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The participation of Mg complex of nucleoslde dlphosphates and nucleoslde trlphosphates m the reverse and 
forward reactions catalyzed by purified carbamyl phosphokmase (ATP carbamate phosphotransferase, EC 
2 7 2 2) of Streptococcus faecahs R, ATCC-8043 were studied The results of lmhal velocity studies at approx 
1 mM free Mg 2+ concentratmn have indicated that m the reverse reactmn MgdADP was as effective a substrate as 
MgADP The phosphoryl group transfer from carbamyl phosphate to MgGDP, MgCDP and MgUDP was also 
observed at relatively higher concentratmns of the enzyme and respective magnesmm nucleoside dlphosphate In 
the forward dlrectmn MgdATP was found to be as efficient a phosphate donor as MgATP On the other hand, Mg 
complexes of GTP, CTP and UTP were ineffective even at higher concentratmns of the enzyme and respechve 
magnesium nucleoslde tnphosphate Product mhlbltmn studies carried out at non-inhibitory level of approx 
1 mM free Mg 2+ concentration have revealed that the enzyme has two distract sites, one for nucleoslde 
dlphosphate or nucleoslde tnphosphate and the other for carbamyl phosphate or carbamate, and its reaction with 
the substrates is of the random type Further tests of numerical values for kinetic constants have indicated that 
they are partially consistent with the Haldane relatmnshlp which is characteristic of rapid eqmhbnum and 
random mechamsm 

Introduction 

The enzymatic formation of carbamyl phosphate 
(carbamyl-P) has been shown [1,2] to be brought 
about by two &fferent reactions 

Mg 2+ 
I NH~ + HCO~- + 2ATP ~ Carbamyl-P + N-acet ylglut amate 

or L-glut amine 

+ 2ADP + P~ 

Mg 2+ 
II NH2COO- + ATP ~ A D P  + carbamyl-P 

The reaction I catalyzed by carbamyl phosphate 
synthetase is essentially irreversible favouring forma- 

non of carbamyl-P [3] It is activated by N-acetyl- 
glutamate or L-glutamme The enzyme is present in 
vertebrates, various bacteria and fungi [4-9]  The 
reactxon I1 is catalyzed by carbamyl phosphokmase 
This enzyme was &scovered first In S faecahs [10] 
and later m several bacterial species [1,11,12] Tire 
equfllbrmm of reaction II is in the reverse dlrecnon 
favouring the formation of ATP [131 It has been 
reported that for the reverse reaction of this enzyme, 
ADP cannot be replaced by other nucleoslde dlphos- 
phates, and for the forward reaction, ATP cannot be 
replaced by other nucleoslde tnphosphates [14] We 
have, however, found that MgdADP can serve as an 
effective substrate for the reverse reaction of the 
enzyme and MgdATP for the forward reaction 
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Further at relatively hagh concentrations, the Mg 
complex of GDP, CDP and UDP was also found to be 
utilized by carbamyl phosphoklnase in place of 
MgADP m the reverse reaction These studies form 
the subject matter of the present paper The paper 
also includes results of the studies on kinetic 
behaviour and the reaction mechanism of this 
enzyme These studies were carrried out by using 
each of the reactants of the forward reaction as a 
product inhibitor of the reverse reaction, and vice 
versa, under the conditions in which free Mg 2÷ was 
maintained at 1 mM level The results indicate that 
the reaction of carbamyl phosphokanase with the 
substrates exhibits iapld equilibrium and is of 
random type 

Materials and Methods 

Sodium salts of nucleoslde dlphosphates and 
nucleoslde trlphosphates were obtained from Sigma 
Chemical Company, U S A The nucleotldes were 
checked for thetr purity by paper chromatography in 
lsobutyrIc acld/NH3/water (66 1 33, v/v) [15] 
Those batches whach showed a single spot on the 
chromatogram under ultraviolet hght were used 
directly without any further purification whale those 
whach were found to contain impurities were purified 
by preparative ascending paper chromatography on 
Whatman No 3 paper using the same solvent system 
The relevant band of the nucleotlde on the chromat- 
ogram was detected by ultraviolet light, cut and 
eluted with water and then lyophalized The lyophl- 
hzed preparations were rehydrated and the concen- 
trations were determined by measurement at 259 
nm in a Perkm-Elmer 124 Double-Beam Spectro- 
photometer The stock solutions were adjusted to pH 
7 6 with 0 5 M NaOH and kept frozen at -20°C 
Llthaum salt of carbamyl phosphate was purchased 
from Koch-Light Company [a2P]Carbamyl phos- 
phate was prepared according to J~nes et al [16] 
with slight modification as described by Tanaka et al 
[17] NaHl4COa (50 mCl/mmol), was obtained from 
the Isotope Division of this Research Centre, whach 
was dduted to 0 05 mC1/mmol by KttCOa before use 

