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SUMMARY 

The following kinetic results are consistent with an acyl enzyme mechanism of 
the uroklnase-catalysed hydrolysis of  a-N-acetyl-L-lysine methyl ester (Ac-Lys-OMe) 

1 The gm(app) value (8 4 10 -4 ± 1 4 10 -4 M) for the uroklnase hydrolysis of 
Ac-Lys-OMe is lower than the corresponding Km(.pp) values (5 0 l0 -a M) for the 
uroklnase hydrolysis of  ct-N-acetyl-L-lysine anlhdes 

2 The rate of  uroklnase hydrolysis of  Ac-Lys-OMe, followed by measuring 
the formation of a-N-acetyl-L-lyslne in a pH-stat ,  decreases in the presence of the 
added nucleophlle, methanol 

3 The calculated equlhbrlum constant for the formation of the acyl enzyme 
is smaller than umty, indicating that the acyl enzyme is thermodynamically more 
stable than the Mlchaehs complex 

4 The acylatJon rate constant (59 40 ~ 9 85 s -1) exceeds the deacylatlon rate 
constant (11 68 ± 1 47 s-l) ,  thus suggesting the accumulation of the acyl enzyme 
along the reaction pathway 

5 Klnetlcally important  basic and acidic groups with pKa(.pp) ~ 6 65 and 
9 35, respectively, are operative m both the acylatlon and deacylatlon reactions 

INTRODUCTION 

A long period of time has passed since Kjeldgaard and Ploug [1] demonstrated 
the esterase activity of uroklnase (EC 3 4 99 26), but there have been relatively few 
investigations on the mechanism of this enzyme action [1-3] The specific ester sub- 
strates are compeUtive mhlbltors of the physiological function of uroklnase of activat- 
Ing human plasmlnogen to plasmln [1, 4] The same active site of uroklnase, therefore, 
catalyzes both plasmlnogen activation and ester hydrolysis This suggests that a study 
of ester hydrolysis by urokinase should provide information about the active site 
structure of  uroklnase and its mechanism of action 

The investigation described in this paper was undertaken to elucidate the 
validity of the acyl enzyme mechanism (Bender and Kezdy [5]) in the uroklnase 
hydrolysis of  ct-N-acetyl-L-lyslne methyl ester (Ac-Lys-OMe) When kinetic evidence 

Abbreviation Ac-Lys-OMe, a-N-acetyl-L-lyslne methyl ester 
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for acyl enzyme formation was obtamed, the effects of pH on both the acylatlon and 
deacylation steps were studied In order to identify the catalytically essential lonlzable 
groups taking part m urokmase catalysts 

MATERIALS AND METHODS 

Urokmase 
Three different preparattons of human urokmase were used standard prepa- 

rations (4800 CTA units/vial) of the Committee on Thrombolytlc Agents, National 
Heart Institute (U S A ), preparations (5000 Ploug units/vial) purchased from Koch- 
Light Laboratories Ltd (England) and preparations with amtdase actwtty rangmg 
from 1000 to 1500 CTA umts/mg protem obtained m our laboratory [6] The kinettc 
parameters for Ac-Lys-OMe obtained using these urokmase preparations with a 
dtfferent degree of purtficatton are identical wtthln the range of experimental error 
This is m accordance with the findmgs of Sherry et al [4] that the hydrolysis of 
Ac-Lys-OMe is insensitive to contammatlon in crude uroklnase preparattons 

The functional molarity of the urokmase solutions was determined by active 
site titration with p-mtrophenyl, p'-guanldlnobenzoate (Petkov et al [7]) Assays of 
the urokmase amldase activity were performed spectrophotometncally using the 
chromogemc substrate a-N-acetyl-L-lysme p-nltroanlhde (Petkov et al [6]) 

a-N-Acetyl-L-lyslne methyl ester (Ac-Lys-OMe) 
a-N-Acetyl-L-lyslne methyl ester hydrochlortde was obtained as a thtck od by 

