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SUMMARY 

I. Yoshida ascites hepatomas,  AH 13, At t  13o, AH 6Ol and AH 7974, as well 
as Walker carcinosarcoma and Ehrlich ascites tumor,  were investigated for the abil i ty 
to synthesize carbamoyl-P.  Superna tan ts  of honlogenates of all the experimental  
tumors  were found to contain activities to synthesize earbamoyl-P.  

2. The enzymes were labile in aqueous buffer solutions, but the inact ivat ion 
was retarded in the presence of glycerol. The enzymes were active in the absence of 
N-acetyl-L-glutamate,  and its addit ion did not affect the activities, indicat ing that  
these enzymes are distinct froln the ammonia-  and acetylglutamate-dependent  carba- 
moyl-P  synthetase  (EC 2.7.2.5). The lat ter  act ivi ty  was also not detected in the 
part iculate fractions of the tumors. 

3. The levels of enzyme activities detected are greater than the assumed values 
of demands  for ca rbamoyl -P  as precursor of uracil in the tumor  cells. 

4. "fhe enzynles of AH ~3o, AH 13 and Ehrlich ascites tumor  were part ial ly 
purified frona the soluble superna tan ts  in the presence of glycerol, dimethvlsulfoxide 
and dithiothreitol  as enzyme stabilizers. The Al l  13o enzyme was tmlified about  

75o-fold. 
5. The part ial ly purified AH 13o enzyme utilized either L-glutamine or ammonia  

as carbamoyl nitrogen donor. The act ivi ty  with glutalnine was not separated from 
the act ivi ty  with anmlonia  in the purification process, and Arrhenius plots of the two 
reactions indicated part icipat ion of one enzyme protein in these reactions. Evidence 
for g lu tamine as direct ni trogen donor was obtained by the stoichiometric formation 

Abbreviation: H["IH-.q, N-2-h.wtroxyethyl-piperazine-N.-ethancsulffmic acid. Carbanmvl- 
l', carbamoyl phosphate. 
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of g l u t a m a t e  from glu tamine  tha t  accompanied  the synthesis  of ca rbamoyl - lL  The 
appa ren t  K m  values fiw I .-glutamine and ammonia  were 1 .4 . Io - : '  and 3.()' Io -a M, 
respect ively,  at  pH 7.8. I~roperties of the par t ia l ly  tmrified enzynles , f  A l l  I3 and 
t';hrlich ascites tumor  are essent ial ly  tile same as those of tile AH L~" enzynlv. 

6 .72-( ; lobul in ob ta ined  from rabbi t  an t i sermn against  the anun~mi:.t- and 
ace ty lg lu t ama te -dependen t  c a r b a m o y l - P  svnthe tase  of frog liver, which can ClOss- 
react  with the same ty'pe of enzyme from rat  liver, did not inhibit  glutanfine-ut i l iz ing 
enzyme of At I  I3o, indicat ing tha t  this enzyme protein is immunoh,gical ly  dis t inct  
frolll tile ammonia -dependen t  type  of enzyme. 

7. ]'lie.' enzyillCS of AH I3o, A l l  13 and Ehrlich a :c i tes  tulnor  were sul)jet't to 
the specific " f e e d b a c k "  inhibi t ion 1) 3" UTP among nine. nucleotides so far tested.  The 
feedback inhibi t ion as well as low int racel lu lar  levels , f  the e n z \ m e s  suggest tha t  the 
g lu tamine-ut i l iz ing  c a r b a m , \ ' l - l '  sxntheta.-e may  play a kev r~,le in control  of the 
orotic acid pa thway  in the tunl. ,r  cells. 

8. Another  implicat ion of the tin(lings de.scribed above is tha t  l te t )a t -mas AH 13 
and A l l  13o , considered to be derived flom parenchymal  cells of liver, contained 
~mly the g lu tamine-ut i l iz ing  c a r b a m o y l - I  ~ syn thc tase  but  not the ammonia -dependen t  
enzyme (liver type).  "fhe significance of tilt: fact was discussed. 

INTROI)I'CTION 

(~arbamoyl-P is a common initial  i n t e lmed ia t c  of tile l)Y'rimidine and arginine 
biosynthesis .  "l'w. types  of c a r b a m o v l - P  svnthe tase  have been described in nornml 
mammal i an  tissues. ()ne is ammonia-  and ace ty lg lu t ama te -dependen t  carbamovl-1  ~ 
syn the tase  (EC 2.7.2.5) and is known to be localized t~rincipally. , in the liver I. The 
o ther  is g lu tamine-ut i l iz ing  c a r b a m . y l - t '  svn the tase  and has been only recent ly  
demons t r a t ed  in l l lanv nonhepat ic  tissues of the nlou.qe 2,a and the liver of fetal 4 and 
adul t  a rat .  The g lu tamine-ut i l iz ing  enzyme is considered to be responsible' for the 
synthesis  of ca rbamoy l - I  ) f~r pyrmfidine  biosynthesis ,  and it is suggested tha t  the 
enzynle plays  a key role in control  of the biosynthesis  -~. 

On the other  hand, reformat ion on the initial  s teps of pyr imidine  t)iosvnthesis 
in cancer ('ells has been so far l imited.  Oxo  et (i/. 6 described the presence of  ammonia-  
dependent  c a rbamov l -P  svnthe tase  in minimal  devia t ion  hepa tomas  lint failed to 
detect  the same ac t iv i ty  in o lher  cancer cells. Recent ly  _~tAGI-R ANI) ,](INES 7 demon- 
s t ra ted  the g lu tamine-dependen t  synthesis  of car t )amovl - / '  by the. ex t rac t s  of Ehrlich 
ascites tu rn . r ,  lint the deta i led character izat i ,  m of the ac t iv i ty  was not repor ted .  
The present paper  deals with the detect ion of g lu tamine-ut i l iz ing  c a r b a m o \ l - I  J 
svnthe tase  in four Y . sh ida  ascites hellatonlas,  Walke r  carcim;sarcoma and Ehrl ieh 
aseites tumor,  ;rod with it,; par t ia l  puri t icat ion and character iza t ion.  

1.1x PI: RIM ENTAI. PR()('E 1) U I;',l" 

3Ia tcr ia l s  

The elmmicals were ot)tained as tneviously  described a. Ascites het)atomas At t  13, 
AH z3o, AH 6oz and AH 7974 (about I • IO ~ cells per rat) were inoculated and grown 
f~r 3, 4, 7 and 8 days,  respect ively,  in nlale rats  of I )onrvu strain,  2- 3 months  old. 
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Ehrlich ascites tumor  (about I .  io 0 cells per mouse) was grown fl~r b days in male 
mice of dd strain, 1.5-2 months old. The ascites cells and fluid were aspirated with 
at syringe, followed by washing the abdominal  cavi ty twice with 5 ml of  cold o.I 5 M 
KC1 containing o.oo 5 M potassium phosphate buffer (pH 7.4). The cells were collected 
bv centrifugation at 3ooo rev./min fl~r 3 rain. The packed cells were used as source 
of enzyme. Walker carcinosarcoma was grown flw q days in male rats of  I)onry'u 
strain, 2-3 months old. Rat)bit ant ibody to the ammonia-dependent  carbamovl-P  
svnthetase of the flog liver was pret)ared as described previously 5. The ammonia-  
dependent carbam()yl-1 ~ svnthetase of the rat liver was prepared as described bv 
MARSttAI.L AND COHEN 8 and stored at 4* as a suspension in 3 M (Ntt4)2SQ solution 
containing o.oI M Tris- tt( ' l  buffer (pH 7.5). (;el filtration on Sephadex G-25 was used 
to remove (NH4),.,SO v Ornithine t ranscarbamoylase (carbamoyl phosphate : t -orni -  
thine carbanmvltransferase,  EC 2.1.3.3) was prepared from bovine liver as described a. 
The specific activi ty of the preparation obtained was 300¢) units/rag of protein. 

