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Some novel N-[l(RS)-carboxy-3-phenylpropyl]trilaeptide p-aminobcnzoates hawe bexm synthesised as inhibitors of  lhimet oligopeptidas¢ (EC 
3.4.24.151. The~e compounds are considered to bind as substrate analogues with the Cpp group in SI and the l~ptide portion in the S" ~ite~. The 
most Dotc,t inhibitor is Cpp-Ala-Pro-Phe-pAb. which has a K. - 7 nM. Substitution o f  (~ly for Ala at Pl" leads to weaker binding which can be 
ascribed to increa.~d rotational tr~x'dom. Good substrates often have Pro at P2" and Pro is favoured over Ala at this position in the inhihitors, 
too. When P2" is Pro. Phe is prefer r~  over Tyr and Tip in P3 +. The p-amlnobenToate group makes an ;ml~,rtant contribution to the binding, 

probably by forming a .salt bridge, and removal of  the ('-terminal negative 4zhargc results in much less potcnl inhibitors. 

EC 3.4.24. I S; Fm, ym© inhibition; Subsite specificity 

i .  I N T R O D U C T I O N  

T h i m e t  o l i g o p e p t i d a s e  ( E C  3 . 4 . 2 4 . 1 5 )  is ~" t h i o l - d e -  
p e n d e n t  m e t a l l o - e n d o p e p t i d a s e  w i d e l y  d i s t r i b u t e d  in 
de l l s  a n d  t i s s u e s ,  a n d  p r e v i o u s l y  k n o w n  b y  t h e  n a m e s  
P z - p e p t i d a s e ,  e n d o - o l i g o p e p t i d a s e  A a n d  s o l u b l e  e n d o -  
p e p t i d a s e  24 .15  [ I ] .  C h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  e n -  
z y m e  a r e  t h e  i n h i b i t i o n  b y  b o t h  c h e l a t o r s  a n d  t h i o l -  
r e a c t i v e  r e a g e n t s  a n d  a c t i v a t i o n  b y  l o w  c o n c e n t r a t i o n s  
o f  t h i o l s .  T h e  b i o l o g i c a l  f u n c t i o n  o f  t h i m c t  o l i g o -  
p e p t i d a s e  is u n k n o w n ,  b u t  is  c a p a b l e  in  v i t r o  o f  g e n e r a t -  
i n g  o r  d e s t r o y i n g  a n u m b e r  o f  p h a r m a c o l o g i c a l l y  a c t i v e  
p e p t i d e s  a n d  is f o u n d  in  t h e  h i g h e s t  c o n c e n t r a t i o n s  in 
t h e  s o l u b l e  p r o t e i n  f r a c t i o n  o f  t e s t i s ,  b r a i n  a n d  p i t u i t a r y  
[2]. l n h i b i t o r s  m a y  p r o v i d e  t h e  b e s t  a p p r o a c h  t o  i n v e s -  
t i g a t i n g  t h e  p h y s i o l o g i c a l  r o l e  o f  t h e  e n z y m e  [3]. 

T h i m e t  o l i g o p e p t i d a s e  is s e l e c t i v e l y  a n d  r e v e r s i b l y  in-  
h i b i t e d  b y  N - [ l ( R S ) - c a r b o x y - 3 - p h e n y l p r o p y i ] t r i p e p t i d e  
p - a m i n o b e n z o a t e s  ( C p p - p e p t i d e - p A b )  [4,5]. T h e  m e c h a -  
n i s m  o f  i n h i b i t i o n  m a y  b e  s i m i l a r  t o  t h a t  p r o p o s e d  f o r  
t h e r m o l y s i n  a n d  C p p - L e u - T r p  [6], w h e r e  X - r a y  c r y s t a l -  
l o g r a p h y  h a s  r e v e a l e d  t h e  c o o r d i n a t i o n  o f  t h e  c a r b o x y l  
o l  t h e  C p p  g r o u p  t o  t h e  Z n  a t o m  in  t h e  a c t i v e  s i te  o f  t h e  
e n z y m e .  I n  t h i m e t  o l i g o p e p t i d a s e ,  i n t e r a c t i o n  o f  t h e  3- 
p h e n y l  r i n g  w i t h  t h e  h y d r o p h o b i c  S I s u b s i t e  a l s o  m a k e s  
a n  i m p o r t a n t  c o n t r i b u t i o n  t o  t h e  b i n d i n g  [4] C p p - p e p -  

