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Summary 

The punfmatlon of mltochondnal  carbamoyl phosphate syn the tase I  
(carbon-dioxide ammonia hgase (ADP-formmg, carbamate-phosphorylatlng), 
EC 6.3 4.16) from small samples of  human hver is described The enzyme is 
composed of  a single polypeptlde of  Mr 160 000 + 500 as shown by  SDS-poly- 
acrylamlde gel electrophoresls m the presence of reducing agents. The syn- 
thetase migrates m polyacrylamlde gradmnt gels m the absence of detergents at 
a rate corresponding to a Mr of 165 000. Eshmates of  the molecular weight of  
the native enzyme by  gel filtration and density gradmnt centnfugat lon ymld a 
value of  178 000 These results mdmate that the enzyme exists predomi- 
nantly as monomers 

Amino acid composit ion,  lsoelectrlc point, stability, Km values and the 
ability to catalyze partial reactmns have been measured and compared with 
known propertms of  carbamoyl phosphate synthetases from other sources 
From the available data a high degree of  evolutmnary conservatmn of the 
ammonm-dependent  synthetase is suggested. This is also supported by  the 
demonstratmn of extensive lmmunologmal cross-reactivity between the human 
and rat enzymes. 

* Part of this work was presented at the International Symposium on Inborn Errors of Metabohsm in 
Humans held m Interlaken m September 1980 

Abbrevlahon SDS, sodmm dodecyl sulphate 
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Introductmn 

Carbamoyl phosphate synthetase I (carbon-dmxlde ammonm hgase (ADP- 
formmg, carbamate-phosphorylatmg), EC 6 3.4.16) is located m the mlto- 
chondnal matrix of hepatocytes of ureotehc ammals where it represents a 
large percentage of the protein [1,2]. Congemtal defmmncy of carbamoyl phos- 
phate synthetase m man results m hyperammonemm whmh is related to the 
degree of the enzyme defect [3]. Low enzyme levels have been assocmted with 
the hyperammonemm observed m Reye's Syndrome [4] and with the reductmn 
m the maximal rate of urea synthesis found m ctrrhotm patmnts [ 5]. A detmled 
charactenzatmn of the human enzyme is of mterest. Isolatmn of the human 
enzyme is a prereqmmte to the study of potential variants of the synthetase. 

The punfmatmn of carbamoyl phosphate synthetase from the hvers of mam- 
mals has been hampered by its unstabfllty. Only after the demonstratmn by 
Novoa and Gnsolfa [6] that glycerol and KCN stabilize the enzyme was it pos- 
ruble to isolate essentmlly pure rat hver synthetase. We modffmd the procedure 
of Guthorlem and Knappe [7] to process small samples (approx. 5 g) of rat 
hver [8]. We report here a further modffmatmn for small samples (approx. 5 g) 
of human hver. Some of the propertms of the human enzyme are also 
presented. 

Materials and Methods 

Materials Punfmatlon of rat hver carbamoyl phosphate synthetase I, 
immunization of rabbits, and obtenhon of antlsera speclfm for rat carbamoyl 
phosphate synthetase were as described [8,9]. 7-Globuhn frachons from 
immune and control serum [10] were a gift from R. Wallace. Ferntm conju- 
gated with IgG was from Miles. Other marker proteins were from Sigma and 
Boehrmger. Complement, haemolytm antibody and sheep erythrocytes were 
from Matermles y Reactlvos, S.A (Madnd). Ampholytes were from Serva 
(Servalyt AG 5--7, 7--9) and from Pharmacla (Pharmalyte 5--8). 

Enzyme assays Marker enzymes were assayed by standard techmques [11 ]. 
Rat hver ormthme transcarbamylase (carbamoyltransferase EC 2 1.3.3.) was 
obtamed and assayed by the method of Caravaca and Gnsolfa [12], 1 umt 
catalyzes the produchon of 1 t~mol cltrulhne/mm at 37°C. Except where 
mdmated, carbamoyl phosphate synthetase was assayed at 37°C using the 
system coupled to NADH omdatlon [7], 1 U corresponds to 1 t~mol carbamoyl 
phosphate produced m 15 mm. 