the method of Irving and Gutman [8] The od was solidified after drymg m vacuo 
over P205 and triturating under dry ether The amorphous product had a meltmg 
range (115-125 °C) and spectfic rotatton ([ct]zo 5 = --20 ° (cl, H20)) as reported [4] 
The amount of KOH used for the pH-statlc tttratJon of a-N-acetyl-L-lyslne released 
in the complete urokmase hydrolysis of Ac-Lys-OMe corresponded within expert- 
mental error to the amount of Ac-Lys-OMe subjected to hydrolysts 

gmetlc runs 
The hydrolysis of Ac-Lys-OMe was followed by automatic end-point titration 

with 5 0 10 -3  M KOH of the a-N-acetyl-L-lyslne hberated by the action of uroklnase 
at a constant pH using a Radtometer pH-stat assembly (TTTI 1/PHM26 tltrator q- 
SBUla s2yrmge burette assembly -t- SRBR2c tttrtgraph) Ac-Lys-OMe was reacted 
with uroklnase under turnover condlttons in the following manner A 0 3-ml ahquot 
of 1 M KCI and an appropriate volume of dlstdled water were allowed to eqmhbrate 
at 37 ~ 0 1 °C for 10 mm in the temperature controlled pH-stat reaction vessel An 
aliquot of Ac-Lys-OMe stock solution (3 0 10 -z M m water) was added to the 
thermostated solution to give the final substrate concentration (total volume 3 ml) 
and non-enzymatic hydrolysis was followed for 3 mm 0 05 ml of the stock uroklnase 
solution (5000 CTA unlts/ml in 0 5 M NaC1), previously tttrated with p-mtrophenyl, 
p'-guamdlnobenzoate, was then added to the reaction mixture and the uroklnase- 
catalysed hydrolysis was followed up to 25 % completion 

In the experiments with added nucleophdtc agent, an approprmte volume of 
dlstdled water was replaced by pure methanol and the reaction was followed at 
pH 7 6 - - the  pH optimum [4] 
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Evaluatton of  the apparent and Indtvtdual rate and equthbrtum constants 
The corrected values of the lmtial rates for non-enzymatic hydrolysis were 

used for the Lmeweaver-Burk plots The Mlchaehs-Menten parameters kca t and 
Km(aop) and their standard dewaUons were determined by the least-square treatment 
of these plots 

The individual rate and equlhbrmm constants were calculated as described by 
Berezln et al [9] According to this method, the reciprocal of the true Mlchaehs- 
Menten constant Ks ~s equal to the abscissa of the common intersection point of the 
Llneweaver-Burk plots corresponding to various nucleophlhc agent concentrations 
With Ks known, the all individual rate constants, associated with an acyl enzyme 
mechanism of action can be calculated from the slmphfied parts of the Eqns 3 and 4 
and the unsmaphfied part of Eqn 3 

RESULTS 

Kmettcs m the presence of  an added nucleophlle, methanol 
Stablhty test To determine the effect of methanol on the stability of uroklnase, 

the stablhty test of Seydoux and Yon [10] was used In the presence of methanol 
(2 46 M, the largest methanol concentrauon used in the experiments) equal volumes 
of 3 0 10 -2 M Ac-Lys-OMe were introduced at regular intervals of time m the 
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Flg 1 Test for the urokmase stabdity m the presence of methanol The arrows indicate the lntroduc- 
Uon of 0 078 ml of the Ac-Lys-OMe stock solution (3 0 10 -2 M) in the reaction mixture The initial 
rates are 39 12, 37 16 and 42 38/~M mm -1 Experimental conditions pH 7 6, [methanol] = 2 46 M, 
[S] ~ 7 8  10 -4M, [E] = 2 2 0  10 -7M,01 M KCI, 37 ± 0 1  °C 

reaction mixture (Fig 1) The initial rates obtained were identical within experimental 
error, Indicating that no changes occurred in the uroklnase actwlty during a kinetic 
run (5 mln) 

