •. Asak'lil:'a'(Nagoya Unive:r:tsity) .fo:r.thell:' . ,. . - : 

e~coUI'.agement. and useful discu,ssions : d'lll'i.ng the , coUI'se ·.of .. this . work • 

. "' . 
- . 

. . 

1 

\ 



\. 

. REFERENCES. 

1. J. M •. Ashworth.:and H. L~·.Kornbe.rg~.~·r:ro~~ :Roy:.·.:~.~- B,,:!62~ ·179 . 

. (1966) •. 

2. T. s. Theodore and E. E.nglesbe.rg~ .J; :Bacteriol·._~· .]:§_,:,~4·6.(1964). 

a.· T. Nishikido, K. -Izui, A~ Iwatani, :H.-·l<atsuki.:and S. ·Tanaka~ 'Biochem. 

· · Biophys ~ :Res~ : C6Iillilun., . 21~, .94·.· (196.5) • · · ·--. . ~ . 

4 •. T. N~shikido, K. ·Izui~ A. Iwatani,-:J;L.-. Katsuki and.S •. Tanaka; .J .. · 

·Biochem., .·63, .·532·. (19'6.8) •. 
-~ 

.. 
5. q-. L. · Canovas and H. L:~ Kornhe.rg; )3iocliiin) :··Biophys ~~Acta, -96 '· .:169 . -. : ... · ... . ""'-

(1965). 

6. K. ·.rzui, T. -Nishikido,· K· •. Ishihara and H. ·:Katsuki~ J; 'Bi.ocli.em.;, ·sa, · - . ~· 

215.(1970). 

·0 
·· 7, · K. ·Izui, T •. Yo~hi~aga, M~ . Morikawa and H. l<atsul<i; 'Biocli.em~ 'Biophys •. , 

... :Res;_: C6IiJitlun. , 40, 949 . {1970) .• ------ ... . ~ . 

a. H. Katsuki, T.· Nishikido, i<. ··Izui, A.- Iwatani·and S. ·Tanaka,.7th 

International. C~ngress . of Biochemis~cy, . 1:'okyo. (1967). · ..• 
·9. M •. Morikawa, K. ·Izui and H. :Katsuki_; ·.Biochem; :Bi6Ph;r.s; :_~; :Cortunun. ,- . 

. 45~ .'689· :-{ 1971) ·• 
~ .. 

10. K. ·Izui; a~: 'Biochem., ·sa,- :227··. (1970)· .• - . -
11·. H •. Teraoka, s. Naito, l<· ·Izui and H. :Katsuki~ J ~' 'Biochem:; :71., ·.157 

. . -,· ... ~ 

(1972) • 
. ~: 

. 12. J. ,Monod~ J. ~Wyman and J.-P;t. Change\lX~· J; :Mol~ :Biol., :12;. ·as. (1965) • 
. '------

13 •· T ~ Yo~hin.aga~ k. :··:tzui: and H~ · Katsuki;: J; 'Biocli.em·.; ~; ·747 .. (1'970) •· ·· 

·14 •. _s •. Ocho?l, ··~Methods .. in'Enzytnology~\~ ~ed·. ·_by.s. P •. Colowick and N. o. 

Kaplan, Academic Press Inc., New York,_ 'Vol I,,p."735 (1955)." 

' 
-~ 

\ 



·"· . 

15. c •. Suzuki and K •. Suzuki; J; 'Biocliein. iL:s2; .. 67 (196.2). ·- .· '--

16. R. G~ ·Martin and B. N. ·Ames; J ~ · Biol ~ : Chein .• ,- .:.236·, .'!372·. (1961). -- -.-·. _.._ 

17 • E • Racker, · "Met~ods · in ·Enzymology~'! . ed ·• by s • P. Colowick and N. · o • 

Kaplan, .Academic Press Inc.~ .Ne\{.Yo:r;'k~ .Vol.I, p.500:,(195.5). 

'18. B.. Chance and A • C. Maehly; ''~Methods_ . in : E~zymoloey," . ed. by S • P • 

Colowick and N. o. Kaplan, :Academic 'Press Ina. & .N'ew.·.Yo~k, .. :Vol II, 

19.· o. H •. Lowry, N·. J. Rosebr~ugh, .. A. -L~ ·Farr and·R~. ~~·Randall; J~ ··Bio'r. · .·-.--... 
. . . . Chern., m,· '265 (1951.) •· 

20. E. J. Simon and D. Sheinin~ J ~'Am~ ·:Chern; :soc·.,· .75, .2520- (1953). -------
21. P. K •. Tubbs and P. B. Garland,' "Method~' in ·En.zymologx,, '' .e.d. by J. M. 

