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Suiiary 

V a r i a n t s of human s e c r e t o r y t r y p s i n i n h i b i t o r were c o n s t r u c t e d 
with the aim of producing i n h i b i t o r s s p e c i f i c f o r human leu k o 
c y t e e l a s t a s e . Models of the hPSTI/HLE and hPSTI/chymotrypsin 
complexes were generated by computer a i d e d p r o t e i n d e s i g n and 
used to p l a n b e t t e r HLE i n h i b i t o r s . T h i s r e s u l t e d i n the produc
t i o n of the s t r o n g e s t and most s p e c i f i c i n h i b i t o r s of HLE known. 

I n t r o d u c t i o n 

Human l e u k o c y t i c e l a s t a s e (HLE) i s a potent i n t r a c e l l u l a r p r o 
t e i n a s e s t o r e d i n lysosomes of polymorphonuclear g r a n u l o c y t e s . 
E x c e s s i v e e x t r a c e l l u l a r r e l e a s e of HLE occ u r s a f t e r severe i n 
j u r i e s o r i n d i s e a s e s l i k e s e p t i c shock, acute r e s p i r a t o r y d i s 
t r e s s syndrom and burn shock. In these c l i n i c a l s i t u a t i o n s the 
plasma l e v e l of HLE, complexed with cu - p r o t e i n a s e i n h i b i t o r , and 
cor r e s p o n d i n g d e g r a d a t i o n of hemostatic f a c t o r s , c o r r e l a t e with 
m o r t a l i t y (1-4). In experimental models of s e p s i s and emphysema, 
s y n t h e t i c e l a s t a s e i n h i b i t o r s (5) and e g l i n c of m e d i c i n a l l e e c h 
(recombinant p r o t e i n ) (6), have been proven to be t h e r a p e u t i c a l 
l y u s e f u l . However, a p r o t e i n a s e i n h i b i t o r of human o r i g i n would 
be p r e f e r a b l e i n or d e r t o a v o i d a l l e r g i c r e a c t i o n s when a pro 
longed o r repeated therapy i s i n d i c a t e d . T h e r e f o r e , i t was under
taken t o de s i g n an i n h i b i t o r f o r HLE based on the s t r u c t u r e of 
human p a n c r e a t i c s e c r e t o r y t r y p s i n i n h i b i t o r . 

A b b r e v i a t i o n s : 
CAPD, computer a i d e d p r o t e i n d e s i g n ; HLE, human l e u k o c y t e e l a s 
t a s e ; PSTI, p a n c r e a t i c s e c r e t o r y t r y p s i n i n h i b i t o r ; hPSTI, human 
PSTI; Nan, 4 - n i t r o a n i l i d e . 
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We r e p o r t the computer a i d e d d e s i g n and p r o d u c t i o n of the most 
s p e c i f i c and s t r o n g e s t HLE i n h i b i t o r s known (Ki = 5x10- 1 2 M) i n 
the hope t h a t such compounds may f i n d use i n the i n v e s t i g a t i o n 
of and p o s s i b l y treatment o f the c l i n i c a l s i t u a t i o n s r e f e r r e d t o 
above. 

Methods 

The c o n s t r u c t i o n of s y n t h e t i c PSTI genes and t h e i r e x p r e s s i o n 
has been d e s c r i b e d (7,8). S i t e - s p e c i f i c mutagenesis with s h o r t 
o l i g o n u c l e o t i d e primers (9,10) was used to c o n s t r u c t v a r i a n t 
PSTIs i n a new v e c t o r (pMAMPF) (10) which can be propagated i n 
e i t h e r plasmid or s i n g l e s t r a n d phage form. The v e c t o r uses the 
OmpA-signal sequence f o r s e c r e t i o n , and s y n t h e s i s i s c o n t r o l l e d 
by a lambda P L promoter. Dideoxy sequencing on s i n g l e s t r a n d 
phasmid DNA (11) and p r o t e a s e i n h i b i t o r t e s t s (7,12,13) were 
c a r r i e d out as d e s c r i b e d . K«n and K o f f measurements were per
formed a c c o r d i n g to p u b l i s h e d methods (14-16). The BRAGI (CAPD) 
program i s d e s c r i b e d elsewhere (17,18). 

