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Uepnrtinent of Chc:'7'i:stry and La.\·,ffCnCtl j~l\,jiation Laboratory, Univl.'r:,;ity

of califon\h~ Pcrkeley, Cnlif-ornia

(Jue of the nmin homeostatic control processes :l.n ccl.1 s i~,; the

modulation of the; ;;..ctivity of certaL'1 enzymes hy small mct<lbolitcs and

catnbol itcs. Allosteric enzYJ)':cs1 ShOh large changes in Gltalyt ic

activity in the pr(!sence of effectors (inhibitors or activators) thi'lt

are often ~~tcreochemicilllyunrel~1tcd to the suhstrate or pra<Juct of

the enzyme of interest. ;\ model for tLe allosteric enzyme re~~ulut 'OJ!

mocLanism. basecl Inrgely on kinetic ('}Vidence. has beon proposed by

:JbllOd, Changeuxand h)'1~Utn2. Tlils li10dcl proposes that smull molc'culc

effectors alter enzyme catalyt ic acitvlty by I:Jringing about confonlla~

tional changes in the enzyme ~;tnlCture. Independent evidence [ur or

ilgainst the alWl"at 10n of prote in confomation by al10 sterle efft"'Ctors

is important for assessing the correctness of the vieWlXiint of this

model. The wnrJ, presented here reports on somo optical rotatory dis­

persion (ORD) results that demonstrate change~ In the confor.mElt ion of

the enz.yme ~u;partate trnnscarb[ljl1ylas~ caused ;)y substrate and hy un

allosteric inhihitor.

Aspartate transcarlx1mylase (;\1,(':8s<:,)3 is one of the hest charllcterh:ed

examples of an alloSteric enzyme and is !SUitable for physical study

because it can he highly purifit'ld. ATCase is the first ('''tlzyme in the

pyrimiJint: biosynthetic pathway. Aspartic acid and carbamyl p]l'.Jsp}l1te
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rcvcYsibly at n sit::: dist bet frorn tlll.' c3talytic site, anI.:, inllibit s rhe

C,.~'."'Y""IC' 11\r 'I't' l'!{'l'p·:\ 't<' ·i ler ';·"l'·-,,! '~t')Y t'll' ~'III)"'tr';ltL' 't<;:·)'lrt,·~,,,,5 'l"~"" ) .•·.!'v'~l.....~ • , .., ....1.1"., ......" J, <. i.. ) ....i.. J.,.J...l t l. ,,' j ~ .... L ..., ~;f~ _, ...;1 '4 ~ (;., 1 "... '-A........ II) t,...... ,,_

;\.1 C:!S e ..

ATCase Jii}::i a sJgrnoUnl suL::;tr::tc saturation curve for aspartate at

butween catl.llytic sitcsjO i.e. ~ \1C,;;,(' 1ncreases its asparUte :l.ffinity

with increasing ()~>r'<lrtatc concentr;ltkn. .Figuro In shows the c{f'xt of

C111 and pI! on tht.~ 'tbstrato saturation curve of i\TCllso~ COOPf."Tiltive

interactions b(,)'tw{lt~j1 catalytic sit<'s and. the nodification of thb intor­

action by CTP (hetol'otropJc intcrnction2) are examplos of indir:.-'ct intcr-

;~nzY:;les. The cooperativu 5UhstratC' site inttlractioJl allows nonretlctivc

substratt.) HllaloHS that ar:.:: silnple competitive inllihltors Jt hi:;h con-

centnitions to <lctivate the enzYF~(' at 10\1' concl:!ntr.iti0ns. Fil:ure Ib

shows the actl'tlition of .'\TCnsc hy :l substrate analog at low concontn~-

tiOll$, awl the c;:om;:"titivc' inhibit. ion iit his.~J'; concentratluns. !cYoTal

substrate allulogs ~;ho\o,' this cfflX:t.

creU$C in ,\Tease t s ;;.ffil'lity fUT :\s),art:J tt1 white sul5trates, substrate: a1Uilo~~s,

and vrotons increase onzyr:c affinity for (j.Sr~JTr..<J,tC. At i'. i~iv('n ;:iSpart:itc



; \Jtorials nnd'iethclds. All chemicals \.lX;;re obtllinexl co:,mcrciid ly.

