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SUMMARY 

I. Kinetic parameters and specificity characteristics have been determined for 
N- (fl-pyridylmethyl)-3,4-dichlorophenoxyacetamide-p-fluorosulfonylacetanilide bro- 
mide (PDFA), a member of a new class of active-site-directed irreversible protease 
inhibitors where covalent bonding to the enzymes occurs outside the limits of the 
active site proper. The results establish PDFA as one of the most potent inhibitors 
of a-chymotrypsin (EC 3.4.4.5) with a second-order rate constant of inactivation of 
5.4I" lO 4 M 1. min-1 at pH 7.o and 37 °C. 

2. PDFA is also a weak irreversible inhibitor of trypsin (EC 3-4.4.4), pancreatic 
kallikrein (EC 3.4.4.21), elastase (EC 3-4.4.7) and thrombin (EC 3.4.4.13), in this 
approximate descending order of effectiveness. The second-order rate constant of 
inhibition with trypsin (at pH 8.1) is more than 2oo times lower than with a-chymo- 
trypsin (at pH 7.o). 

INTRODUCTION 

In recent years, Baker and his co-workers I have developed large numbers of 
irreversible chymotrypsin (EC 3.4.4.5) inhibitors of a novel type. Compared with 
other synthetic inhibitors, these compounds possess a greater bulk, and a larger 
distance separates their active-site-directed moiety from the moiety binding cova- 
lently to the enzyme, i.e. the reactive -SO2F group. Because of their greater size the 
inhibitors are thought to extend beyond the confines of the active site and thus may 
be useful as tools for exploring enzyme topography beyond the limits of the active 
center. As the inhibitors produced by Baker and his group have been characterized 
only by their approximate inhibitory strength we felt it important to obtain ad- 
ditional kinetic data before proceeding to further applications of the compounds. 

Abbreviation: PDFA, N-(/~-pyridylmethyl)-3,4-dichlorophenoxyacetamide-p-fluorosulfo- 
nylacetanilide bromide. 

* Kallikrein is a registered trademark assigned to Farbenfabriken Bayer AG, Leverkusen, 
Federal Republic of Germany. 
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In this communication we therefore present results on the activity and specificity of 
N-(fl-pyridylmethyl)-3,4-dichlorophenoxyacetamide-p-fluorosulfonylacetanilide bro- 
mide (PDFA), the strongest chymotrypsin inhibitor in the series of Baker and 
Hurlbutt  2. 

E X P E R I M E N T A L  P R O C E D U R E S  

Materials 
Bovine a-chymotrypsin (3 times crystallized, salt-free) and bovine trypsin 

(EC 3.4.4-4) (2 times crystallized, salt-free) were obtained from Schwarz-Mann. 
Lyophilized hog pancreatic kallikrein (EC 3.4.4.21) (125 Frey units/rag) was supplied 
by Farbenfabriken Bayer AG. Bovine thrombin (EC 3.4.4.13) (topical) was purchased 
from Parke, Davis and Co. Elastase (EC 3.4.4.7) (hog pancreas; lyophilized; 76 
Sachar units/mg) was from Worthington. 

PDFA and indole-3-pyruvic acid were from Cyclo Chemical. N-Acetyl-L- 
tyrosine ethyl ester, Na-benzoyl-L-arginine ethyl ester HC1, and p-tosyl-L-arginine 
methyl ester HC1 were purchased from Schwarz-Mann. Elastin impregnated with 
orcein was obtained from Worthington. 

Methods 
To determine irreversible inhibition by PDFA the enzymes were incubated 

with a large excess of inhibitor at 37 °C for varying times, and subsequently the 
residual enzyme activity was measured by rate assays. The composition of the inhi- 
bition mixtures and the second-stage assay methods for four of the five enzymes 
studied are given in Table I. With elastase it was not possible to adjust enzyme and 

T A B L E  I 

COMPOSITION OF ENZYME INCUBATION MIXTURES FOR THE IRREVERSIBLE INHIBITION BY P D F A  AND 
TYPES OF ASSAYS USED IN THE MEASUREMENT OF RESIDUAL ENZYME ACTIVITIES 

A T E E ,  N - a c e t y l - L - t y r o s i n e  e t h y l  e s t e r ;  B A E E ,  N a - b e n z o y l - L - a r g i n i n e  e t h y l  e s t e r ;  T A M E ,  p -  
t o s y l - L - a r g i n i n e  m e t h y l  e s t e r .  