Abbrevlatlons: Ahx, L-2-aminohexanoic acid; Boc, t-butyloxycarbo- 
ttyl; CI~ ,  N-[It(RSk-¢arboxy-3-phenylpropyli; Drip, dinitrophenyl; 
Moc. 7-melhoxyooumarin-3<arboxylyl; ONSu, N-hydroxystt~ni-  
mide ester; pAb.  p-aminobenzoat¢; Pz. phenylaz.obertzyloxycarbonyl. 
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t i d e - p A b  a r e  c o m p e t i t i v e  i n h i b i t o r s ,  a n d  s i n c e  t h e  m o s t  
p o t e n t  h a v e  p e p t i d e  s t r u c t u r e s  a n a l o g o u s  t o  t h o s e  o f  
g o o d  s u b s t r a t e s  [4], t h e  a m i n o  a c i d  s i d e c h a i n s  p r e -  
s u m a b l y  o c c u p y  t h e  s a m e  s p e c i f i c i t y  s u b s i t e s  o n  t h e  
e n z y m e .  By  c o n v e n t i o n  [7], t h e s e  s u b s i t e s  a r e  l a b e l l e d  S 
t o  t h e  N - t e r m i n a l  s i d e  o f  t h e  sc i s s i l e  b o n d  a n d  S" t o  t h e  
C - t e r m i n a l  s i de ,  n u m b e r i n g  b e i n g  a w a y  f r o m  t h e  b o n d  
c l e a v e d ,  t h e  s c i s s i l e  b o n d .  T h e  a m i n o  a c i d  r e s i d u e s  
w h i c h  o c c u p y  t h e s e  s u b s i t e s  a r e  l a b e l l e d  P a n d  P ' ,  re -  
s p e c t i v e l y .  A l t h o u g h  it is n o t  ye t  p o s s i b l e  t o  d e f i n e  t h e  
c h a r a c t e r i s t i c s  o f  t h e  s u b s i t e s  p r e c i s e l y  [I] ,  g o o d  s u b -  
s t r a t e s  a n d  i n h i b i t o r s  o f  t h i m e t  o l i g o p e p t i d a s e  c o m -  
m o n l y  h a v e  h y d r o p h o b i c  r e s i d u e s  a t  P i  a n d  P Y  [2,4]. 

I n  a d d i t i o n  t o  t h e i r  use  in  b i o l o g i c a l  e x p e r i m e n t s ,  
i n h i b i t o r s  m o r e  p o t e n t  t h a n  t h o s e  c u r r e n t l y  a v a i l a b l e  
a r e  n e e d e d  f o r  a c t i v e  s i t e  t i t r a t i o n  o f  t h e  e n z y m e ,  s o  t h a t  
k i n e t i c  s t u d i e s  c a n  be  p l a c e d  o n  a q u a n t i t a t i v e  bas i s .  
A l s o  n e e d e d  a r e  i n h i b i t o r s  m o r e  r e s i s t a n t  t o  d e g r a d a -  
t i o n ,  w h i c h  c u r r e n t l y  c o m p l i c a t e s  t h e i r  u s e  in  s t u d i e s  o f  
t h e  r o l e  o f  t h i m e t  o l i g o p e p t i d a s e  in v i v o  [3]. W e  n o w  
r e p o r t  o u r  i n i t i a l  s t u d i e s  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p s  
b e t w e e n  i n h i b i t o r  s t r u c t u r e  a n d  f u n c t i o n .  