Electrophoretzc methods SDS electrophoresls m polyacrylamlde gels was 
camed out as described [13]. 

Electrophoresls m polyacrylamlde gradmnt gel slabs (Pharmacm, PAA 4/30) 
m the absence of detergents was carned out at 160 V for 12.5--16 h Coohng 
was done usmg tap water. The temperature of the buffer (0.09 M Trm/0.08 M 
boric acld/Na2EDTA 0.93 g/l, pH 8.4) at the end of the electrophoresls was 
20°C. Protein standards used were: thyroglobuhn (M~ 669 000), ferntm (Mr 
440000), catalase (M~ 232000), lactate dehydrogenase (M~ 140000) and 
bowne serum albumin (Mr 67 000). 

Isoelectnc focusing was performed m polyacrylamlde gel rods (80 X 5 mm, 
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4.75% acrylamlde/0.19% blsacrylamlde/12.5% glycerol/1 7% Servalyte (5--9) 
or 6 25% Pharmalyte (5--8)) Anode and cathode solutions were 0 01 M H3PO4 
or 0.01 M L-glutamm acid and 0.01 M NaOH or 0.01 M ethanolamme. 0.125 
W/gel tube were apphed at a maximum current of  0.5 mA/ tube  and a maxi- 
mum voltage of  400 V (whmh was reached m less than 1 h). Running time was 
6 h. The system was cooled with tap water. 

Cen tnfugatzon m the a~rfuge (Beckman) This was performed at room tempera- 
ture m standard cellulose mtrate tubes, using the 18 ° fixed-angle rotor,  at 3 lb/ 
inch 2 (25 000 r e v / m m  nommal velocity, 10 300 × gmax) for 24 h The tubes con- 
tamed 100 pl of  a solution of  50 mM Tns-HC1, pH 7.2, 50 mM KC1, 1 mM 
dlthloerythntol ,  20% (v/v) glycerol, 5 mg/ml of bowne serum albumin (to 
provide a stablhzmg density gradmnt [14,15])  and 35 pg of  the enzyme and/or 
of  bowne catalase. After centnfugat lon the top  40 p] were removed and the 
enzymes were assayed. 

Denszty gradient centnfugat~on 0 2 ml samples containing 26 #g carbamoyl 
phosphate synthetase, 30 /~g pig heart malate dehydrogenase (S:0,w 4.35) 120 
pg rabbit muscle lactate dehydrogenase (S20,w 6.95) and 350 ~g rabbit muscle 
pyruvate kmase ($20,~ 10.04) were layered onto  4.6 ml hnear 10--30% (v/v) 
glycerol gradmnts m 50 mM Tns-HC1, pH 7.2/50 mM KC1/1 mM dlthme- 
rythntol .  Centrffugatmn (20°C, 60 000 rev./mm) was done using a Beckman 
VTI-65 Tltamum vertmal tube rotor.  Twenty-four  fractmns were collected and 
assayed. $20.~ value was estimated by the procedure of  Martin and Ames [16] 

Gel f~Itrat~on estimate of  Stokes' radms 1 6 mg horse heart cytochrome c 
(Stokes'  radms 1.65 nm), 0 1 mg pig heart malate dehydrogenase (3 51), 1 mg 
rabbit muscle lactate dehydrogenase (4 12), 1 5 mg rabbit muscle aldolase 
(4 72), 1.3 mg rabbit muscle pyruvate kmase (5.41), 0 15 m g c o w  milk xanthme 
oxldase (5 84), 0.28 mg human carbamoyl phosphate synthetase and 0.66 mg of 
ferntm-IgG conjugate (molecular weight of  the protein part  of  the conjugate 
was 930 000) were apphed m 0.75 ml of  a solutmn of 50 mM Tns-HCI, pH 7 2/ 
50 mM KC1/1 mM dl thmerythntol /20% glycerol, to a column (0.9 × 56 cm) of 
Sephadex G-200 equilibrated and eluted with the same solution at 23°C 12 
five-drop fractmns were collected hourly and the enzymes were assayed 

Amino aczd analysts Performed essentmlly as described by Cappugl et al 
[17] Tryptophan was measured according to Edelhoch [18] 