R e s u l t s 

I n h i b i t o r y s p e c i f i c i t i e s o f the PSTI v a r i a n t s 
The n a t i v e hPSTI with Lys i n p o s i t i o n Pi i s a h i g h l y potent i n 
h i b i t o r f o r t r y p s i n and c o m p l e t e l y i n a c t i v e towards chymotryp-
s i n - and e l a s t a s e - l i k e p r o t e i n a s e s (19). R e p l a c i n g the Lys i n Pi 
by Leu ( v a r i a n t PSTI-7 i n T a b l e 1) causes a d r a s t i c change of 
the s p e c i f i c i t y : t h i s v a r i a n t no longer i n h i b i t s t r y p s i n - l i k e 

PSTI 
v a r i a n t 

Pi P'i K i (Ch) 
[M] 

K i (HLE) 
[M] 

K i (Ch) / K i (HLE) 

PSTI-3 
PSTI-5 
PSTI-4 
PSTI-7 

Y 
V 
L 
L 

E 
E 
E 
I 

1.6x10- 1 1 

3.1x10-' 
2.4x10-» 1 

8.0x10-« 

>10-7 

1.5x10"»» 
3.7x10-» 1 

2.5x10"» » 

>1.6xl0-« 
2.1x10" 
6.5x10-» 
3.3xl0- 2 

T a b l e 1. E f f e c t s of the nature of Pi and P'i r e s i d u e s i n PSTI 
on the d i s s o c i a t i o n c o n s t a n t s of the complexes wi t h e i t h e r HLE 
or bovine chymotrypsin (Ch). A l l v a r i a n t s have Arg i n p o s i t i o n 
P*3 . 
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enzymes but i s an e x c e l l e n t i n h i b i t o r of chymotrypsin and HLE. 
As can be seen from the data i n Table 1, dramatic a l t e r a t i o n s i n 
s p e c i f i c i t y i n r e l a t i o n to i n h i b i t i o n of chymotrypsin or HLE can 
be o b t a i n e d by v a r y i n g the P i r e s i d u e (amino a c i d 18): changing 
Tyr to V a l causes a change i n r e l a t i v e s p e c i f i c i t y of e i g h t o r 
ders of magnitude. Leu at P i y i e l d s i n h i b i t o r s that have high 
a f f i n i t i e s to both chymotrypsin and HLE. The a f f i n i t y f o r chymo
t r y p s i n i s reduced 3 0 - f o l d by changing Glu ( P ' i ) to l i e (see 
a l s o Table 2 ) . The e f f e c t s on the k i n e t i c c o n s t a n t s of the v a r 
ious P i r e s i d u e s may be e x p l a i n e d by s t e r i c hindrance i n the 
s u b s t r a t e b i n d i n g pocket (SI) as can be deduced from the model 
g i v e n below. I n i t i a l l y no K i value below 10 " 1 0 M was o b t a i n e d i n 
the absence of Arg at P * 3 . T h i s c o u l d be accounted f o r i n the 
models by hydrogen bonds present between t h i s Arg r e s i d u e and 
the p r o t e a s e s , whereas Asp or Asn are f a r from c o n t a c t with any 
protease groups. That the r e l a t i v e c o n t r i b u t i o n s of i n d i v i d u a l 
s i d e c h a i ns are not simply a d d i t i v e i s seen by the e f f e c t of the 
P * 3 r e s i d u e on chymotrypsin b i n d i n g a f f i n i t y with e i t h e r l i e (6-
f o l d i n c r e a s e ) or Glu (830-fold i n c r e a s e ) present at P ' I (Table 2) 

