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SI -MMARY 

In yeast, the pyrimidine-specific carbamyl phosphate synthetase and aspartate 
transcarbamvlase exist as an aggregate, together with a regulatory site. The hypo- 
thesis, originally proposed by DAvis, that such complexes serve to channel the 
product of the first enzyme (i.e. carbamvl phosphate which is common to both the 
pyrimidine pathway and the arginine pathway) into the pathway for which it was 
produced has been subjected to two experimental tests. In both types of experiment, 
controls were run in which the two enzvmes were separate. When the activities were 
separate, cold carbamyl phosphate in the assav mixture could easily dilute label 
from : ~4C ibicarbonate subsequently recovered in the form of carbamyl aspartate, the 
product of aspartate transcarbamvlase. Where the activities were associated in the 
aggregate, the label recovered in the product could not be diluted by the presence 
of moderate concentrations of cold exogenous carbamvl phosphate. When the activi- 
ties were separate, purified bacterial ornithine transcarbamylase could compete for 
the carbamvl phosphate fl~rmed t) 5, the action of carbamvl phost~hate svnthetase on 
equal terms with the aspartate transcarbamylase; the proportion recovered its either 
citrulline or carbamyl aspartate was determined by the ratio of activity ornithine 
transcarbamylase: aspartate transcarbamylase. Where the carbamvl phosphate 
synthetase and the aspartate transcarbamylase activities were associated in the com- 
plex, most of the product of the first reaction was not free to become converted to 
eitrulline but was channeled preferentially into carbamyl aspartate. Both types of 
experinlent c~mfirm the channeling hypothesis. 

IXTRODUCTION 

We have previously shown that in yeast the carl)amvl phosphate svnthetase 
of the pyrimidine pathway and aspartate transcarbamylase, the next enzyme in the 
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sequence, exist as a multi-functional enzyme aggregate, in which form they co-purify 
to~ether with a regulatory site at which !.YI'P binds t .  inhibit both activities ~. The 
m~lecul,u weight of the e~mlt)lex was fi)und to be about 80oooo (ref. 2). l leat  (5 rain 
at 5o ) caused tt~tal disat)pc;tranee of both the carbalnv1 phosphatt, sxnthetase acti- 
vity and of the sensitivity of the aspartate transearbamvlase activi ty to feedback 
inhil)ition; the aspartate transcarbamvlase was recovered as a subunit having at 
m.1. wt. of ~40ooo (ref. 3). 

I)A\IS "t first showed that  in ;\'curo@ora crassa there existed two isofunetional 
carbaln\ ' l  phosphate synthetases, one under the genetic control (d the t)yrimidine 
genes and the other of the genes for arginine biosynthesis r'. I)eticiency , ,feither enzyme 
caused tilt organism to become auxotrophic for the end-procluet of tile corresponding 
pathway (e.g. fiw either uracil or arginine); thus the carbamvl pllost~hate formed by 
either carbamyl l)hosphatc svnthetase was n,,t free to equilibrate in a common intra- 
cellular pool, but wa.., c .mpar tmented ,  or segregaled, except in certain mutants  where 
there was .verflow of carl~amyl l~hosphate into the comt)eting pathway';, l .acroute 
and his collaborators then showed that  in yeast there also existed two carbamy:l ph~,s- 
phate .',ynthctases, under the genetic and regulatory control of the pyrimidine and 
argmine pathways respcetivelyT; however, in this case hJss of either enzyme did n- t  
cause an auxot rophy fin the corresponding end-product,  such nmtants  remaining 
wild-type t~hen~typieally 7. Thus, m bakers'  yeast there is some overflow . f  carbamvl 
l)hc~st~hate fi,rmed by either enzvlne into a conmaon pool. 

\~,']lat is the t)hysiologieal and evolutionary significance of sue]l multifunctiomd 
complexes? In a much cited t:aFer, I)AVIS G advanced the hypothesis that  carbamvl 
ph(~sphate, the lwoduct of the first enzyme in the sequence, remains bound to the 
aggregate where it is preferentially coupled with aspartate by aspartate t ranscarbamy- 
lase, the see.nd enzyme of the aggregate, to form carbamyl aspartate;  since carbamvl- 
aspartate  is comrntm to no other pathway,  the carbamv[ phosphate would thus be 
i r reversibh c .mmi t ted ,  or channeled, to the pyrimidine pa thway fl~r which it was 
produced. Thus, intracellular compar tmenta t ion  ,,f intermediates c~mmmn to more 
than one pathway need not require membranes or organelles but might rather be a 
function c~[" multi-enzvme aggregates in which enzymes which catalyze consecutive 
steps in a sequence are comph'xed. 

