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One of the main hopeostatic control processes in cells is the
wodulation of the sctivity of certain enzymes by small metabolites and
catabolites, Allosteric enzymest show Large changes in catalytic
w::_tivity in the presence of effectors ( inhibitufs or activators) thet
are often sterecchemically unrelated to the substrate or product of |
the enzyme of interest. A model for theo allosteric enzyme repmlntion
mechanism, based largely on kinetic evidence, has heon proposed by
Monod, Changeuxand Wymanz. This model proposes that small molecule
effectors alter enzyme catalytic acitvity by bringing about conformi-
tional changes in the enzyme structure. Independent evidence {our or
against the alteration of protein conformation by allosteric effectors
iz important for acssessing the correctness of the viewpoint of this
model, The work presented here reports on some optical rotatory dise
persion (ORD) results that demoustrate changes in the conformation of
the enzyme aspartate transcarbamylase caused by substrate and by an
allosteric inhibitor,

Aspartiate transcarbamylase (ATCasc)d is one of the best charncterized
examples of an allosteric enzyme and is suitable for physical study
because it can he highly purified. ATCase is the first enzyme in the

pyrinidine biosynthetic pathway, Aspartic acid and carbamyl phosphate



are coupled by ATCase to form carbamylaspartate, vhich is transiormed

by & series of enzynatic reactians to Ui pyrinidine nuclentides,

uridine triglwosphete GF7) and oyridine nriphosphate (CTF) . As First
sty by Yatos and Var Jue? oyl deivativos exert a yeoulatory
influonge upon the activity of the enzyae in whole cells wud in crll
extracts, {luetic mensuroments on purified ATCase show tiwt CTF binds
reversibly ot & sito distinet from the catalytic site, and inhibits the
enzyme by reducing its affindity for the substrate usimrtui;@ﬁo ihe level
of the ultimate product, TFP, is controiled by feedback inbibivion of
ATCase,

ATCase has @ sigmoidal substrate saturation curve for aspartate at
Wits creater than 6.1, indicating o cooverative (!‘mx’s:otm;vicz) interaction
between catalytic sites, l.e., 21Cise increases its aspartate alfinity
with increasing aspartate concentration, Figure la shows the offact of
CTP and pl! on the rfj.xbstmm gaturation curve of ATCase. Cooperative
interactions betwotn catalytic sites aid the rodification of this inter-
action by CTP (hetorotropic intersctiond) are examplos of indirect inter-
actions between biiing wites Lhat are characteristic of allosteric
enEynes., The cooperative suhstrute site interaction allows nounresctive
substrate analogs that are sieple competitive inpibltors at hish con-
centrations to activate the enzyne at low concentrations, Figure 1b
shows the activation of ATCase by a2 substrate analop at low concentra-
tions, and the competitive inhil umn at high concentrations, leveral
substr ate anplogs show this cffect,

The hinetic etfects, in sunmary, are as follows: CTV prorotes a de-

crease in ATCase's offinity for aspartote while substrates, substrate anslops,

and protons increasc enzyme affinity for aspartote. At @ glven zspartute



concuntration, the aspartate «fJinity of the eozyrme detensines the
catalytic activity ( I“G?A(Zt,‘:!,i“}f} vilocioy) of ATCuse, The activity ~honpes
<t 2 fixed asvartate concentrition arc 'g‘s:;sresqmt@& in Figure la by the
arvovs showing the direction of the activity sqift upon aidition of
O oand Y'Y,

Hateriads and Methods,  ALL cheomicals were obtuined commercially.,

The sodium sult of poly-L-glutamic acid, supplied by Mann oscarch, fnc.,

had an average degree of polyewerization of about 180, estiaated by tho

intrinsic viscosity by 0.1 M Holl.  The poly-Lerlutanic acid concentri-

tion wis estinmated from the dry weight, asswaing one water of hydration

per residue, ATCase was a gift from Dr, John Gerhart. The enzy:xeassay? and
method of preparation21 were previously described. All enzyme solutions contained 2 vl
wercaptoethenol and 0,2 pti LUTA.  Potassiwe plosphate was used for the
pil 7.0 and pH - 6.1 tuffers, while Tris HCL was used for pii - ¥.u, The
buffers were 40 md for the kinetic wmeasurements and 4 m¥ for the optical
measurements below 240 my. The enzyme concentrations were deternined

*

from the absorption at 279 myp, usinp Al m = 0,58, The average

1 mg/ml
residue welight (ﬁ) of ATCase was ¢stimated, from a preliminary waino
acid analysisl7, to be 120.