Carbamyl phosphokmase (600 umts/mg protein) 
was purified to homogeneity from argmme adapted 
cells of S faecahs according to the procedure 
described by Marshall and Cohen [18] Ormthane 
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transcarbamylase was isolated from DEAE-cellulose 
fractions during the purification of carbamyl phos- 
phokmase [18] In the present paper, I umt carbamyl 
phosphoklnase or ornlthane transcarbamylase is 
defined as the amount of enzyme capable of forming 
1 /.tmol reaction product/rain under the con&tlon of 
forward reaction [ 18] 

7-[32P]dATP and 7-[32p]ATP were synthesized 
enzymatlcally by carbamyl phosphokmase as 
described below -Carrier-free [a2P]-orthophosphorlc 
acid (2 mCa) in HCI was dried at 75°C and then 
rehydrated by 100 #1 0 25 M K2HPO4 To the above 
were added 50 #1 1 M sodium acetate buffer, pH 4 9, 
and 25 /A freshly prepared 2 5 M KCNO After 
incubation of this mixture for 15 rain at 30°C, 25 gl 
more of 2 5 M KCNO were added and the reactants 
were further incubated for another 15-rain period, 
and chilled The above procedure of adding KCNO in 
two Installments was resorted to for mlnimislng the 
decomposition of KCNO and carbamyl phosphate 
(generated in sltu from KCNO and K2HPO4 [3,19]) 
during further incubation under the experimental 
conditions To the chilled mLxture were added 100 #1 
1 M Trls-HC1, pH 7 5/200/21 0 1 M dADP or ADP/ 
100 gl 0 17 M MGC12/20 #g purified carbamyl phos- 
phokmase from S faecahs The final volume was 
adjusted to 2 ml with water The complete reaction 
mixture was brought to 35°C and Incubated at this 
temperature for 30-40 mln The reaction was 
stopped by placing the tube in an ice bath and 
7-[a2P]dATP or ATP formed In the reverse reaction 
catalyzed by carbamyl phosphoklnase was isolated by 
preparative paper chromatography, as described 
before, using lsobutyrlc acid/ammonia/water (66 1 
33, v/v) as the solvent system To determine racho- 
activity in 7-[3~P]dATP and ATP an aliquot was 
spotted on a Whatman No 1 paper strip, dried by 
hot-air blower and placed in a glass vial containing 10 
ml scinttUator fluid (0 5%, 2,5-&phenyloxazole (PPO) 
m toluene) and the radioactivity counted m a 
Beckman LS-100 hquid sclntdlatlon system 

The reverse reaction catalyzed by carbamyl phos- 
phokmase was studied by following the transfer of 
[32p]phosphate group from [a~P]carbamyl phos- 
phate to Mg complex of nucleoslde &phosphates In 
all expertments carbamyl phosphokmase was diluted 
with 0 05% bovine serum albumin [18] before use 
The reaction mxxture contained in a total volume of 
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1 ml, Trls-HC1 buffer (pH 8 0) 100 mM, varying con- 
centrations of nucleoslde dlphosphates and [32P]car- 
bamyl phosphate as indicated m the figures, sufficient 
MgC12 to give the required concentration of Mg 
nucleotlde complex while maintaining the free Mg 2÷ 
at approx 1 raM, carbamyl phosphokinase equivalent 
to 1 /ag protein (except for experiments with MgCDP, 
MgUDP and MgGDP as substrates where 15 gg 
enzyme protein was used) Incubations were carried 
out at 30°C for 1-2  mm for experiments with 
MgADP and MgdADP and for 10-15 rain with 
MgCDP, MgUDP and MgGDP The reaction was 
started by the addition of [32P]carbamyl phosphate 
and was stopped by the addition of 100 #1 2 5 M 
HC104 The tubes were placed m Ice and 1 ml 10% 
aqueous suspension of activated charcoal (Norlt-SG, 
Sigma Chemical Co, U S A ) containing 0 2% Triton 
X-100 was added to adsorb the nucleoslde trlphos- 
phate formed The suspension was centrifuged and 
0 5 ml of the supernatant was counted for radio- 
activity, as described before, to determine the 
amount of unreacted [32P]carbamyl phosphate The 
amount of nucleoslde trlphosphate formed In the 
reaction was determined from the specific radm- 
activity of [32p]carbamyl phosphate Control tubes 
containing all components (except the enzyme) were 
also incubated and treated In a sLrnllar manner and 
the enzyme was added to reagent blanks after the 
addition of the stopping reagent 