2. E X P E R I M E N T A L  
2.]. Maaet4ais 

Boc-amino acid N-hydroxysuc~nimide esters, p-aminobenzoic acid 
and L-phenylalanine derivatives ~ from Sigma. Uoc-amino acid 
p.aminobenzoates were made as de~ribed [8]. Ethyl; 2-keto-4-phenyl- 
butanoat© from Scbeizerhall (South Plainfield, NJ  07080) was saponi- 
fled with NaOH to yield the sodium salt. Cpl~Ala-Ala-Tyr-pAb was 
a gift from Dr. M. Orlowski. Mount Sinai School of  Medicine, New 
York, USA. Moc-Pro-I..eu-Oly-Pro-D-Lys(Dnp) was made by solid 
phase pepcide ~ tn the~ 19L Rat t,n~t~ mim~ ~ w.as puri- 
fied by a method similar to that used for the chicken enzyn~ 15|. and 
ga~e a single band of  "/6 kDa in S D S ? l ~ a m l i ~  ~ doctralphorcsh. 
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2.2. 5;Ynth,'s:.~ ¢,I Cpp-.4la-Pro-Ph*'-p.4~ 
T h i s  w a s  m a d e  s t ep -wi r e  by s t a n d a r d  ~ l t s t i o n - p h a ~  mctht~cls [4. I0]. 

R e a c t i o n s  ~cr t "  ft~llowt~J by H P [ . C  on  a C1~4 L'olumn, c l u l c d  wi th  tt 
g rad ien t  of  5 100~4;, aL~ tomt r i l c  c o n t a i n i n g  0 I¢IF t r I f l uo rowuc t l c  ac id  
( I m l , m i n )  ove r  25 rain. Th t ,  c o l u l n n  ¢ I t ian t  ~Jas m o n i t o r e d  at ".10 r im. 
I ~ - - P h e - p , A b  1384 rag. I re too l )  g a s  treatL,~J w i t h  trifluolat~llccYic ;lt:iti/ 
w a t e r  I 19  I. ~'~'v. :q) m l )  for  20 n~it~ at  21 ~'C t o  r e m o v e  the  B¢~.- g r o u p  
The  a c i d  w a s  r e m o v e d  a t  44)°(" in v a c u o  a n d  the  t~ s idue  w a s  d i s s o l v e d  
in d i m c t h y l f o m l a m i d c  ( S a i l ,  T o  t h i s  , ~ t u i i o n  was addc~l B ~ ' - P r o -  
O N S u  (330 rag, I I m m o l L  l - h y d r o x y l ~ n ~ o t r i a ~ c ~ l e  ( I  35 g, I n t m ~ i )  
and  d i - i s o p r o p y l e t h y l a m i n e  (O.7 m l .  4 m m o l L  A f t e r  s t i r r i n g  o v e r n i g h t ,  
a n a l y s i s  by  H P L C  sho~k~t."d the  r e a c t i o n  t o  the  c o m p l e t e .  T h e  d i m e t h y l -  
f o r m a m / d ~  w a s  e v a p o r a t e d  a t  40°("  in v a c u o  a n d  c h l o r o f o r m  ( ~ )  m l )  
was a d l d ~ .  A f t e r  egl ra~ l iom w i t h  ~ tw/v} c i t r i c  ac id  (2 ~< ~ m l L  
w a t e r  120 m l )  a n d  s a t u r a l e d  N a ( ' l  (20  r o l l  t he  c h l o r o f o r m  s o l u t i o n  was  
d r i ed  ( M 8 S O 4 )  a n d  e v a p o r a t e d  t o  leave c r u d e  B o c - P r o - P h e - p A h _  T h i s  
was Ptx-rystall i~L'd f r o m  e t h i * n o l / w a t e r  ( y i e l d i n g  0 .46  g. 95~[-I a n d  
t r e a t e d  w i t h  t r i~luoroa,cct ic  a c i d / w a t e r  as  d e s c r i b e d  a b o v e ,  T h e  r e s i d u e  
a f t e r  e v a p o r a t i o n  was  d i s s o l v e d  in d i m e t h y l f o r m a m k l e  a n d  r e a c t e d  
wi th  E l o c . A l a . ~ ) N S ¢  ( 2 ~  m r .  I m m o h .  I - h y d r o x y b e n z o t r i a z o t e  a n d  
d i - i sop~xspy le thy lamine .  A s  before ,  the  s o lve n t  w a s  e v a p o r a t e d  a f t e r  
reac*ion o v e r n i g h t  a n d  t he  r e s i d u e  d i s s o l v e d  in c h l o r o f o r m ,  e x t r a c t e d  
a n d  d r i ed .  T h e  c r u d e  E k ~ - A l a - P r o - P h e - p A b  w a s  97q~, p u r e  by H P L ( "  
a n a l y s i s  a n d  w a s  t r e a t e d  wi th  tr i f luoroa~i~tic  a c i d  w i t h o u t  f u r t h e r  
pu r i f i ca t ion .  T h e  r e s idue  a f t e r  e v a p o r a t i o n  w a s  d i s s o l v e d  in m e t h a n o l /  
w a t e r  ( 1:1 v/v, ~ ml )  a n d  b r o u g h t  to  pH 7 w i t h  5 M N a O H .  S o d i u m  
3 - p h c n y l - 2 - k e t o b u t y r a t e  ( I g, 5 r e too l )  a n d  s o d i u m  c y a n o b o r o h y d r i d e  
(0.32 g. 5 r e too l )  were  a d d e d  a n d  She m i x t u r e  s t i r r ~  at  2 I~'C. H P L C  
a n a l y s i s  s h o w e d  t h a t  r e a c t i o n  w a s  ~.~.~mplete a f t e r  24 h. T h e  s o l v e a t s  
were  e v a p o r a t e d ,  w a t e r  (50  m l )  w a s  a d d e d  a n d  t he  , solut ion ac id i f i ed  
w i t h  6 M HCI  ( 1.5 ml )  t o  p r e c i p i t a t e  C p p - A l a - P r o - P h e - p A b . H C I .  T h e  
c r u d e  p rod tu : t  wa,~ w a s h e d  w i t h  e t h y l  a c e t a t e ,  a n d  r e e r y s t a l l i s e d  f r o m  
e t h a n o l  a n d  wa te r ,  y i e l d i n g  0 .33g  ¢49~-), m,p .  IS?  188°C. A n a l y s i s :  
c a l c u l a t e d  f o r  C , , H ~ N ~ O ~ . H ( ? I  ( M ,  679.2)  C.  62.72;  H ,  6.O4; N .  8 .60;  
t~)und ( ' ,  62.98: H, 6.1 I ;  N .  8.60.  