Enzyme Composition of inactivation mixtures d ssay 
(substrate ; method) 

Buffer PDFA concn Enzyme concn* 
(M)  (M)  

a - C h y m o t r y p s i n  0 . 0 2 5  M i m i d a z o l e - H C 1 ,  5" IO-e  t o  4 .16"  i o  v t o  A T E E ;  H e s t r i n  3 
p H  7.0,  0 .05  M CaC12 3 ° .  IO -e  25"  IO -v 

T r y p s i n  0 .05  M T r i s - H C 1 ,  0 . 8 3 '  lO -4 t o  1 .5 .  IO-7 t o  B A E E ;  S c h w e r t  a n d  
p H  8.1,  0 .02  M CaCI~ 7 . 5 '  lO-4  6 . 8 .  lO -7 T a k e n a k a  4 

K a l l i k r e i n  0 .05  M T r i s - H C 1 ,  i .  lO -4 t o  1 .25 .  lO -5 t o  B A E E ;  H e s t r i n  3 
p H  8.1 5" lO-4  6 .25"  lO -5 

( 7 5 0 - 3 7 5  ° 
F r e y  u n i t s / m l )  

T h r o m b i n  o .o2  M p h o s p h a t e ,  2 .  i o  4 t o  5" I ° - e  M T A M E ;  S i e g e l m a n  
p H  8 . I t  0 . 0 0 2  M NaC1 8 .  lO -4 (400  N . I . H .  et al. ~ 

u n i t s / m l )  

* F o r  c h y m o t r y p s i n  a n d  t r y p s i n  t h e  c o n c e n t r a t i o n s  a r e  b a s e d  o n  t h e  a s s u m p t i o n  o f  lOO% 
p u r i t y  o f  t h e  c o m m e r c i a l  e n z y m e  p r e p a r a t i o n s .  T h e  v a l u e s  t h e r e f o r e  r e p r e s e n t  t h e  t h e o r e t i c a l l y  
p o s s i b l e  u p p e r  l im i t s .  F o r  p a n c r e a t i c  k a l l i k r e i n  a n d  f o r  t h r o m b i n  t h e  c a l c u l a t i o n s  a r e  b a s e d  o n  
r e p o r t e d  m o l e c u l a r  w e i g h t s  a n d  t h e  spec i f i c  a c t i v i t y  o f  t h e  m o s t  h i g h l y  p u r i f i e d  p r e p a r a t i o n s  
( refs  6 a n d  7, r e s p e c t i v e l y ) .  
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inhibitor concentrations to levels that would permit irreversible inhibition to occur 
and still allow enough leeway to reduce PDFA concentrations by dilution to non- 
interfering levels before proceeding to the assay step. Consequently, the kinetic data 
for elastase reflect the concurrent effects of irreversible as well as reversible inhibition 
by PDFA. The assay method was that of Sachar et aL ~. The reaction nfixtures of 
1.5 nfl of o.o 7 M Tris-HC1 buffer (pH 8.8) included 45.6 units of elastase and Io mg 
of orcein-elastin. Incubation was carried out for 2o min at 37 °C. 

Kinetic considerations 
The interaction of enzymes with PDFA can be considered to follow the sequences 

E q- I ~ E . I  k2 ha ~ E . I '  4- P ~  E 4- I" (I) 
h- 1 

In this equation E. I represents the initial reversible enzyme-inhibitor complex 
which at the rate k2 is converted into the irreversibly inhibited enzyme derivative 
E. I'. Since reactivation of the enzymes studied was very small k a could be neglected, 
and for [Ii >> [El use could be made of an expression previously developed by Kitz 
and Wilson 9 

]?2 ]e.~p ;< [ l ]  (2) 
l(~ +EI] 

Here, happ denotes the pseudo-first-order rate of inactivation, and Ki is the 
dissociation constant of the reversible enzyme-inhibitor complex. From this equation 
it is evident that in the case of [IJ << K~ the ratio of happ/[I] will remain constant and 
will be identical with the second-order rate constant of inactivation. It can also be 
shown that in the range of the Ki concentration, on the other hand, haw/IIl will 
become progressively smaller, and plots of I/happ against I/[I] allow us to determine 
k2 as the reciprocal of the intercept of the curve on the y-axis. Knowing k2 it is then 
possible to solve Eqn 2 for Ki. 

