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Summary 

1. p-Nitrophenyl  carbamate and thiourea have been shown to be substrates 
for urease (urea amidohydrolase,  EC 3.5.1.5) 

2. Urease has been shown to have a lower Kin, 0.67 mM, with p-nitrophenyl 
carbamate than with urea, 2.0 mM. 

3. The V of urease for the hydrolysis of  urea, p-nitrophenyl carbamate and 
thiourea has been shown to be the same, indicating a common rate-limiting 
step. 

4. A mechanism has been proposed for urease where the initial rate-limiting 
step is the release of  a molecule of  ammonia from the substrates. 

Int roduct ion 

Three mechanisms for the hydrolysis of  urea by urease (urea amidohydrolase,  
EC 3.5.1.5) have been discussed [ 1 ]. These are the carbon dioxide mechanism: 

NH: 
O--C~ / + H20 -* CO2 + 2NH3 

NH2 

the carbonic acid mechanism: 

O 
NH2 II 

O=C/ + H:O -~ HO--C--NH2 + NH3 
NH2 ~-H2o 

NH3 + ~I2CO 3 

CO2 + H:O 
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the carbamic acid mechanism: 

/ N H 2  O If 
O = C ~  + H20 -~ HO--C--NH2 + NHs 

NH2 CO: + NHs 

Sumner [2] first demonstrated the formation of ammonium earbamate in 
the products  of the urease-eat~lysed hydrolysis of  urea, but  later he inclined to 
the view that the earbamate is synthesised from CO2 and NH3 [3]. It is, how- 
ever, difficult to envisage how urea can be hydrolysed to carbon dioxide and 
ammonia wi thout  passing through a carbamie acid or earbamate stage, and 
extensive investigations by various workers [4--7] have established ammonium 
carbamate as a first free intermediate of the urease hydrolysis of urea. Ammo- 
nium earbamate logically arises from a earbamoyl transfer reaction, although 
at tempts  to demonstrate  the formation of  a carbamoyl enzyme intermediate, 
which was first postulated in 1937 by Brandt [8],  have so far failed. Blakeley 
et al. [7] obtained supporting evidence for a carbamoyl transfer reaction in 
experiments measuring acidity changes during the enzymic hydrolysis of a lim- 
ited amount  of  urea. Barth and Michel [9] investigated the dependence of  the 
Km on pH and the action of inhibitors, in order to s tudy the funetional groups 
in the active site of the enzyme. On the basis of  their results Barth and Michel 
proposed a mechanism which also ineludes the formation of  a earbamoyl 
enzyme complex.  

Currently, therefore, the majority of  the evidence suggests a mechanism 
involving a earbamoyl-enzyme complex intermediate, wi thout  any direct evi- 
dence to support  this. 

Although for many years urease was thought  to be absolutely specific for 
urea, other  substrates for this enzyme have now been demonstrated.  Fishbein 
[10] found hydroxyurea  and dihydroxyurea  were substrates for urease and 
Sundaram and Laidler [11] have demonstrated the urease-eatalysed hydrolysis 
of some substi tuted ureas and esters of  earbamie acid. In this work two possible 
substrates, thiourea and p-nitrophenyl earbamate, were investigated. It was 
thought  that an investigation, in the stopped flow apparatus, of  the hydrolysis 
of p-nitrophenyl earbamate, which can be followed speetrophotometrieal ly by 
monitoring the release of p-nitrophenol,  might demonstrate  an enzymebound 
earbamate intermediate. 

The postulated mechanism for the hydrolysis of urea is: 

O 
Ir 

NH2--C--NH2 

urease . . . . .  ~ .... -* urea-urease 

H / NH3 

O IP 
urease--C--NH2 
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Therefore a similar procedure would be expected with p-nitrophenyl carbamate: 

O 

NO " ,~%d_/~J- 'C--NH= 

urease ~" 

CO2 + NHs H~O20,\ \ 

, urease-p-nitrophenyl carbamate 

0 ~ 
II 

urease--C--NH2 

If the rate of production of a carbamoyl-enzyme intermediate is faster than the 
rate of its breakdown it should be possible to observe a biphasic rate using the 
stopped flow apparatus. An initial rapid release of p-nitrophenol would be fol- 
lowed by a slower rate of increase of p-nitrophenol concentration as the urease- 
carbamate complex breaks down. 