The effect of added nucleophtle, methanol Double-reciprocal plots of lmtial 
rates in the absence and presence of 0 82 and 2 46 M methanol gave straight lines 
(Fig 2) Intersecting in a common point in the upper left-hand quadrant The common 
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Fig 2 Lmeweaver-Burk plots for the uroklnase hydrolysis of Ac-Lys-OMe at different methanol 
concentrations Experimental conditions pH 7 6, [El = 1 17 10 -7 M, 0 l M KC1, 37 ± 0 1 °C 

intersection point  is at a sufficient distance from the 1/v axis This indicates that 
methanol  does not  act as a competit ive inhibi tor  of the urokinase-catalysed hydrolysis 
of Ac-Lys-OMe 

The 1/v against  methanol  concent ra t ion  plots at a number  of cons tan t  sub- 
strate concentra t ions  also gave straight lines, which intersect at a c o m m o n  point  in 
the upper  left-hand quadran t  (Fig 3) with abscissa [methanol] - -  - - l  65 4- 0 1 M 

Steady-state kmetlc data 
The apparen t  rate and  equ lhbr ium constants  and  the individual  rate and 

equi l ibr ium constants  associated with an acylenzyme mechanism of uroklnase-  
catalysed hydrolysis of Ac-Lys-OMe are summarized in Table I The results are 
quoted :k S D 
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F~g 3 Plots of 1Iv against methanol concentration at d~fferent Ac-Lys-OMe concentrations 1, 
50 10 -4M, 2, 70 10 - 4 M , 3 , 1 0  10 - 3 M , 4 , 2 0  10 -3MandS,  1 0 10 -2M Experimental condi- 
tions pH 7 6, [El : 1 17 10 -7 M ,  0 1 M KCI, 37 -k 0 1 °C 
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Fig 4 The pH profile of k c a t  of the uroklnase hydrolysis of Ac-Lys-OMe The circles are the 
experimental data, the solid curve is the theoretical one, calculated from Eqn 9 for/(ca = l0 -6 6 and 
K ' e a  ~ 10 -9 3 Experimental conditions [E] = 1 56 10 -7 M, 0 1 M KC1, 37 ± 0 1 °C 
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Fig 5 The pH profile of the ratio kcat/Km(app) of the uroklnase hydrolysis of Ac-Lys-OMe The circles 
are the experimental data, the solid hne is the theoretical one, calculated from Eqn 10 for Kc = 
10-67 and K'e = 10 -94 Experimental conditions [E] = 1 56 10 -7 M, 0 1 M KC1, 37 i 0 1 °C 

pH dependence o[ kent and kcat/Km~app~ 
The pH profile of the catalytic cons tant  k~at and  the k~at/Km~app) ratio are 

represented in Fig 4 and  Fig 5 The circles are the experimental  data The solid hnes 
are the theoretxcal hnes calculated from Eqns 9 and 10 using for k3 and k2/Ks the 
values in Table I and  K~ = 10 -6 7, K . .  = 10 -6 6, Ke = 10-9 4 and  K'ea ~- 10 -9 3 

These values gave the closest fit (determined by visual comparison)  between the 
theoretical and  experimental  pH profiles 

DISCUSSION 

The sa tura t ion  kinetics, observed by Sherry et al [4], are consistent  with an 
e q u l h b n u m  format ion  of  a noncova len t  complex (Mlchaehs complex) between uro- 
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klnase and Ac-Lys-OMe followed by an intra-complex reaction to produce the free 
enzyme and the products of the reaction (Mlchaehs-Menten kinetics) 

k~ k ~  
E + S ~ "  ES E + Pl + P2 (1) 

k_l  

The mechanism of the intra-complex reaction being the rate-hmltlng step in the 
reaction pathway 1 is the subject of further consideration 

The urokinase esterase and activator actJvmes have been shown [11] to be 
irreversibly inhibited by dllsopropylfluorophosphate (DFP) This finding is indicative 
of the operation of a serine hydroxymethyl group m the urokinase active site, which is 
uniquely blocked by an irreversible (covalent) interaction with DFP resulting in the 
formation of a stable acyl enzyme (EA) The successive acylatmn and deacylation of 
such a uniquely reactive serlne hydroxyl constitutes the most important feature of 
the mechanism of ester and amide hydrolysis catalysed by the serIne proteases 
(Bender and Kezdy [5]) 

k l  k2 k3 [H20] 
E + S ~ ES . ~ EA + PI - -  *" E + P2 

k-1 k ' -2 [P1] 
(2) 