PSTI P'3 P'i Ki (Ch) K i (HLE) 
v a r i a n t [M] [M] 

PSTI-1 N I 5.0xl0- 8 5.0x10-** 
PSTI-7 R I 8.0x10-* 2.5x10-** 
PSTI-6 N E 2.0xl0- 8 2 . 5 x l 0 - 1 0 

PSTI-4 R E 2.4X10- 1 1 3 . 7 x l 0 " 1 1 

T a b l e 2. The e f f e c t of a r g i n i n e as the P ' 3 r e s i d u e (Pi = Leu; 
P ' i i = Asp). A b b r e v i a t i o n s are the same as i n Table 1. 

A s e l e c t i o n of data o b t a i n e d with over 24 PSTI v a r i a n t s i s g i v e n 
i n the T a b l e s 1, 2 and 3. C o n c l u s i o n s d e r i v e d from some two thou
sand k i n e t i c measurements are b r i e f l y summarised as f o l l o w s : 
None of the v a r i a n t s t e s t e d i n h i b i t e d the k a l l i k r e i n s , thrombin 
or plasmin; p r o l i n e at P2 p o s i t i o n reduced the a f f i n i t y to chy
motrypsin; a s p a r t i c a c i d or asparagine at p o s i t i o n P ' i i has had 
l i t t l e e f f e c t ; p r o l i n e , a l a n i n e , s e r i n e or g l y c i n e at p o s i t i o n 
P ' i 4 had n e g l i g i b l e e f f e c t s although asparagine at p o s i t i o n P ' i 3 

appears to be hydrogen bonded to C-alpha atoms i n the i n h i b i t o r y 
loop of a l l PSTI v a r i a n t s as deduced from the PSTI-3 and -4 
c r y s t a l s t r u c t u r e (unpublished r e s u l t s ) . 
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A model of complexes of PSTI v a r i a n t s with HLE or chymotrypsin 
Using the BRAGI program (18) and the known t e r t i a r y s t r u c t u r e of 
p o r c i n e PSTI bound to bovine t r y p s i n o g e n (20), a model was c r e a t 
ed which s i m u l a t e d the t e r t i a r y s t r u c t u r e of human PSTI and i t s 
v a r i a n t s (17) . S i m i l a r l y a model of the t e r t i a r y s t r u c t u r e of 
HLE was s i m u l a t e d on the b a s i s of the known s t r u c t u r e of p o r c i n e 
p a n c r e a t i c e l a s t a s e (21) ( F i g u r e 1 ) . The oth e r PSTI v a r i a n t s 
were then modelled i n t h i s complex. The p l a n n i n g of more s p e c i f 
i c and s t r o n g e r e l a s t a s e i n h i b i t o r s was moderately s u c c e s s f u l 
f o r the P'i s = a s p a r t i c a c i d d e r i v a t i v e of PSTI-4 (Table 3), but 
u n s u c c e s s f u l f o r PSTI-4 d e r i v a t i v e s c o n t a i n i n g g l u t a m i c a c i d at 
Pa or Pe: The Ki valu e f o r the complex with HLE i n c r e a s e d t e n 
f o l d whereas the i n t e r a c t i o n with chymotrypsin was not e f f e c t e d . 
T h i s f a i l u r e t o achieve a r e l i a b l e p r o g n o s i s probably r e s u l t s 
from the f a c t t h a t water molecules were not i n c l u d e d i n the mo
d e l l i n g . R e s u l t s o b t a i n e d with f u r t h e r rounds of model-based mu
ta g e n e s i s are shown i n the lower p a r t of Table 3. 