At tirst glance, this molecular model of c~,mpartmentation might seem unlikely 
to apply to the fate of carllamv1 phosphate in yeast where, unlike the case of Neuro- 
spora, there is overflow from one pa thway to the other. On tile other hand, together 
with .M. I)uphil-I)enis of this laboratory, we have noted that  the growth of a mutan t  
deficient in the ca rbam\ l  phosphate synthetase of the argininc pa thway was extreme- 
h' slow in minimal medium but approached wildtype growth rate when the medium 
was sut)plementcd with arginine. The reciprocal effect was never noted in the ease of 
mutants  lacking the carl)amyl phosl)hate svnthetase of the pyrimidine pa thway:  these 
mutants  grew as well in minimal medium as in uraeil-supplenlented medium. It is 
thus not a priori unlikeh" that some of the , 'arl)amvl phosl}hate fi~rmed by the pyri- 
lnidine-specific carbamvl ph .spha te  svnthelase might, in (act, be preferentially 
channeled into the pyrimidine pathway.  

\Ve have therefiwe ad .p t ed  the working hypothesis that  the carbamvl phos- 
phate svnthetase aspartate transcarl)amx'lase aggregate channels the carbamvl 
pl . ,splmte formed by the t~yrimidine-speeific enzvme into an intcrntediate (carbamyl 
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aspartate) specific t,, the corresponding pathway. The present paper presents two 
successful tests of this hypothesis. 

MATERIALS AND MI{THODS 

The carbamyl l)hosphate synthetase-ast)artate transcarbamylase aggregate 
was extracted from Saccharomyces ccrcvisiac FL 233-3(." and purified as previously 
describedt; such preparations were devoid of ornithinc transcarbamvlasc activity. In 
all experiments to be reported, an aliquot of purified aggregate was heated at 6o '; for 
3 min which completely destroyed tile carbamyl phosphate synthetase activity whM~ 
is highly heat labile3; carbamvl phosphate synthetase was then added to such tubes, 
making use of purified preparations from Eschcrichia coli, generously given us by 
Dr. P. Anderson of Southern lllinois University and by Dr. S. Kalman, Stanford 
University. The ornithine transcarbamylase used was prepared from 1"2. co/i and puri- 
fied according to the method of ROGEI/S AND NOVFLLI8; such prel)arations were free 
of carbamvl t)hosi)hate synthetase and aspartate transcarl)amvlase activities. 

Aspartate transcarbanlxlase was assayed bv tilt' method of GI'.'RHAR'F ANI) 
I)ARDI':F- 'J as modified 1°, with tile exception that the reaction was carried out in 
0 . 0  5 M Tris-sulphate buffer, plq 7.6. Ornithim, transcarbamvlasv activity w~c~ esti- 
inated t)v means of the citrulline produced, utilizing the reaction-stopping mixture 
devised by KORITZ AND COHENll; absorbance at 56o nm was read after 18 rain at 
3o ° when it was maxinmm and found to be linear with citrulline concentration. 
Citrulline standards were always run with the assays. Ornithine transcarbamylase 
activity tiros measured was directly prol)ortional to enzxune concentration and the 
color developed was proportional to duration of incubation of the enzyme-substrate 
system. The ornithine transcarbamylase reaction mixture contained, in o.5 ml final 
volume, 25/tmoles Tris-sulpllate buffer, pH 7.6; 3 tm~()h,s ornithine and IO pnmles 
(:arbamyl phosphate. Carbamvl phosphate synthetase activity was routinely estimat- 
ed bv a colorimetrie procedure previously described I. 

In the tracer experiments to be reported, NaHrWOa (Nuclear Chicago)was 
(tiluted with cold NaH('O:~ to give a final specific radioactivity of 2 • IO 4- 6. m ~ counts/ 
min per Mmole. in tile dilution experiments, onh" carbamvl aspartate was isolated and 
counted as described below. In competition experiments, the complete reaction mix- 
ture contained in a final wflume of o.5 ml; MgSQ, Io #moles; ATP, Io pmoles; 
NaHCOa, 5 Mm°les; K('I, 5 ° Mmoles; K('I, 5 ° Mmoles; glutamii~e, 3 pmoles; aspartate, 
25 #inoles ; ornithine, 6 #moles ; and either aspartale transcarbamvlase (in the fl)rm 
of the aggregate with carbamvl phosphate svnthetase or heated plus added bacterial 
carbamvl phosphate synthetase) or ornithine transcarbamylase, or mixtures which 
contained constant amounts ()f the former and variable amounts of the latter. The 
reaction was incubated at 25 ~ for 2o rain. The reaction mixture for the dilution ex- 
periments was the same except that ornithine and ornithine transcarbamvlase were 
not included. 