RESULTS 

In the presence of an excess of PDFA irreversible inhibition of a-chymotrypsin, 
trypsin, kallikrein and thrombin followed pseudo-first-order kinetics, and, as ex- 
pected, a-chymotrypsin was inactivated much faster than any of the other enzymes. 
The apparent first-order rate constants of inhibition are listed in Table II  as are the 
corresponding values of kapp/[I]. It is evident that for a-chymotrypsin and trypsin 
the latter ratios are rather constant over the range of PDFA levels employed. Conse- 
quently, plots of I/kapp against I/If/] result in straight lines that pass through tile 
origin (Figs Ia and Ib), and kapp/[I] can be taken as the second-order rate constant 
of inactivation. 

In the case of kallikrein and thrombin, all values of [I 1 are in the Ki range, 
and plots of I/kapp against I / I I  ] intersect the ordinate above the point of origin 
(Figs Ic and I d )  enabling us to obtain k2 and then to calculate the Ki values. 

The kinetic data presented for a-chymotrypsin so far do not provide any 
evidence for involvement of the active site in the interaction with PDFA. Proof for 
such a participation, however, comes from experiments in which indole-3-pyruvic 
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T A B L E  I I  

K I N E T I C  P A R A M E T E R S  F O R  T I t E  I R R E V E R S I B L E  I N H I B I T I O N  O F  C t - C H Y M O T R Y P S I N ,  T R Y P S I N ,  P A N -  

C R E A T I C  K A L L I K R E I N ,  A N D  T H R O M B I N  B Y  P D F A  A T  37  °c  

Enzyme inhibitor concentration happ happ/[I] h2 Kt 
( M  × ~o 4) rain -1 X Io  3 ( M  1.rain -1) (rain -a × J:o 3) ( M )  

a - C h y m o t r y p s i n  ( p H  7.0) o .o  5 309  6 1 8 .  i o  ~ 
0 .06  327  545"  1°2 
0 .07  369  527  • i o  2 
o .12  673  561 • IO 2 
0 .30  1613 5 3 8 .  IO 2 

T r y p s i n  ( p H  8.1) 0 .83  18.9  228  
1.25 26 .7  2~4 
2 .50  54.1  216  
7.5 ° 192 .5  257  

K a l l i k r e i n  ( p H  8.1) i . o  33 .0  33 ° 
2. 5 38 .4  154 43.1 3-1 • IO -'~ 
5 .0  40 .6  81 

T h r o m b i n  ( p H  8.1) 2 .0  1 .87 9 .35  
3 .0  2 .28  7 .60  4.1 2. 4 • i o  4 
8 .0  3 .13 3.91 
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Fig .  I .  P l o t s  o f  I /kapp  a g a i n s t  I/E1 ] f o r  t h e  i r r e v e r s i b l e  i n h i b i t i o n  o f  a - c h y m o t r y p s i n  (a), t r y p s i n  
(b), p a n c r e a t i c  k a l l i k r e i n  (c), a n d  t h r o m b i n  (d) b y  P D F A .  T h e  i n h i b i t o r  c o n c e n t r a t i o n s  f o r  c h y m o -  
t r y p s i n  w e r e  5" I O - * - 3  o" IO-~ M,  f o r  t r y p s i n  o .8  3 • l O - 4 - 7 . 5  • lO -4 M,  f o r  k a l l i k r e i n  i • l O - 4 - 5  • lO -4 M,  
a n d  f o r  t h r o m b i n  2 .  l O - 4 - 8  • lO -4 M. 
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Fig. 2. Effect  of indo le -3-pyruv ic  acid ( IPyA)  on the  i r revers ib le  inh ib i t ion  of a - c h y m o t r y p s i n  by  
P D F A  a t  37 °C and p H  7.o. The i ncuba t ion  m i x t u r e s  con ta ined  6. 5 .1o  .8 M a - chymot ryps i n ,  
1.2- lO -2 M I 'DFA,  o.o 5 M CaCI 2, o.o25 M i m i d a z o l e - H C l  and  va r ious  concen t ra t ions  of I P y A .  
The reac t ion  was  a l lowed to  proceed for i rain, and  then  the  res idual  enzyme  a c t i v i t y  was  meas-  
ured in a ra te  assay.  

acid, a powerful reversible inhibitor of the enzyme 10, could be shown to suppress 
irreversible inhibition of chymotrypsin by PDFA (Fig. 2). 