Immunological reactzons Preclpltm reactmns were carned out  m 0 5 ml of  a 
solutmn of 150 mM NaC1, 37 mM potassmm glycylglycme, 5 mM mercapto- 
ethanol, 1 mM potassmm phosphate,  10 mM Tns-HC1, 4% (v/v) glycerol, 8 mM 
KC1, 0.2 mM dl thmerythntol ,  pH 7.4, containing 860 pg of  ~,-globulm from 
lmmumzed or control rabbits and the antigen. The tubes were incubated for 15 
mm at 37°C and overnight at 4°C. The precipitates were washed three tnnes 
with 0.5 ml of  0.15 M NaC1, then dissolved with 10 p] of  0.2 M NaOH. After 
neutrallzatmn with 10 pl of 0.2 M HC1, protein was measured with the BmRad 
protein assay, usmg bowne IgG as standard. 

One-third of  the supernatant was tested for the presence of antigen by the 
addltmn of 50 pl of ~-globuhn solution (860 pg protein). Enzyme assays and 
SDS-polyacrylamlde gel electrophoresls were also used. To detect  excess 
ant ibody,  2 ~g of rat or human antigens were added to 0.2 ml of the superna- 
rants 
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The micro-complement fLxatlon technique was performed as described by 
Lewne [19], but  the volumes of  all components  were reduced to one-fifth. 
34 ~g of rabbit 7-globulin fractmn and 0.2 ml of a 1 50 solution of guinea- 
pig complement  were used. After addltmn of the antigen, the mixture (1 2 ml) 
was incubated for 60 mm at 37°C Then, 0.2 ml of sensitized sheep erythrocyte  
suspensmn (5 • 107 cells/ml) were added and the incubation continued for 28 
mln at 37°C. 

Other methods PI, cltrulllne, ADP and ATP were assayed by standard 
methods [11]. Protein was measured by the Lowry techmque with bowne 
serum albumin (Sigma) as standard. For purified samples of the enzyme, the 
absorbance at 280 nm was used. 

Results 

Purification of  human hver carbamoyl phosphate synthetase I Unless speci- 
fied, all operations were at 4 ° C. 

Extraction wzth cetyltnmethyl ammomum bromzde About 5 g of  neonatal 
human hver * were homogenized with 9 vols. of  0.25 M sucrose In a Potter 
homogenizer (seven strokes). The homogenate was centrifuged for 5 mm at 
500 × g, the precipitate discarded and the supernatant centrifuged for 5 mm at 
10 000 ×g.  The pellet was suspended in 14 ml of  0.1% (w/v) cetyl tr lmethyl  
ammonmm bromide, 20% (v/v) glycerol, 1 mM dlthyoerythntol ,  50 mM Trls- 
HC1, pH 7.4, and homogemzed with ten strokes m a Potter homogenizer. After 
centrffugatlon for 20 mln at 12 000 × g at 10°C, the residue was extracted a 
second time m the same way. The combined supernatants (28 ml) were filtered 
through glass wool. 

Prectpztatzon wzth ammomum sulphate 9 g ammonmm sulphate were dis- 
solved Into the extract. The mixture was then stirred at low speed for 15 mln 
and centrifuged for 10 mln at 25 000 ×g.  Five g ammonium sulphate were 
added to the supernatant as m the previous step and after centrlfugatlon (10 
mm, 25000 ×g) ,  the precipitate (ammonium sulphate precipitate) was sus- 
pended in 1 ml of  50 mM potassmm glycylglyclne (pH 7.2)/20% (v/v) glycerol/ 
2.95 M ammonium sulphate and stored overmght at --20°C. 