vtical rotatory dispersion measurements utilized a Cary Model 60

N
LAY
i

recording spectropolarimeter, The rotations were independoent of slit
width «nd the specific rotations were independent of the {concentratioi)
(path length) product over a ten-fold range, Lamp position adjustment
and slit width adjustment were made for minbnum noise level at the wave-
length region of interest. The cells, made by Pyrocell, Inc., were

selected for minimum birefringence and were cleaned inside and out by
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spaking in concentruted [HOg=l00, (50750 by volwae) and by a onc-minute
oxposure to MedH-3 M KO (S0/50 ty volume), When properly cleanad, the
cells could o removed and reoplaced in the polorimeter with no observille
change in the rotation. Cells of 0,1, 1.0 and 10 mm pathlength wore
used, All measurencnts were perfomed at 4,5 £ 1,.0°0. The specific
rotation measurements for difforent samples at the same solution condi-
tions varied 1 to 2%, The variation is probably duc to volumetric eryors
in sample preparation, This variation of specific rotation fron sample
to sample was too large to permit a satisfactory dctr:minatiox; of the
ahsolute specific rotations of the enzyme in the presence wnd abisence

of effectors. However, we could determine the relative rotation in the
presence and absence of effector hy a titration method. For the titra-
tion experiments, 2.5 ml of enzyre solution was pipetted into 2 0,1 or
1.0 mm cell and the ORD spectrum measured, Ten- to twenty-lamixla aliquots
of concentrated effector solutions, previcusly adjusted to the appro-
priate pH, were added with a micropipet, The enzyme solution wns mixed
by slow inversion of the cell and the ORD spectrum measured., Corrections
for dilution and CIPY rotation were appliod. The magnitude of rotation

at selected wavelengths wus most precisely deteminad by chart reocerding
of the rotation at each fixed wavelength for extended pericds (ca. 10
min) with a lO-or 30-sccond pen time constant, After running o spectrum
the peak and trough wavelength points were repeated and the rotations
were unchanpged within the noise level in all cases., The specific residue

rotation [R'] was cualculated according to the relation:
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Absorption measuremcails vtilized s Ny-purjged Cary Moded 15 snectro-
shotonetar.  Absorption siectrn vere tolen relative to a baffey solution
of Idemtical conceatration, The phosphate buffer ased for the (or UV
absorption measurenents bad o maxioum absorption of one &t 180 ww i a
0,1 wusa cell.

Heddy content of V0 sc) {ntical rotatory dispersion (ORI
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far ultraviclet region orf pepride btond absorption is sensitive 1o protein
secopis vy structure»B. Plgure Z shows the UV ORU of a model prlypeptide,
poly-L-rslutanic acid (PLOA), o the helical (Z2a) and randen coil (Zh)
confuymations, Siailar carves, differing slightly in magnitude, have
oreviously heen published by other wortersS. Figure 2¢ shows the UV GRD
of ATiuse, the spectrum is strikinely similar in shape to that of helical
PLEGA, but the wagnitude/rosiduc is much spaller,  The OBY curve ol ATCase
can hest be fit with alout 37% of the PLGA helix spocific residue rota-
tion {¥ig. 2a) with no contrilution of the nonhelical resilues. To a
first approximation we conclude that about 37% of the resilies of ATCuse
are in the helical confomation, Since there may be nany short regions
of helix 1o the nolecule, the actusl helix content may be somewhat liigher

than 37% duc to an expoected chain length dependence of the rotation/residue



wlim
of a jelypeptide hel ix?, The oniy appreciable devintion of the it of
a 37% PLCA helix soecific residue rotntion to the ACuse (01D ecours in
the rogion botween 220 and 205 sy.  The small deviation of the “it has
a rather complicated wavelength dependence, and is thought to be due to
an almost complete cancellation of opposing contributions of the Cotten
sffects of the various nonbhelical residues, In a study of the far 1V
optical activity of myoglobin, using circular dichroisy, Colzwirth
and ;"}utym Fave found a simdar cancellation of the contrilutivns ol
the nonhelical residues. In the case of myoglabin, the circular
dichroism can best be £it by 70% model polypeptide helix dichroism with
no contribution frou the nonbelicul residuesit,