Methods 
Radioact ivi ty  was determined in a Beckman liquid scintillation spectrometer 

with o.5-ml aqueous samples and Io ml of a scintillator fluid which consisted of 
IO w,1. of toluene containing o.5°i, 2,5-diphenyloxazoh~ and o.o3% 1,4-bis-2-(5-phenyl- 
oxazolyl)-benzene and 7 wd. of ethylene glycol monoethyl  ether 9. Other analytical 
methods used are essentially the same as described previously a. 

Glutamine-utilizing carbamovl-P  synthetase was assayed as described a, with 
slight modifications in the composition of the assay mixture and incubation time. 
The reaction mixture (pH 7.8) used for assay of the AH i3 o and AH 13 enzymes 
contained 5 ° / Imoles  of the potassium salt of N-2-hydroxx'ethyl-lfit)erazine-N'-ethane- 
sulfimic acid ( I tEPES) ,  ~5/tmoles of KH14COa (generally, 1.5.Io?counts/min), 
r / ,mole  of L-glutamine or ~o ymoles of Ntt4C1 , Io/~moles of ATP, 15/xm,les of MgC12, 
o. 5 ,umole of L-ornithine, o.I umole of L-citrulline, IO units ~f ornithine transcarba- 
nmylase, 38 y1 of glycerol, 56 ul of dimethylsulfoxidc and enzyme prel)aration in a 
tinal volume of o.75 ml. Vinal concentrat ions of glycerol and dimethvlsulflJxidc are 
50/0 (v/v) and 7.5% (v/v), respectively. Concentrations of glycerol and dimethyl- 
sulfi~xide are expressed in terms of per cent of w~lume in w,lume in this paper except 
where indicated. The. pH of the reaction mixture used for assay of the Ehrlich ascites 
tumor  enzyme was 7.3 and the final concentrat ions of glycerol and dinwthvlsulfoxide 
were 4.8 and 3.3°0, respectively. Incubation was for Io rain at 37 ° . In studies ~f 
distribution of enzyme in tumors, a slightly different system was used (see the legend 
to Table I). l 'or  the determination of the enzyme activities of crude preparations, 
i.e. sonic extracts  and (Ntt4).,SO 4 precipitates, the reaction product was pur i f i ed -n  
I)owex 5 o, prior to counting, essentially as described a. In elution of ['4Cicitrulline 
flom the c(~hlmn, 2 M amm(mium hytlroxy:(le was used in p lace  o f  IO'Ic, pyridine. An 
unit ()f ca rbamoyl -P  svnthetase is defined as that  amount  of enzyme which t)ro(luces 
r nmole ()f carbam()vl-P per rain at 37 ~ when L-glutamine is the nitrogen d(mor. 

RESI:LTS 

Distribution of carbamovl-P ,%vnlhctase in various experimental tumors 
In Table I are shown the results of determinations of ca rbamovl -P  svnthetase 
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in the ascites hepa tomas  AH ~3, AH ~3 o, AH (3or, AH 7974 and Walker  carcimlsar-  
coma. Act ivi t ies  were de te rmined  botl,  in the presence and absence - f  acc ty lg lu tamate .  
Ammon ia  was used as amino group donor.  Definite ac t iv i t ies  were detected in the 
s(ilul)le sut>crnatants (if all the tumors  examin( 'd.  ;ks the c(,llular disrut>ti(in was 
inc(m~plete under  the condi t ions emph)yed,  the ac t iv i ty  (if the superna tan t  ()btamt~d 
does n()t necessari ly rcpres(,nt the in t racel lular  levels (if the (-arbamovl-1 ~ synthesizing 
ac t iv i ty .  Thus the  results  m Table I, expressed as act ivi t ies  (#moh's (if carbam()\ ' l-1 ) 

"I'A IH.I'~ 1 

IIIF;IRII~I 'TI()N O1; CARI),AI%IOYI.-P SYNTHFTA%E IN I.-XPERIMKNTAI. rl.'M¢IR.'-; ANI) RE¢?I.~IRE?,|I.]NT lit; 
At IIVITII-F, F¢IR ,\'-ACETYI.-I.-GLUTA.X, IATE 

["l'ct-;h t l l l l lo r  ce l l s  o r  t i s s u e s  \ v e r c  ho l l lOgc l l i z cd  .5 1o ii1i11 w i t h  4 vo]. o f  o . -  5 M Nucr(Isu COll ta i l l in~ 
~ m M  ATI ' ,  - m . M  .a, lg.<,()~, 3 m.M m e r c a p t o e t h a n o l  a n d  5 o m M  p o t a s s i u m  p h o s p h a t e  ( p l l  7.5) .  
fc , l lo \vcd lx\' c c n t r i f u x ; ~ t i t m  a t  2oooc~ "." K fo r  io  IDill ;It ¢1 . c ; h ' c c r o l  w a s  a d d e d  to  t h e  Sllp01-11itt;ult 
so a s  to  I>,." 3 o " o  (w: 'v) .  T h e  p a t i c u l ; t t c  tYac t ions  w e r e  e x t r a c t e d  t w i c e  e a c h  t i l 'nc xvith a \'~1111111(, o f  
,~. I " , ,  c c t \ ' l t r i l n c t h v l a t n H n o n i u l n  l~ ro tn idc  e q u a l  t o  2 t i m e s  t h e  o r i g i n a l  w e i g h t  t~t t h e  t i s s u e .  "l 'hc 
s u p c r l m t n n t  a n d  ti,~. e x t r a c t s  \ \ r r e  a s s a y e d  for  iqlz\'lll~., a c t i v i t y .  T h e  r e a c t i o n  v n i x t u r c  ( p H  7.31 
c o n t a i n e d  tS  / r a m i e s  o f  p ~ t a s s i m l l  l l l ' i P t - S ,  ~ / m m l e s  o f  :VI ' I ' .  9 / m m l c s  o f  3,1g('l a, o. 3 ! m m l e  o f  
I . - ~ r n i t h i n c ,  z5 u n i t s  o f  o r n i t h i n c  t r a n s c a r b a m o y l a s e .  3 o / r a m I e s  o f  I,[('1. n5 , m o l e s  o f  K t | ~ R ' ( ) a  
(3.N • lo  ~; c¢)tlntS.'lllill). ,'4,.3 °,,  ( \ \ ' ,v} g l y c e r o l ,  2Ojdlllolc,:s o f  iii1/111Ollit1111 a c e t a t e  itlld ~211Z\'lllt! ill it f inal  
\ 'c)hllllt, of" o.{~ II11. \ V h c r e  i n d i c a t e d .  3 / d m o l e s  o f  . \ ' - ac t : ty l - I . -< lu t ;un0 .1 .c  w e r e  a d d e d .  I n c u b a t i o n  
w a s  l'c~r 15 lllil) a t  37 • IR '  ( i t r u l l i n v  s y n t h e s i z e d  \vas  p u r i l i v d  ~m lh>x\cx  5 ° p r i o r  to  c~ll l l t i l lbu 

l - , a y m c  activi ty" 

7"u , i , , r  .-lrclyl- Nztpernatanl  I'~.rl*rtct ,ff 
glutamut," /~ar&rulat, 
~n assay  ,m,,l,.~ ,,.[ /~me,lcs ,q  .[ractio, 
sys tem cHrnll~m" ci trldl im'  (,,moh" ,'![ 
{m . l l )  /men p ~  .i¢, p,'r h '"  rltrltllin,' 

m4' .:V per h) 
[~r¢,b'l n 

Y o s h i d a  a s c i t c s  h e p a t o m a  
. \ H  13 o 1.1{* 4.N¢) o.(} ;; 