Experimental 

p-Nitrophenyl carbamate was prepared as described by Robillard et al. [12]. 
The product  had a melting point of 163--165°C but was contaminated with p- 
nitrophenol (m.p. 114 ° C). The p-nitrophenyl carbamate was recrystallised from 
warm ethanol when white plate crystals were obtained. 

p-Nitrophenyl carbamate is insoluble in water but soluble in acetonitrile, 
d imethylformamide,  dimethylsulphoxide and dioxane. Acetonitrile and 
dioxane were found to have an inhibitory effect upon urease. Dimethylfor- 
mamide and dimethylsulphoxide were not  inhibitory at a concentration of  10% 
in the assay. In dimethylformamide,  however, the p-nitrophenyl carbamate 
underwent rapid hydrolysis and this solvent was, therefore, unsuitable. 

p-Nitrophenol concentration can be measured at 320 nm at pH values less 
then 7, or at 400 nm at pH values greater than 7 when it exists as the phenylate 
ion. The molar extinction coefficients for p-nitrophenol are 9000 l" mol- '  • 
cm -~ at 320 nm and 15 000 l • mol- '  • cm- '  at 400 nm. Because p-nitrophenyl 
carbamate also absorbs at 320 nm but shows little absorbance at 400 nm it was 
preferred to monitor  the absorbance at 400 nm. However, p-nitrophenyl car- 
bamate in 10% (v/v) dimethylsulphoxide showed some instability above pH 7.0 
whereas there was no spontaneous hydrolysis at pH 6.0. Assays were therefore 
performed at pH 6.0, which is close to the enzyme opt imum [13], but neces- 
sitated monotoring the p-nitrophenol released at 320 nm. The spectra of p- 
nitrophenyl carbamate and p-nitrophenol at pH 6.0 are shown in Fig. 1. The 
molar extinction coefficient for the change in the p-nitrophenol concentration 
was estimated to be 5700 1 • mol- '  • cm- ' .  

Urease was extracted from Jackbean meal (Sigma, London) by the method 
of Blakeley et al. [14] and purified by twice recrystallising from acetone by the 
method of Dounce [15] followed by filtration through a millipore membrane 
0.22 pm [13]. 
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Fig. 1. The spectra of  100 pM solut ion in 10% d imethy lsu lphox ide  at p l l  6.0 of  p-n i t rophenol  (:~-----~) 
and p-n i trophenyl  c a r b a r n a t e  ( e  --). 

At first, enzymic hydrolysis of p-nitrophenyt carbamate was followed in a 
Unicam SP1800 spectrophotometer.  The assay system used involved the use of 
cells in tandem. In the reference beam one cell containing 0.1 mM p-nitro- 
phenyl carbamate in dimethyl  sulphoxide, 0.5 mM Tris/H2SO4 pH 6.0, 0.033 
mM EDTA and 0.033 mM /3-mercaptoethanol, the second containing 0.5 mM 
Tris/H2SO4, pH 6.0, 0.033 mM EDTA, 0.033 mM ~-mercaptoethanol and 0.1 
ml urease. In the sample beam one cell containing 0.1 mM p-nitrophenyl car- 
bamate in  dimethyl  sulphoxide, 0.5 mM Tris/H:SO4, pH 6.0, 0.033 mM EDTA, 
0.033 mM /3-mercaptoethanol and 0.1 ml urease, the second containing distilled 
water. Total volume in each cuvette was 3.0 ml. The reaction was initiated by 
the addition of enzyme to the test cuvette. Assays were also carried out  with- 
out enzyme but with the addition of buffer, and without  substrate but with the 
addition of an equivalent volume of 10% dimethylsulphoxide.  It was concluded 
that  the observed increase in the absorbance obtained on addition of enzyme to 
a solution of p-nitrophenyl carbamate was due to the enzymic hydrolysis of p- 
nitrophenyl carbamate. 

The assay was then adapted for use with the Durrum stopped flow apparatus. 
Syringe 1 contained the enzyme and buffer in 10% (v/v) dimethyl sulphoxide 
and syringe 2 contained 200pM p-nitrophenyl carbamate in 10% (v/v) 
dimethylsulphoxide.  