The contamlnatmn of nucleoslde dlphosphates 
with ADP and of carbamyl phosphokinase with 
nucleoside dlphosphoklnase were tested as follows 
(1) To test the first possibility, the reaction mLxture 
containing higher concentrations of carbamyl phos- 
phokmase and Mg-nucleoslde diphosphate was 
incubated as described before After stopping the 
reaction by chflhng, 10 #l reaction mLxture were 
chromatographed along with the corresponding 
nucleoside triphosphate as the standard marker on 
Whatman paper No 3 using xsobutyric acid/ammonia/ 
water The relevant spot was marked under ultraviolet 
light and was cut and counted for radmactlvaty as 
described In the text (2) The second posslblhty was 
examined by replacmg [32P]carbamyl phosphate by 
"t-[32p]ATP as the phosphate donor under the similar 
conditions of  reverse reaction At the end of the 
reaction, 10 ~xl reactmn mtxture were chromat- 
ographed along with the standard marker as above, 

and the radioactivity in the relevant spot was 
measured to detect the phosphoryl group transfer 
from "y-[32P]ATP to the Mg complex of nucleoslde 
diphosphates 

The reaction in the forward direction catalyzed 
by carbamyl phosphoklnase was studied by following 
the Incorporation of the radioactivity from KH14CO 3 
to cltrulllne, in the presence of ornlthlne and ornl- 
throe transcarbamylase [20] Each reaction tube con- 
tamed 50 mM Trls-HC1, pH 8 0, varying concentra- 
tions of [14C]carbamate (as prepared by equilibrating 
a solution containing 0 2 M KH14COJ0 4 M NH4CI 
[18]) and nucleoside trlphosphate as indicated in the 
figures, sufficient MgC12 to give the required concen- 
tration of Mg-nucleoslde triphosphate complex while 
maintaining the concentration of free Mg 2+ at approx 
1 mM, carbamyl phosphokmase equivalent to 2 #g 
protein and 100 units ornlthlne transcarbamylase 
Incubations were done at 30°C for 2 - 4  mln and the 
reaction was stopped by the addition of 0 4 ml 2 M 
HC1 In 25% ethanol 200 #1 of the amd-treated reac- 
tion mLxture (containing acid-stable [I4C]cltrulllne 
formed In the reaction) were spotted on a Whatman 
paper No 3 strip, dried using a hot-air blower and 
counted for radioactivity as described earlier 

The calculations of Mg concentrations sufficient to 
convert the nucleotide to its Mg complex, while mare- 
taming the total free Mg 2+ at 1 mM level, were carried 
out essentially as described by Morrlson and Cleland 
[21] using the following relatlonstup 

M IS] 
[M] - 

[K] + M 

where [M] =the total concentration of MgC12 
required, [#] = constant concentration of free Mg 2÷ 
to be maintained, [S] =total  concentration of 
nucleotlde and [K] = dissociation constant for Mg- 
nucleotlde complex The values of the dlssoclatmn 
constants used for MgADP and MgATP were 0 25 mM 
and 14 7 gM, respectively [22] The calculations of 
Mg concentration for other nucleoside dlphosphates 
and nucleosIde trxphosphates were made on the 
assumption that their Mg complex has the same dls- 
soclatmn constant as that for MgADP and MgATP, 
respectively [23] 

Product inhibition studies m the reverse reaction 
were carried out by foUowmg the transfer of [a2p]. 
phosphate group from [32P]carbamyl phosphate to 



