
BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 06107 

CONTROl .  O1" P Y R I M I I ) I N E  B I O S Y N T H E S I S  IN MAMMALIAN TISSUF.S 

I l l .  MUI.'I 'II}I.F. I 'ORMS ()F  A S P A R T A T E  TRANSCARBA.MOYI .ASE OF 
MOUSE S P L E E N  

4Oz 

A K 1RA I NA(;A KI" AND MAS:\MITI "I'.VI'I II:\N:\ '" 
l),'partment of .llcdical Chcmisto,, Kvoto Uniw,rszty Faculty of ,lledictne. Kyoto (Japan) 

(Received June 15th, 197 ° ) 

SUMMARY 

I. Aspa r t a t e  t r ansca rbamoylase  (carbamoyl  phost)hate :L-aspar ta te  ca rbamovl -  
t ransferase,  EC 2.I.3.2 ) in hematopoie t ic  mouse spleen can be f rac t iona ted  into 
nmlt iple  forms. The ac t iv i ty  in the soluble fraction can be separa ted  into two fract ions 
by c h r o m a t o g r a p h y  on h y d r o x y l a p a t i t e  and  are des ignated  as Form I and II  accord- 
ing to the order  of elut ion from the colunm. Some ac t iv i ty  sediments  with the micro- 
somal  fraction (Form I I I ) .  All these forms ca ta lyze  the format ion  of ca rbamovl -  
a spa r t a t e  from c a r b a m o y l - P  and aspar ta te .  

z. When For in  I was s tored at o ° for r week and then rechromatogra l )hed  on 
hyd roxy lapa t i t e ,  some port ion of ac t iv i ty  behaved  as Form II .  The "conversion" is 
s t imu la t ed  in the presence of  d i th io thre i to l  or mercaptoe thanol .  The t)hysiological 
significance and the precise na ture  of the "convers ion" are not ye t  known. 

3. Upon centr i fugat ion in a sucrose dens i ty  gradient ,  Form I sediments  at a 
S value of about  ~9, while l ;orm II shows a broad  d is t r ibu t ion  of S values,  ranging 
from ze to 45, with a peak at 35 S. 

4. The three forms arc not  d is t inguished from each other  by  kinetic  propert ies .  
All three fi)rms have the same apparen t  Km values fi}r a spa r t a t e  (5.6 raM), and  are 
inhib i ted  by  higher concent ra t ions  of a spar ta te ,  2o mM or more. The Lineweaver  - 
Burk plots  for vary ing  concent ra t ions  of c a r b a m o y l - P  are not linear, l int concaw~ 
downward ,  with all three forms. The apparen t  K,n values ob ta ined  at lower co,wen- 
t ra t ions  of c a r b a m o y l - P  are smaller  than  those ob ta ined  at  higher concentra t ions .  

5- Inh ib i t ion  by  pyr imidine  der iva t ives  was examined  at  pH 0.2 and 7.6 fl}r 
each of the three forms. Of eleven pyr imidine  der iva t ives  so far tested,  only deoxv-  
thynf idine  and deoxyur id ine  at  4 mM inhibit  the enzymic  ac t iv i ty  by  about  i5 -3o°o  
at  pH 0.2. Of the three forms, Form II is inhibi ted to a s l ight ly  greater  ex ten t  than 
the others. At pH 7.6, the inhibi t ion is more marked,  and in addi t ion  to (teoxv- 
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thymidine and deoxyuridine, TTP and C'I'P at 4 mM inhibit the enzyme act ivi ty bv 
about eo 3(¢~i, In any case, the extent of inhibition is lowe.r than 40%.  

(7. The flmcticm of aspartate t ranscarbamoylase regarding regulation of pyrimi- 
dine biosynthesis in lllOuse spleen as well as in other tissues is discussed. 

INFROI)UC FI()X 

It has been a problem as to how pyrinfidine biosynthesis is regulated in bio- 
logical systems. Aspartate  t ranscarbamoylase of Escherichia colt" is shown to be subject 
to feedback inhibition to a signiticant degree by a low concentration of (71"P and is 
considered to be a regulatory enzyme of pyrimidine biosynthesisL This fact, however, 
does not lead to a generalization that  aspartate  t ranscarbamoylase plays the key 
role in regulation of pyrimidine biosynthesis in other biological systems. Aspartate  
t ranscarbamoylases  of Streptococcus faecalis  and Bacil lus  subtilis are shown to be 
insensitive to pyrimidine nucleotides ~. In mammalian tissues, rat liver aspartate 
t ranscarbamoylase was shown to be subject to feedback inhibition by" deoxynucleo- 
sides such as deoxythymidine  a. However, the high concentrat ions of the effectors 
required for a significant inhibition make one wonder if such a mechanism &~es play 
a major role in control of pyrimidine biosynthesis in viv04. 

Recently, the existence of glutamine-utilizing carbamoyl -P  svnthetase was 
demonstrated in hematopoietie mouse spleen s,s as well as in other mammalian 
tissues 7-'', and it was suggested that  the enzyme plays a primary role in regulation 
of pyrimidine biosynthesis in these tissues s. These observations prompted us to 
evaluate more precisely the role that  aspartate transcarbanu,ylase plays in the meta- 
bolic regulation. During the course of these studies we found that  aspartate  trans- 
carbanmylase in hematopoietic mouse spleen was fractionated into at least three 
forms. This paper deals with some of the properties of each form, with special empha- 
sis on the effects of nuch.osides and nucleotides on the activi ty ~f the fractionated 
e n z v n l e s .  

\Vhih, the present paper was in preparation, (')I.IVI-R g't a13 ° reported that  
aspartate transcart)amovlase of rat liver is separated into two f, wms by sucrose 
density gradient centrifugation, and BETHELI. AND JONES n f()und that the bacterial 
enzymes are divided into three classes according to differences in molecular size. 