Chromatography m DEAE-Sephadex The preparation was centrifuged at 
35 000 × g  for 15 mln. The precipitate was dissolved m about  1.5 ml of  20% 
(v/v) glycerol/50 mM Trls-HC1, pH 7.2/1 mM dl th loerythntol /5  mM KCI 
(buffer A). This solution was freed from ammonium sulphate by gel fi l tratmn 
(Sephadex G-25) and apphed to a column of  DEAE-Sephadex A-50 (0.7 × 10 
cm) equilibrated with buffer A. The column was washed with 12 ml of this 
buffer and eluted with a hnear gradient of  KC1 (5--75 mM, 36 ml) m the same 
buffer. The synthetase actlwty was eluted by the gradient after 15 ml; the 
enzyme collected between 20 and 30 ml was used. The results of the punflca- 
tmn are summarized in Table I. Although the bulk of  the protein had an 
average specific activity of 22--23 U/mg, individual tubes reached speclfm 

* L i v e r  t i s s u e  w a s  o b t a i n e d  l e s s  t h a n  8 h a f t e r  d e a t h  f r o m  n e o n a t e s  w i t h  n o  s i g n s  o f  h v e r  d i s e a s e  a n d  w a s  
p r o c e s s e d  I m m e d i a t e l y  
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T A B L E  I 

P U R I F I C A T I O N  OF H U M A N  C A R B A M O Y L - P H O S P H A T E  S Y N T H E T A S E  ( A M M O N I A )  

Frac t ion  To ta l  P ro te in /  Specff*c Recovery 
act iv i ty  (mg)  act*v*ty (%) 
(umts )  (U/ rag)  

C e t y l t r n n e t h y l  a m m o n m m  b r o m i d e  e x t r a c t  * 193 147 1 3 100 
A m m o m u m  su lpha te  p r empl t a t e  157 59 2 7 81 
D E A E - S e p h a d e x  72 3 2 22 5 37 

• F r o m  4 6 g of hve r  

actlwtms of 25. Protein from these tubes were used for amino acid analys,s 
(see below) 

Molecular properties 91% of the protein (as integrated A520nm of Coomassm 
blue m the denmtometnc trace) migrated as a single band m polyacrylamlde gels 
m the presence of SDS (Fig. 1). Seven minor contaminants accounted for the 
remammg of the protein. The mobility of the mare band was ldentmal to that  
of rat hver carbamoyl phosphate synthetase monomer,  as shown by co-electro- 
phoresls. From the mobility of protein standards of known Mr, an Mr of 
160 000 + 5000 was calculated for the protein mlgratmg at this band. Thus the 
enzyme appears to be composed of a smgle subumt with respect to Mr. 

The human enzyme was subjected to electrophoresls m polyacrylamlde 
gradmnt gels m the absence of detergents (see Methods). There was a hnear 
relationship between the migration distance of  globular protems and the loga- 
n t h m  of their Mr. Most of the protein m the enzyme preparation (approx. 
90%) migrated at a rate corresponding to a Mr of 165 000. This is to be 
expected if, under the condltmns of  the experiment, the enzyme IS present as a 
monomer.  

A qualitative conflrmatmn that  the monomer  predominates were obtained 
by centnfugatmn re'the Alrfuge under condltmns at whmh the enzyme is stable 
and at whmh the fractmn of a protein remaining in the upper 40 pl of the tube 
and the Mr of the protein are related, with higher Mr less protem remains. 
When carbamoyl phosphate synthetase and bowne catalase were centrifuged, 
the fractmn of  carbamoyl phosphate synthetase m the top 40 gl of the tubes 
was 0.17 while that  of the catalase was 0.09, mdmatmg a lower Mr for the 
human enzyme than for the catalase (Mr = 232 000). 