5 o .97  4 .o7  o 
A l l  13(l o o .15  o.{'~ ~ o . o i  

'5 ,:). 16 oA, 7 o .o l  
A l l  7o74 ~ o .34  1.43 o .oS  

5 o. 30 I .  2G o .o  7 
: \[~ (~01 0 O..>)tl 1 .2t)  0 

5 o.) ;o 1.2~ o 

\V;d  kcl" cct rci  IIClsikrcoll'l;l o ¢k22 {i.9. { o 
5 c~.2o o . S !  <> 

" ]'~11Z\'111¢2 \Vii>; ;/~;F, iL~,'('d w i t h  ~/lllll|lHlii~ its i l i t r o ~ e n  s o u r c e .  
"" "] 'ht 's0 v;I]llt.S i~l'c c ; t ] c l l l a t cd  ;IS d c s c r i b v d  ill t h u  t e x t .  

fmlnCd per h) per g cells of tissue, arc calculated from the act ivi t ies  (units) per mg 
protein,  assuming tha t  the protein content  of the soluble fract ions of the tum~rs  is 
7 ° mg.,'g cells or tissue. It is also shown tha t  acv ty lg lu tamate  did not affect the 
vnzxmc activi t ies .  "1"~, further  confirm the negative, results  of ace ty lg lu tamate  de- 
pendency,  all the enzymes were f rac t ionated  with ( X [ - 1 4 ) a S ( )  4 (o  4 o ° , , )  ;ind similar  
exper iments  were made on the par t ia l ly  purified prepara t ions .  There was also nc~ 
dependency  (if the act ivi t ies  -n  acetylglutam;t te .  Since the f rac t ionat ion brought  

H w c h t , t .  l ~wphys . . qc ta ,  22o (IO7 ° ) . t 7 7 - 4 0 o  
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about  2-4-fl)ld purification of  the enzymes and possibly could eliininate a major 
portion of endogenous acetylglutamate  or related compounds,  if present at all, it is 
obvious that  these activities are distinguishable from the ammonia-  and acetvl- 
g lutamate-dependent  ca rbamoyl -P  synthetase (liver type). 

Extrac ts  of  particulate fractions of the tumors were shown to be devoid of 
carbamoyl-P-synthesizing activity. These findings are consistent with previous re- 
suits of other experimental cancer cells ". However, the data  presented here indicate 
only that  ammonia-  and acetylglutamate-dependent  carbamovl- I  ~ svnthetase was 
not present in the particulate fractions (as in the supernatants) and did not give 
definite answers as to the localization of the glutamine-utilizing enzyme, because 
the enzyme extraction with o.x °,..i, ce ty l t r imethylammonium bromide, as used in these 
experiments, did not seem to permit the detection of the labile activity ,~f the latter. 
A possibility of the pre.sence of this activi ty in particulate fractions of various 
mammalian tissues has been previously" suggested a. 

Purification of cnzwne from ascites hepatoma AH r.~o 
Carbamovl-P synthetase of AH I3 ° was very labile in aqueous buffer solutions 

but was stable in tile presence of glycerol, dimethylsulfi~xide and dithiothreitol, as 
was the case fl~r the mouse spleen cart)amovl-P svnthetase a. Further stabilization of 
the AH I3O enzyme was obtained by the addition of substrates, I.-glutamine [ltts 
Mg"- :VFP,  as described below, l:ractionations with (NH4)2SO4 and hydroxylapat i tc  
were performed by a slight modification of the method for spleen enzymea; all steps 
were carried out at o 4". Buffer solutions containing dimethylsulfoxide were adjusted 
to the described pH values after the addition of the solvent s. 

Centrifuged extract. The packed cells (62.5 g wet weight) were suspended in 
4 vol. (25o nil) of 30% glycerol solution (pH 7.3) containing 2o mM l)otassium t)hos - 
phate buffer, 3 mM mercatm~ethanol , IO mM MgCI.~, I mM EDTA, 3 mM I.-glutamine 
and I mM dithiothreitol. The cell suspension was subjected to sonic oscillation at 
io kcycles for I min and centrifuged at ioo ooo N: ,~ for3 o rain. Almost all the act ivi ty 
was recovered in the supernatant .  

(A'H4),,S() ~ fractionation. "1"o the supernatant  (258 nil) obtained in the previous 
step was added with stirring o.~ vol. (I54 ml) of a saturated (NtI4).,SO 4 solution 
(pH 7.3) which contained 5 ° mM potassium phosl)hate and i mM EI-)'I'A. The sus- 
pension was stirred for additional 5 rain and centrifllged at IO ooo × g f , r  IO rain. 
The operation of this step was quickly performed to mini,nize loss of the activity. 

Chromatography on hydroxvlapatite. The precipitate obtained in the previous 
step was dissolved in IZ5 ml of 5% glycerol-3o°~ dimethvlsulfl~xide solution (pH 7.3) 
which c,mtained 2o mM Tris-HC1 lmffer, 3 mM 2-mercapttwthanol, I mbI EDTA and 
I mM dithiothreitol. Insoluble mat ter  was removed by centrifugation at io ooo X .~ 
for IO min. The supernatant  was placed on a hydroxylapat i te  column (()2.5 ml) 
previously equilibrated with the -o, glvcerol-3o% dimethvlsulfoxide soluti-n de- . 3 o . . 

scribed above. The enzyme was comph~tely adsorbed and then eluted stepwise from 
the column each time with ~25 ml of  potassium pht~sl)hate buffer (pH 7.6) containing 
5¢~ glycerol, 3o°.o dimethylsulfl)xide, 3 mM mercapt-ethanol ,  I mM EDTA anti i mM 
dithiothreitol. About  5o0~ of  the enzyme activi ty applied to the column was obtained 
in the fractions eluted with phosphate, concentrations of o.o75, o.o9o and o. IO5 M. 
The three fractions were combined (375 ml) and concentrated to 23.8 m with the 

llzochim, lliophys. Acta, 22o (it)7o) 477-4c)o 
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use of a small  colunln of h y d r o x y l a p a t i t e  (I 1. 9 nil), essent ial ly  as deseril)ed for the 
spleen enzyme s . 

5ttcrosc d t ' n s i l y  gradients. Sucrose g rad ien t s  from 5 to 2¢)o were l)repared in 
tubes  for the swinging bucket  rotor  S'W-(~5 designed to fit the Model I. 4 Spinco 
centrifuge. The sucrose solut ion (pl t  7.3) conta ined 5'Io glycerol,  3()",, ( l inwthvl-  
sulfoxide, 2(t mM Tr i s  HCI, 3 mM mercat) toethanol  , z mbI I ' I )TA,  r mM di thiothre i -  
tol, 3 nhM A' rP ,  4.5 mbl MgCI.,, 4 mM I.-glutamine an(l 5 ° mbl KCI. The e luate  (o.(~ ml) 
from tile small  c . l u m n  of h y d r o x y l a p a t i t c  in the. previous s tep w a s  l;tvered ~m thv 
sucrose gradient  (4.(, ml) and centr ifuged a.t (15 OOO rev.. 'min t , r  13 h. After  the cen- 
t r i fugat ion,  drops  from a hole at the bo t t om of the. tube were collected into o.28-t111 
fractions.  The enzyme ac t iv i ty  was found to be separa ted  from a major  l)~wtion . f  
protein  and tit(: enzyme ac t iv i ty  flwmed a single peak. The fract ions conta ining m~,st 
of  the ac t iv i ty  were combined and concent ra ted  as in the previous step, followed by 
d i a h s i s  for 3 It against  24 x'.l. ,,f 2 lllbl potass ium phosi)hate buffer (pH 7.o) con- 
ta ining 5°,, glycerol,  3o'!2, dimethylsul foxide ,  3 mM mercat) toethan-1,  i mM l';l)'l'..\ 
and I lll.~,I d i th i . th re i t~ l .  The addi t ion  of l .-glutalnine and 3Ig e A'I 'P as e n z \ m c  
stabi l izers  to tile sucrose gradients  was in(tislwnsable to a t t a in  a nmxin~al s t ab i l i za t i . n  
of enzynle as descr ibed below. Tile recovery of the e i : z \mc  ac t iv i ty  in this ~tep was 
; t l ) ( ) t l t  40'!i,. 