Lowenstein, .. Academic Press, .Nev(.Yo~k. and .. London~ Vol XIII, p •. 535~ 

(l9o9)',_ 

22. · C. T_anfo:rd ~ J; · Ain; ·Chern~ ·:Soc.; 84·,~ ~4240 . (.196.2). --------
23. w. Kauzmann; ·Advances ·in· Protein: Chemis~y, ~, 1. (1959} .. 

24. M. Maruyama; ·Science, 153 ," :145· .. (1966). ··-
·25. R. Josephs and W. F. Harrington; 'Biochem·. ,- 7,- '2834. '(19'68). 

. . . . . . -
26. G. ·K:egeles, L. Rhodes and J. L~ .Bethune;:~; 'Nat~.:Acad~_ :~., U. 

s.,. ·sa, .45 {1967). 
~- . 

·27. · T. E. Smith;·~; 'Biochein~ 'Biophy~., ~; .611 (19·s·a} • 

.. ·2e. K. J ~ Laidler·, "The Chemical Kinetics ~of E~zyme ·.'Action/' Oxford, : 

.London, p.210 (19.58). 

29. · K. ·Izui~ A. ~Iwata.ni, ·T.· .. Nishikido~~H:~:·Katsuki and s. ·Tanaka; 'Bioclid.m·. · 

.:· ·Biophys ~ ·;Acta, .. 139·,·. ·rae. (1967):. 
. . v..- . 

..,. '18 

1 

\ 
' 



.. 
. . 

ao. K~ .Suzuki; ·seibutsu..;.butsuri,··.a; 194·.:(1964}: (in·Japanese)· •. 
. . • . VW\0 

a1·. K. Kitamura~ :Rev·~ 'Phys~ ·:Cnem·;. :Japan~·.·~·,: .'44.{1966)·~ 

a2·. T. Ikkai and T. Ooi ~ · Biochein·. ;· 5, .'1551: (1966). - . 

33. D. L. caspar, ·"Principles··: of: Biomolecular ~ Organiz.ati~n, ·~ .. ·ed •. bY G. 

E. W. Woltensho.lme and M. 0 ~Conne:r:»~ ·J • and A. Ch~chi11<Ltd.,: London,, 

p.7.(1966). 

34. A •. Levitzki and D. E. Koshland, ·Jr.; 'Biochem~, 11, :247 .. (1~72) •. 
. . v-

as·. C. L •. Stevens and M. A. ·LCJ,uffer; 'Biochem.; 4,· 31 :(196.5) ."· 
... ·. ..·~ . 

as·. K. E. VanHolde and L. B •. Cohen·; 'Biochein. ~· a; '1803 (1964) .• 
- . -

a7. B. R. Gerber and. H •. Noguchi·~ J ;·-:Mol(·:Biol.; ·26, · i97'. (196.7). 
. - --_·__......,. ~ . .. . "' 

38. · K •. Suzuki, ,Y. ·Taniguchi.· and K~ ··Izui) J ;. 'Biocliein.,.,: ·.71, .:9ot.: (1972). 
. . . . . . -- . ~ . 

. . 
., 

-w v· ..•.. 

\ 



•: 

·• 

·. 

· TABLE I. . The . effect . of . re.action :components ~and . allosteric . ~ffectors 

on the .. stabil~ty :of 'PEP carbC?xylase·:'imder·. h;igh pres~ure.": :The· .. experimental 

conditions were, the·· same as . describe a·~ in ~ig: 2.: 

•••••• ,,4· 4. * ••• 0 ........... •• 0 ......... · .................... · ••••• f •••••••••• ·.:" ••• i •• 
• I • • • • • • • , o • • ' ' • ' • • ·• • ' 

.Addition· (mM) · .Residual enzyme .activ~ty .(%). 
·after·: the· compression . at 

.. . ...... . .... ... . ·.· .... · .. . · . · atm ................................ o .·· .... ;soo· .... ; .I,ooo: .. ~ )._,2oo· .. · .. , .1,soo :· ~ · 

Exp. 1·.None ·100' .. · .. :104;. :.70 .11 

L-Aspartate(l5) 100 · ·ga·. ·. 10o' 70 

L-Grutamate(rS) . roo roo · 65 14 

Mg ++ (10 > roo· - 102; · .. · ·a2 35 

......... ~g ~~ (10). + .PEP(18), .roo·.·:::: .: .... lo<r:< ·.·· .... :.: ·:r: so.·: ..... :· .... '.: .. ;.·::·· .. ·: ... :. 39 .. 