The steady-state derivation gives the following simple connection between the 
kinetic parameters of the kinetic schemes 1 and 2 

k3 k3 
k e a t  = k2 ~" --  k2 ~ tf [P1] -> 0 (3) 

k 2 -~- k_ z -- k3 k2 @ k3 

k_ 1 k_ 2 + k_ a k3 -~- k2 k3 k3 
Km(~pp) = (k2 + k-2 + k3) kt = K, X k2 q- k~ if [P1] ~ 0 and k_~ ~> kz 

(4) 

in which Ks IS the equlhbrlum binding constant (the true M1chaells-Menten constant), 
k_2 = k'_2 [P1] and k3 = k'3 [H20] 

The Km(.pp) values for the uroklnase hydrolysis of Ac-Lys-OMe, obtained by 
S h e r r y e t a l  [4] (77  10 -4M)  and In thIs work (8 4 l0 - 4 ~  14 10 - 4 M )  a re lower  
than the Km(app) values obtained for the urokInase hydrolysis of a-N-acetyl-L-lyslne 
anlhdes (50 l0 -a M) (Petkov et al [7]) These findings are consistent with the inter- 
pretation of the uroklnase ester and anIhde hydrolysis In terms of different rate- 
hmlting steps in the stepwlse mechamsm 2 Actually, when the overall rate is con- 
trolled by the acylatlon step (amhde hydrolysis [7]), I e k2 << k3, Km(app) = Ks When 
deacylanon Is the rate-limiting step (ester hydrolysis, this work), 1 e k3 << k2, Km(app)~ 
Ks k3/k2 Therefore, the Km(app) value for Ac-Lys-OMe should be ka/kz times smaller 
than the corresponding gm(app) values for a-N-acetyl-L-lyslne anllldes, which is found 

Indirect evidence for the validity of the acyl enzyme mechamsm for the uro- 
klnase hydrolysis of Ac-Lys-OMe may be obtained by studying the kinetics of this 
reaction in the presence of the added nucleophlle [12], methanol In this case the 
reaction between water and the acylenzyme yielding the free enzyme and a-N-acetyl- 
L-lysIne (P2) should be superimposed on the reaction of methanol (PI) with the acyl 
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enzyme yielding the free enzyme and Ac-Lys-OMe (Eqn 2) Due to this competition 
between nucleophlles, water and methanol for the acyl enzyme, the rates observed 
by registering P2 (pH-stat) should be smaller than those observed in the absence of 
methanol This is found (Fig 2) The stablhty test (Fig l) shows that the observed 
decreases in the rate Is a result only of the nucleophlhc competition and any dena- 
turation effects and conformatlonal changes, induced by variation of the dielectric 
constant of the medium, should be excluded from the interpretation of the results 

In the presence of methanol, even under initial rate conditions, [Px] ~ 0 and 
the unslmphfied Eqns 3 and 4 for keat and Km(app) are valid Using the s impl i f ied  and 
unslmphfied parts of Eqn 3, the abscissa of the straight-lines intersection point in 
Fig 3 can be easily shown to be equal to --k3/k'_2 The good agreement between the 
calculated (1 70 M) by the use of k3 and k'_2 values from Table I and the determined 
(1 65 M) from the Fig 3 r a t i o  k3 /k '_  2 supports the interpretation of the results in 
terms of the reaction mechanism 2 

As can be seen from Table I, k3 < k2 This suggests that deacylatlon is the 
rate-limiting step in the acyl enzyme mechanism of urokinase hydrolysis of Ac-Lys- 
OMe From the application of the steady-state approximation to EA it follows that 
[EA] = k2/k3 [ES] and, therefore, the acyl enzyme accumulates to steady-state con- 
centrations Moreover, as the nucleophlle used is the same as P1, the eqmhbrlum 
constant 

k t 2 

KEA - -  (5) 
kz 

of the formation of the acyl enzyme can also be evaluated It IS smaller than unity 
(Table I), indicating that the acyl enzyme is thermodynamically more stable than the 
Michaehs complex ES 