Gel ffltratmn m a buffer where the enzyme actlwty is preserved was used to 
estimate the Stokes' radms of the human synthetase. The enzyme was eluted at 
a positron correspondmg to a Stokes' radms of 5.1 nm. Glycerol density 
gradmnt centrffugatmn (m the presence of 1 mM dl thmerythntol  to prevent 
enzyme mactlvatmn) revealed that  the enzyme sedlmented between lactate 
dehydrogenase and pyruvate hnase  glvmg an s value of 8.6 S. The fnctmnal  
ratm and Mr of the enzyme were calculated from the Stokes' radms and s value 
by the method of  Smgel and Monty [20] (assummg a value f o r t  of 0.721, see 
below). The enzyme has an estimated fnctmnal  ratm of 1.36 and a Mr of  
178 000. The close agreement between this value and the Mr obtmned after 
denaturatmn with SDS confirms that  the enzyme exists essentially as a 
monomer under condltmns at whmh loss of activity is prevented. 
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F,g 1 E lec t rophores l s  of  h u m a n  and  ra t  h v e r  c a r b a m o y l  p h o s p h a t e  syn the t a se  I and  of  p ro t e in  s t andards  
on  s o d t u m  d o d e e y l  su lpha te  p o l y a c r y l a m l d e  gels F r o m  lef t  to  r ight  8 pg of h u m a n  e n z y m e ,  10 pg  of  r a t  
h v e r  e n z y m e ,  5 #g  of  h u m a n  plus 5 #g  of  ra t  h v e r  e n z y m e ,  4 pg  of  bov ine  s e r u m  a l b u n u n  ( m o n o m e r  M r 
68 000)  plus 4 ~tg of  R N A  p o l y m e r a s e  (a -cha in  M r 39 0 0 0 ,  f l-cham M r 155 000 , /3 ' - cha in  M r 165 0 0 0 ) ,  4 pg  
of  bov ine  s e r u m  a l b u m i n ,  4/~g of  R N A  p o l y m e r a s e  and  4 pg  of  h u m a n  l ,ve t  c a r b a m o y l  p h o s p h a t e  syn-  

t he t a se  

F*g 2 P ree l p l t m  react*on of  h u m a n  (e)  a nd  ra t  hve r  (o)  c a r b a m o y l  p h o s p h a t e  syn the t a se  w i th  rabb~t 
an t lbod le s  to t he  ra t  e n z y m e  For  detai ls ,  see Materials  and  Methods  

A high degree of homology is suggested by the comparison of the ammno 
acid composltmons of the human and rat hver enzymes (Table II). The propor- 
t ion of acidic groups m the amlde form is not  known for the human enzyme 
From the amino acid composition a partial specific volume can be calculated 
[21] of  0.723 to 0.720 depending on the degree of amldatlon of the acldm 
resmdues m the human enzyme. If only 35% are m the amlde form (as is the case 
with the rat hver enzyme [13]) a value of 0.721 results. 

When subjected to electrofocuslng, the purified human synthetase yielded 
two protein bands of decreasing lntenmtles at positions corresponding to pI 
6.26 and 6.23, respectively. Similar behavior has been observed with the purl- 
fled rat [ 22] and frog [ 23] liver enzymes and has been attributed to progressive 
deamldatlon of the protein in the course of punfmcatlon or dunng lsoelectnc 
focusing [23]. 

Enzymatic properties The enzyme was stable for at least 1 month  at 4°C in 
buffer A. It lost about  30% activity when warmed for 4 h at 37°C in 50 mM 
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T A B L E  II  

AMIN O  ACID C O M P O S I T I O N  OF H U M A N  A N D  R A T  P H O S P H A T E  S Y N T H E T A S E S  

Enc losed  m b racke t s  are  r e f e r ence  n u m b e r s  

A m l n o  H u m a n  
a m d  ( m o i / 1 6 0  000  g) 

Remdues per 100 resldues 

H u m a n  Ra t  

[13] [1]  

Lys 103 6 98 6 94 6 41 
His 36 2 45 2 00  1 87 
Axg 48 3 29 3 80  3 75 
Asx 169  11 47 10 08 9 83 
Thr  95 6 43 5 81 5 28 
Set 123  * 8 35 6 54  7 41 
Glx 139  9 42  9 88 10 23 
Pro 74 5 04  4 13 5 13 
Gly 129 8 73 7 61 7 30 
Ala 114  7 71 8 28 7 60 
Cys (half)  19 1 25 1 40  2 83 
Val 101 6 85 7 88 7 48 
Met 30 2 00  2 53 2 72 
Be 78 5 27 6 21 5 99 
Leu  114 7 70 9 21 8 85 
Ty r  36 2 44  2 34 2 41 
Phe 51 3 44  3 80  4 00 
Trp  18 1 18 1 33 0 93 

Tota l  1477  

* Corrected for 15% loss during hydrolysls 

glycylglycme, pH 7.4, and about 25 and 80% when heated for 5 mln at 46 and 
55°C, respechvely. The rat liver enzyme exhibited ldentmal stab,llty. 