. Exp •. 2 ·.None 100. . ·102'. ? :62 5 

CoASAc(0.·4) roo 105 ~ · 70 7 

...... · .. rnP(1o r ... : : ·.· : .... : ·:·.···:··:roo· .. · ..... : .. ;·: roo·/~:·.::~··· ... : ·:··:·sfr:·: : ·: ·.·: ....... · ... : .... 12 .. 
Exp.-.3 None 

. ·L;-Aspartate(10) 

FDP(lO) 

100 

·roo 
roo 

.. 'lj i 

...,·-~· ... :;~ 
25 

79 

·37' 

. : ...... Laurate(O. 2} ..... · .. ).09 ·.: :; ·.: · .... · :· .. :,>.: ·.: · .. · .:.:.: ·: · ... : -~ ·: :~ : : . : · .... 5 · .. _: : : ....... . 

... _,.,: . .. 

i 

\ 

........ 

. .• 
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TABLE II. . Sedimentation. cqefficient·s .. of .·PEP · carb~ylase ·under 

various . conditions •.. The. experiments .. were ·,carried :out as . deseribed: in , . 

"EXPERIMENTAL" • 

• o o o • • o • o o • o o o o o • o o •o '.- o• o' o o o o o o o o o o o : : 0 : : : : o .. !o o o o o o t o , • o 'I I •. o o o 0 o o o o' o 0 > • ' 

1 
2 
3. 

-4 
5 

Addition.to . · :Enzyme ··amount ·.Estimated 

centrifugation used , . 1) . s 
. (. ) . . . .. . . . ( .. ) . . . . 20 ,w 

.. med.tum. ml1 ................. _. .... pg .protexn ...... _: ..... : . ....... . 

None ·:,•:--100 .·13.1 
·'· None · i, -10 . :12.9 

Mg++(lO) ··rno :12'. B 
L-Aspar~~te(lO) . .. _ _.

2
) -100. . :12.9. 

FDP(lO) plus CoASAc( 9. 82) · - ... :100- :12.9 
, o o o o 0 o o o o o o o o 0 o o o 0 0 o 0 o o• o 0 o'o 0 ·o 0 0 I I 0 ·O o '0 o 0 0 0 0 0 o o 0 0 o to· o· o 0 o 0 0 0 'o 0 o o • 0 '0 

1) The values were obtained. on the· .. assumption .~that the· partial specific 

. -~ 

volumes _of the three enzymes shown:in F,ig.". 3 .. were o.·7~5:· . .tnl.fg :of protein 

) 

.. .... ... 

fl. ~$i't1. 
,i\ 

.:'-·-:_,:• .. 

.':-.. ::·/·;·.; 
• :,_·i~· . 

'/. 

., 
l 

\ 



.~egends.to.~igures 

~ig. 1 •. Time .course of.the· inactivation :of PEP·carbc»tylase under·various 

m.agnitudes of pressure.· Pressure ·was· applied .to. the enzyme .solution (0 .1· · 

.mg protein/ml) in 0 .1 M Tris-:H2so4 :]:)\.lffer·, . pH B. 5; . at .22°C. for indicated 

periods •. The.residual enzyme.activ~ty was .. measuredwith ·a 10-pl.portion 

of each sample. .. A . control experiment: for spontaneous inactivation of the 

en~yme ·: (~ •. 5% loss of the .activ~ty .. after an .hour at .22oc), ·was .carried 

·.out under .exact;ly the same conditions excep-t; . for. the omission ~?f ·pressure­

application. Inset shows plots<of .'the" ... :i:tela1:ion .acco~di~g :·to ·Eq~. (1)_ .given 

in the .text.~ 

~ig. 2.. Curves of pressure iri.activation:of'PEP carboxylase in the pres­

. ence of aspartate or dioxane. . The·. et?-zyme . solutions (0 .1 ~g ·protein/ml of 

0.1 M T~is-:H2~o4 .buffer, pH 8 .5)·. contain~ng :15 roM aspartate ( . . ) 

• to 'It 

or 1.·17 M. dioxane ( ~ ); and.not·.coritain~ng any one :of thein 

( --o-) .were incubated .at .22°G .for :15 min under increas~ng ~agnitudes 

· of pressure as indicated and . the· .. residual .. e~zyme . activities . were .measured. 