, • -. • I.' ( }. ~.' ,,".wtl'ln51C V1Sl:OSlty .uJ J., !.2. !'i;H J ~

per residut~~ ATC,lse ",as il Uift from 1ft'. John Cer.hart. The f.mz.YiK:assayS and

method of preparation21 were previously described.AU ea~yrl1C soluti~H)s contdned 2 nt'l

mercaptocth",nol and 0.2 n?'l JJjfA. Pota5!:;ium phosphate was used for the

plI 7. 0 ~md pH 6.1 buffers; while 1r15 flel was uSt.~l for pI:

buffcr~ 'tero 40 ntl for the kinetic lT~,aS'drerllmJtB and 4 m'l; for the optical

measu'rt."Tllents below 240 llllJ. The erlz-,~ne concentrations \'I'ere deterni.ncd,

from the absorption at 279 'ro~, using Al :"=./ '"' O~ 59. The aVf'!TZWC1 hwml ~'~

rnsitlue wo!;:;ht (IT) of ATC(lsU was c,stil"latl'td. from a i)reliminl'l:ry m~dJiO

acid unalysis17 • to be 120.

Dpt ieal rottltory di 6per~ion lHcasureroouts uti! ized u (Dry f.1odel (iO

reconling spc~:tropolurilnoter. Tho rotutions were independent of slit

width end the specific rotations wero indepcmdent of the (concrmtTlltion)

(path length) product over .a tl."'..n-fold .range. Lamp position ;Jdju5tr;:cnt

and ,1 it width adjustment were made for minimum noise 1(;."Ve1 at th(~ \IJUvc·

length region of interest. TI,(;' cells. made by Pyroccll, In: •• \mre

selectocl for rnini!l1lU'l birefrll1genct' nnd were cleaned .i.nside and out by
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soaking in c(;nc(,~ntratClj !:~~C3·!l2::';\"f (So/C,O by voluioc:) and by ~t onc-minute

oxposure to Hc-Jfi-3 ~ ~;O!i (50/S0 by vohune). \{hen pl~perly clcHlleJ, tl:c

culls could l<~ remo\rl.xl and roplan"..! in the p<JL,rimc:t.cr idth no Dh~\cnr;J.)le

change in til':: rotatbn. Cells of n.l, 1.0 and 10 mm pathl,.'!ll:~t1; tJore

uscd~~ll measun~'i;lents were pcrfonaod ot 4.5 ! L()oC. Tk 5pecific

rotation mcaSUTC1nent s :for diffcn~nt sarnvlt~s at the :mme solution ':on<l1­

tion:-; varied 1. to 2'li. The varL.,tion .is probably due to volumetric errors

iJ: sample pn~pi1rQ.tion. This vud.ntion of specif ic rotation JT(~'1 smnple

to sample \1:,15 too large to permit a siltis:factory dctenlliJliJtion of tht:

absolute specific rotations of the Qnzyne in tho prc.:;once iHld ,lhsencc

of effectors. f·bwevcr.~: could determine the relative rotation in t!lc

preSt-nce BOO absenco of effector f'Y a titrat.ion method. For tho titra-

t ion <.."xporimants, 2.S ml of t~j1..ymc Jrolution WHS pipette<! into ra 0.1 or

1.0 JMl cell and tho ORD spectrum Jtlcasured. TCl1- to twenty-llUnlx.la aliquots

of c.oncenttatoo cfft)ctor solutions, previously adjusted to the a:Jl)C(J­

priatm pH, '>iera added with a 111.i.cropipet. The cnZ)'f4C solution wns mixed

by dOh' inversion of the C~ll1 and the om> 5pt~Ct1unl illt~HSUred. Corrections

for dilution lLnd CTP rotation i-ien~ 3ppliod. The mBRnitude of rotation

at selected l·;nvelengths l-r.JS most precisely detcnl1in(.xl by chart recording

of the rotation at oach fixed wavelength for cxtond{>'d periods (ca .. 10

min) with a lO-or 30-50con;;1 pen tine constant o J\ftt"l" running u spectlurn

the ptntl~ and trough W"d.velength points were repcatet.l nnd the rotations

were llilChlU11;€xl withill the noise level in all cases. The !illecHic residue

rotation [I\']\"a3 c<:Jlculuted according to the relation:
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refr~!ctivC'