Several other methods sre aviilable for helix content estination
from O datald,l3, The other treatments of this problem rely on the
sonotonic visible and nesr UV data, ! we foel thut the wmost reliable
method should be the direet observation of the peptide helix Cotton
cffects as done here, The exact absolute value of helix content of
ATCasc is not of prime importuace in our work and, furthermore, we did
not want to use the large amounts of material roquired for precise
visible measurements. None of the methods of helix content estimation
are really sotisfactory for proteins with low belix content since local
charge and dipole {ields}? of regions of the protein wrapped around the
helical segments are not present in the reference polypeptides, It
should be noentioned that PLGA may 0t be the ideal vefercince saterial
for helix content estimation, and these problems have becn di scussed

by Yang and ricCabelS,
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The hellx content of proteins can sdse bo estinuted {ram the hypo-
chromic effect thet the helicnl condforration exerts on the ultravieley

peptide bond .'.:ms«'fa"-;‘ﬂ;ionh’, ihis mothod aprees well with GO in the case
of ximple polypeptides and some proteins. The use of this method for
;vrt’)tein# is complicated by the contribywtion of arematic awino scit sile
chains, as well gs  arginine, nothionine, cystine, amide, and carboxy-
late groups to the sbsorption in the recion of peptide bordi absorption,
The method 1s attractive because it reqpires small mmounts of wmateriaol
and we felt that more cases should be tried te fully oxplore its possible
usefulness., The side clain contrilution to the absorption of ATCase was
estimated from an aninoe acld ;an::d}-s:is” and the amino acid side chein
extinction coefficients ziven by fosenbeck and botyl®, The absorption
spectrua of Ailase is given in Figure Zd.  The belix content of NCasc
wns estimated by this metihod to be 95% ot 190 ww, 51% at 197 w, and

48% at 205 mm. The 190 mu point has the largest relative correction

for side chain absorption and is least trustwoerthy. The 197 s point
has the smallest relative corrcction, wind Rosenheck and hotyl® bolieve
197 pue to be the swst reliasble,

The peptide hyiochromism gives a vilue of helix content for ATCase
larger than that pradicted by ORD,  If the 190w point s peglocted,
the peptide bond hypochromian indicates about 50% helix, This is
acceptable apreement with the ORU valwer of 37%, bhe considor the hypo-
chrodisn value as the less reliable siace the side chuin as well as the peptide
bond absorption may bo constderably perturbed by the enviromsent inside

the protein.
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seoecifile rotation/vesidue of

panee i oanterest.  Toble 1

So% wmp Lotton eftect dn the prozenns of

various subshonces that asiect 1ta Kinetic bolavior, bie use 235

a3 convesient wavelengty for tabulatise the Gkl changs bocause the

velative errors gare lowe ot uhis wevelength,  These measorenents were

a7 Q

ropeated several tines and nlwiys showed the treads indicated in
Table I; however, tle varicticos in the observed aifverences vore largo

enanirh ' meke the wagnitude of e Climee uncertain,  We fowd thot

titrarion of the chanpo in optical rotation shows the rotational changes
cluarly (sce the Materinls and Mothods section).

. ~ - { - 0l
i'iqum 3u shows the chaanze i ATChse potation observer upon addi-

~,

vien of small aliquots of a concentrateds mixture of carbamyl phosphate

aid succinate, a nonreactive sabsatrate  analop that s bound o the

enzyiwe.  The rototion decreases with incrsasine: substrate concoutration,

s gt - sttt ey i

H

while the catalytic activity increoeses,  The role of carbanyl plosphate
13 important to note here, in that carbomyl phusphate is voquired for the
rotatory change, yot causes nw Chenpo by itsell (within experimontal

error). Perlips carbamyl phosphate is necessary for the tanding of

succbwte.  Plgure 3b shows the ncrease in rotation of ATCase s the

o TONC Y

CfY concentrution increasces. The cntolytic activity Jocrt‘ 1508 itk

T

increasing OV concentration.  The offect of added protons on the enzync

shows increascd rotation (Tabice 1) with Jecreanced activity (Firn. ia),



-9-

All measurements consistently show an inverse correlation between

the nagnitude of the rotation and the catalytic activity of ATCase,

The changes in rotation cleurly show that there is a change in the
relationships of amide residues in the protein accompanying chauges in
the catalytic activity, Flgure 4 shows the maximm change in the OkD
of ATCase caused by the additdion of substrate analog. The shape of the
difference URD curve is very close to that of the polypeptide helix,
indicating that, on thc fage of it, some residues of the protein hove
undergone a ceil-to~helix ti‘mmith:»ra. The noise level is relatively
high in the region of 200 mu and below, and it is J4ifficult to follow
the details of the change; however, it is clear that the nacdmas
change in this repgion relative to the maximss chanpe at 233 mu is cone
sistont with a change in helix content,

{are must be taken in assigning such swell changes to any Lorti-
cular structural alteration, and we must examine alternative explanu-
tions carefully.