MATI']I/:IAI.S AND METHOI)S 

..t n imals 
Young adult  mice of dd strain were made anemic by t reatment  with acetvl- 

phenylhydr~,zine as described previously ~ and the hyperplastic spleen was used as 
the source of ellZylllC. 

( 7k~.m icals 
l)ilithiunl car tmmoyl-P was svnthesized according to the. method of .loxEs cl 

al. la and further purified by the method of (]F.RHART AND PARIIEI .'1. :~4(;]Cart)amovl-P 
was prepared by the method of I.OWl.:NSTI-IN AND (7OHI"N t3. The tinal product had a 
specific activi ty of 35 ooo counts/inin per/ ,mole.  Hydroxylapat i te  was prepared by 
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the meth(,)d of  "I'ISEI.IU,~ el al. ~4. Crystalline protocatechuate  3,4-dioxygenase from 
l)scmtomonas aerugz'uosa 1~ was kindly l)rovided by l)rs. H. Fujisawa and O. ltavaishi 
in this laboratory.  Yeast alc()hol dehydrogenase was purchased from .C, igma Chemical 
Co. (St. Louis). All other chemicals were ()btaincd c,)mmereiallv and were ()f highest 
puri ty available. 

l)derm ination,s 
The activi ty ()1" aspartate, t ranscarbamovlase was assayed by fl)lh)wing the 

producti()n ()f carbalnoylaspartate, in a system ('()ntaining the fl)lh)wing: dilithium 
carbam()vl-I > (dissolved immediately before use), IO izmoh,s; I.-asl)artic acid (brought 
t() pH <)), 3.75/zm()les; enzyme;  Tris HCI buffer (pH 9.2), I5O/.,moles; in a v()lume 
of o.75 ml. The mixture was incubated at 37" for 2o rain. The reaction was st()pped 
by the addition of (.).25 ml of 4 M H('IO4, and the denatured protein was removed by 
centrifugation. Carbaln()ylaspartate was determined with at o.5-ml aliquot of the 
supernatant  I)%" a m()dification ~ of the n l e t l l o d  ()f I,/ORlrz ANI,) C(,)HEN I°. Suitable 
blanks were run in parallel. One unit ()f aspartate  t ranscarbamovlase is defined as 
the amount  that  produces z/~mole ()f carbamoylaspar ta te  in 2o rain at 37 ° under the 
conditions. Prot()cateclluatc 3,4-dioxygenase was assaved spectr()photometricall.v ac- 
cording to the method ()f ,%'I'ANIER ,,\Nil INGRAHAM 17. ,qu( ' r ()se density gradient cen- 
trifugation was perf()rmed according to the meth()d of 5IARTIN ANI) AMI:,<, TM. Yeast 
ah'oh()l dehydrogenase (s20,,, -- 7.6 %) (ref. tg) and pr()t(watechuate 3,4-di()x.vgenase 
fr()m Pscudomom~s aeruginosa (-%o,.' I0. 4 S) (ref. 15) w e r e  used as standards. 
Protein determinati()ns and radi()activitv measurements were ('arried out as described 
previously '~. 

I,H".."; U l .'I" ~, 

,%paration of three forms of aspartatc transcarbamovlasc of hcmatopoictic mouse sph'(m 
l;resh hematopoietic m()use spleens were homogenized fl)r 2 nfin with () v()l. of 

i('e-ct,M o.25 M sucrose e()ntaining o.oi M potassium ph()sphate buffer (pH 7-4) and 
2 mM mercaptoethan()l in a P()tter-l-lvehjem h()Inogenizcr with a Teflon pestle. The 
h()m()genate was centrifuged at 13 oo(,) >~ g fl)r 15 rain. The supernatant  was cen- 
trifuged at zo 5 ooo / ~,, for 6o rain. The pre('il~itate was suspended in a volume, equal 
t(,) 2 times the original tissue weight, ()f o.25 M sucrose containing (Lot M p()tassium 
phosl)hate buffer (pH 7.4) and 2 mM mer('aptoethanol, and followed by centrifugation 
at IO 5 ooo ~ g f()r 6o rain. The precipitate was suspended in o.oi M p~>tassium ph()s- 
phate buffer (pll 7.4) containing 2 mM mercapt()ethano] and designated as the 
micros()mal fraction (l"orm III).  

"1"() the )o 5 ooo × ,g supernatant  was added solid (N|t4),>S() 4 t() 4o",, saturation 
(243 g;'l). The precipitate fl)rmed was ('()lle('ted by ('entrifllgati()n, dissolved in o.oI M 
potassium ph()sphate l)uffer (1)H 7.4) containing 2 mM nwrcaptoethanol and desalted 
with a Sephadex G-25 column equilibrated with the same buffer. This eluate, which 
was designated as the o-4o(!i) (NH,).,SO 4 fra('ti()n, was then placed on a hvdroxvl-  
apati te column ; I ml ()f hydr()xylapatite was used for 3=5 mg ()f pr()tein. The ('()lumn 
was washed with 2 c()lumn bed v()]. ()f o.oI M l);)tassmm ph(>sphate buffer (pH 7.4) 
containing 2 III.M mer(-al)toethano] and then ~u('('essivelv elutcd with 5 c()hmm v()l. 
()f ().I and then of  o. 3 M potassium l>h()sl>haie buffer (pH 7.4) ('()ntaining 2 mM 
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Fig .  I. ( ' o l u n l n  c h r o m a t u ~ r a p h _ v  (m h y d r o x _ v l a p a t i t c  o f  a s p a r t a t e  t r a n s c a r l ) a m o v l a s u  in t h e  
s(~lul)h" f r a c t i o n .  14. 4 n't~ o f  o . to" .  (NI-t4)~S().  a f r a c t i o n  ~ a s  a p p l i e d  on  a c o l u m n  o f  h y d r o x y l .  
a l ) a t i t v  (l)e(l \ o h l n l c ,  4 rl~l), w a s h e d  w i t h  7 ml  o f  o . o l  31 p o t ; t s s i u n l  p h o s p h a t e  b u f i ( ' r  ( p t l  7- I )  
c t m t a i n i n ~ ,  z h i m  n l c r c a p t u e t h a n o l  a n d  t h e n  s u c c e s s i v e l y  e l u t u d  w i t h  z~ nil o f  o.1 .%1 ;ttld 1,% m l  
(,f u. 3 31 p o t a s s i u n l  p h ( , s p h a t e  b u t l e r  ( p H  7.4) c o n t a i n i n g  2 m M  m c r c a p t o e t l a a n o l ,  ;l~ i n d i c a t e d  1)v 
t i le  a r r o w s  T h e  v ( ) l u t n e  o f  e a c h  f l ' a c t i o n  c o l l e c t e d  w a s  4 " 8 m l  ( F r a c t i o n  I,  7 ]ill; ] ; r ; t c t io I Is  2 a.hd .5, 
-i m l  ; F n l c t i o n s  3 a n d  ¢), ¢, m l  ; F r a c t i m l s  .q a n d  7, '; ml ) .  W h i t e  b a r ,  t : n z y n l c  a c t i v i t y ;  • . . . . .  O ,  
]n-otuin  CoI'Jtell t .  