O~l :'I.t1 cell.

far ultraviolot n~L~iol1 ot l){;pt ide bond absorpt ion i.:. 5011Sit ivc t·:) protein

poly-L'~rzlut;l!~ilc (.l.ciJ (PU'.\). iii t:K' helical (2n) lind ra.lld()~~ coil (2b)

confurm.ati<;lns. Similar Ci.trvc51' differing sl.i~;htly in magl:itudc, have

can hest b('~.It hitil aLcut 37t ·;rf tJif.... PLeJ\ helix s;<::cifkresidut' r~}tJ·

tion (F i:r~' 2;\) with no contrilut ion of the BOlltiel icOll r('sJlt1cs~ To a

tl~m 37'<:. due to an C:Xlx'ct.\xl chai:) length dependonce of t{'e rotiiti.on/n.~~idue



of .a polypeptide hl;;l ix~) & The ulliy apprec fable deviation 0 r the Cit of

a 37f;, FLCA \lclix s;;cclflC rcsj,L.,;' rotation to the ji'rCrL<;c ! 'I,ll nCClllS H:

an almost conplett1 cancellation of opposing contributions 0 [ the CottUll

uffects of the various nonh.clical residues. In. a stud)' of the Llr l!V

optical activity of myoglobin, ush,g circular dichn,iSiI" h}l:;;v.lrtlt

"i.na DotylO bv\;; found a sjmiJ:(~' can.collation of thu cOlltriLutiu;,:; 01

tlXl' nonhel ie'll residues. In the case of myogldbin, t.he cJxcul ur

dichroism can hest be fit uy 7m, !.,odel polYPcl,tltle Jlclix d ichrQ is!:) ;,tith

no contrUution froll! tht: aonhel icnl residucsll •

~)(:venl.1 other m.ctiK'lds art, available for helix C()ntcnt cr.t ii,lotion

from Did) data12 ,13. The other trcatroonts of this problom rely Of! the

;'louot~.mic visible and ncar UV data, w1d we fed that the must Tel in.bl1.:

method should be til,,!! <.Hn:ct ob!~ervation of the peptide 11c1 ix Cotton

effects as done hero. Tho exact absolute valuo of helix content (If

ATCasc 1$ not of prime importullce in our work and, furtlm:rmore, \"IIC diti

not .....ant to usc the 1arste :amount $ of mut.erinl roqu ired for pn.'c i 5<.'

visiblcmeusurmoonts. None of tht: 41Othods of helix content cst irf'Jlt ion

are n.'ally sntisfllctory forproteills ",itll lOll; helix cont(;Jnt since ItH':::tl

charge and dipole fiolds14 of regions of thtJ protein wrapped ;lTOlUJd the

ho1 ical segments UI'lil not present in the rnference pulypeptides.. It

500uld be Y;1<Jutione:u that Pl.G/l. may Hot bo the ideal l'efcrCllcomat:t~rial

for helix oonteIlt ostimution, u.nd these probl(l1l~s h:.i'Ve 'boC;H d.iscussed

by Yang and ;-k:::Cabe15 •
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., \ I I • 1 ,.,!tept 10e \)i)lK t.:ltlSi'\rpt Ion.... v •

of ~~inple pulypcptides and SOT!lr:? protein:,~. The usc of this Flct!ud for

;n'oteins is corrtplicatc(~ by the contrihltion of t.lroPlatic alPino ;lei..: sUe

chain.~ll, .1~ \'fell HS arginine, ucthiml1nI.:, cystino, amide, and cadJoxy··

and I,;e felt that lThY!"C C3$C~; should be tried tu full)' explure it:; lios~dble

uscfulneS50 'nte sidu chain COlltr ibution to the abSIJrjJtior: of .r\TCa:.;e 1.;as

ustimato<.! from an a.m.ino acid "'1::dY~Jj517 tUld tJil: amino acid side chidn

extinction coefficients ,:~ivcn ty ;!"oscn1:(>ck and Dotyll)" 'n,t' Clb;;;e'riition