T A I U . I :  II 

| ' U R I F I C A T I O N  OF CARBAM() '~ 'L- /~  %'I'N'I'III';'I'A,'gI." I.R()M A.NCII'F;N ItI.~|'.VI'()?,I. ~, A l l  1,](), . \ l ]  1 3 A.N]J 

]g, HRLICI I  ASCI'I'E,"; T U M ( ) R  

"I'he e x p e r i m e n t a l  d e t a i l s  a r c  Riven  in t h e  t e x t .  T h e  c a r l ) a t n o v 1  n i t r o g e n  d o n o r  D.ils I / t in(fie o f  
l . - g l u t a m i n e .  T h e  s ta r t in .~  m a t e r i a l s  w e r e  ( " . 5 .  ~..a; a n d  S. 5 g o f  ilw p a c k e d  cel ls  ¢~t" A l l  1~o. A l l  w.¢ 
a n d  F h r l i c h  a s c i t e s  t t l l l ior ,  r e s l ) c c t i v e l y .  

Fraction A H 13o ..1 II J3 lihrlu'h ascit,'~ turn , .  

I',~I. Tolal S/ccit t(  T , la l  .g[,~tli< T,,tal .";pcc(]i, 
(ml )  urals actu.'ttv" toTit: aorta'try" ~fnits activilv" 

. S o n i c a t e d  2 0 o  141.5  o.o~) ¢)() t ) . j 2  (),s t). 15; 

C e n t r i f u g e d  " 5 8  l .~. !.3 o. x 3 ~3 o . t '7  S5 °- - t°  
( N l l ~ ) a S ( )  4 143  .'-;-t, o . . i o  t3 3 . " o  5 t, I ,~,> 
I l y d r o x y l a p a t i t e  375 .t5 ° 7.7 ° ~{, t , s , ,  "o - .s , ,  
S u c r o s e  d e n s i t y  g r a d i e n t s  °" ~ "4 -t7 

" t ' n i t s  p e r  mR o f  p r o ( t i n .  
"" ( ) n l v  a p a r t  o f  t h e  e n z y m e  p r e p a r a t i o n  ;it t h c  I D ' d r o x y l a p a t i t c  >tvp w a s  s u b m i t t e d  tc~ t h i s  

p r o c e d u r e .  

Tabh.' II gives a s u m m a r y  of the purif icat ion procedure.  The (.nz\'llle at tilt' 
final s tep  was purified about  75o-fold from the sonic extra(-t. The enzyme t ) repara t i -ns  
were s tored on d ry  ice. Exper imen t s  with the A l l  13o enzyme rep : , ' t ed  in this paper  
were carried out  with the l ) r e p a r a t i ( , n s  t i t  this s tep of purif icat ion except  where 
indicated.  

Purification of enzymes from ascitcs hcpatoma ,.11t z,l and Ehrhch ascitcs tumor 
As shown in Table I1, the enzymes ,)f A l l  13 an(t Ehrl ich asci tcs  turn, n were 
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partially purified from stduble supernatants of the sonic extracts through the step of 
chromatography on hydroxylapatite. The AH I3 enzyme was purifed about 2z-fl)ld 
and the enzyme of Ehrlich ascites tumor, I5-fold. The preparations were stored on 
dry ice. 

Identification of reaction product 
Radioactive carbamoyl-P to be fl}rmed by the. enzyme reaction was converted 

in situ to L-citrulline in the presence of excess amounts of L-ornithine and ornithine 
transcarbamovlase. The radioactive product was identified as L-citrulline by its 
behavior on paper electrophoresis and by its constant specific radioactivity through 
the steps of repeated recrvstallization with the authentic L-citrulline. When the 
enzyme at the step of hydroxylapatite or of sucrose density gradients was used, more 
than 9o% of the radioactivity fixed during the reaction was flmnd in t.-citrulline 
e i t h e r  with I.-glutamine o r  ammonia as carbamovl nitrogen d o n o r .  

Properties of the A H <3o enzyme 
Slabilih, of the cnLvme. In the absence of specific stabilizers the enzyme was so 

labile either at o or 25" that almost all activity was lost in I h. A marked stabilization 
was obtained in buffers containing 5°i, glycerol, 3o% dimethylsulfi~xide and I mM 
dithiothreitol as was the case with the spleen enzyme% When frozen on dry ice in 
the presence of the stabilizers, 8o°{, of the original enzyme activity remained after 
3 months. When kept at o °, about 15°~, of activity was lost in 2o h. However, the 
inactivation at o ° was nearly completely prevented by the further addition of c- 
glutamine and Mg2--ATP as seen in Fig. I. L-Glutamine alone seemed to promote 
inactivation of the enzyme. 

Requirements for enzymatic .Evnthcsis of citrullinc. When ATP, Mg ~--, L-glutamine, 
1.-ornithine, or ornithine transcarbamoylase was omitted, essentially no synthesis of 
citrulline occurred, as shown in Table III.  Dependency of the reaction on ornithine 
transcarbamovlase indicates that the direct product of the reaction is carbamoyl-P. 

IC0 

~, 8o 

ee 

i ! 

0 1~) 20 
;J m e  (h) 

l"i•. r. l - f lee t  o f  s u b s t r a t e s  on s t a b i l i t y  of  the  t_,llzynle. The  e n z y m e  p r e p a r a t i o n  a t  t he  h y d r o x y l -  
a p a t i t e  s t e p  w a s  d i l u t e d  to  3.8 u n i t s / m l  a n d  k e p t  a t  o% ] ' h e  s t (wage  m e d i a  (pH 7.6) c o n t a i n e d  as  
conamon  i n g r e d i e n t s  26 mM p o t a s s i u m  phos t )ha t e ,  5 %  g lyce ro l ,  3 o %  d i m e t h y l s u l f o x i d e ,  I m.M 
d i t h i o t h r e i t o l ,  i mM t ' ; I )TA a n d  3 mM m e r c a p t o e t h a n o l .  F u r t h e r  a d d i t i o n s  w e r e :  none,  ( - - ( - ) ;  
2o inM L - g l u t a m i n e ,  ( - - .A) ;  3 ° mM MgCI 2 a n d  zo mM A'I 'P,  ( .-A); a n d  zo m.M L - g l u t a m i n e ,  
3 ° m.M .MgCI~ a n d  20 mM :VI't', ( II). T h e  a c t i v i t y  was  d e t e r m i n e d  on  o .o2-ml  a l i q u o t s ,  as  de-  
s c r i b e d  un( le r  31ethods. T h i s  a m o u n t  of  e n z y m e  c o u h l  fix, a t  zero  t ime ,  767 c o u n t s / r a i n  of  II~4C():~ - 
i n t o  c i t ru l l i ne .  T h e  c a r b a m o v l  n i t r o g e n  d o n o r  was  r f fmole  of  L - g l u t a m i n e .  

tHochim. 14iophys. Acta, 2 , o  (197o) 4 7 7 - 4 9  ° 
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TAI3LE I l l  

REQUIREMENTS FOR ENZYMATIC SYNTHESIS OF CITRUIA.INF. BY A H  I 3 o  ENZYMI" 

The assay conditions arc described under :lleth,,ds. For each experiment o.t unit of the cnzwnc 
W/IS llSt'(l. "l 'hc c a r l ) a m r ) v l  n i t l 'o~Cl l  d o ! l o r  w; t s  1 / / n l o l c  o f  l . - ~ [ l l t ; tm ine .  