lner(-aptocthancll. Act ivi t ies  were cluted in both cif the fractions,  as shown in Fig. I, 
and designated as Form I and l:orm iI  in the order  i ) f  elution, a l though it remains  
t() tw seen whether  each f(irm represents  a single mi)lecuhtr species (if enzvme. A 
typical  result i,f tilt: f ract ionat ion of the enzyme is shown in Table 1. The separa t ion  
of the tw,) f, lnns could als() be achieved by  eluti(in with a l inear ~radient  flom clot  
to o.6o M potass ium phosphate  buffer (pH 7.4) containin~ 2 mM mercapti iethani) l ,  
instead of the stcpwisc elution described above. 

" I A I H . I : .  I 

I)ITRIt:I(~ATI(IN AND F,I';P.~.RATION ()F "I'IIREF. I"ORM:4 Ol: A~['ARTA'I'E TRAN.~;CARI~AMOX.'I.ASI'- " b'R()M 
Ht':MA'I'()I~OII'~I'IC IM()U~I'~ SI'LF. EN 

[ h~tails o f  p r o c e d u r e  o f  p u r i f i c a t i o n  a n d  s e p a r a t i o n  a r e  d e s c r i b e d  in t h e  t e x t .  T h e  s t a r t i n g ,  m a t e r i a l  
W;IS S. I ~, w e t  w e i g h t ,  o f  m i c e  sp lee t l .  

"l'()tal 7",,t(tl S'pcclJic 
achvHv proh'l n activity 
( z~ n it.() (m.~,,) ( It n i t / /mg 

l,r,,tc~n) 

1 4 ( ) m o R c n a t e  ( I o "n ) 31 {) 1 .~oo c}. 24 
13 ooo  x ~' s u p e r n ; i t ~ I l t  221 737 ° o .~o  
i() 5 o o o  X ~ St lp( . r i ld t ; l I l t  l 2,~ 4o0  o .~2 
o . 4 o ' ! 0  (N1t2)~.%() 4 f r a c t h m  l l h  5 ° , . o  4 
1 ~ y d n ) x y l a p a t i t e  f r a c t  i ons  

F o r m  [ x7 14 5 .oo  
l q ) r m  ] I 2 5 I T 2.OO 

Micro , so ina l  f r a c t i o n  
( F o r m  I l l )  ; h  ;o o.0o 
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Identification of reaction product 
The reaction wits conducted with the use of [ rK']carbamoyl-P in place of non- 

radioactive carbamoyl-P.  The radioactive reaction product was chromatographed on 
Dowex t on addit ion of nonradioactiw~ carbamoylaspar ta te .  There appeared a peak 
of radioact ivi ty  coincident with the authent ic  carbamoylaspar ta te .  The specific radio- 
activities of carbamoyhtspar ta te  in the fractions of the column eluates were constant  
within limits of experimental  error. Essential ly the same results were obtained with 
any one of the three forms and the data  for Form I were i l lustrated in Fig. 2. \Vhen 
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Fig. 2. Format ion  o f  carbamoylaspar ta te  by i "orm 1. A. o. l  z m g  of  Form I was incubated in the 
react ion m ix tu re  conta in ing 3 .o tmmles o f  [ t4C~carbamoyl-P, 3.75/~moles of  aspar ta te  and 
15o t lmoles of  T r i s - I  tC1 buffer (pH 9.2) in a volume o f  o.75 ml for zo rain at .37";. The react ion was 
s t o p p e d  b y  a d d i n g  t r i c h l o r o a c e t i c  ac id  a n d  t he  m i x t u r e  was  c e n t r i f u g e d .  T h e  S u l ) e r n a t a n t  w a s  
e x t r a c t e d  w i t h  e t h e r  to  r e m o v e  t r i c h l o r o a c e t i c  ac id .  The  s o l u t i o n  was  a d j u s t e d  to  p i t  3, k e p t  a t  
loo"  for 9 o sec a n d  t h e n  n e u t r a l i z e d ,  fo l lowed  b y  c h r o m a t o g r a p h y  on a l ) o w e x  r c o l u m n  (3 ml) 
u p o n  a d d i t i o n  of  t o p m o l e s  of  D t - c a r b a m o y l a s p a r t a t e .  t ' ; lu t ion was  c a r r i e d  o u t  w i t h  60 ml of  a 
l i n e a r  g r a d i e n t  of  a l n m o n i u m  f o r m a t e  front  o to  1.6 M (pH 4.3), a n d  f r a c t i o n s  of  i . z  ml  were  
co l lec ted .  B . . \  c o n t r o l  t u b e  w i t h  w a t e r  in t ) lace of  a s p a r t a t e  was  t r e a t e d  in t he  s a m e  w a y  as  above .  
O - - O ,  r a d i o a c t i v i t y ;  .,.) . . . . .  ,";,, c a r b a m o y l a s p a r t a t e  d e t e r m i n e d  c o l o r i m e t r i c a l l y .  

aspartate  was omit ted  from the reaction mixture,  there was no peak of radioact ivi ty 
coincident with the authent ic  earbamoy' laspartate as shown in Fig. 2. About  85% of 
the total  radioact ivi ty  tixed in an acid-stable form was recovered in fractions of 
carbamoylaspar ta te .  