MgdADP The unreacted [32P]carbamyl phosphate 
and the amount of 7-[a2P]dATP formed were deter- 
mined as described before Product inhibition studies 
m the forward direction were carried out as follows 
(1) Inhibition in the presence of carbamyl phosphate 
was stu&ed by following the transfer of [a2P]phos- 
phate group from ~,-[32p]dATP to carbamate and the 
amounts of [a2P]carbamyl phosphate formed an the 
reaction were determined after adsorbing the 
unreacted 3,-[a2P] dATP on Norlt as described before 
(2) Inhibition of the reaction xn the absence of 
carbamyl phosphate was studied by following the 
transfer of 14C radloactwity from KH14CO3 to 
acid-stable cltrulhne in the presence of ornlthine and 
ornlttune transcarbamylase, as described for the 
studies of forward reactions 

Results and Discussion 

Parttclpatton of  Mg-nucleostde dtphosphate tn the 
reverse reaction 

The studies on initial velocity of the reverse reac- 
tion, with each Mg-nucleoslde dlphosphate as a func- 
tmn of both carbamyl phosphate and Mg-nucleoslde 
&phosphate concentration, have indicated that phos- 
phoryl group transfer occurs when MgADP was 
replaced with Mg complex of dADP, GDP, CDP and 
UDP When reciprocal velocities were plotted against 
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reciprocal substrate concentrations, a series of 
straight lines was obtained which intersect at the left 
of the vertical axis The crossover points of these hnes 
lay above the horizontal axis for MgADP and MgdADP 
while they were below the axts for MgGDP, MgCDP 
and MgUDP Figs 1 and 2 depicting initial velocity 
data for MgdADP and MgGDP, respectively, could 
serve as examples for this series of expertments This 
indicates that the presence or carbamyl phosphate 
enhances the binding of MgADP or MgdADP to the 
enzyme and vice versa, while carbamyl phosphate and 
Mg complexes of GDP, CDP or UDP hinder the 
binding of one another It foll3ws then that the reac- 
tion has a sequential mechanism In which both the 
substrates react with the enzyme before either 
product dissociates, and that the mechamsm may be 
ordered or random type since the double-rectprocal 
plots with different substrate concentrations display 
the same form of initial velocity pattern Replots of 
the slopes and vertical intercepts of the double- 
reciprocal plots against the reciprocal concentration 
of each Mg-nucleoslde &phosphate and carbamyl 
phosphate were found to be linear Quantltattve 
analysis of data was made ant the kinetic constants 
for each Mg-nucleoslde dlphosphate and carbamyl 
phosphate are recroded in Table I The kinetic con- 
stants for MgADP and MgdADP are more or less 
Identical but differ widely fiom those of the Mg 

(MgADP) (raM) e / ~  o o2 

S / ~  °°2S 

- - ~ 0  033 

; ~ o o s  

- 2  --1 0 0 5 1 2 3 4 5 

2 5 / [CP~ [ram - |  } 

Fig 1 Effect of  MgADP concentra t ion on the initial velocity 
o f  reverse react]on with carbamyl phosphate  (CP) as the 
variable substrate The concentrat ions  of  MgADP are indi- 
cated on the  lanes o f  the  double-reciprocal plot All the  
pomts  given m the f'tgure are the  average of three sets of  
exper iments  

2(: ( M g G D P ) ( m M )  2 o 

• 33 

-- lOO 
_..----"~- 2o0 

I I I I 
- 2  . . ~ r ~  1 2 3 4 

-1 
I01 [CP] (mMl 

Fig 2 Effect o f  the  concentrat ions o f  MgGDP on the initial 
velocity of  reverse reaction w]th carbamyl phosphate  (CP) as 
the variable substrate The concentrat ions o f  MgGDP are 
indicated on the  lanes o f  the  double-reciprocal plot All the  
points  given m the f'tgure are the  averages of  three sets o f  
exper iments  
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TABLE 1 

KINETIC CONSTANTS AND V FOR THE REACTION OF 
Mg-NUCLEOSIDE DIPHOSPHATES AND CARBAMYL 
PHOSPHATE WITH CARBAMYL PHOSPHOKINASE IN 
THE REVERSE REACTION 

The kinetic constants were calculated from the lmtlal veloci- 
ty data The values given are the averages _+ S E of three 
independent sets of experiments The standard errors of 
the mean tot the results m this and m subsequent tables 
were calculated as described by Weatherburn [24] NTP, 
nucleoslde tnphosphate 