4B% Ht 205 liil~.. The 190iHIi point h;i$ the largc~;t relative corn,ction

for sit,i.e clvJ.iJt absorption and is l:~ast trustworthy. The H7 nlj.l point

has the smfdlost 1'olatlve correction, ilnd Rosenheck ::uKlJ)cJ~:y16 hr~1iev(:

1971:ll1 to be the most rdiablc ..

Th(~ peptide hyjJo<;hromis'i'l :~tVCR a value eif helix content tm" ,\TCaso

the peptide bond h)l.l(,1Chromism in.clicate;; ahwt sot bel ix. Thi!) 1S

<'lCccrptable agreement with the ;irm v;du: of 37%.. he consider the hypo~

chrm,H:'i!I~ w.luc .'13 the lc~,s reU:J.hlc ginc~ tlttl ddc Cl'IHi11 as \'cell as the peptide

the proteir••



The rntin'

"f or

T.:.~bl ,. 1

titration or~t JeLLl

CiT conccmtrut ion tncrea\',cs.

illcrea:;,lJlg CT1J conccntrat ione 'IlK; cfJ\.,ct of adJ(,'{1 protons (In th' CIl7_Y\,;C



-9-

All rneusuremonts consistent! v shm\' an inverse correlation betwecm
t

the nUEuitudc of the ·.rot~tion :trill the catalytic activity of j\TC1:~C:'.

The changes in rotfition el~,lrly ""how that there i 9 a chuni:e in tI.e

l'elation5hip~j of amide rcsiduos in the protein accompanying ckmr.(:$ ir:

of !\TCa~e ClltlStxi by the addition of substrate analog. The shape of the.'

Jiffcrcp.ce URD CUl"VO is very <:10$0 to that of thf} ptilypeptidc helix,

indic•.iting that, on the face of it ... Sf)!;;C residuos of the protdli tnve

undergone a coil-to ... helix trml5itifm. The noise level is relatively

high in tht" rel~ion Qf ZOO rrl:J and hclow I' and it 15 dif.Hcul t to ColI 0\';

the Jctails of the cha,.....ge;hmVi:N{1r. it is clear that the mmdIlIl.I;:j

change in thb region relative to the mrutmJra change at 233 J..7llJ is con"

sistent with a chlmge in helix c{)ntont.

<.:ular stru~tura1 91teration, and we mu:-;t examine alternBtive Dxplanl1~

tions carefully.

(1) Small molecules can acquiT\! optical activity when bound to

an optically activo large .molcculc18•1D• If the arm changes ohsetVed

"here Juo to i.nduced optical activlt)' in the bound effectors. specific

rotations jn oxcess of let) def~rees!;l'lole of bound sub$tratt tlfl.alu£t would

be req~tircd to explain tho observed change in rotation (eyen if as md.uy

as 10 substrate analogs/mole of cnz.yme were OOlmd). SpecHk rotfltio113

of this mai';nitudc ~lt'e j:l;uch l:Arpz,cr thaJ1 cnn res$~mably be expectc:L

Furthernx.1TC ,I induce-J (1)tton effect:s will be centerod very close to

tlw ahsorption maxbul of the hound molecules. c.TP has n wouk OHD



5pcctnull with a Cotton effect c~mtDrcd at 270 (fl\.l. f~n induced Cotton

efh'ct in CTP "WCmld show up i\~ the 270 ;'l\1 region w:d could not 5:1V C

td?f('Ct~~ inducoo in thu bound m.olccules ;~s the source of + 1·"r-~"",fI,"