."/.}.'s/~ m ('th'ullim' J})rmcd 
(c,,..t,O,m 0 

( 'omplcte O.p) 
-'" EIIZVI1]C 0 

A T 1; 33 
.Mg z" I 
• L-(;lutamine 4 
I.-( )rnithinc 35 

- .()rnithil|e trtulscarl)alnovlasc o 

T h e  e n z y m e  e x h i b i t s  a h igh  degree  of  spec i f ic i ty  as  t,) e n e r g y  sou rce :  c i t ru l l i ne  syn-  

t hes i s  d id  no t  t a k e  place  w h e n  A T P  was  r ep l aced  b y  I T P ,  (YfP ,  CTI-' or  V ' f l ' .  T h e  

r e q u i r e m e n t  for Mg 2 ~ is r e l a t i v e l y  specific.  Zn"  ~, Co z+, Ni z+, Ca "+ a n d  l:e 2+ a t  I • IO 3 M 

were  c o m p l e t e l y  i n e f f e c t i v e . . M n  -°: was  o n l y  2 o %  as e f fec t ive  as Mg ")" . 

.qpec(/icit 3' for nitrogen donors and effect of N-acet3,l-L-gh#amalc. (Tart)aln()vl-I  ~ 

s y n t h e t a s e  a c t i v i t y  was  o b s e r v e d  e i t h e r  w h e n  L - g l u t a m i n e  or a m m o n i a  was  used  as 

c a r b a m o y l  n i t r o g e n  d o n o r  :is s h o w n  in T a b l e  l \ ' .  B o t h  of  t h e s e  as such  do  se rve  as 

d i r e c t  c a r b a m o v l  n i t r o g e n  d o n o r :  t h e  e n z y m e  p r e p a r a t i o n s  were  f o u n d  to  be  free 

f rom g l u t a m i n e  s y n t h e t a s e  a c t i v i t y  a n d  f rom g l u t a m i n a s e  a c t i v i t y .  W h e n  L - : ~ ( ; -  

g l u t a m i n e  was  i n c u b a t e d  w i t h  t he  e n z y m e  in t he  s t a n d a r d  a s s a v  m i x t u r e  minus iX'Ig -~ 
(Tab le  V), p r a c t i c a l l y  n() p r o d u c t i o n  of  {i l4C]glutamate was  ( )bserved ,  a n d  w h e n  

a m m o n i a  was  t h e  n i t r o g e n  d o n o r ,  t h e  a d d i t i o n  of  g l u t a m a t e  fa i led to  e n h a n c e  t he  

r a t e  of  c a r b a m o y l - t  ~ s y n t h e s i s ,  r ) - ( ; lu t an f ine ,  L -a spa rag ine  a n d  D - a s p a r a g i n e  n e i t h e r  

s e r v e d  as n i t r o g e n  sou rce  n o r  i n h i b i t e d  the  r e a c t i o n  w i t h  L - g l u t a m i n e  or  a m m o n i a  as 

n i t r o g e n  d o n o r .  T h e  a c t i v i t y  o b t a i n e d  w i t h  a s a t u r a t i n g  level  of  l : g l u t a m i n e  (I .3  raM) 

was  a b o u t  1.3-fold as a c t i v e  as t h a t  ( ) l ) ta ined w i t h  a m m o n i a  (I3.  3 raM) a n d  t he  

a( - t iv i t ies  were  n()t a d d i t i v e .  :\:-Acetyl-l.-glutamate d id  n o t  e n h a n c e  t he  r a t e  ()f re- 

a( ' t i()ns e i t h e r  w i th  l . - g l u t a m i n e  ()r amm()n i a .  T h e  r e s u l t s  i n d i c a t e  t h a t  t he  a m m o n  ia- 

"I'AIH.E IV 

NITRO(IEN I)ONOR.% AND EI"FE(~T OF : \ ' -ACETYI.-I . - ( ; I .UTAMATE 

For each experiment o.o8 unit of the AH 13o ('nZVlllt" \V~I.S used. The following wcrc added to the 
~ , t a n d a r d  a s s a v  l l l ix t l l r ("  l I l l # l l f S  I l i t r o~e l l  s()llrct~: I ]/l-llolc o f  l . -~l l l t i l lni l l ( ' ,  I o  ]tlllOlCs o f  NIt.,C1. 
1o / t l l / o h ' s  o f  . . ' \ : - ac< ' t y l - I . -Rh l t an | a t c ,  o r  1() l l m o h ' s  o f  L-141utanlit tc,  

.'l dditwn ('itrullim' formed 
(cou nts!min) 

l.-(,]utamme ,~ I 2 
LIGlutamine :- .V-acctyl-l.-Rlutamate So 4 
N|t4CI 6rS 

Nllt( ' l  =. N-acetyl-I.-glutanmte 59.1 
NII~C1 .- I.-glutamatc 0,~o 
N H4CI ¢- l.-glutanainc 77.t 

Biochim. lliophys. .4cta, 220 (I97 o) 477-49o 
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TA BI.I'~ V 

S T O I C I t I O M E T R Y  O F  G L U T A M A T E  F O R M A T I O N  I N  C A R B A M O Y L - P  S Y N T H E S I S  

I)eterminations of glutamate and citrulline forined were carried out in separate tubes. L-[tK~] - 
glutamine was used for the assay of glutamate formation. I n Expt. I, the coinplete reaction mix- 
ture (o.38 ml) contained 25 /,moles of potassium l tl:Pt:~S (pH 7.5), 9.5 mg of glycerol, 28 mR of 
dimethylsulfoxide, 5/ tmoles of ATI >, 7.5 ttmoles of .MRC1 a, 0.2 5 Hmole of L-ornithine. io units of 
ornithine transcarbamoylase, 0.3 unit of enzyme and 2 i. 1 /tmoles of Nal P*C()a (577 ° counts/rain 
per mnole) plus 5- i nmoles of I.-glutamine or -' I. x ttlnoles of Nal R'()a plus 5. t nmoh's of 1.- 71aC ;- 
glutamine (1637o counts/rain per nmole). In Expt. 2, o.I unit of enzyme and 5.0 nmoles of L- 
glutamine or L-[tif;]glutamine were used. Reactions were carried out at  37" for ~5 rain and stopped 
by adding r 5 ttnmles of EI.)TA (0.02 nil). For analy-sis of [taC iglutamate formed, 2.o/tmoles each 
of L-glutanlate and L-glutamine were added to o.os-ml aliquots alia the mixture was submitted 
to paper electrophoresis. The chromatogratms were cut into strips and counted as described under 
.lldhods. The amounts  of glutamine used and glutamate formed were calculated from the radio- 
activities of the corresponding spots. ( ' itrulline formed was determined as described vnder 
.Xh.thods. 

l-xpt. System Glutamine Glutamate Citrulline 
consumed formed formed 
(nmoles) (nmoles) (nmoles) 

l Complete t.53 1.64 1.54 
Mg'-' o.oi 0.07 0.04 

2 ( 'omplete o.58 0.65 0.50 
-.- Mg 2i o.ox o.o0 o 

_ I  

m e d i a t e d  r e a c t i o n  is no t  due  to  t l le  c o e x i s t e n c e  of  t he  a n u n o n i a - d e p e n d e n t  c a r b a m o y l -  

P s v n t h e t a s e  ( l iver  type ) .  