At saturatmn of all substrates, synthesis of 1 mol of cltrulhne (m the system 
coupled with ormthme transcarbamylase, see legend to Table IV) released 2 

T A B L E  I I I  

C O M P A R I S O N  OF S E V E R A L  P R O P E R T I E S  OF H U M A N ,  F R O G  A N D  R A T  C A R B A M O Y L  PHOS- 
P H A T E  S Y N T H E T A S E S  

Refe rences  are  given in b racke t s  The  asterisk m d m a t e s  u n p u b h s h e d  da t a  f r o m  this l a b o r a t o r y  The  t u rn -  
over  number Is given per enzyme monomer The immunologlcal crossoreactlv~ty ~s based on recognition of 

frog and rat enzymes by the antlbody prepared to frog enzyme, and on recogmtzon of the human and rat 
enzymes by the antlbody to rat enzyme 

Prope r ty  Spectes 

Frog Rat  H u m a n  

M r s u b u m t  (103)  160  [35]  1 5 5 - - 1 6 5  [ 1 3 , 2 2 ]  1 6 0  
T u r n o v e r  n u m b e r  at  37°C ( m m  -1)  3 84  102 [35 ]  2 99 102 [1 ]  2 67 
K m NH~ (raM) 2 0 [36]  2 0 [22 ]  1 3 
K m b i ca rbona t e  (raM) 1 5---4 5 [26]  2 0 [25 ]  2 2 
K m A T P  ( m M )  0 5 [36 ]  0 24 * 0 26 
K m a c e t y l g l u t a m a t e  (mM) 0 19 [37]  0 21 [38 ]  0 15 
K m c a r b a m y l g l u t a m a t e  (raM) 2 94  [37]  1 6 [38]  2 0 
I m m u n o l o g i c a l  c ross - reac t lwty  + [ 29]  + + 

10 2 
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T A B L E  IV 

R E L A T I V E  R A T E S  OF R E A C T I O N S  C A T A L Y Z E D  BY H U M A N  L I V E R  C A R B A M O Y L  P H O S P H A T E  
S Y N T H E T A S E  

Assays  were  done  a t  37°C C a r b a m o y l  p h o s p h a t e  synthes is  was  assayed  in 1 ml  of  a so lu t ion  conta lmng 
50 m M  K g l ycy l g l ycm e ,  p H  7 4 /15  m M  MgSO4/5  m M  m e r c a p t o e t h a n o l / 2  5 m M  phosphoenolpyruvate/50 
pg p y r u v a t e  k m a s e / 5  m M  A T P / 5  m M  o r m t h m e / 5 0  m M  K H C O 3 / 3 5  m M  a m m o m u m  su lp h a t e /5 0  un i t s  
o r m t h m e  transcarbamylase and where indicated 10 m M  a c e t y l g l u t a m a t e  Af t e r  15  m m  0 1 ml  2 M HCIO 4 
were  a d d e d  and  c i t ru lhne  was m e a s u r e d  ATP  hydro lys i s  was  assayed  u n d e r  the  cond i t ions  used  fo r  
c a r b a m o y l  p h o s p h a t e  synthes~s e x c e p t  for  t he  omiss ion  of  a m m o n i u m  su lpha te  Cl t ru lhne  p r o d u c t i o n  
f r o m  t races  of  NH~ was less t h a n  2% of t he  P1 re leased ATP  synthes is  f r o m  c a r b a m o y l  or  ace ty l  phos-  
pha t e  was  assayed  in 1 ml  of  a so lu t ion  of  50  m M  p o t a s s i u m  g ly cy lg ly eme ,  pH 7 4,  15 m M  MgSO 4,  5 m M  
mercaptoethanol ,  5 m M  ADP,  10  m M  acetyl  glutamate and 5 m M  c a r b a m o y l  p h o s p h a t e  or  ace ty l  phos-  
pha t e  Af te r  15 m m  0 1 ml  of  2 M HC104 were  a d d e d  and the  a m o u n t  of  A T P  f o r m e d  was  m e a s u r e d  
Ace ty l  phosphate  and formyl  phosphate  synthes is  were  assayed  in e o m c a l  tubes containing 0 3 ml  of  a 
so lu t ion  of  0 5 M K ace t a t e  or  po t a s s ium f o r m a t e / 5  m M  A T P / 1 0  m M  m a n g a n e s e  ch lo r ide /5  m M  m e r c a p -  
t o e t h a n o l / l l 3  m M  h y d r o x y l a m m e / 1 6  m M  acetylg lutamate  (when u s e d ) / 1 0  m M  KC1/2 4% (v/v)  g lycero l /  
0 24  m M  d i th loe ry th r l t o l  (final p H  6 8)  A f t e r  30 m m  150  pl  of  2 M h y d r o x y l a m m e ,  p H  7 4.  were  m i x e d  
in and the  h y d r o x a m a t e  f o r m e d  was  m e a s u r e d  [ 3 8 ]  Resul t s  are # m o l  of  p r o d u c t  f o r m e d  in 15 m m  per  
mg  of e n z y m e  