Substrate Mlchaehs Dlssocmtmn V(~mol NTP/ 
constant K m constant K s ~g enzyme per 
(mM) (mM) mm at 30°C1 

MgADP 0 04 _+ 0 006 0 06 _+ 0 008 
MgdADP 0 06 _+0 008 0 14_+0 009 
MgGDP 110 +169 25 _+021 
MgCDP 140 _+094 26 _+018 
MgUDP 133 _+153 43 _+118 

Carbamyl phosphate m the presence of 
MgADP 1 4 4-0 16 20 -+021 
MgdADP 20 _4-04 47 _+1 07 
MgGDP 166 +211 34 _+062 
MgCDP 143 _+11 20 _+012 
MgUDP 125 _+143 40 _+049 

0 42 _+ 0 014 
0 24 _+ 0 016 
0 0026 _+ 0 0001 
0024 _+0002 
0015 _+ 0 001 

complexes of  GDP, CDP and UDP The values of  
Mlchaehs constants for Mg-nucleoslde dlphosphates 
show a large variation from 0 04 mM for MgADP to 

14 mM for MgCDP, whde dlssocmtlon constants vary 
from 0 06 mM for MgADP to 4 3 mM for MgUDP 
The values of  dlssocxatlon constants for carbamyl 
phosphate m the presence of  each Mg-nucleoslde 
dlphosphate are relatwely constant varying from 2 to 
4 7 mM with intermediate values of  3 4 and 4 0 mM, 
whtle the values of Mlchaehs constants show a large 
varxatmn from 1 4 mM with MgADP to 16 6 mM with 
MgGDP The maximum velocity with each Mg- 
nucleoslde dlphosphate,  as recorded m Table I, shows 
a different pat tern to that of  the kinetic constants 
The V values with MgADP and MgdADP are much 
higher than those with MgGDP, MgCDP and MgUDP 

It was found that  carbamyl phosphokmase actlwty 
with MgdADP and MgADP could be detected at less 
that 1 og enzyme concentration while with other Mg- 
nucleoslde daphosphates, a 15-fold higher concentra- 
t ion of  the enzyme (15/.tg) was essential Further ,  it 
was ascertained that the carbamyl phosphokmase 

preparation was free from nucleoslde dlphospho- 
klnase contamination since phosphoryl  group transfer 
was not  observed when [32p] carbamyl phosphate was 
replaced by 7-[32p]ATP under the condmons of 

reverse reaction It was ascertained by paper chromat- 
ography that the reactions observed with relatively 
high concentrations of  Mg-nucleoslde dlphosphates 
were due to nucleoslde dlphosphates themselves and 
not due to contamination o f  these by ADP 

It is pert inent to mention at th~s point that 
creatlne klnase has also been reported to behave 
stmllarly, a 30-fold increase in the creatlne klnase 
concentratmn is found to be necessary to bring about 
the reactmn with relatwely higher concentrations of 
MgGDP, MgCDP and MgUDP in place of MgADP or 

MgdADP [231 
The large variation in the velomty of reaction at 

f'txed concentratmn of  Mg-nucleoslde dlphosphates 
and carbamyl phosphate and a relatwely low con- 
centratxon of  enzyme can thus be ascribed to changes 
in both the maximum velocity and the affinity of the 
enzyme for the nucleotlde It has been reported that 
ADP and ATP m the reverse and forward reactions, 
respectwely, cannot be replaced by any of  the other 
nucleoslde dlphosphates and nucleoslde tnphosphates  
(unpubhshed observation reported m Ref 14) This 
inference, which is m confhct with the present 
results, might possibly have been drawn from the 
experiments carried out with lower concentratmns of  
the enzyme, Mg-nucleoslde dlphosphate and carbamyl 

phosphate 

Parttclpatton oJ Mg4tucleostde tnphosphate m the 
forward reactlon 

The studies of mmal  velocity patterns xn the 
forward direction indicated that amongst the Mg- 
nucleoslde tr lphosphates tested, only MgdATP could 
serve as the substrate as efficiently as MgATP The 
double-reciprocal plots of initial velocity data with 
NgATP and MgdATP, as a function of  both  carba- 
mate and nucleotlde concentrations,  gave a series of 
straight hnes intersecting at the left of  the vertical 
axis with the crossover points lying above the hori- 
zontal  axis Enzymatic activity could not  be detected 
with MgGTP, MgCTP and MgUTP even at higher con- 
centratlons of  enzyme (20 /.tg) and nucleotlde The 
lcanetlc constants calculated from the mmal  velocity 
data are recorded m Table II The affmxty of  