(1) 4mzll wolecules can acquire optical asctivity when bound to
an optically active large moleculci8el%, If the OID changes observed
were Jue to induced optical activity in the bound effectors, specific
rotations in excess of 109 dcg;me.ﬁ;/méle of bound substratc analog would
be required to explain the obscrved change in rotation (even if as wany
as 10 substrate analogs/mole of enzyme were hound). Specific rotations
of this magnitude are amch lirger than can ressonably be expected,
furthermore, induced Cotton effects will be centered very close to

the absorption maxima of the bound molecules. CTP has a weak ORD
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spectnun wiﬁh a Cotton effect centered at 270 mu. An dinduced Cotton
affect in CTP would show up i the 278 s region wnd could not jive
rise to an OFD change with the wavelenpth deperdence observed,  Sub-
stiate malogs, succinate and onlate, have somewhat different o)sorse
rion spectre amd both produce an ORD spoctrum change of the same shape,
Since the ssme ORD changes are coused by substances with Gifferent
absorption spectra (CTP, succinate, melate) we can rule oun Cotton
cffects induced in the bound molecules us the source of tho clunnes,

(2} Effector-induced alteratiuns in the nonbelical revions of the
srotein structure could change the charre and Jipole environment
around the helix and give rise te an altered helix O,  Chappes in
the charge and dipele fields would be expected to bave the larcest
effect on the helix ORD in the electronically Forbidden n ~ ¢* reeion
around 225 2901 and to be less Important in the electronically
allowed N = V peptide bond transition around 190 mplt,14, 1t is very
unlikely that alterations in the static [elds would produce the same
percentage change in the ORD at 200 mp and at 233 mp as is observed,
Ve can conclude with some confidence that the change in OFD is not due
to alterations in the nonhelical regiens of the protein.  (The nonhelical
regions may well change undor the influence of the allosteric eifectors,
but this Is not the source of the ORD changes we observe, )

(3) In principle, one other jussible explanation for o chanpe in
ORD with the wavelength dependence of the helix~coil type is a ciange
i the local refractive index duc to swolling or shrinking (change in

interaal hydration), thercby alteriny the local electric ficld of the
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deht inside the protein and leading to an altered ORD anplitude. If
we gasume o lorentz local {icld, a very large change in refractive
incroment for the pmtuﬁi (of the order of o maximum) would Vo roquired
to oxplain the observed effect. & chonee in refractive incronont of this
pacnitude is extresxely unlikely,

In summary, the addition of allosteric effeclors causes a physical
chanpe in the protein structure, fhe interrvelutionships of the anmide
residucs clearly change, and, although static lield and hydration offects
are net strictly excluded, the allosteric transiticn is most probably
accorranied by a chanpe in helix content of the encyme,

ATCase uppoars to be composed of six sulandts, Tour 7’(:;;(:1;4.1,01‘)’ sind
twﬁ catalytic, the intevaction of which controls the catalytic ;wtivityzotn.
'F.he nelix-coil transition that bas been found could change the soonetry
of the subinits and tlereby affect the subunit interaction. 1t has
beer observed that subscrate analogs induce ;i_small change 1 the sedi-
mentation coafficient of AlCased?, The magnitude of the change in D
and sedimentation are both small, The molecular weight of ATCuse2l is
about 3 x .11‘.}5, which correspumds to abeut 2.4 x 10° residues, epproxi-
mately 8,3 x 104 (37%) of which ure in a helical eavironsont.,  The nuaber
of residwes involved in rthe allosteric helix-coil transition can be osti-
mated to tw about 40-50 residucs from the maxinum change In rotation of
about 5-6%. This small altevation of the cnzyme structure occurs during
a clange of substrate affipnity of twe orders of wmagnitude or wore. It is
not surprising, however, that small alterations of cuzyoe styucture could
lead to large changes in activity hy affectine the shape, nolar environ-

ent, or charge oa the catalytic site. The rllosteric enzyme ucts like
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« blochomical amplifiﬂrzz I that o smasll signad causes a large etfect,
The estimate of the wmaber of residues invelved is o lower limit,
The net obhserved effect could b Liw rosult of opposite tronsitions,
one helix~to-coil and the other coil=tn-helix, the differcnce in the
poaber of residues would b seen by our experiments., It §s alsc pessible
that o larse nuber of residues modify thedr helix dirensions wg com-
pared tu a widler mmber wdergoing a complete helix-to-coil transi-
tion, ‘The fommer point of view is unfuvorable because helixecoil
transitions tend to e cooperative,