In the case of PSTI-4A40 i n which g l u t a m i c a c i d 40 i s s u b s t i t u t 
ed f o r an a l a n i n e , a change i n s t r u c t u r e i s p o s t u l a t e d , i n which 

p-PSTI/Trypsinogen 

I 
p-PSTI 
~T~ 
71% 

h-PSTI-Varianten 

PPE 

38% 

zn 
HLE 

PSTI-4/HLE 

F i g u r e 1. Schematic r e p r e s e n t a t i o n of the use of the "BRAGI" 
program t o model t e r t i a r y s t r u c t u r e s and p l a n novel v a r i a n t s of 
human PSTI. Human PSTI was modelled from p o r c i n e PSTI (pPSTI) 
complexed with bovine t r y p s i n o g e n (19). Human le u k o c y t e e l a s t a s e 
(HLE) was modelled from p o r c i n e p a n c r e a t i c e l a s t a s e (PPE; r e f . 
21). Homologies i n primary sequence are shown as percentages. 
The f i n a l model of the PSTI v a r i a n t complexed with HLE was ob
t a i n e d by superimposing the c a t a l y t i c t r i a d s of the modelled HLE 
onto the t r y p s i n o g e n complex, f o l l o w e d by f u r t h e r f o r c e f i e l d 
energy m i n i m i s a t i o n with the AMBER programme (22). 
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P S T I 

v a r i a n t 
P i P i ' P 3 ' 

Chymotrypsin H L E 

P S T I 

v a r i a n t 
P i P i ' P 3 ' K i [M] K i [M] Ko f f [s-> 

P S T I-4D13 L E R 6.0x10-» 1 2.5x10-« 0 8.5x10-" 
P S T I-4D14 L E R 5.3x10- 1 » 8.7x10- 1 » 3.6x10"« 
P S T I-4D36 L E R 3.4xl0- 8 3.1x10"» 1 9.1x10-' 
P S T I-5D36 V E R 2.6xl0- 8 7.3x10- 1 2 8.0x10-» 
P S T I-4A40 L E R 6.0x10- 1 0 7.0x10-12 5.1x10"» 
P S T I-4F21 L E F 4 . 0 X 1 0 - 4 ' 5 . 2 x l 0 - 1 2 6.3x10-» 
P S T I - 9 9 V I F > i o - 7 5.0x10-» 1 <io-« 

Table 3. K i n e t i c c o n s t a n t s o b t a i n e d f o r v a r i a n t s proposed by 
CAPD as o u t l i n e d i n F i g u r e 1. The apparent K i v a l u e s f o r the 
complexes with HLE have been c o r r e c t e d (15,16) s i n c e Km of the 
chromogenic s u b s t r a t e was comparable to K o f f , a f a c t that would 
i n f l u e n c e the p h y s i o l o g i c a l e f f e c t i v e n e s s of the v a r i a n t s i n the 
presence of n a t u r a l s u b s t r a t e s . T h i s c o r r e c t i o n was not neces
sary f o r PSTI-99. 