React ion Acety l  glutamate 

added n o t a d d e d  

C a r b a m o y l  p h o s p h a t e  synthes is  22 3 
ATP  hyd ro l ym s  1 6 
A T P  synthesis  f r o m  c a r b a m o y l  p h o s p h a t e  4 1 
A T P  syn thems  f r o m  acetyl  phosphate 3 6 
Ace ty l  phosphate  synthesis  0 9 
F o r m y l  p h o s p h a t e  syn thems  1 9 

0 2  
0 4  

0 0  
O 2  

mol of  ADP and of P,. Glutamme (up to 60 mM) could not  substitute for 
ammoma,  and did not  inhibit carbamoyl phosphate synthesm m the presence 
of  60 mM a m m o n m m  NH~ ions. Mmhaehs constants (see Table III) for 
carbamoyl phosphate synthesm were obtamed at saturation of  the non-vaned 
substrates. Double  reciprocal plots were hnear for all substrates mcludmg ATP 
(concentration range 0 .1--10 mM) under these conditions N-Carbamoyl gluta- 
mate was an effective activator of  the enzyme.  

The human synthetase catalyzed the hydrolysis of  ATP m the absence of  
a m m o n m m  ions, the synthesis of  ATP from carbamoyl phosphate or acetyl 
phosphate and ADP, and the phosphorylatlon of  acetate and formate (Table 
IV). ATP hydrolysm (at 0.1 M K ÷) and formyl phosphate synthesis (at 0.5 M 
K ÷) proceeded to a hmlted extent  m the absence of  acetylglutamate. 

In agreement with previous fmdmgs [24]  mdmatmg that HCO3 and not  CO2 
is the substrate for the enzyme,  CS2 could not  substitute for bmarbonate m the 
ATPase or carbamoyl phosphate synthetase reactions of  the enzyme.  

Immunologlcal cross-reactwlty w~th the rat hver enzyme Rat and human 
carbamoyl phosphate synthetases were completely precipitated by rabbit antl- 
bodms to the rat enzyme (Fig. 2). Maximal precipitate was obtained at similar 
concentratmns of  enzyme for both specms, but the maximal amount  of  anti- 
body precipitated by the rat enzyme (about 1.9 mg antlbody/mg) was approx. 
1.5-tnnes that precipitated by the human enzyme.  Also, antlbodms reactmg 
with the rat but not  with the human enzyme could be detected m supernatants 
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Fig 3 M l c r o c o m p l e m e n t  f i x a t i o n  w i t h  r a t  (e)  a n d  h u m a n  (o)  c a r b a m o y l  p h o s p h a t e  s y n t h e t a s e  F o r  
de ta i l s ,  see Mate r ia l s  a n d  M e t h o d s  

from tubes m the region of excess human enzyme. In the supernatants from the 
same region of the preclpltm curve for rat enzyme, no anhbodms for rat or 
human enzymes could be detected. SDS-polyacrylamlde gel electrophoresls of 
the lmmunopreclpltates of the rat and human enzymes gave three protem 
bands (Mr 160000,  50000 and 25 000) corresponding to the synthetase 
monomer  and to the heavy and hght chams of lmmunoglobuhn.  