(2) Effc:ctOl"~induced altc~·ation5 in the nonhclical rCi'ions 0.£ the

;irotein :structure c~Juld dUU1j?,l:' th(~ charrc and dipole rmviroTlment

~rround the helix and give rise to an altered helix (Ij~ll. Cilanges in

effect on the hel Ix ')RD in the '~~lectronkally forbidden n - If#!:l"e~~.ioll

around 225 rm.l 9,lO pH and to be 1ess important ill the clt~tronicnlly

allowed N .. V peptiJc bond transition arolULC..I 190 ro",lO ,14 ~ It is very

llJllikelr thIlt altcrntions in the. stat.k fi.elds '4')uld produce thf,l SliUOO

pOrCtu-lt"I.gC change' in the OHI) at zoo mil and at 233 mlot as is ohservod o

~ie ClJ.n conclude with soroc confidence that the chall~~o in ow. is !wt due

to al ttJI'ations in tJIC nonhd. ical rCLion 5 0 f tJ,<: prot. 0 in. (T!tt:1 mmhel ieal

rc~ions may well change under the influence ()f the al1ost(;ric effectors.

but thls is not the source of the UHD changes h'(~ obs(~rve.)

(.3) In principle. one othor possible explanaticl,l for .1 change in

(JIll 'Yith the wavelength dependence of the helix"coil tYjJe is a cllaJlge

in the local refractive iutJex due to s\«Jlling or shrinkinr (chunne in

btern.J1 hydration). then;by ;llter in;' the local elcctl'ic hold of thC!l



lh'l,llt inside tho protein and loltdinH t\) a..'1 altered GiID umplitudlJ. If

\<ie a:'SW1~ :: Lorentz local fit.:ld t H very larlJ,(~ chango in refra.ct lve

to Gxplain the ob~;(~rv(,>d eff.:.:<:t. .'\ Cbllilft,c in refractive inCrClf\~;a:: 01 ti~ is

Inagnitudc i~ e.xtreHi{lly unlikely.

Tn Sl!U;r;lJ.ry, the addition of allosteric ..:ffectors caUSl~S (l phr~dcal

chaJlEe in the protuin stluctun:. TIK :intcn'clutioli!;llips of t.h· amide

accompmicd by,). change in hclJ~: content of the cnl,)'Ille.

t\\U catalytic, th,: int.(:~Tactioll of ,.hich contl"ols th.:: cat;,:..lytic :J.ctivityl0,:;;l.

Tt~ helix-coil tn.msition that has l)ecn foum: couhl chnngc the ~'l)O;netry

of the subtmits and tllt.,reby affect the subunit inttrraction. It. has

and :.edimentatbn are both smalL

The ma~~nl.tucle of the dUUlgc in O/:J)

Th-D l0010cu1a1' ~ci·,ht of ATCIlse 21 is
.~.~

about :5 x 105 " ...,hicil corresponJg to ~,l.j;out 2.;) x 103 residuesl/ d!.1rroxi­

~niltely B.3 x 102 on) of \l>hich urc in 3 hel:kul cuvirolll'hmt. 1)10 11U.l1ber

of residues involved in the allosteric helix-coil tnm:'5it.ion Glll be c5ti-

I1lAtOd to b..:: :.tbout 40-50 residues frotl the lIlHxilll.tm ciwnge In roti1t lUll of

about S-M. This 511lull alteration of the cnzyr;\C structure occurs Jnring

a cJlC.m~rO of substrnte affinity cf th'O orders of lIla.~;liitu\..k· ur U}rt;. J t is

not 'SurprisIng, hm'lOvcr, that srHnll alterations \)f Oo.ZYi:1C ~,tnh::ture could

lead to large changes ir. activity by :lffectln;: the shape, )l01a1" env1Twl-

1'1e11t, or chaY~!e on the catalytic ~;ltC. The allosteric enzyme HctH 1 ike
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larg(~ (~ffC'ct.

on" h.)li.,'<.-to-CQU <md the other c.oil ..t~)-heljx. the Jiffercnce i" tilt:

tnmsltions tend tD be coo!)crative"

the hind.iJl[.; ;)f substrate or inh.ihitor shifts the c'iu illbdum hct,.eCfl

i~lhil;jtur 1s equivillent but oppol>ite to that () f thc.' 'icti";ltor. '\nother