TABLE I1 

KINETIC CONSTANTS AND V FOR REACTIONS OF Mg- 
NIECLEOSIDE TRIPHOSPHATE AND CARBAMATE 
WITH THE CARBAMYL PHOSPHOKINASE IN THE 
FORWARD REACTION 

The kinetic constants were calculated from the lmtlal velo- 
city data The values gxven are the averages _+ S E o! three 
independent sets of experiments CP, carbamyl phosphate, 
CPK. carbamyl phosphokmase 

Substrate K m K s V(~mol CP/ 
(mM) (raM) ug CPK per 

man at 30°C) 

MgATP 062_+009 1 25+014 
MgdATP 05 _+005 16 _+017 
Carbamate 

(~lth 
MgATP) 474_+020 125 _+131 

Carbamate 
(with 
MgdATP) 3 8 _+012 1153_+067 

0 084 _+ 0 002 
0 067 _+ 0 004 

carbamyl phosphokmase for MgATP and MgdATP is 
more or less stmllar, as can be inferred by the dis- 
sociation and Michaells constants in respect of these 
substrates, while the V value for MgATP is somewhat 
tugher than that for MgdATP 

Kalman and Duffleld [25] and Marshall and Cohen 
[18] have reported values for various kinetic con- 
stants wtuch are different from the ones reported in 
the present study (Tables I and II) It may be 
mentioned here that the conditions under which the 
constants have been determined in the present study 
differ from those in the previous studies with respect 
to pH, temperature, ionic strength and compositmn 
of the buffer Further, their kinetic experLrnents were 
carried out under the condition where the total Mg 2÷ 
concentration was far in excess of nucleotide con- 
centratxon, whde m the present expe~unents the free 
Mg 2÷ concentration was held constant at approx 
1 mM level, it has been shown that tugher concentra- 
tions of Mg 2÷ are inhibitory to both forward and 
reverse reactions [ 18] 

Product mhtbttion and the reactton mechamsm 
Product mlubition studies at the nonmlubitory 

level of 1 mM free Mg 2÷ were carried out to under- 
stand the reaction mechanism of this enzyme. The 
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double-reciprocal plots of Inhibition data indicate 
that MgdATP and MgdADP are competitive mhibitors 
of each other and this is also true with respect to 
carbamate and carbamyl phosphate Only the results 
of competitive lnhlbltlon of forward reaction by 
MgdADP with MgdATP as the variable substrate are 
illustrated in Fig 3, as an example of such inhibition 
pattern Replots of the slopes of double-reciprocal 
plots against the concentrations of respective prod. 
ucts as competitive lnhibltors were found to be 
linear The constants obtained from these data have 
been recorded in Table III Analyses of data with 
carbamate and MgdADP as product lnhlbltors indi- 
cated that these are non.competitive lnhlbltors of 
each other in the reverse and forward reactions, 
respectively Similar inhibition patterns were also 
obtained in respect of carbamyl phosphate vs 
MgdATP in the forward and reverse reactions, respec- 
tively An example of such lnhJbltlOn patterns can be 
seen m Fig 4, m which the results of the non-com- 
petltwe inhibition of the reverse reaction by carba- 
mate with MgdADP as the xarlable substrate are 
depicted This would imply that in the forward reac- 
tion, the central complex enzyme-MgdATP-carbamate 
xs generated to be transformed into enzyme-MgdADP- 
carbamyl phosphate complex In the reverse reaction 
the central complex enzyme-MgdADP-carbamyl phos- 
phate is generated and transformed into enzyme- 
MgdATP-carbamate complex In both the forward 
and reverse reactions two 'dead-end' products, vaz, 
enzyme-MgdADP-carbamate and enzyme-MgdATP- 
carbamyl phosphate, are also formed Replots of the 
slopes of double-reciprocal plots of inhibition data 
against the concentrations of respective products as 
non-competitive inhibitor are linear, the constants 
obtained from these data are recorded m Table IV 