Activity in microsomal fraction 
About  I o O o  of act ivi ty  in the t3 ooo × g superna tan t  sedimented with the 

microsomal fraction upon eentrifugation at 1¢) 5 ooo × g. The act ivi ty  in this fraction 
could not be "solubilized" by o.o 4 or o.~2% Triton X-Ioo, o.o 5 or o.5°{, deoxycholate, 

Bwchtm. tHophys. Acta, zzo ( I97  ° ) 4 9 1 - 5 o z  
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T R E A T E I )  A N D  N ( / N T R I . ' A T E i i  MICE 

" l ' r c a t m c n t s  o f  m ice  w i t h  a c e t y l p h e v l y l h y d r a z i m ~  v, erc p e r f o r m e d  :is d e s c r i b e d  in t l w  t { ' x t .  

.'t c~ / v l  .'~l i c r o s , m a l  . f r ac twn  z <L5 ooo  × .t, su /~  r m d a n /  
/ , h , ' , y l -  
hvd*aa' tn ,  . - l~tt , ' t tv  5p, 'c( l i ,  . 4 c t i v d v  S/ ,cci/ ic  
t*,'aDl~ca?l (u.~zls:'i, ' m t i v t l v  (unlts..:.~.. e lchi ' i /v  

a,, t ~, t. ( . i ,  its/m,4 w, t ;ct. ( .~et,,,'m.;, 
' i f  s/,I,., , )  / ,  , , t c i ,  ) ,~f s/,h , ' ,  ) /,~,,t,'i~) 

3.2 o l~ i 5.?'; o .~2 
~ - 7  o . I  15.(~ o.31 

,it o.o1 3I imidazo le - I I ( ' l  buffer containing 2 mM mercaptoethan~fl.  It was "solu- 
bilizcd" only by z<},, digi tonin,  so far as examined.  

The ac t iv i ty  in the mic'rosolnal fraction of hcmatopoie t ic  sl)leen from acetvl-  
lf lWn.vlhydrazmc-treated mice was higher than the ac l iv i tv  in the correst>onding 
fracti(m of spleen f r -m un t rea ted  mice. As shown in "fabl(' I1, the ac t iv i ty  of this 
form, when expressed in terms of ei ther  the tissue weight (,r the l)rotein, was several 
t imes higher it] the t rea ted  mice than in the unt rea ted .  (in thc other  hand, there was 
n,I such difference in the ac t iv i ty  ~>f the s~)h]ble fraction. 

P a r t i a l  " c o n ' , , c r s i o . "  o f  F o r m  I to l " o r m  11 

\\"hen l :orm 1, ob ta ined  by chromatograI )hy  on hyd roxy lapa t i t e ,  was s tored 
flit several ( tars  at o and then rechromatographed ,  a l )mtion of the m' t iv i tv  1)ehavcd 

"1".\ IHA- 111 

P A R f l A I .  " C < ) N V E R . q l O N "  O1" ] :ORM [ TO ] :ORM [ [ 

:% p o r t i o n  o f  f r e s h l y  p r e p a r e d  F o r m  1 w a s  p a s s e d  t h r o u g h  a S c p h a d c x  ( ; -25  c o l u m n  t l m t  h a d  b e e n  
e q u i l i b r a t e d  w i t h  o .o [  M p o t a s s i u m  p h o s p h a t e  but:for ( p l l  7.-t)- T h e  c l u a t e  COll taini l lg  I7 .6  u n i t s  
o f  ( ' l i Z V l i l t '  ~.llid .].O III l~ o f  p r o t e i n  w a s  i m m e d i a t e l y  r e c h r o n l a t o o r a p h c d  on  a h y c l r o x y l a p a t i t c  
¢ o l u n m  (1 ml) .  "1'o t h e  m a j o r  p a r t  o f  t h e  f r e s h l y  p r e p a r e d  l : o r m  1 w a s  a d d e d  sol id  ( N l l  alzS()n t .  
~o° , ,  s a t u r a t i o n  (39o m g / m l ) .  T im p r e c i p i t a t e  f o r m e d  w a s  c o l l e c t e d  b y  c e n t r i f u g a t i o n ,  ( l i s so lvcd  
in o .o t  M p o t a s s i u m  t> tmspha t e  b u f f e r  ( p H  7.4) a n d  b r i e f ly  d i a l v z c d  a g a i n s t  t h e  s a m e  l m f l c r  ( the  
t w r i o d  o f  d i a l y s i s  w a s  o n l y  2o 111ill to  n l i n i t n i ze  (tilZylllt2 i n a c t i v a t i c m ) .  T h e  p r c p a r a t i l m  w a s  d i l i i t c d  
~ i th  t h e  S~llilt: b u f f e r  to  m a k e  ti le p r o t e i n  c o n c c l l t r a t i o i l  1 n lg[ l l l l  a n d  d i v i d e d  i n t o  t h r e e  p o r t i o n s  
(3 .O  III1 CltCh). "l 'hesc w e r e  s t o r e d  tb r  7 d a y s  a t  o l i n d ( ! r  t h e  con( l i t i (ms  spec i f i ed  a n d  t h e n  r c c h r o m a -  
to:gr~q~hed as  d e s c r i b e d  fl)r l"i~. I. 