The model for allosteric proteins jut forward Ly sonold et j_l»z
supposes that there are twe forss of the enzyne in coullily fum.  The
two Forms are assumed to bave Qdid{erent cetalytic activitvics and that
the binding of substrate or inhibitor shifts the equilibriom betueen
the two forms. The wodel procicts that the physicel effoct of the
inhibiter iIs equivalent but opposite to that of the activator., Another
rogsibilitiv, contrary to the model uncor censideration, is that the
inhibitor and activator couse the same kind of physical change hut do
so in different parts of the nplecule. ur resalts show that the chénge
pceurring upon addition of inhibitor is oppeosite (und approximately equal
te) the effect of ﬁctivator, In terms of Monod, Wyman and Changoux's
model, the ORI evidence would imply that the catalytically more active
form is the less helical form.

A investigation of the responses of the separated rosualatory and
catalytic subindts?d to the allosteric effectors would be Jdesirable to

separate thelr rotutory contributivoas.  Correistion of the binding of
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efi’actox%ith the physical change produced by the effectors is central
to the wderstamnding of (he mechunisn ui Lhils enzyme,
The work described in this juner was sponsored, in part, bv the
U, %, Atomic Fanergy Commission.  We thank Dr. J. C. Gerhart of the
Holecular Riology Nepartment, University of Cslifornia, Perkeley, for
samples of aspartote trenscarbacylase snd carbamyl phos;ﬂmtm, Ny

useful discussions and {or access to wmublished results,
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Table T
Values of specific residuc rotativn of AlCase at 233 mp in various
solutions froo o Uypical oxperiment. The 4 vilues wre the difierences
caused by solution alteraticn. #ll oxperiments slow the sane trends
of effector-induced changes in the rotation. The errors shown in the

table are tle observed noise level in tho OkD spectrue.

o L3P s 9
Cample (R ]233 my
ot o= 6.1 5,240 * 20
Lo 9
pif = G.1 4 1078 M CTP 5,330 % 20
5 = 350
pH = 8.5 5,590 ¢ 20
A= 220
pH = 8.5 ¢ 5 wM succinate and 3 md carb. POy 5,380 T 20
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Fipure Captions

Fig. la. The effect of CTP and pb on the reaction vel<>ci£y substrate
dependence of AlCase, 3.0 mM carbamyl phosphate and 40 m
buffer present in all samples. pbb Gol, ey pH 7.0 or pH 6.1
plus 2:20°% M CTIP, = = = =3 pF 8,6, s —= - , ALl of the
curves (except the pll 6.1 plus 2+107% M CTP curve) are
taken from Ref. 3. The arrows on the graph are explained in
the text,

Fig. 1h. The effect of the substrate analog, maleate, on the rcaction
velocity of ATCase, 1 m! aspartate, 37.6 m¥ carbamyl phosphate,

and 40 mM potassium phosphate; pH 7. (Curve taken from Ref, 3).

Fiz. 2.  Ontical rotatory dispersion (ORD) and absorptiorn,

@) 0?211 of Poly-L-Clutamic Acid, pH 4.3 (no added salt), helix form,

b) 9D of Pmly-L-Glutamic Acid, pH 7, random coil form,

¢) ORD of A’I‘Cése, pit 6,13 the average residue weight is tolon
4s 120 g/role. The dotted p}ort_ion of the curve is in a region
of relatively bigh noise level and is less rcliable than the
other data.

d) Absorption of ATCase, 2.08 mg/ml, pk-6.1 in a 0,1 wnm cell

moeasured vs. buffer,

Fig. 3. The dependence of the rotation of ATCase, at the trough of the
233 mp Cotton effect, on the concentration of CIT and substrate
analog, succinate. |

(1.75 mg./ml.)
a) fazyme/at pht R.6, and aliquots of a mixture of 150 M
potassium succinate and 130 mM carbamyl phosphate (Bl 8.6)
added,

(2.08 mg./ml.)
b) Inzyme/at pli 6.1, and aliguots of 20 mM CTP (pl’ ¢.1) added,
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Figure Captions (Cont.)

The chanwe in snecific residue rotation of ATCasc at ' 8.6
brought about by 4 uf! potassiwn succinate and 4 o carbanyl

phosphate.  The difference is vresented as (nzyse + effector)-

(free enzwvie),
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of 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 behalf 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.