After the incubation period, the reaction was stopped bv addition of o.i ml of 
0. 4 M H('I. IOO/~1 of this mixture was t)il)etted onto a glass l)lam-het, 3oo pl of a I :I 
mixture of 4 M HCI and ethanol was added, and tile sample was evaporated to dryness. 
Tile planchet was then counted by means of a Nuclear-Chicago gas flow counter. This 
method takes advantage of tlle fact that both citrulline and carbamvl aspartate are 
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acid-s table ,  but is useful ( m h  in the d i lu t i -n  cxt~eIiments where o n l \  the la t te r  w;ts 
being formed due t,1 the presence of as t )ar ta te  t ranscar t )amvlase  and aspar ta te .  

11"1 t ] le  c t m l p e t i t i o r l  e x l ) c l i n l e l l t S  it was lle(-esg}llV t{) separa te  the t w o  ])l'lltlllcts 
of the compet ing  reactions,  ci trul l ine and carl)amv1 aspar ta te .  The react ion was st , lpp- 
ed ;is above und o. 3 In] wa.s passed t lmlugh l)mvex 5o ( \V-X-12,  Baker ('o.,) held in 
columns made from Pasteur  p ipe t tes  plugged with glass wool; the gel bed was appr,>x. 
4 cm in height.  The gel was then eluted with o.oi M H('I.  ( ' a rbamvl  a spa r t a t e  was n - t  
adsort)ed and \vas found in the init ial  vluate. After  5 ml or more had been collector1, 

citrull ine was then e lu ted  b\" means . t  4 51 H('I. Ali t luots ,if both were then t rea tcd  as 
above l}n c,mnting,  l)espite, the var ia t ion in ra t io  t)t . r n i t h ine  t r ansca rbamvlase :  
itsl)art,tte t ranstar l )amx' lasc  in Stl,']i exper iments ,  the to ta l  counts  recovered (;ts 
ca rbamvl  a spa r t a t e  • citrulline) were fairly constant  thr, mghout  tim serie,,, and there 
wits a g(i,l(l recipr, , ';tl relat ion between ai'nuunt of carl)anlyl  a spa r t a t e  and of citrullino 
folllled. 

I,H'." S I." I.TS 

l~rclimimlrv c.~ pcrimcnls  
Fig. I shows the c a r l m m \ l  t)hosphate svnthc tase  ac t iv i ty  of the  lmritied ag- 

gregate  as a function of dura t ion  of incubation.  The reaction was linear with t ime, 
whether  the (-arlmmvl phosphate  formed was measure(t subsequent ly  ;ts carbanl \ ' l  
a spa r t a t e  ( (u rvc  A) m as citrull ine (('urve. ('). ( 'urve B shows tha t  . rn i th ine ,  at tht, 
concentra t ion to lx. used in the compet i t ion  exper iments ,  d id  not affect significantly 
the acti\'it\" of aspartatc transcarbanlxlase. Aspartate, at the concentration used in 
these exper iments ,  caused l i t t le  or no inhil)ition of orni thine transcarbanLvlase acti- 
\ ' i t \ .  Curve (' demons t r ,m ' s  that ,  in the at)sence (}f aspar ta te ,  carl)amvl phosphate  
formed bv the aggregatcd  c a r b a m \ l  ph()stHlate svnthe tase  is perfect ly  free to take 
part  in thu react ion ca tah ' zed  by orni th ine  transearbanp¢lasc.  

( ) ther  prvl iminary  , .xt)eriments showed tha t  exogenous carl)am\ ' l  l)hosl)hate 
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(lid not inhibit carbamvl phosphate synthetase activity" and that the aspartate 
transcarbamvlase of the aggregate quantitatively converted exogenous carbamvl 
phosphate into carbamvl aspartate even while the carbamvl phosphate svnthetase of 
the aggregate continued to function ~-. 

Dilution experiments 
The points shown in Fig. 2 represent two separate dilution experiments. Curve 

1.~; shows that significant dilution of the label recovered in carbamvl aspartate, oc- 
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Fig. 2. Decrease of the label in the recovered carbamvl aspar ta te  as a function of the quan t i ty  of 
non-radioactive carbamyl  phosphate  present durin~ the reac t ion . . \ ,  carbamvl  phosphate  svnthc- 
tasc and aspar ta te  t ranscarbamvhtse  present as the aggre~late; B. bacterial t 'arbamvl phosphatt ,  
synthetase  alld heated yeast aspar ta te  transcarbanlvlase.  The expt,rinlental points represent two 
separate experiments.  