5;t,,ra,t,,, c , ,nd i t l , ,ns  l-~z: rm,  p~tor  t,, 1 - .  : 3 ' m , ' / ) m h , , n a h d  a,. 

[:i~rtll I 1:olltl 11 

. 4c t l v l t y  t>roh'ln .qchvltv. t 'rot~l~i . - |¢ t iv t lv  15".h z~l 
(ll}llt.~) (tH[,,) / t r i l l / s )  (IH~,) [lqHlls) (~Ht,,) 

o d a \ "  i 7.¢~ 3.o 
7 d a \ ' s  w i t h o u t  s u l l h y d r 3 l  

CI)lllp{~|lll(] ~,(J J.() 
W i t h  - m M  d i t h i o t h r c i t o l  v 3 . 2  3.,> 

\V i th  - lli3l l n c r c a i > t o c t h a n o [  l Z.() 3 .o  

1 4 ¢  ) 2. I o N  (~.-' 

.t.~ 1. I I 7 (~.2 
o. 7 r .o  1.7 ~.2 
l . .  t t .2  ~'-t ° ' 3  

I l w ~ h t m .  l e w p h v . ~ . . q ~ t a .  2_,o (i<~7c~l t 9 1  5 c~2 
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as Form II. The "conversion" was marked fi~r the enzyme stored in the presence of 
a sulthydryl i compound, dithiothreitol or mercaptoethanol (Table I I I). When l:orm I 
was stored at 25" for 86 h in the presence of z mM mercaptoethanol,  similar "e~n- 
version" was observed. However, when tile freshly prepared Form I was immediately 
rechromatographed on hydroxylapatite,  there was practically no shift in the pt~sitiun 
of the elution. 

As noted in Table III, the recovery of enzyme activity and of  protein upon 
rcchromatography was sometimes as low as 4o°0. It is possibh~ that a portion of 
Form 1 was converted to some fl~rms other than Form I 0.nd II ,  which were n~d 
recovered from hydroxylapatite by the procedures used. The "conw,rsion" of  I:<wm I 
to Form I1 is not a reflection of changes in properties of proteins in general, since 
the appearance of Form 11 was not accompanied b)" a significant change in the 
eluti~m pattern of protein (Table I I I). 

Attempts were made to convert Form 11 to Form I by the fldlowing precedures: 
storage for 7 davs at o: in the solution containing various concentrations of (;SSG or 
iodoacetate, or in the solution saturated with O.,. In neither case was observed fin- 
marion of Forln I. 

The observations presented here do not permit any definite conclusion as to the 
nature and the physiological significance of the "conversion". The elucidation of the 
problem awaits filrther investigation. 

C 
o ~C z, 

! I 

r ' l  
I I 
I I 
I I 

r f f ~ 4  " J  L 

'% "'Z'ff2 a "1.. 

I 0 
20 40  

Bottem Top 
Fraction NO 

-:_ I 

~c.~ I- 1 

I . 1 .  L_. . J 
O/ 7 {3 c5 10 ltl 

DH 

Fig.  3. St,dimentat ion in sucrose o f  l . 'orm 1 a n d  F o r m  1I. E n z y m e  s o l u t i o n s  (o.2 ml) w e r e  p l a c e d  
o n  a l inear gradient  between 5 and zo", ,  sucrose in o . o l  Y.I potass ium phosphate  b u f f e r  ( p l l  7.4) 
Coll t ; t i l l in~ 2 m M  mercaptoethanol .  T h e  amount : - ;  o f  (qlZVllle p r o t e i n  IISCd w e r e  1 . -  m g  (if ]gOl'll] [ 
o r  o f  l : o r m  11, o.2 m g  o f  y e a s t  a l c o h o l  d e h y d r o g e n a s e ,  a n d  t.  4 mR of  p r o t o c a t e c h u a t c  3 , 4 - d i o x y -  
g c n a s u .  Centri fugat ion was performed in a S p i n c o  Model  1. ultracentrifuge for 15o rain at 37 5 °o  
rev..;min at 4' in a .%\V-39 rotor. The results of  exper iments  for l : o r m  I a n d  F o r m  II are presented 
together.  The peaks of  ac t iv i ty  of  yeast  alcohol  dehydrogenase  and protocatechuate  3 . . t - d i o x y -  
g e n a s e  were observed in Fractions 3 ~) and 28, respectively,  in both experiments .  I . .. F o r m  1 ; 

. . . .  . F o r m  11. 

F ig .  4. l ( l f ec t  o f  p H  o n  aspartate  transcarbamoylase .  The reaction m i x t u r e  (<).75 roll contained 
I () f f m o l e s  o f  d i l i t h i u m  c a r b a m o y l - P ,  3 .75  f fmo le s  o f  L - a s p a r t i c  a c i d ,  7 ° / ~ g  o f  F o r m  I o r  o f  F o r m  11. 
o r  3,~;o/tg o f  m i c r o s o m a l  fraction, and <7.2 ),1 b u f f e r  (Tris- l l ( ' l ,  p l [  7 . 4 9 . 7 :  a n d  d i e t h a n o l a m i n c  - 
H( ' I ,  p l |  (t.7 - .zo.2) .  T h e  act iv i t ies  in the two d i f f e r e n t  buf l ' e rs  a t  p H  0.7  were essential ly  t h e  s a m e .  