Stoichiometrv of glutamate formation in carbamoyl-P synthesis. T w o  se t s  of  ex-  

p e r i n a e n t s  were  ca r r i ed  o u t  a n d  t he  r e s u l t s  a re  s h o w n  in T a b l e  V. I t  is i n d i c a t e d  t h a t  

g l u t a m a t e  a n d  c i t r u l l i n e  were  f l ) rmed in a n  a p p r o x i m a t e  m o l a r  r a t i o  of  I : I .  In  t he  

c o n t r o l  t u b e s  w h e r e  Mg 2¢ was  o m i t t e d ,  o n l y  neg l ig ib le  f o r m a t i o n  of  g l u t a m a t e  was  

o b s e r v e d .  

Immunological distinction of the A H  r3o carbamovl-P synthetase and the am- 
monia-dependent carbamovl-P svnthetase of the rat liver. I t  was  k n o w n  t h a t  r a b b i t  

a n t i b o d y  to  t h e  frog l ive r  c a r b a m o y l - P  s y n t h e t a s e  can  c ro s s - r eac t  w i t h  t h e  a n u n o n i a -  

d e p e n d e n t  c a r b a m o y l - P  s v n t h e t a s e  of  t h e  r a t  l i ve r  a n d  i n h i b i t s  i t s  activit .x "8. T h i s  

a n t i b o d y  d id  n o t  af fec t  t he  a c t i v i t y  of  t he  g l u t a m i n e - u t i l i z i n g  c a r b a m o v l - P  s v n t h c t a s e  

of  t h e  r a t  l iver ,  as  d e s c r i b e d  p r e v i o u s l y  ~. T h e  d a t a  g i v e n  in Fig. 2 s h o w  t h a t  t i le  s a m e  

r a b b i t  a n t i b o d y  (y2-globul in) ,  w h i c h  was  s h o w n  to i n h i b i t  t h e  a n u n o n i a - d e p e n d e n t  

e n z y n l e  f rom r a t  l iver ,  d i d  n o t  i n h i b i t  t h e  A H  13o e n z y n l c  e i t h e r  w h e n  l . -g lu tana ine  

or  a n l m o n i a  was  t h e  n i t r o g e n  d o n o r .  W h e n  t h e  r a b b i t  a n t i b o d y  was  a d d e d  to  a 

m i x t u r e  of  t h e  A H  ~3o e n z y m e  a n d  t h e  a m n a o n i a - d e p e n d e n t  e n z y m e  o f  r a t  liw~r, 

o n l y  t i le  g l u t a m i n e - u t i l i z i n g  a c t i v i t y  due  to  t h e  f o r m e r  r e m a i n e d  u n t i t r a t e d .  S e r u m  

y2-g lobul in  o b t a i n e d  f r o m  n o n i m n m n i z c d  r a b b i t s  d id  n o t  affect  e i t h e r  A H  13o or  t he  

a m m o n i a - d e p e n d e n t  e n z y m e .  T h e  r e s u l t s  i n d i c a t e d  t h a t  t h e  A H  13o e n z y m e  is im-  

n l u n o l o g i c a l l y  d i s t i n c t  f r om t h e  a m n m n i a - d e p e n d e n t  e n z y m e  of  t h e  r a t  l iver.  

P~ffect of the concentrations of L-glutamine and ammonia on the rate of carbamovl-P 
synthesis. Effec t  o f  w t r y i n g  c o n c e n t r a t i o n s  of  L -g lu t an l ine  a n d  a m m o n i a  on  t h e  re- 

a c t i o n  r a t e  was  e x a m i n e d  a t  p H  7.8, w i t h  I 3 . 3 . i o - a M  A T P ,  2o .  IO -a M Mg 2F, a n d  

20" IO -a HCOa- .  L i n e a r  d o u b l e  r ec ip roca l  p lo t s  were  o b t a i n e d  ff~r b o t h  s u b s t r a t e s ,  a n d  

Biochim. Hiophys. Acta, 22o (r97 o) 477 49 ° 
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Fig.  2. l : t t c c t s  o f  t h e  r a b b i t  a n t i b o d y  a g a i n s t  f rog  l i ve r  c a r b a m o y l - P  s y n t h e t a s c  ~m t h e  : \ H  r3o  
c a r b a m o v l - I  ~ s v n t h c t a s c  a n d  t h e  a n m m n i a - d e p e n d e n t  c a r b a m o y l - P  s y n t h e t a s e  o f  r a t  l iver ,  k ' a r i o u s  
a m o u n t s  o f  ? ,a -g lobul in  w e r e  i n c u b a t e d  fo r  5 r a in  a t  37 ~ w i t h  t h e  A H  13 ° e n z y m e  ( 2 . S / t g  o f  p r o t e i n /  
~ . ' ~ i t h  t h e  a m m o n i a - d e p e n d e n t  l i ve r  e n z y m e  (i .  4 u g  o f  p r o t e i n )  in o . i  5 m l o f  I 3 ~ m M  T r i s  l l t ' l  
I m i t c r  ( p H  7.5) c o n t a i n i n g  1 . 7 %  g l y c e r o l ,  i o %  d i m c t h y l s u l f o x i d e .  33 mM 1,2CI, i oo  m.M Na(71 a n d  
echo/Ig o f  l )ov ine  st,rtllll a l l m m i n .  T h e  t u b e s  w e r e  t h e n  k e p t  a t  o fo r  25 ra in .  T h e  w h o l e  m i x t u r e  o f  
i ' a ch  t u b e  w a s  a s s a y e d  for  c a r b a m o v l - / )  s y n t h c t a s c  a c t i v i t y  e i t h e r  w i t h  I. 3 m M  I . - g l u t a m i n e  ( ":'1 
o r  13 m.M N t ! l ( ' l  (O) a s  n i t r o g e n  d o n o r .  7 a - ( ; l o l m l i n  u s e d  w a s  t h a t  fl-om r a b b i t  a n t i s c r a  aI4ains t  
t h e  frog. l i v c r  c a r l ) a m o v l - I  > s \ ' n t h c t a s c  ( . . . . . . . . . .  ) o r  t h a t  f r o m  n o n i m m t ,  n i z c d  ral) l ) i t  s c r a  ( . . . .  ). 

l"ig- 3. : \ c t i v i ~ v  ()f c a r b a m o v l - t  ) s v n t h e t a s e  as  a f u n c t i o n  o f  p i t .  I ' o t a s s i u m  l t t ' : l ) l ' ;S  l m t l c r  w a s  
usl .d  for  al l  dt. ' t( 'r l l ' l i l lati~ils.  [{ach tu l l e  con t ; l in t !d  o.o() Ill'lit Of e n z v n l e .  T h e  c;trl); lml)v] ll i tro~t!ll  
d o n o r  \ '.i/s i / t lno lc  o f  I . -ghl ta l l l i l le  o r  1 o / t l l l o l c s  I)f N! I,CI as  i n d i c a t e d .  "l 'hc incu l )a t io l l  i :Olldit iolis  
a r c  dc sc r i l ) cd  u n d e r  . lh thod . s .  

the. apparen t  Km values calcula ted are z. 4.  I o  .5 M and 3.b. IO 'a M for l .-glutanfine 
and ammonia ,  respect ively.  The pH op t ima  of the two react ions  lie between 7.7 and 
&o as seen in lrig. 3. The g lu ta in ine-media ted  ac t iv i ty  is higher than the amm~mia- 
media ted  ac t iv i ty  within the pH range tested.  