Because of  its high senslhwty to antlgemc differences, the mmro-comple- 
ment  fLxatmn techmque was also used. This techmque employs very low con- 
centratmns of antigen and antiserum and thus, only the antlbodms of highest 
aff lmty are measured. As shown m Fig. 3, a higher amount  of complement was 
freed with the rat than with human enzyme, but the differences were not large, 
mdmatmg high lmmunologmal slmflantms. The vertmal shift of the curve for 
the human enzyme suggests altered complementari ty of one or a m m o n t y  of  
antlgemc determinants,  the less marked lateral shift mdmates shghtly reduced 
affinity of most antlgemc determinants of the human enzyme with respect to 
those of the rat enzyme [19]. 

D~scussion 

The procedure described here allows isolation of essentially pure human 
carbamoyl phosphate synthetase within 1--2 workdays. Lwer samples obtained 
several hours after death are statable. Although the smallest sample processed 
until now weighed 3.5 g, it should be possible to scale down the procedure to 
mg quantltms of hver. 

Early studms with rat hver carbamoyl phosphate synthetase I described a 
dnner-monomer translhon reduced by acetylglutamate [7]. More recent reports 
suggest that  the enzyme monomer  may be catalytmally actwe [25,26] and have 
mdmated that  the rat hver enzyme emsts predominantly as a monomer,  
although the presence of  dlmers (less than 20%) could be substantiated 
[13,22]. The results presented here are consistent with this conclumon, since 
the measured molecular weight of the human enzyme was only 11% larger than 
that  of the polypeptlde cham. 
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Table III documents  some of the similarities between frog, rat and human 
carbamoyl phosphate  synthetases. These enzymes also have similar amino acid 
composit ions and pI  values, cannot  use glutamme, and catalyze identical partial 
reactions at similar rates. The enzyme from beef  is composed of  a polypept lde 
of  Mr 165 000 and possesses amino acid composi t ion [27] and kmetm proper- 
ties similar to the rat enzyme [ 28] Enzyme preparations from beef, rat, rabbit  
and turtle liver cross-reacted with antlbodms to the frog hver enzyme [29].  
There seems to be considerable evolutmnary conservatmn of  the ammonia-de- 
pendent  enzyme. Even the large subumt of  the Escher~ch~a Coh enzyme, which 
catalyzes carbamoyl phosphate synthesis from NH3, is composed of  one poly- 
peptlde of  Mr 130 000 and has an amino acid composl tmn remarkably similar 
to that  of  the rat hver enzyme [30].  

Since 9% of the purlfmd carbamoyl phosphate synthetase from man can be 
accounted for by contaminants (on the basis of  SDS-polyacrylamlde gel 
electrophoresls), maximal specific activity will be 25.2 U/mg. The activity in 
fresh human hver is about  0.5 U/mg protem [31] ,  therefore,  carbamoyl phos- 
phate synthetase represents 2% of all hver protein and about  7% of the hver 
mltochondrlal  protein m man. This corresponds to 0.44 nmol of  the Mr 
160 000 monomer  per mg of  mltochondnal  protein and to 0.22 mM monomer  
m the matrix of  the resting (state IV) mltochondrla (on the basis of  175 mg 
total protein, 50 mg mltochondnal  protem and 0.1 ml volume of the mlto- 
chondnal  matrix per g of  hver [32]).  The content  of  acetylglutamate m 
human hver is unknown,  bu t  values as low as 0.26 nmol/mg mltochondnal  pro- 
teln [33] have been found m rats, e.g., 0.18 mM m the water 'Of the matrLx 
space (assuming 0.7 ml water/ml matrLx [34]) .  At this concentration,  ff each 
enzyme m o n o m e r  can bind a molecule of  the activator, there will be more 
binding sites than acetylglutamate molecules and about  40% of the enzyme will 
be m the active state (assuming a K D of 0.15 mM for the enzyme-acetylgluta- 
mate complex).  Since during state III respiration there is rapid extrusmn of 
water from the mltochondrlal  matrax [34],  the concentrat ion of  acetylgluta- 
mate in the water space may increase by two orders of magnitude. This may 
represent very extensive activation of  the enzyme in short periods of  time. 
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