F0!isibjJitiy. contrary to the wadel I.tn<i:~r cOll5iderlltion, i.5 that t.he

su in .1:i.tf(.)rent pUrt5 ()f th(~ luolccu.1e. ()UT rc~;ult5 slim" ti:tJt tho chaJ1~:e

occurrbg upon flKid:ition of 'inhibitor is upposite (and app'oximntc:ly uqual

tc) the effect of activnto:r. III tcnns of £-1onod, lVynwn tl:l< Chm'<;,.:eux's

model, the: ORD evidcncc~.\;)ltld iFiply that the c<J.tnl}'tically ll~}rC :lctive

form i:; the less helical ronn.

catalytic SUhllItitS21 to the allosteric effoctol$ \would be desirail10 to

Stlparute their rotatory contril'tltic:1ns. CornLi.:tiort of the bindi,\r of



effecto~ith the physk.Hl chany,C' produced by tho effectors is centr;l.}

;·101ecular HiolofjY nepftrtrn(~llt. University of Cnliforllia. l~r~l"kcley~ for
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T;;tble I

caus(xl by solution ,11 turatioll. J\l1 l"Xp:n':imcnts show tile same trend s

tJlble «Ire tLe oh!;enroo noj se Jevd in tho om: Sroctlun~.
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~ 20)
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pH .. 8.S

pH .. (1.1

pH "" u.s + 5 n1M succinllte and 3 Jri-l curh'~')4
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FijJ,ure C;.lptions

Fig. 1a. The effect of CTP and pr 1 on the reacti.on veloc1 ty substrate

dependence of ATCn3e. 3~6 m\'l carbamyl phosphate and 40 11'2·1

buffer present in all 5(J.mplc~._ pli (,.1, ---; pH 7.0 or pH 6.1

plus 2.10..4 M CTP, .. - - -; pI; 8.()~ _. _.. All of the- .

curvos (exeept tho pU 6.1 plus 2.10-4 i"tJ CTP curve) are

taken from Ref. 3. The arrm~s on the graph are explninl"lJ in

the text.

Fig. lb. The effect of the sUb$tr~lte analog, maleate, on the reaction

velocity of ATcase. 1 m,'! aspartate, 3.6 lilt! carbamyl pho!jphate,

and 40 m,1·1 potas$.ium phosphat(;~; pfl 7. (Curve taken from ReL 3).

r.t) {)RD of Poly-L-Glutmnic Acid, pf'l·4.3 (no added salt), helix fonn.

b) ORD of PI:1!y-L-Clutarnic P.cid, pH 7. random coil for:!~

c) ORD of ft:rcasc, p1l li.l; the averngo residue \"Y"ight is tal en

as 120 g/nole. The dotted portion of the curve is in a rogion

of relatively hi~h noise ltnrol and is less reliable Hum the

d) Absorption of ATCasc, 2.08 lUg/ml, pg·{i.l in a 0.1 ll1lO cell

illC4'lSUred Va. buffer 0

Fig. 3. TIm dopcndence of the rotation of ATCasc, at the trough of tho

233 MJ,I Cotton effect, on the concentration of CTP and substrate

unalog, 5Uceinatc.
(1. 75 mg./rnl.)

a) F,nzy."lc/at pHll.6, ood al iquots of a mixture of 150 mM

potassium succinate find 130 m!::! carbamyl phosphate (pH 8.6)

added.
(2.08 mg. /ml.)

b) };nzyme/ut pH 6.1, nn<.! aliquots of 20 rn."-1 CTP (pF ti.l) ockled.
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Figure Captions (Cont.)

Hg. 4. Tho clm.nge in 3pccific rC5ldIH: rotation of f;rCasc nt L,n- H.6

brought about bv 11 r.jrt ;~tagsit1i!l succinate .:mu 4 nN c~!rl;Wjlyl
, - -

phosphate. The difference is preS(:ntec as (cnzynl(~ + effector)-

(froo enzynie).
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This report
sponsored work.
mISSIon, nor any

was prepared as an account
Neither the United States,
person acting on behalf of

of Government
nor the Com­
the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behal f of the
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.