l,rltracc~ztrifugal analysis. The enzyme prepara t ions  at  all s teps of pur i ty  were 
act ive ei ther  with r .-glutamine or ammonia ,  and the act ivi t ies  were not separa ted  in 
the process of the enzyme purification.  The ra t io  of the two act ivi t ies  remained 
essent ial ly  constant .  However,  when the enzyme at  the hyd roxy l a pa t i t e  s tep  was 
submi t t ed  to sucrose dens i ty  gradient  eentr i fugat ion in the. absence of g lu tamine  as 
enzyme stabil izer ,  a preferential  decrease in the. g lu t amine -med ia t ed  ac t iv i ty  was 
observed.  The recovery of the ac t iv i ty  was only about  I5%,  whereas the recovery of 
the ammon ia -med ia t ed  ac t iv i ty  was about  4o°i~ (Fig. 4). The ac t iv i ty  rat io  decreased 
from 1. 4 to o.6. Each ac t iv i ty  flwmed a single peak and both peaks were coincident  
with each othei .  When g lu tamine  was included in the sucrose dens i ty  gradient  as in 
the usual procedure,  there was no differential  decrease of the g lu t amine -med ia t ed  
ac t iv i ty .  As evidence indicates  tha t  act ivi t ies  with g lu tamine  and anl lnonia  are 
ca ta lvzed  by a single enzyme protein (see above and below), the results  could best  
be expla ined by assuming tha t  only  the binding site of the enzyme fl~r glutarnine 
was m~dified or damaged  dur ing u l t racent r i fuga t ion  while tha t  for a mmon ia  re- 
mained intact .  

.4 rrhe~iu,s fllolxfi~r the rcaclio~z. The two act ivi t ies  with g lu tamine  and ammonia  
were determined at different t empera tu res  and Arrhenius  plots  were made. (Fig. 5). 
E i ther  when L-glutamine or ammonia  was used as ni trogen donor,  the slope of 
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Fig. 't. t ' l t racentr ifugal  pat tern  of the AH 13o carbamoyl-P  synthctase  in the absence of L-gluta- 
mine. Fnzyme at the hydroxylapat i te  step was submit ted  to ultracentrifugal analysis in it sucrose 
density gradient, in the same maimer as described for enzvine purilication except tha t  L-glutamine 
was omit ted from the gradient. "lThe enzyme activities were determined either with [ tmmle of 
L-glutamine or I o tmmles of N H4CI as nitrogen donor. Sedimentation direction is from right to left. 

l:ig. 5. Effect of tempera ture  on the All  i 3 ° earbamoyl-P  synthetase activity. Fxper iments  ~,vel'e 
carried out  with the enzyme (2 5 !04 of protein) at the hydroxylapat i te  step ( .... ) and also with 
the "modified" preparat ion (i llg of protein) obtained by ultracentrifugation in the absence of 
glu tamine ( -). The s tandard reaction mixtures  without  enzyme were kept at the indicated 
tempera tures  for 5 rain and then the reaction was started by the addition of enzyme. After xo rain 
incubation the reaction was terminated 1Lv the addition of 3 ° / tmoles  of E I )TA. The nitrogen donor 
was i tmaole of i . -g lu taminc  ( , ))  or m tmmles of Ntlt(.'l (O). 

Arrhenius  plots had a d i scon t inu i ty  at  2o" and the bend was downwards .  Ac t iva t ion  
energies fi)r the upper  and lower l imbs are 93oo and 18 2oo calories, respect ively.  
There was no difference between the ac t iva t ion  energies of the two reactions.  The 
"modif ied" enzyme prepara t ion  ob ta ined  by  u l t racent r i fuga t ion  in the absence of 
L-glutamine,  as shown in Fig. 4, gives a d i scon t inu i ty  of slope with a t rans i t ion  
t empera tu re  at 3 o'' for both  the react ions (Fig. 5). There was no not iceable  difference. 
between the ac t iva t ion  energies of the react ions with I .-glutamine and those with 
amnmnia .  The. results  suppor t  tha t  these two react ions arc ca ta lyzed  by the same 
e n z v l l l e  I0 .  

Properties of the A H z3 and Ehrlich ascih's gmnor enzymes 
Proper t ies  of t i le pa r t i a l ly  purified enzymes of  AH 13 and Ehrl ich ascites t umor  

are not d is t inguishable  from those of the AH 13o enzyme.  The enzymes of AH 13 
and Ehrl ich ascites t umor  arc' also labile and s tabi l ized by  the addi t ion  of  glycerol,  
d imethy lsu l fox ide  and di th iothre i to l .  Both enzymes are act ive ei ther  with L-glutamine 
or ammon ia  and the two act iv i t ies  are not  separa ted  in the  purif icat ion process . : \ ' -  
Ace ty l -L-g lu tamate  is not  required.  The appa ren t  Km values of the AH 13 enzyme 
for L-glutamine and an lmonia  are 2.5" Io -s and 5 "IO a M, and the appa ren t  K m  values 
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The react ion mix tu re  (pll  7.s) used for the  . \H I:~(> and  . \H I.:~ enzyme  conta ined  ,5(> imloles <)f 
l )otassium I|I':I'K,% 15 pmolcs  of  1,7. H~a('():~ (I..5' ]O 7 counts / ra in) ,  x p m o l c  of L-glutaminc,  .5 
/m~()h,s ()t . \ ' I l ' .  7.5 / tmolcs of  Mg('l 2, o. 5 / ml o l c  of  L-ornithinc, o.i pmolc  of  i.-citrullinc, xo uni t s  
(,f o rn i th inc  t r ansca rbamoy lase ,  3 s /tl of  ~lyccrol, St) pl of  dimcthvlsulfoxi( lc .  2. 5 /~moles of  nu- 
ch 'ot idcs and  e n z y m e  in tinal vo lume of o.75 ml. "rhc react ion mix tu rv  (lscd ft)r l ;hr l ich ascitcs 
I i i r i l o r  CI1ZVIIIC h ~ t d  il  lower pH of 7-3 i I l l f ]  c o n t a i n c ( 1  a S l l l a l h : r  ; / l l l O ( l n t  o |"  d i l ) l o t h y l s l l l f o x i d c  

{25HI). The spccilic ac t iv i ty  of  I'~HIK'()a was lower (.5"log c (mn t s ,min  for [5 /~moh.s of  bicar- 
t)Oll;itc}. "]']lt., alnt)ullt of  CliZVlllC protein used v,crc 2.1, 48.5 and  29.0 ],,12. for the :\] [ 13o, :\ I{ 13 
nnd l'~hrlich asci lcs  t u m o r  cnz?,'mes, respectively.  Incuba t ion  was for [o m m  at  37 - The  fixati(m 
of l llR'( )a into ci lrul l inc in the  absence  ()f nuclcot idcs  x~vrc 99 o, 33e4 and  27-' c m m t s / m i n  for the  
. \ l ]  l lO. All  1.1 and Khrlich asci tes  t t lnlol-cnzyn/cs ,  respect ively.  

.Vurlcol~d~ 16"lalz*;,' ml*~'Hy ("(,J 
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of the Ehrlich ascites tumor  enzyme fl)r these substrates  are Lo.  ~o -5 and 5 " io-a M, 
respectively. 

P.i~'cts of nuclcotidcs and nuc/,'osides on the rate of carbamoyl-P synthesis 
The reactions of ('art)aln()vl-/~ synthesis catah'zed by the AIt T3o, Al l  13 and 

Ehrlich ascites tumor  enzymes were inhibited by UTP,  as shown in Table VI, but  
to a much lesser extent ,  if at all, by other nucleotides and nucleosides. The concen- 
t rat ion of UTP that  inhit)ited the AH T3O enzyme by 5o'~o was about  3.5'  TO a M 
under the condit ions used. A detailed mechanism of the inhibiti tm remains to be 

elucidated. 