T h e  o t h e r  i n h i b i t o r s  w~re  m a d ~  by s i m i l a r  m e t h o d s .  T h e  i den t i t i e s  
o f  the  f inal  l ,~p t ide  p r o d u c t s  w e r e  c o n f i r m e d  by  e l e m e n t a l  a n a t y s i s ,  
N M R  o r  fast  a t o m  b o m b a r d m e n t  m a s s  s p e c t r o m e t r y .  Al l  t he  p h e n y l a -  
l a n i n ~ - ¢ o n t a i n i n g  i n h i b i t o r s  d i s p l a y e d  c h a r a c t e r i s t i c  d o u b l e  p e a k s  o n  
H P L C .  a t t r i b u t a b h :  to  the  Daet ia l ly  reso lv t 'd  R a n d  S d i a s t e r e o m e r s  
141. 

2.3, D¢ls,rttaOl¢it~on ol  K, vcllut',s 
T h i m e t  o l igo raep t tdase  a c t i v i t y  w a s  a s s a y e d  at  300( ̀  ̀ w i th  the  

quenched fluorc,s~cat f rcpt idc  Mc~. '-Pro-L~u ~(~ ly -Pro -D-Lys (Onp1191 ,  
in ~,hich the s y m b o l  + r e p r e s e n t s  the  s¢iss i le  b o n d .  T h e  f l u o r l m e t e r  

T a b l e  ! 

Effi.~ct o f  i n h i b i t o r  s t ruc tu r t :  a t  P I '  

i + l" 2 '  3' 4" 

C p p  Phc A l a  Phe p A b  
C p p  - L e u  P r o  Phe p A b  
CPlP A l a  A l a  P I R  - p A b  
C I ~  - G I y -  AI2 -- ~ -  p A b  
C p p  - A l a  ~ P ro  - P h e  - p A b  
C p p  - G l y  -- P r o  Phe -- p A b  
C p p  Sa r  • A l a  . P I ~  p A b  
C I ~  S a t  P r o  P h e  p A b  

K, ( n M )  