the l o s s of an i n t e r n a l hydrogen bond to l y s i n e 43 would f r e e i t 
to form a hydrogen bond to HLE (e.g. to Asn 147 o r the c a r b o n y l 
backbone). Since t h i s v a r i a n t i s one of the s t r o n g e s t e l a s t a s e 
i n h i b i t o r s known, i t w i l l be i n t e r e s t i n g , subsequent to X-ray 
c r y s t a l l o g r a p h y , to see i f the s t r a t e g y had a c t u a l l y worked as 
planned. The c h o i c e of the aromatic r e s i d u e p h e n y l a l a n i n e at po
s i t i o n 21 was p r e d i c t e d to g i v e an e x c e l l e n t f i t of t h i s r e s i d u e 
i n t o a c o r r e s p o n d i n g hydrophobic pocket (S3) on the s u r f a c e of 
HLE. PSTI-99 r e p r e s e n t s the s t r o n g e s t and most s p e c i f i c ( r e l a 
t i v e t o chymotrypsin) HLE i n h i b i t o r known. The k i n e t i c s were 
measured i n 1000 mM NaCl, 200 mM T r i s - H C l (pH 8.0), 2 mM MetSuc-
Ala-Ala-Pro-Val-Nan (K« =5. 3-10- 3 , f o r HLE). At lower s a l t con
c e n t r a t i o n s , e.g. 200 mM NaCl, the K o f t v a l u e s f o r the two i n 
h i b i t o r s approach each other at 6-10-3 M, s u p p o r t i n g the i n 
volvement of a unique hydrophobic i n t e r a c t i o n i n the case of 
PSTI-99, made s t r o n g e r under c o n d i t i o n s where h y d r a t i o n e n e r g i e s 
are i n c r e a s e d . We s p e c u l a t e from our model t h a t the hydrophobic 
c o n t a c t s between HLE and PSTI-99 c r e a t e a water-impermeable bar
r i e r to the e n t r y of the water molecules used f o r cleavage of 
the s e r i n e - e s t e r i n t e r m e d i a t e formed a f t e r n u c l e o p h i l i c a t t a c k 
d u r i n g p r o t e o l y s i s . T h i s would prevent cleavage of the i n h i b i t o r 
and s t r e n g t h e n the s t a b i l i t y of the complex. 
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leu18 

Aspi 

F i g u r e 2. A comparison of the s t r u c t u r e of PSTI-3 as p r e d i c t e d 
i n the model (darker l i n e : F i g u r e 1) with the a c t u a l c r y s t a l l o -
g r a p h i c s t r u c t u r e of PSTI-3 as found i n a complex with chymo-
tr y p s i n o g e n ( g r e y ) . To s i m p l i f y the comparison o n l y the backbone 
s t r u c t u r e i s shown. 

Comparison between the model and a c t u a l s t r u c t u r e f o r PSTI-3 
A comparison of a c t u a l and modelled PSTI-3 s t r u c t u r e i s r e p r e 
sented i n F i g u r e 2. D e t a i l s of the c r y s t a l l o g r a p h i c a n a l y s i s are 
to be p u b l i s h e d elsewhere. The model r e p r e s e n t s a very good ap
pr o x i m a t i o n to the a c t u a l s t r u c t u r e of the i n t e r n a l and protease 
b i n d i n g r e g i o n s . An e x c e l l e n t s u p e r i m p o s i t i o n i s observed f o r 
the o r i e n t a t i o n of the s i d e - c h a i n s , both i n the core r e g i o n and 
i n the p r o t e a s e - b i n d i n g r e g i o n . D e v i a t i o n s i n three e x t e r i o r r e 
g i o n s , near the amino terminus, can be p a r t i a l l y r a t i o n a l i s e d by 
the f a c t that the s t r u c t u r a l p r e d i c t i o n d i d not take account of 
s o l v e n t . 

C o n c l u s i o n 

E l a s t a s e - s p e c i f i c i n h i b i t o r s with i n h i b i t o r y c o n s t a n t s , compara
b l e to the best known, had been generated by s i t e - s p e c i f i c muta
ge n e s i s of the human t r y p s i n - s p e c i f i c i n h i b i t o r PSTI. A s t r u c 
t u r a l model was generated f o r the p r o t e a s e / i n h i b i t o r complexes 
from p r o t e i n s with analogous primary sequence. I t was used to 
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account f o r the s p e c i f i c i t i e s of e x i s t i n g v a r i a n t s , and to pre
d i c t f u r t h e r m o d i f i c a t i o n s that should o p t i m i s e the s p e c i f i c i t y 
f o r HLE. The approach was v a l i d a t e d . 

It i s hoped that the s e r i n e - p r o t e a s e i n h i b i t o r s produced w i l l 
p r o vide a u s e f u l resource f o r the study of the f u n c t i o n of pro
teases i n the body and i n p a r t i c u l a r i n e l u c i d a t i n g the r o l e of 
HLE i n c l i n i c a l syndromes. 
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