I)IS(~U.qSION 

This paper delnonstrated that  all the exl~erimental tumor  <'ells s(, far as tested, 
i.e. Y o s h i d a  as ( - i tes  h e p a t o m a s  A l l  z3o ,  : \ H  T.3, A H  h o i  an(1 A l l  7 9 7 4  a s  wel l  a s  

\ V a l k e r  c a r c i n o s a r ( ' o n m  a n d  E h r l i c h  a s c i t e s  t u m o r ,  a r e  p r o v i d e d  w i t h  a n  a c t i v i t y  for  

s w l t h e s i s  o f  c a r l ) a m o y l - I  ~. T h e  o b s e r v a t i o n s  s t r o n g l y  s u g g e s t  t h e  p o s s i b l e  o p e r a t i o n  

o f  t h e  o r o t i c  a( ' id  p a t h w a y  in t h e s e  cel ls .  T i m  r e s u l t s  c o n c e r n i n g  E h r l i c h  a s c i t e s  t u m o r  

a r e  ( ' ons i .~ ten t  w i t  h t h o s e  p r e v i o u s l y  r e p o r t e d  l)v H A(;E R A Y I) J O X VS 7. T h e  c a r b a m o v l -  

P s y n t h e t a s e s  o f  these ,  t u m o r s  w e r e  e x t r e m e l y  l ab i l e  b u t  s t a b i l i z e d  b v  g l y c e r o l ,  d i -  

m e t h y l s u l f o x i d e ,  d i t h i ( ) t h r e i t ( ) l  a n d  I . - g l u t a m i n e  flhts" 3.lg "~ A T P ,  w h i c h  made .  it  

p o s s i b l e  t o  p a r t i a l l y  p u r i f y  t h e  e n z y m e s  o f  A H  I3O, A H  13 a n d  E h r l i c h  a s c i t e s  t u m o r .  

T h e  p u r i f i e d  e n z y m e s  u t i l i z e d  e i t h e r  t - g l u t a m i n e  o r  a m m o n i a  a s  d i r e c t  ( ' a r b a m c ) v l  
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nitrogen donor. However, in view of the marked difference in the apparent Km values 
anti tile possible difference in tile relative tissue concentrations of the two substrates, 
glutamine, rather than ammonia, appears to have been the physiological substrate. 
Properties of the partially purified enzymes of AH I3o, AH 13 and Ehrlich ascites 
tumor were essentially the same as those of the glutamine-utilizing carbamoyl-P 
synthetase of the hematopoietic mouse spleen 3, and the liw~r of fetal 4 and adult '~ rat. 
It is worth mentioning that there was no marked difference in properties between the 
enzymes of the cancer cells and those of normal inammalian tissues. 

The observed rates of carbamoyl-I ~ synthesis by the extracts of experilnental 
tumor cells ranged from o.2o to r.2 nmoles/min per mg of protein (Table I). The 
maximal activity of the cells to synthesize carbalnovl-P was then calculated to be 
o.6 4.9/~moles/h per g cells. Whether these activities were enough to supply sufficient 
amounts of carbamoyl-P for synthesis of all uracil that the tissues demand poses an 
important problem. Our preliminary experiments showed that uracil molecules 
present as uridine nucleotides in hematopoietic mouse spleen were consumed at a 
rate of o.Io o.I 5tmlole/h per g tissue n. The rate was estilnated froin the rate of 
disappearance of radioactivity from nucleotide uracil previously labeled by ~(~(.)., 
administration and thus represents the total rate at which the uracil is consumed by 
ccmversion to otheT pyrimidines or to nucleic acids and by degradation via free uracil. 
Since the hematopoietic mouse spleen is considered one of the most rapidly growing 
tissues, whether normal or malignant, it is reasonable to assume that the demands 
for uracil of the experimental tumors are not too far from that estimated for the 
spleen and thus can be covered by the activities for carbamoyl-P synthesis observed 
in the tumors. This reasoning, however, is not meant to indicate that all uracil 
molecules utilized in viv0 by the tumors are synthesized endogenously by themselves. 
The relative importance of endogenous synthesis and exogenous supply of py'rimidines 
of tumor tissues remains to be elucidated. 

The presence of glutamine-utilizing carbamoyl-P synthetase in experimental 
tumor cells adds to the list of the known wide distribution of the enzwne in nature. 
Of particular interest here is that Yoshida hepatomas AH 13 o and AH 13, known to 
be derived from t)arenchymal cells of liver, contain only this ty'pe of enzyme, whereas 
liver cells are rich in the different type of enzyme, i.e. ammonia- and acetylglutamate- 
dependent carbamoyl-P svnthetase. Properties of the All 13o and AH 13 enzymes 
are distinct fronl the known properties of the latter enzyme and, in addition, the 
two types of enzymes are immunologieally distinguished. Thus the conversion of the 
ammonia enzyme to the glutamine enzyme in the process of carcinogenesis is not 
plausible. Since the presence of two carbamoyl-P synthetases in the normal liver 
tissue (probably in l~arenchymal cells) is shown 5, the possibility is that in the process 
of development of the hepatomas only the ammonia enzwne was deleted while the 
glutamine enzyme remained. 

The carbamoyl-P synthetases of tumors are subject to "feedback" inhibition 
by U'I'P, as far as tested ('fable VI). In addition, the enzyme activities are so low as 
to limit the rate of pyrimidine biosynthesis (Table !). These observations suggest 
that the enzymes n l a v  play a key role in control of the orotic acid pathway in the 
tumor cells. In fact, the step of carbamovl-P synthesis was suggested to be a rate- 
limiting step in intact cells of Ehrlich ascites tumor la. 

When the AH 13o carbamoyl-P swlthetase was subjected to the ultracentrifu- 
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gat ion it] sucrose grad ien ts  containing no g lu t ]mine ,  a differential  decrease of the 
g lu t ]mine -dependen t  ac t iv i ty ,  in comparison with the ammonia -dependen t  ac t iv i ty ,  
was observed (Fig. 4). There was no such decrease, however,  when the enzyme in the 
same sucrose gradient  was allowed to stan(t for 2o h at { ) ' " . It  is known tha t  enzvnws 
responsible for some amida t ion  react ions  can utilize both g lu t ]mine  and amm~mia 
and soinet imes lose only tilt' ab i l i ty  to util ize g lu t ]mine  during puriticati~,n processes La. 
Xanthos inc  5 ' -phospha te  anlinase prepared from ,.lerobacler acrogencs l~ and carba-  
moyl - I  ~ s v n t h c t a s e  prepared  from Eschcrichia coli ~ can l.)l., ci ted a s  e x a m p ] e s .  The 
explana t ion  is tha t  the ~ite of the enzyme to bind g lu t ]mine  might be re la t ive ly  till- 
s table  and easily des t ro \ ed .  "l'he centr i fugat ion of the AH 13o enzyme achieved a 
considerable purification,  but  at  the same t ime this might  have e l iminated  ,omt  high 
molecular  component(s)  possessing a stal)ilizing a('tioi~ towards  the enzyme, and thus 
c a u s e d  a s t ruc tura l  modification of the enzyme protein with a c c o n i t ) a n 3 i l i g  decrease 
in tile g lu t ]mine -dependen t  ac t iv i ty .  The shift in tile t rans i t ion  t empera tu re  ,)i" 
Arrhenius  plots ([-ig. 5) affords strong evidence for a s t ruc tura l  ino(lificatimL KI.t.:I -~ 
descr ibed  a similar  observat ion  tha t  the pr imer- independent  l~olynucle~tide phospho- 
rv] ase prepared from Micrococcus 13'sodciklicus was conver ted  to the Ininter-depep.dent 
enzyme af ter  centr i fugat ion for IO (l;tys and suggeste(l, based on analvsis  l ) \  eh'ctro- 
phoresis, a s t ruc tura l  modificat ion of the enzwne.  
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