81 -~ 10" 
279 _+ 10 

30.6 _+ 1.0 
774 _+ 16 
7.3 + 0.3 

289 ± g 
15700 ± 200 

3410 ± 130 

T h e  C p l ~ p e p t i d e - p A b  i n h i b i t o r s  n re  s u b s t r a t e  n n a l o g u e s  a n d  a r e  
t h o u g h t  t o  b i n d  w i t h  t h e  C l ~  g r o u p  in t h e  S l  s u b t i l e  o f  t h e  e n z y m e .  
T h e  r e s i d u e s  h a v e  b e e n  n u m t m r e d  a c c o r d i n g l y ,  a n d  t he  s y m b o l  *+' in- 
d i c a t e s  t he  b o n d  c o r r e s p o n d i n g  t o  t h e  sc i ss i le  b o n d  in  a s u b s t r a t e .  T h e  
e r r o r  v a | u e a  a r e  s t a n d a r d  e r r o r s  e s : i m a t e d  b y  the  E ~ f i t t e r  p ro -  
gram. 
* V a l u e  f r o m  13l 

w a s  c o n t r o l l e d ,  a n d  d a t a  colh_.cted a n d  a n a l y s ~ d ,  hy  use  o f  t he  
V I . U S Y S  s o f t w a r e  Dackag~ [I I ]. Whe e n , w m ¢  w a s  p r o - a c t i v a t e d  wi th  
S m M  d i t h i o t h r e i t o l  in a s s a y  buf fe r  (50  m M  T r i s - H C I ,  DH 7.g,  c o n t a i n -  
Ing tlOSqF Itr  U i S )  fo r  5 ra in  at  2 1 " (  a n d  t h e n  d i l u t e d  IO*fold a n d  kep t  
a t  0" ( ' .  A~ay~,  were  m a d e  w i t h  OR n M  em, y m e .  b a s e d  o n  p r o t e i n  
c o n c e n t r a t i o n .  F o r  t h e  d e t e r m i n a t i o n  o f  K,. t h e  r a t e  o f  s u b s t r a t ¢  hy-  
droly~i~ in the  absem.'¢ o f  i n h i b i t o r  w a s  f irst  r e c o r d e d ,  a n d  t h e n  t h e  
i n h i b i t o r  w a s  a d d ~  in a n e g l i g i b l e  v o l u m e  a n d  t he  n e w  s t e a d y  s t a l e  
w a s  m o n i t o r e d  R a p i d  e q u i l i b r a t i o n  w a s  o b s e r v e d  in a l l  cases .  Ap-  
p a r e n t  i n h i b i t i o n  c o n s t a n t s  A'.=r~. , w e r e  c a l c u l a t e d  by  f i t t i ng  Ihe  f rac-  
t i o n a l  a c t i v i t y  d a r n  t o  II1¢ Mlorr isor t  L~quation [I 2 |  by  n o n l i n ~ r  r e lg l~o  
s ion,  u s i n g  t he  p¢ogt  a m  E n ~ l i t t e r  ! I-Ascvier-Biosofl ,  Cambridge, U K ) .  
V a l u e s  wct '¢ co r rec ted  l o r  t he  ef foet  o f s u b s t r a t e  b y  us ing  e q u a t i o n  ( t ) .  

K, = K.~.~/(I ÷ [SFK.) ( l )  

A v a l u e  o f  16 .u M w a s  dc tc rmin*~!  fo r  Km. T h e  different :c~ in K, v a | t t ~  
I '~twL~n h t h i b i t o r s  w e r e  c o n v e r t e d  i n t o  d i f f e r ences  in  t h e  f r ~  e n e r g y  
o f  b i n d i n g  t ~ ( ~ .  d hy  e q u a t i o n  (2), 

66G~,.a --. - 2 . 3 0 3 R T -  Iogl K,,tK',:) (2) 