Fig. 3- Variation of viehl of product  as a function of the ratio ~f activity ornithine t ranscarbamv-  
lase : aspar ta te  t ranscarbamylase.  A (../--,_:), carbamvl  aspartate ,  \ 'east enzwnes in the ag- 
gregate: P, ( _ - - _ ) ,  carbamyl  aspartate ,  bacterial carban/yl phosphate  svnthetase  and yeast 
aspar ta te  t ranscarbanlylase;  A' (1~---O) citrulline, yeast enzymes in the aggregate; IV ( I - - I L  
citrulline, bacterial carbamyl  phosphate  synthetase  and yeast aspar ta te  t ranscarbamylase.  I.)otted 
line is theoretical curve expected if quan t i ty  of carbamvl aspar ta te  formed depended entirely on 
the ratio of aspar ta te  : ornithine t ranscarbamylases.  For Curves ,.\ and H, ioo";, was taken as 
a n l o t l n t  o f  c0 . rbi l l l lv l  aspar ta te  produced in p r e s e n c e  o f  aspar ta tc  t r l tnsc ; . t rHiunyl0 .se  ~l.]()llC. }:or 
Curves A' and H', 1oo~?g was taken as the amount  of citrulline prodt, ced in tilt, tm~sence . f  orni- 
thine t ranscarbamylase  alone. 

curred when Ioo nmoles of cold carbalnvl phosphate was added to the reacti~m 
mixture provided that the carbanlvl phosphate svnthetase and aspartate tran~car- 
bamvlase were separate. When the fiwmation of carbamvl phosl)hate was catalyzed 
by the carbamyl phosphate synthetase of the enzyme aggregate (('urve A), 5oo nmole* 
of unlabeh,d exogenous carbamyl phost~hate caused little or no dilutim~ of label in final 
product, carbamvl aspartate. At very high concentrations of unlabeled external 
cart)amvl phosphate (Iooo nmoles) signiticant dilution of the label in carbamvl 
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aspar ta te  was noted.  In (me (~f the exper iments  shown, the di lut ion was 3 ° percent ;  
in most (,f the exper iments  it was between IO and 2o percent .  

( ' o m p c / i t i , n  e x p e r i m e n t s  

The Km for ca r l ) am\ l  1)hosphate was v i r tua l ly  identical  fi~r tilt '  na t ive  a spa r t a t e  
t r ansca rbamvlase  of tlw aggregate,  for the heated a spa r t a t e  t r ansca rbamvlase  and 
fl~r the bacter ia l  , , rni thine t r ansca rbamvlase  (3"IO aM, 2 . I o  '~.M and 3 " t o  :~M) 
rcslwctix'ely. 

Fig. 3 repres~'nts a typical  compct i t i (m exper iment ,  in which the lwrccnt of 
prtMuct rec(Jvered as ei ther  ca rbamvl  a spa r t a t e  or as ci trul l ine ( taking as ioo  percent  
tht' amount  t)roduced bv a spa r t a t e  t r ansca rbamvlase  alone or bv orni thine t rans-  
carb;tmvlase ahme Iesl~wtivelv) is p lo t ted  against  the ra t io  of ac t iv i ty  of the tw,~ 
t ranscarb ,mwlases  in the react ion mixtures.  It will be noted tha t  when the ca rbamvl  
t)h4,sl)hatc s vnthe tasc  was separa te  from the asI)ar tate  t ranscrtrbamylase,  the amount  
(~1 ca rbamvl  a spa r t a t e  rec,~xered (Curve l~) was qui te  close to tha t  predic ted on the 
basis of the rati(~ (,f act ivi t ies  of the two t ranscarbamxlases  (dot ted line); an extwri- 
ment  in which the fit of ext>tMmental points  to this theoret ical  curve was even cl~ser 
has been presented elsewlwre ~-". ()n the othcr  hand,  where the carbamv1 l)host)hate 
sx'nthetase was part  of the enz\ 'nw ttg~,~rvgate, the p~dnts MI well above this theoret ical  
curve (Curve : \ ) ;  indeed, at  a rMi(~ (~t" ~.(~, where orni thine a n d  aspar ta tc  t ranscar-  
bamvlase  act iv i l ies  were equal,  essent ial ly all (~f the racli()activitv was recovered in 
lhe fi~rm of ca rbamvl  aspar ta te ,  in this and in all our o/her  exper iments .  As the high 
rat ios ,,f ornithint,  t,, a spa r t a t e  t ranscarbamvlas t ' s  ilwre,tsed t(, high values, progres- 
sively re,we (,f llw rad ioac t ix i tv  was recovered in the form of citrull ine (Curve ;\ ' )  
and correspon(lin~zly less as carl~am\l  a spar ta te  (( 'urxe A). 