I~ig. 3. Pro.tection of PEP· carboxylase· _against pressure inactivation by··· 

various concentrations . of. aspartate· •. : The:. e~zyme solutions · ( 0.1 .mg protein/ · 

ml of 0 .1 M Tris-:H2sq4 . buffer·, . pH 8 •. 5 r, containi~g aspartate· .. of indicated 

concentrations .were incubated .at.1;200.':atnr..at.:220C for :15 min.; and the 

residual e~zyme ·.act~v~ty ·was .measured.,. As ·ordinate in th~. ~igure ·was 

~ogarithmical,ly·;plotted :·the··ratio·:of :the>.o~iginal.activity:·(.Yo). to. the 

i 

\ 



residual.activ~ty :{V) so. that. the .. plots .J;'eflect. the .. iriactivation .. rate· 

.... '1' . 'Yo, . . .. · 
constant (1~); ~ = 0 •4343i l:og(·Y. ),.where ,i.indicates time. 

For comparison, the inhibition ·.of :the· enzyme .activity _by increas~ng . 

concentrations of aspartate .was also plotted. The: reaction mixture used 

for photometric assay ··in the· inhibition experiment was. the same as ·de-

scribed in "EXPERIMENTAL" except for the· omission of dioxane •. The enzyme 

amount used was 10 pg protein per. l.ml,of .the reaction mixture and the 

assay temperature was 30°C. 

. Fig. 4. Sedimentation of PEP carboxylase in.sucrose density gradient . 

centri~ugation in the absence of the ~igand •. The experiment was carried 

out as described in "EXPERIMENTAL" •. The :activities of PEP carboxylase . 

. and alcohol dehy~ogenase are expressed in terms of the ch~nges in absorb- · 

ance at 340 nm/min, and that of·catalase in.terms of the ch~ge in 

absorbance:at -240 nm/min. 

Fig. 5. Response of PEP carboxylase:activity.to various.concentrations _., 

of aspartate.{A) and CoASAc.(B) under SOO.atm·or pressure. The reaction 

mixture for isotopic assay as described in ·"EXPERIMENTAL'-' contained indi- . 

. cated concentrations· of aspartate or CoASAc, and.the .enzyme concentrations 

were 60 and .12 pg protein per ml, respectively. As soon as the reaction · . 

mixture was complete~ by ~he last addition of the enzyme, .. it was . q~ickly , 

syr~nged into· the :tube .at .. 22°C; and. the:. tube ·was inserted into .the· 

., 
\ 



pressure cell pre-equilibrated . at . the· .. same . temperature •. ·. · • After. the . 

. incubation. at soo·. atm. for .15 .min' . the' .. reaction was . substantia.l:-ly . arrested 

by the immersion of the· tubes ·into·: ice: bath·.-. . Control experiments . were · 

done under the ·same conditions :except . for. the· .. performance of. the. reaction 

outside ·of the_ pressure cell.?oth· .. a~ :22°C and 0°C •. ·After.the· .. reactioh an­

aliquot .(2()'. pl) _of .each mixture was withdrawn. and ·trans~erred. to the .scin..;; .~ · 

"tillation vial containi_ng 0.5 m1 :of 0 .·o2· N HCl. The radioactivity · 

incorporated into mal~te was . measured ·. accordi:ng . tC? the procedures as 

described previously· (6) •. The·· radioactivities which were incorporated 

duri_ng the exposure of the sample . at :22°C and 0°C (less than 2 and 10 min, 

respectively) under· the. atmospheric pressure .were estimated .. · from their 

correspondi.ng controls and . were . subtracteq ·.from the total· radioactivities 

9n each sample. . Under these . conditions: the'.: enzytne , reaction ·;proceeded 

line~ly !lith ·time ·up ·to .:20 min .at :22°C~~·· 

. . . ..,. . ... 

·,: 
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