The observed patterns of product inhibition would 
suggest that the enzyme possesses distinct sites for 
nucleotlde and for carbamyl phosphate or carbamate 
and the mechamsm of reactmn with the substrate is 
of random type The results on the kinetic studies m 
the absence and presence of products also seem to be 
conslstent with the Theorell-Chance mechamsm [26] 
for which either MgdADP or carbamyl phosphate IS 
the first substrate m the reverse reaction This pos- 
sibility can, however, be ruled out since carbamyl 
phosphokmase has distract bmchng sites for the 
nucleotide and for the carbamyl phosphate or carba- 
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Fig 3 Competitive product inhibition of the forward reac- 
tion by MgdADP with MgdATP as the variable substrate with 
the concentration of carbamate held constant at 6 mM The 
concentrations of MgdADP are indicated on the hnes of the 
double-reciprocal plot All the points indicated in the figure 
are the averages of three sets of experiments 

6 

> 

4 
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2 

J 
- 2  -1  

(CAR BAMATE ) (mM) 
/ / ~ I  15 0 

I I I I 
I 2 3 4 

lg~/[MgdADP] ( M -1 ) 

Fig 4 Non-competitive product mhlbltmn of the reverse 
reactmn by carbamate with MgdADP as the variable substrate 
and carbamyl phosphate held constant at 5 mM The con- 
centratlons of carbamate are indicated on the lines of double- 
reciprocal plot All the points shown m the figure are the 
averages of three sets of experiments 

mate, which is not in accordance with the Theorell- 
Chance mechanism Marshall and Cohen [18] have 
suggested that the reaction of  carbamyl phospho- 
klnase with the substrate has an ordered mechanism 

Ttus mechanism however fails to explain their 
observation that carbamyl phosphate and adenine 
nucleotlde can bmd with the enzyme m the absence 
of each other, which is Inconsistent with an ordered 

TABLE III 

INHIBITOR CONSTANTS FOR COMPETITIVE PRODUCT 
INHIBITION OF THE REVERSE AND FORWARD REAC- 
TIONS 

Apparent inhibitor constants (Kl) are the averages _+ S E of 
the values obtained from competitive inhibition data of 
three independent sets of experiments True K~ values were 
calculated from the apparent K~ values by the relationships 
described by Smith and Mornson [33] The concentrations 
of the fixed substrate were 5 mM carbamyl-phosphate, 
0 2 mM MgdADP, 6 mM carbamate, 0 8 mM MgdATP 

Inhibitor Apparent 
Ki K1 
(raM) (mM) 

A competitive Inhibition of the reverse reaction 
1 byMgdATPwlthMgdADP 14 + 0 1 3  1 02 
2 by carbamate with 

carbamyl-phosphate 18 75 _+ 1 0 15 22 

B Competltwe inhibition of the forward reaction 
1 byMgdADPwlthMgdATP 0 1 9 + 0 0 0 7  0 10 
2 by carbamyl-phosphate 

with carbamate 6 0 _+ 0 62 2 13 

TABLE IV 

INHIBITOR CONSTANTS FOR NON-COMPETITIVE PRO- 
DUCT INHIBITION OF THE REVERSE AND FORWARD 
REACTIONS 

Apparent mlubltor constants (Kj) are the averages 4- S E of 
the values obtained from non-competitive inhibition data 
of three independent sets of experiments True K~ values 
were calculated from the apparent K~ values by the rela- 
tionships as described by Smith and Mornson [33] The 
concentrations of the fixed substrate were 5 mM carbamyl- 
phosphate, 0 2 mM MgdADP, 6 mM carbamate, 0 8 mM 
MgdATP 

Inhrbltor Apparent K I 
K t (mM) 
(raM) 

A Non-competltwe mtubltlon of the reverse reaction 
1 by MgdATP with 
carbamylphosphate 0 24 + 0 02 0 05 
2 by carbamate with MgdADP 12 0 _+ 1 52 3 42 

B Non-competitive mlubltlOn of the forward reaction 
1 by MgdADP with carbamate 0 2 ± 0 02 0 07 
2 by carbamylphosphate 
wlthcarbamate 55 + 0 4  2 13 
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TABLE V 