" - -  " F o r m  l ;  a ~ - - O ,  l " o r m  I l ;  / ' , - -  ,/L, m i c r o s o m a I  f r a c t i o n  ( F o r m  l l l}.  

t l iochim,  l h o p h y s .  .'|cta, 22o (107 o) 4c~[ -5oz  
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Sedimentation velocities of Form I and Form I1 
Molecular weight e s t ima tkms  were performed by the sucrose dens i ty  gradient  

m e t h - d  is. Yeast alcohol dehydrogenase ,  s,,0,,,:--- 7.6 S (ref. Iq) and t ) rotocatechuate  
3 ,4-dioxygenase from I'seudomouas acrugbmsa, s2o.u.... 19. 4 S (ref. ~5), were u~,ed as 
s tandards .  As shown in Fig. 3, Form I sedimented at ;m S v;thle of about  19, while 
Form lI  showed a broad d i s t r ibu t ion  - f  S values with a peak at 35 S but  ranging 
from 22 to 45 S. The S values of Iq and 35 were t en t a t i ve ly  ca lcula ted  to correspc,ml 
to 6oo ooo and I 5oo ooo of molecular  weights,  respect ively.  

pH optimum 
As shown in Fig. 4, the cflex'ts of I)H on the ac t iv i ty  of the three aspar ta te  

t r ansca rbamovlase  forms were similar,  with p t I  op t inm between 9.2 and 9.7. 

Kinetics 
As shown in Fig. 5, the apparen t  Km values for a spa r t a t e  were ahn~st  the same, 

(5.() re,M) for the three fiwms of the enzyme. All the forms are also subject  to inhi- 
bi t ion by  higher concent ra t ions  of a spar ta te ,  2o mM or more. 

I t  should be noted  tha t  the Lineweaver  Burk ph~ts fi~r ca rba lnov l -P  were n~t 
l inear but  concave downward ,  as shown in Fig. 6. "Ihc possibi l i ty  that  this was a 
result  of gross changes in concentra t ions  of Cal-bam~wl-I ) during incubat ion may  be 
excluded,  since the degrada t ion  of carbamovl-1 ~ l ' .r  7 rain at 37 ~ in the presence - r  
absence of enzyme ( l : . rm  I) was less than IO°.., e i ther  at  a high (13 raM) or low 

% 
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10 

1 I 

I I 
1 2 

yEAsPactate] ( raM- )  

- /  
:'v 

F 1 i i 

,C 

I 

k . . . . .  
O 

- ' , - -  ~ ; 
1.'.- ,' LCarbamoy~ - P] i rnM -1, 

Fig. 5. Plots of reciprocal initial velocity vs. reciprocal aspar ta te  concentrat ion.  "['hc reaction 
mixture  (o.75 nil) contained z5 o !mmles of Tris-.tlC1 Imtter (ptl q.2), ~o pmoles of dilithium car- 
bamoyl-P,  7 o t t g  of Form 1 or of l"orm I1, or 38Ol~g of micrc~somal fraction and the indicated 
amounts  of t -aspart ic  acid. • 0 ,  Form 1; ,", Form 11; '_~ ~ .  microsomal fraction 
(Form Il l) .  

Fig. 6. Plots of reciprocal initial velocity vs. reciprocal ca rbanmyl - l '  concentratmn.  The reaction 
mixture  (o.75 ml) contained 15offmolcs o f ' l ' r i s -H( ' l  buffer (pH 9.2), 3.751tmolcs of L-aspartic 
acid, 7 ° t~g of Form l or of Form I 1, or 38o lJg of microsomal fraction and the indicated amounts  
of dilithium carlmmoyl-lL • - • ,  Form 1; , , - . ,  Form If; i 7] ,  microsomal fraction (l:orm 
HI). 

I3ioch,m. l~wphys .  Acta,  22o (t97 o) 40 t -5o-  
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(o.23 mM) concentration of carbalnovl-P. Aspartate  was omitted from the incubation 
mixture in these experiments. 

The implications of the nonlinear kinetics observed are discussed later. 

5tabil@' properties 
When eztch flwm was allowed to s tand at 25 ° fl~r 46 h in o.o~ bI potassium 

phosphate buffer (pH 7.4) containing 2 mM mercaptoethanol,  losses in activi ty during 
this period were 42, 4 and Io% for Form I, Form II ,  and Form I I I ,  respectively'. 
The protein concentrat ions were I. 4, I . r  and 7.6 mg/ml, respectively. 

Effects of pyrimidine derivatives 
It was of particular interest to know if any of the three forms migllt be inti- 

mately inw4ved in the regulation of pyrimidine biosynthesis through "feedback 
inhibition". "1"o minimize possible changes in the. regulatory properties of the enzwne 

"I'A 1t L I". IV 

INIIIBITION OF A S I ' A R T A T E  "I'RANSCARI~AI~IOYI.ASI.; t¢Y P Y R I M I D I N F  I ) F R I V A T I V E S  

"l'he r e a c t i o n  m i x t u r e  c o n t a i n e d  4 " z o  ~ M c a r b a n a o v l - P ,  2 . 1 o  a31 a s p a r t a t e ,  2 - I o  a o r  4 " l ° - a M  
nuc lcos ide  or  n u c l e o t i d e  (neu t r a l i zed ) ,  o.2 M Tr i s  i l( ' l  (p l l  9.2) or  o.o 5 .Xl po ta s s iu rn  p h o s p h a t e  
(p l l  7.6) a n d  e n z y m e  ( F o r m  I, I o o  a n d  35o!~g;  F o r m  I1, z l o  a n d  3 S o H g :  m i c r o s o m a l  f r ac t ion ,  
o6o ttg and  x. I m g  ; for  t he  e x p e r i m e n t s  a t  p i t  0 ."  a n d  7.6, r e s p e c t i v e l y ) .  

Additions Conch. lnhibitu, n (%) 
( * n 3 I )  . . . . . . . . . . . . . . . .  