I)IS([SSH)N 

Two dis t inct  lines of exper imentat ior l ,  ut i l izing ~4C-labelled bicarbonate ,  a 

precursor  of carb;unvl  phosphate  and subs t ra te  ,,f ca rbamvl  phost.~hate synthe tase ,  
have indicated thM when this enzxnw exists as ;m aggregate  with a spa r t a t e  t rans-  
carl)amylase,  s(mle of its product ,  ca rbam\ ' l  phosphate ,  is preferent ia l ly  channeled 
into the t)yrimidine precursor  carl)amvl aspar ta tc .  The first a rgument  is based on the 
findin¢ that  exogcn()us cold carb;unv1 phosphate  cannot  di lute  the label recovered in 
the final product ,  ca rbamvl  a~partate ,  produced by the aggrt '~ate ;tt concentra t ions  
effective when c; trbamvl phosphate  svnthe tase  and a spa r t a t e  t r ansca rbamvlase  were 
separate .  The .second a rgument  util izes the finding tha t  orni thine  t r ansca rbamvlase  
in the r¢.acti(m mixture  ( 'ann,~t  c o m p e t e  o n  even terms with aspar t ; t te  tr:mscarl~;t- 
mvlase f(w carl~anlx'l ph(,sphate formed by the aggregate,  t)llt ¢';tll do s() xvllen the  
carbanavl ph(~sphate is pr~Muced by bacter ial  ( 'arb;unvl ph(~sphate svnthetasc .  "['hesc 
c(mapetiii(m cxl)crinlents serve ~ts an  il~ v i lro  in()(lel of c(mlpar t l l lenta t ion of inter- 
mediates  conlnlon to more than one l )athway and thus t)r,~vi(h ' s t rong suppor t  for tilt' 

h vt~(,thesis (~f l ) . , xx i s  *;. 
]~ecenth,  l )avis '  ~roup ~a has demons t r a t ed  channelin~ of ca rbamvl  phosphate  

into ei ther  tlw ar~ininc (,r pyr imidine  pa thway ,  by direct  mea.surement of carl)arnvl 
phosphate  pools in lo~ar i thmical ly  gr(~win~ Neur(~sl)ora. Since l);tvis :.tnd Iris c(~lla- 
bora tors  v~,~'s have recent ly  shown tha t  tile pyrimidine-speci t ic  ca rbamyl  tfll(~sphate 
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synthetase exists in an aggregate with aspartate transcarbamylase, it would be inter- 
esting to repeat the dilution and competition experiments reported above with the 
purified aggregate from Neurospora, despite the failure of Davis 6 to observe channel- 
ing in preliminary experiments of the latter type. 

In wild-type ,,'east, the spillover of carbamvl phosphate from one pathway to 
the other 7 makes it doubtful that the physiological significance of the aggregate lies 
exclusively in the channeling of carbamvl phosphate into the pyrimidine pathway. 
However, it is worth noting that the carbanavl phost~hate svnthetase of the arginine 
pathway of yeast is higtaly repressible by arginine in the gr,,wth medium 7. Thus, the 
synthetase transcarbamylase aggregate would offer an important selective advantage 
to yeast growing in an arginine-rich medium, since under these conditirms virtually all 
the carbamyl phosphate produced would be channeled into the biosynthesis of pyri- 
midines. 

Part  of the selective advantage of enzyme aggregates, such as that of the swa- 
thetase and transcarbamylase, is the presence of the common regulatory site at which 
UTP inhibits both activities2, 7. This is also true of the enzyme aggregate of the 
threonine pathway of E. coli in which the first and third enzyme of the pathway are 
complexed~6; channeling is most unlikely to occur under these conditions. There is 
also the possibility that enzyme aggregates may t~ in some way a consequence or by- 
product of an advantageous mechanism of coordinate regulation of the biosynthesis 
of the enzwnes in question. 

Isofunctional earbamvl phosphate synthetases have been demonstrated in 
mammalian svsteins and there is a suggestion that the arginine-specific enzwne mav 
channel carbamvl phosphate into the arginine pathway by virtue of its localization 
within the mitochondria ~7-2°, although evidence to the contrary has been present- 
ed2L There seems to be no evidence at present as to whether the carbamvl phosphate 
synthetase and aspartate transcarbamylase of higher eucarvotic plants and animals 
arc joined in an aggregate or whether there is channeling of carbamvl phosphate int~ 
pyrimidine biosynthesis in these organisms. 
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