TEST OF KINETIC CONSTANTS FOR THEIR CONSISTENCY WITH THE HALDANE RELATIONSHIP 
K Carbamyl'P, K MgdATP' K MgdADP and K Carbamate are dassoclatlon constants (or non-competitive inhibitor constants)of com- 
plexes of enzyme-MgdATP, enzyme-carbamylphosphate (carbonyl-P), enzyme-carbamate and enzyme-MgdADP with the products 
carbamyl-P, MgdATP, MgdADP and carbamate, respectwely 

S1 No Relationslup expected Relationship observed 

I 1 --sKMgADPKCarbamyI'P--m = KsCarbamyl-PKmMgADP 

2 K MgdADPKCarbamyI'P - K CarbamyI'PKMgdADP 
--s "-m ---s  --m 

3 K MgGDPKCarbamyI'P - KCarbamyIPKMgGDP 
s - - m  - - - s  " - m  
MgCDP Carbamyl-P Carbamyl-P MgCDP 

4 K s K m = K s K m 
5 --sKMgUDPKCarbamyI'P--m _- KsCarbamyl-PKmMgUDP 

II 1 KCarbamateK MgATP =K MgATPKCarbarnate 
--s --m --s --m 

2 ~Carbamate~MgdATP_ KMgdATPKCarbamate 
--s --m - - - s  --m 

III KCarbamyl'PK MgdATP - KCarbamyl'PKMgdATP 
" - 1  - - S  - -  - - S  - -  

vMgdADPzCarbamate r,-MgdAD P ~.CarlOamat e 
I V  '~1 "Xs = " ' s  "~1 

(006) ( 1 4 ) ~ ( 2 0 )  (004) 

(014) (20)-~(47)  (006) 

( 0 2 5 ) ( 1 6 6 ) ~ ( 3 4 )  (110) 

(2 6) (14 0) ~- (2 0) (14 3) 

( 4 3 )  ( 1 2 5 ) ~ ( 4 0 )  ( 1 3 3 )  

(125) ( 0 6 ) 2 ( 1 2 5 )  (60) 

(11 5) (0 5) ~ (1 6) (3 7) 

(2 13) ( 1 6 ) * ( 4 7 )  (005) 
(007 ) ( t l  5 )~ (014)  (3 42) 

mechamsm Further ,  as shown m Table V, the 
numerical values of  all kanetlc constants were par- 
tlally consistent with the Haldane relatlonsh:p [27], 

which is characteristic of  rapid equdlbrmm and 
random mechanism Isotope exchange studies would 
throw further hght on this aspect 

I t  is interesting to note that the substrate speci- 
ficity, kinetic behavlour and reaction mechamsms of  
carbamyl phosphokmase and those of  creatme kmase 
have some strtkmg slmtlantles with each other A 
comparison of  kmetlc constants o f  MgATP and 
MgADP and of  carbamyl phosphate and carbamate 
could :mply that,  hke creatme kmase, this enzyme 
may also be adapted for rapid phosphorylat lon of 
ADP m S faecahs and probably m other bacteria 
In th~s context ,  an interesting observatmn on the 
mot lh ty  of  fluorescent Pseudomonas sp and Clostrtd- 

m m  sporogenes may be ment ioned [28 -30 ]  Under 
anaerobic cond:tlons,  the lost motd l ty  of  both  the 
organisms can be restored by argmme supplementa- 
tmn wtuch gwes rise to rapid generatmn of  ATP vaa 
carbamyl phosphokmase-catalyzed ADP + carbamyl 
phosphate reactmn Thas gwes suggestwe ewdence for 
the role of  carbarnyl phosphoklnase m the mechano- 
chemical operat ion of  flagellar movement m C 
sporogenes and m Pseudomonas sp under anaerobic 
cond~tlon, somewhat resembling the role of  creatme 

kmase m muscle contraction The similarities between 
the energy-dependent contractile mechamsm of  
flageUar filaments of  bacteria and that found m 
muscle have been noted by several authors [31] 
Though some of  the Streptococcus sp belonging to 
Lancefield group D or enterococcus group are flagel- 
lated [32], :t is generally beheved (though not  yet  
firmly demonstrated) that S faecahs is nonmoti le  and 
hence the suggested role o f  carbamyl phosphokmase 
in rapid phosphorylat lon of  ADP may be hnked to 
some other cellular events 
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