Form I Form I1 3licrosomal fraction 

p t l  9.-" pH 7.6 pf t  9.2 pH 7.6 pH 9.2 pH 7.6 

I ; r i d i n c  2 2 o o 
I ) e o x y u r i d i n e  2 3 z J z.t z 3 5 0 
l ) e o x y u r i d i n e  4 15 37 3 ° 30 16 2 I 
I.;MP z o o o 

1. "'1" P 2 4 3 o 6 cJ <> 

1 ) e o x y t h y n m l i n e  2 ~) 21 21 23 I0 15 
D e o x y ' t h y m i d i n e  4 iS 4 ° z7 37 .2'I 2 t 
T M  P z S ~, 6 

"I ' TP  2 6 2 4  12 2 o  Q 0 
"L"l't J .t 2, ] 2,'~ z x 

( ' y t i d i n e  2 4 o 3 
I ) e o x y c y t i d i n e  2 8 7 o 
(LMP 2 o o o 

C T  I > 2 4 I O 0 I 0 q (1 

( " l ' t )  4 2 I  22  I S  

as far as possible, ;ill three forms were prepared at a low temperature and assayed 
within 12 h after mice were killed, and a high dilution of the enzyme solutions was 
aw)ided during the purification process. The colorimetric assay of carbamoylaspar ta te  
was not interfered by the presence of  pyrimidine derivatiw,s at the concentrat ions 
used. 

As shown in Table IV, at pH 9.2, most of  the pyrimidine derivatives including 
( ,FP did not inhibit the enzymic activity. Only deoxvthvnfidine and deoxvuridine 
at 4 mM showed about  15 3o~}.o inhibition of the activity,  and of  the three forms, 

tlmchtm. Biophys. Acta, 2zo ( i97o)  4 9 I - 5 o z  
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I:<)rni I l was nl~ist sensit ivc t,> the inh i l l i to rs .  : \ t  pl  1 7.b, inhibit ion t) 3' deoxy thyn f id ine  
or det~xvuridint, was i i iorc ))larked than ;it pt t  t).2, and furtht,rill~)rt,, T T P  and ("11' 
;it 4 inM ;is() inhibittrd the  enZVlllie ac t ix i tv  lw abou t  2o 3o"¢,. [ .ower c tmcent ra t ion> 
of a>partate and carban loy l - I  >, \'at'it close tt, the rcsptwtivt '  ctpparenl /x',,, \'alut>, were 
used in tilt,st! cx l )er i lnel l ls .  

I)],q('I'SSI(iN 

Aspartatt? t r a n s c a r b a n l ~ n l a s e  m hemat~q)~fictie mouse  spleen was d e m o n s t r a t e d  
t,, be pr t>cnt  in at least three  f l , rms;  one is pr0sent  in the microsomal  fracti~m and  
tilt, o thers  are in tilt ' s , l u b l c  fracti~m, l 'revi~ms ~bse rva t ions  on the  subccl lu lar  distr i-  
])uti()n ()f nl; t l l l l l lalian as l )ar ta te  t rans t ' a rban l t )v las (~  w e r e  II()t in act'()ld with each 
o t h e r .  ]'~RE:~NICK :l rcp,,rtt ,d t ha t  all the  ac t iv i ty  of the homogenat t ,  ~f rat  ]ivt,r was 
recover( 'd in the s u p e r n a t a n t  ;tfter c e n t r i f u g a t i . n  at It) 5 oot) ;. L' l~)r 3o rain. ()n the 
\)tiler hall\t, I{()II(),II.EY ANI) I . ( ) \ '1(;  e° l t ' t ' () \ ' t ' l ( ' ( l  a l m t j ~ r  [)~Lrt \ i f  a>l);trtate IF;His- 
car l /amovlase  ; tc t ivi tv  in the microsomal  fract ion , f  rat  t issues. According  tt~ their  
rcp,,r t ,  however ,  there was a great  dit~erence in s e d i m e n t ; t ) m  l)eha\'i ,ws between 
aspa r t a t e  t r ansca r lmmov la sc  ;uld glucost>O-ph~sphatasc tha t  is k n o w n  t~) t)e b<mnd 
to micr<>somes: the flwmcr required  a b o u t  3 h flw c~mlplett' s e d i m e n t a t i o n ,  \vherecls 
the la t te r  truly 3 ° rain at io 5 ooo ,~ g. In view ol'~mr resul ts  it is l i kc l \  t ha t  the m @ w  
part  ~f a spa r t a l e  t ranst 'arbaniovl ; ts t ,  ill m a m m a l i a n  t issues is no t  b o u n d  t,) micrt,- 
s~mws but  -nh"  lwhavt,d s imi lar ly  because of large molecular  size. 

It  was f lmnd tha t  the a c t i v i t \  of n | ic rosomal  f rm ' t i . n  t>l" mouse  spleen is higher  
when the  hcmat~ptde t ic  ac t iv i ty  ~f the t issue is supp~,sed to be t 'nhanced .  Possibil i t ies 
lnaV by tha t  tiffs fi~rm serves :is a precursor  t~l the enzyme  in the  >ut )crnatant  or tha i  
this  form carries s, mlc special funct ion> rela ted in s~mw m a n n e r  to the rapid cellulcu 
gr,,wth. "l'ht' c luci t lat i ,m of the  probh, ms awai ts  furlhc, r inves t iga t ions .  