If the urokinase hydrolysis of Ac-Lys-OMe is formulated according to the 
acylenzyme mechanism 2, the reaction between this ionizable substrate and urokinase 
at different pH values may be represented in the following manner 

EH ESH EAH 

1L Ke kl 1~ Ke, k2 I~K~ k3 
E Jr S ~ ES --+ EA 4- Pl --~ E q- P2 (6) 
IL K~ 1L K~ k_l 11, K~s l~K~a 
E- S- ES- EA- 

where the K values are the corresponding acid dissociation constants of reagents and 
intermediates Assuming that only ES, EA and the protonated form of Ac-Lys-OMe 
are productive in the enzyme reaction, the catalytic rate constant kca t and the ratio 
kcat/Km(app) should be dependent upon the H + concentration in the reaction medium 
This is exactly what is observed (Figs 4 and 5) 

From the reaction scheme 6 and the application of the steady-state approxi- 
mation, the equations for the pH dependence of kcat and Km(app) follow 

kca t : k 2 k3 (7) 
kzf~ q- k3f£ 

Km(app) : -  Ks k3 1 (8) 
kzf;q- k3f:~ f~-f: 
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in which fe, f~, f~ and fe~ are the Mlchaelis pH functions [13] of  the enzyme, sub- 
strate, ES and EA, respectively As the experiments with added nucleophlle reveal, 
the k3 << k2, Eqn 7 may be simplified to 

k3 k3 
- -  t k e a t -  f~a 1 +  [H+----~] + K ~  (9) 

K~ [H + ] 

and a plot of kCat vs pH should yield the acid dissociation constants Kea and K'.d 
of  the acyl enzyme 

Upon division of Eqn 7 by Eqn 8 one obtains 

ko., k2/K, kdK~ 
- -  - -  - -  _ _  K ' ~  K ' ,  (10) 

t-+l +  wq-)(1 + t q-) Km(.v., f~f5 (1 --  Ke 

The acid dissociation constant K' ,  of lyslne e-NH+3 Is about 10 -t° 5 (Alberty [14]) 
With the use of  this value for K'. ,  when the reaction within the region of pH 6 0-9 0 
is considered, the last multipher in the denominator of the right-hand side of Eqn 10 
tends to 1 Therefore, a plot of kcat/Km(app~ vs pH should yield the dissociation con- 
stants Ke and K'e of  the klnet~cally Important  groups m the active site of the free 
enzyme 

The good fit between the experimental pH profiles of kcat and kc,~t/Km(.pp) and 
the theoretical curves calculated from Eqns 9 and 10 using for k3 and kdK~ the values 
in Table I and Ke = 10 -6 7. Kea = 10 -6 6, K ' .  = 10 -9 4 and K'~a = 10 -9 3 (Figs 4 
and 5) suggests that a klnetlcally important  basic group with an apparent pK 6 6-6 7 
and an acidic group w~th an apparent pK 9 3-9 4 are operative in both the acylatlon 
and deacylatlon reactions 

The lOnlzable group of pK.  around neutrality is usually identified [14] as the 
lmldazole group of a hlstidlne moiety or the terminal a -ammonium group As it has 
been found by Landmann and Markward [11], the urokmase esterase activity is not 
affected by incubation with tt-N-tosyl-L-lyslne chlormethyl ketone, which hawng the 
backbone of the specific substrates should alkylate the active site histldine side chain 
Since this is not the case, this indicates that a terminal a -ammomum group controls 
the catalytic properties of  urokinase There stdl remains an explanation of the pH 
dependence due to a histidlne lmldazole par t lopat lon in the uroklnase active site 
This follows from the fact that is not proper to exclude the participation of a func- 
tional group m the active s~te of  the enzyme on the basis of the negative results of a 
single modification experiment 
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