As mentioned in the Methods section we were unable to obtain kinetic con- 
stants for the inhibition of elastase by PDFA. Still we could show that a time- 
dependent irreversible reaction between elastase and PDIrA does indeed occur. For 
this demonstration, mixtures containing the enzyme and various concentrations of 
inhibitor were added either immediately to the weighed-out substrate or after a 
3o-min preincubation period. From Fig. 3 it is evident that preincubation increased 
considerably the inhibition of the enzyme, a finding which can be explained best by 
formation of an irreversible enzyme-inhibitor complex. 

IOC 

WiTH PREINCUBATION 
8C 

NO PREINCUBATION 

m 60 

i 40 • • 

2O 

0 i 
I 2 3 4 

CONCENTRATION OF PDFA (Mx 104) 

Fig. 3. [nh ib i t i on  of e las tase  a c t i v i t y  b y  P D F A  wi th  and  w i t h o u t  3o-min p re incuba t ion  of 
e n z y m e  and inhibi tor .  
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DISCUSSION 

Our kinetic studies have shown that  PDFA is, indeed, a highly effective 
irreversible inhibitor of a-chymotrypsin, and its potency compares favorably with 
that of other inhibitory compounds (Table III). From the observations with the 
competitive inhibitor indole-3-pyruvic acid it appears likely that the active site of 
a-chymotrypsin is involved in the binding of PDFA, and it is felt that  in a first step 
the dichlorophenoxyacetamide moiety is positioned into the tosyl hole of chymo- 
trypsin and that in a second step the portion of the inhibitor molecule remaining 
outside the cavity will enter into a covalent bond with a reactive amino acid side 
chain in the vicinity of the active site. For three inhibitors related to PDFA, Car- 
dinaud and Baker 14 have already demonstrated that sulfonylation of serine is involved 
in the bonding mechanism, and for one of these compounds they have presented 
evidence that it is not the active site serine 195 which participates in the reaction, 
but probably serine 223. 

T A B L E  I I I  

SECOND-ORDER CONSTANTS OF INACTIVATION OF ~-CHYMOTRYPSIN FOR VARIOUS IRREVERSIBLE 
INHIBITORS 

Inhibitor p H  Temperature k ~ Reference 
(°C) ( M  - 1 . m i n  -1 × Io-*)  

P D F A  7 .0 37 541 ** - -  
D i p h e n y l c a r b a m y l  ch lo r ide  7.0 25 366 i i  
P h e n y l m e t  h a n e s u l f o n y l  f luor ide  7.0 25 149 12 
D F P  7.0 25 27 12 
L - I - C h l o r o - 4 - p h e n y l - 3 - t o s y l a m i d o -  
2 - b u t a n o n e  6.45 30.5 o .387 13 

k, s e c o n d - o r d e r  r a t e  c o n s t a n t  o f  i n a c t i v a t i o n .  
** V a l u e  o b t a i n e d  f r o m  t h e  c u r v e  in Fig.  I a .  

Though the inhibitory effect of PDFA is not directed exclusively against a- 
chymotrypsin, the specificity of the inhibitor remains quite remarkable. The second- 
order rate constant with a-chymotrypsin (pH 7.o), for example, is more than 200 times 
greater than with trypsin (pH 8.I), and this can be contrasted with phenylmethane- 
sulfonyl fluoride which is only 55 times more active against chymotrypsin than against 
trypsin 12. I t  should also be noted that  thrombin is much more susceptible to inhi- 
bition by phenylmethanesulfonylfluoride than by PDFA, the pseudo-first-order rate 
of inactivation with PDFA at I .  IO -3 M (pH 8.1, 37 °C) being only 1/12o of the rate 
with phenylmethanesulfonylfluoride (pH 8.0, 23 °C) 15. 
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