\Vhih' the tqt 'scnt  papt ' r  was in pr t ,para t ion,  ()I.IVIR g'[ a l .  i °  lep(irte([ the  prcs- 
t ' l ice (If t\v() f(Jll/is ()1 as l )ar ta tc  traliSc;trt}:,tnl(}vlase ill tht '  st~hll)]e fr:.tt'ti~ll o f  ra t  l iver,  
Imst,tl on anal\ 'si> b \  sucr(>se d e n s ) t \  gradien!  eentr if i igat i ,  m. Tlw e s t im a t ed  molecular  
weights  ,)1 the l w -  l,q'ms are 6oo ooo and  qt)() ~ioo, rcsl)t, cti\ ' t , lv. "['hc large n/olecular  
weights  and thv r e l a t i \ c  alnount,, ,  \if lilt' two flwnis ill t lw s~dublc f ract ion agree fairly 
wt,ll with our  results,  l )ctaih.d Ira)protit 's of the t\x~, fl ,rms arc not  reported.  "['\v,> 
fOrlllS (it" a s p a r t a t t '  traliSt-;llballltlx'lats( '  ;ire ;Is ,)  S]l(l\~.ll h) ])e [)lt'S¢'lll ill tht" e x t r a c t >  

fr, m~ ('ilroDach'r lh 'umti i  and  Proh'us v'u/~aris ~. 
I~,~th l:,wm I and  Form II were de tec ted ,  e \ 'en  when the e n z y m e  pur i f ic ; t t i -n  

was p r o m p t l y  carried ~ntt, and  this m a \  supp~,rt the natur; t ]  tu-currtmec of the txw~ 
forms in tim tissue. H<~\vexer, a poss ibi l i ty  still r emains  tha i  lqwm II is a k ind  ~>1 
ar t i fac t  formed l n m i  Fo rm I du r ing  the enzx'nie puri f icat ion.  It is c, mctdx'abh' tha t  
l : , ,rni 1 is t'<,nvertcd to l :or ln 1I by format ion of in ternmlccu lar  disult ide bridges in 
t h e  prt!sl!nee o f  low c( )F lcent ra t ions  of >ul thydryl  c t l i n p t m n d s  a n d  O~. The b r o a d  rallgU 

of .%." va lues  of l :orin I I suggt.sts aggregates  of var ious  sizes. 
.,ks shown ill Vig. O, ;ill tilt ' forms shmved non l inea r  I . inewt 'aver-  Burk plots l'~,i 

carbani t~ \ l - I  >. This k ind of kinet ics  ctmld be t'Xlflaiiwd b \  ctssumirig tha t  each form 
has two or hi<we Sel)arabh'. c a rban iov l - I  j situs witii  d i f lerent  b ind ing  c o n s t a n t s  tw that  
C&t'll for l l l  is a i i i i x tu rc  of  t\vt~ or nlore t)<)l\'n~twphie fol' l i ls of enT, v i l /es . . \n  a l ternat i \ 'c  
p,)ssibility is tilt? negcitive cO<~lwrativity 1)t'lween stll)tlllilS of  t>llZ\:i/It'S in the, binding 

t4m~him.  I t z , , phy~ . . -b ta ,  220 {I()7(> ) .t()! 5o2 
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of substrates, its emphasized by LEVlTZKI AND KOSHLANI) 21. Examples are seen in 
CI'P synthetase "~, t)hosphoenolpyruvate carboxvlase 22 and glyceraldehyde-3-phos- 
phate dehy, drogenase 2a. It may be interesting to see if such cooperativity occurs for 
aspartate transcarbamoylase of lnouse spleen. 

As reported, there were no remarkable distinctions between the three forms 
regarding effects of pH on the activities, kinetic properties, and sensitivities to "feed- 
back inhibiticm" by pyrimidine derivatives. It ix to be noted that relativeh" high 
concentrations of pyrimidine derivatives are required to inhibit the enzymic activity 
to measurable extents. According to (~ERHART AND "PAR1)I.~I - l ,  aspartate transcart)a- 
m~xlase of E. coli is inhibited by 44 and 74c',, with o.o 5 and o. 5 mM CTP, respectively. 
In contrast, the spleen enzymes are inhibited by o n h  no nmre than 25~}i~ by 2 mM 
deoxythynfidine, the in~)st effective inhilfitor so far found. In henmtopoietic m-use 
spleen, the activity of aspariate transcarbamovlase ix about IO0 times greater than 
that of carbamoyl-I ~ synthetase, the first enzyme of pyrimidine biosynthesis. This 
may indicate that in the spleen the rate-limiting enz\'me is carbamovl-I '  svnthetasc 
rather than aspartate transcarbamoylase, and that the observed inhibition of the 
latter enzyme by pyrimktine derivatives does not play a significant role in control 
of pyrimidine bi~svnthesis. 

The difference in the properties of aspartate transcarbalnovlase of E. coli and 
of hematot~oietic mouse spleen with respect to the "feedback inhitfition" may be 
related to the difference in the metabolic pathways of carbamovl-P in the two bio- 
logical systems. In E. coli, carbamoyl-P ix utilized for the synthesis of both pyrimidine 
and arginine, and theref.re aspartate transcarbamoy'lase ix considered the first enzyme 
for pyrimidine biosynthesis. On the other hand, in nonhepatic animal tissues where 
the urea cycle ix lacking, carbamovl-P may be utilized principally for pyrimidine 
biosynthesis, and thus carbamovl-P svnthetase is the first enzyme f-r the pyrimidine 
pathway. In fact, carbam%'l-t ~ svnthetase (glutamine-utilizing) from hematopcfietic 
mouse spleen was dem.nstrated to be subject to "feedback inhibition" by I_'TP (almut 
7o% inhibition at -raM) a. In nonhepatic animal tissues and possibly also in the 
hepatic tissue (see ref. 24) , aspartate transcarbamovlase may coordinate with carl)a- 
mo\'l-P synthetase and catalyze the quantitative and rapid conversion of the labile 
carl)amoyl-l' into carbam,.vlaspartate. "[lie kinetic analysis of the enzyme (Fig. 6) 
showed that when the concentration of carbamovl-I ~ is lower, the apparent Km fl~r 
this is also smaller. On the assumption that similar kinetics ix valid at phy-siological 
h.'vels of aspartate, the property could be regarded its an advantage for the enzyme 
to carry out the expected flmction. The increase in the intracellular h'wq of the 
enzyme in rapidly growing tissues, c~bserved bv previous investigators 25-'-'~°, can be 
explained from the same teleol~gical point of view. 
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