The hydrolysis of p-nitrophenyl carbamate was followed over 10 ms, when 
only one rate was observed, not the two rates expected if the breakdown of an 
enzyme-carbamate intermediate is rate-limiting. To determine whether urea 
hydrolysis and p-nitrophenyl carbamate hydrolysis were taking place at the 
same site, the rate was assayed in the presence of varying urea concentrations. 
It was found that  the presence of urea did decrease p-nitrophenyl carbamate 
hydrolysis. Table I shows the rates of hydrolysis by urease of 100 tiM p-nitro- 
phenyl carbamate at pH 6.0 and the value for K i (2.0 mM) for urea obtained 
from a Dixon plot is in agreement with the Km determined for urease with urea 
under the same conditions (2.0 raM). 

K,, and V were estimated for urease hydrolysis of p-nitrophenyl carbamate. 
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Urea ( m M )  v ( A 3 2 0 n  m • rain -1)  

0 0 .26  

0.2 0 .22  

1.0 0 .17 

2.0 0 .09 
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The results obtained were reproducible and Lineweaver-Burk and s/v vs. s plots 
were linear. Km was found to be 0.67 mM and V, for the enzyme sample used, 
was 87.0 gmol p-ni t rophenyl  carbamate hydrolysed/min per mg protein. 

Enzyme activity with urea and thiourea was measured with a recording pH 
stat {Radiometer, Copenhagen). Assays were carried out  at 25°C in the pres- 
ence of  5 mM Tris/H2SO4 buffer  and the pH was maintained at 6.0 by t i tration 
with 50 mM H2SO4. Using the same enzyme sample as that used for the p-nitro- 
phenyl carbamate experiments,  and with urea as substrate, the Km was found 
to be 2.0 mM and the V was found to be 82.5 pmol urea hydrolysed/min per 
mg protein. When thiourea was used as substrate, sly vs. s plots were linear the 
Km was found to be 210 mM and V was 82.5 pmol thiourea hydrolysed/min 
per mg protein. The hydrolysis of urea in the presence of thiourea was investi- 
gated and thiourea was found to be a competi t ive inhibitor of  urease. 

Discussion 

Thiourea and p-ni t rophenyl  carbamate have been shown to be hydrolysed by 
urease. The Km of the enzyme is of  a similar order for p-ni t rophenyl  carbamate 
and urea but  much higher for thiourea. In view of  the fact that thiourea is a 
competi t ive inhibitor of urea hydrolysis and urea is a competi t ive inhibitor of  
p-ni t rophenyl  carbamate hydrolysis it may be assumed that  both compounds  
are being hydrolysed at the same site as urea. 

The Km for urease with p-ni t rophenyl  carbamate has been determined as 
0.67 mM compared to 2.0 mM for the same urease sample with urea. This sug- 
gests a greater affinity of the enzyme for p-ni t rophenyl  carbamate than for 
urea. In view of the low Km for p-ni t rophenyl  carbamate as substrate, and the 
fact that  a urea-splitting funct ion for urease in the many plants, fungi and bac- 
teria in which it is found has ye t  to be demonstra ted,  it is possible that  urea is 
not  the natural substrate for this enzyme.  

It had been hoped that  the hydrolysis  o fp -n i t ropheny l  carbamate would be 
shown to be biphasic with a rapid initial rate and a subsequent slower rate 
when examined using the Durrum stopped flow apparatus. This was not  found 
to be so. As the substrates p-ni t rophenyl  carbamate,  thiourea and urea exhibit  
the same V with urease it can be concluded that  they share a common rate lim- 
iting step. The only step envisaged common  to all three substrates is the release 
of  an ammonia  molecule and the following mechanism is therefore  proposed.  

The formation of  the substi tuted enzyme intermediate (I) would be the rate- 
limiting step in this mechanism, to explain the observation of  a single rate con- 
stant for the release of  p-ni t rophenol  observed in the stopped flow experiments.  
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k3 
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II 

urease--C--NH2 

S 
II 

urease--C--NH~ 

u r e a s e - - C - O ~ N O ~  
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It might be expected that  the thiol group would influence the rate of formation 
of enzyme-substrate complex,  but  the results suggest that the release of  an am- 
monia molecule from this complex is the rate-limiting step. The results of  pre- 
vious workers [7,9],  investigating the hydrolysis of  urea by urease, would still 
be in agreement with these findings as with urea as substrate, an enzyme-car- 
bamate intermediate would still be formed. 
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