3. R E S U L T S  A N D  D I S C U S S I O N  

3. I. A lanine is f i t v o u r e d  in P l "  
G o o d  pep t ide  subs t r a t e s  o f  t h i m c t  o l i g o p e p t i d a s e  

c o m m o n l y  h a v e  h y d r o p h o b i c  re s idues in  PI a n d  P3". a n d  
a r g i n i n e  is o f t e n  f o u n d  in Pl" [2], s u g g e s t i n g  that  t h e  SI" 
site  o f  the  e n z y m e  is a c c e s s i b l e  to  large  s ide  c h a i n s .  T h i s  
c o n c l u s i o n  is s u p p o r t e d  by  s t u d i e s  w i t h  i n h i b i t o r s ,  s i n c e  
the  K, o f  C p p - P h ¢ - A l a - P h e - p A b  is  o n l y  3 - fo ld  that  o f  
C p p - A l a - P h e - p A b  [4] ( T a b l e  1). L e u c i n e .  h o w e v e r ,  is 
f o u n d  to  be  a n  u n f a v o u r a b l e  re s idue  in P i ' .  

It h a s  b e e n  o b s e r v e d  tha t  r e p l a c e m e n t  o f  A l a  by  G l y  
in Pl" t o  g ive  C p p - G i y - A l a - P h e - p A b  resu l t s  in a far less  
p o t e n t i a l  i n h i b i t o r  [4.5],  a n d  w e  f ind s i m i l a r l y  w e a k  
b i n d i n g  w h e n  P2" is P r o  ( T a b l e  !). in  pr inc ip le ,  t h e  
w e a k e r  b i n d i n g  o f  t h e  C p p - G l y -  i n h i b i t o r s  c o u l d  be  d u e  
to  the  lack  o f  a n  i n t e r a c t i o n  o f  t h e  a l a n i n e  s ide  c h a i n  in 
t h e  SI" p o c k e t  o f  the  e n z y m e ,  o r  t o  g r e a t e r  r o t a t i o n a l  
f r e e d o m  a l l o w i n g  the  c o m p o u n d s  t o  a d o p t  u n f a -  
v o u r a b l e  c o n f o r m a t i o n s .  H o w e v e r .  t h e  K, d i f f e r e n o e s  
b e t w e e n  C p p - A l a - A l a - P h e - p A b  a n d  C p p - ( 3 1 y - A i a - P h e -  
p A b .  a n d  C p p - A l , ~ - P r o - P h e - p A b  a n d  C p p - G l y - l ~ o -  
P h e - p A b  c o r r e s p o n d  to  d i f f e r e n c e s  in b i n d i n g  free e n -  
ergy  AAGb in d  o f  ! . 9  a n d  2.2  k c a l / M ,  re spec t ive ly .  B y  
c o n t r a s t ,  t h e  free  e n e r g y  c h a n g e  o n  t r a n s f e r  o f  a m e t h y l  
g r o u p  f r o m  o c t a n - l - o l  t o  w a t e r  is o n l y  0 . 7  k c a l / M  [13],  
w h i c h  sug~oests tha t  t h e  h y d r o p h o b i ¢  p o c k e t  m o d e l  is 
i n a d e q u a t e  t o  e x p l a i n  the  d i f f e r e n c e s  in g i  a n d  that  the  
i n c r e a s e d  f lexibi l i ty  o f  t h e  g l y ¢ i n e  d e r i v a t i v e s  is re-  
s p o n s i b l e  for  the ir  p o o r e r  b i n d i n g .  S u c h  f lex ibi l i ty  h a s  
b e e n  s h o w n  t o  be  r e s p o n s i b l e  for  t h e  w e a k e r  b i n d i n g  o f  
a n a l o g u e s  o f  C p p - A l a - P r o  ( e n a l a p r i l a t )  t o  pept idy l -d i -  
p e p t i d a s e  A ( a n g i o t e n s i n  c o n v e r t i n g  e n z y m e )  [14]. W i t h  
t h e s e  c o m p o u n d s ,  b i n d i n g  c o u l d  b e  e n h a n c e d  as  m u c h  
as  2 5 0 0 - f o l d  by  c o n f o r m a t i o n a l  re s t r i c t ion ,  s o  it s e e m s  
r e a s o n a b l e  t o  s u g g e s t  tha t  res tr ic ted  r o t a t i o n  a r o u n d  t h e  
a l a n i n e  N - C a  b o n d  p l a y s  a r o l e  in o r i e n t i n g  t h e  C p p  
c a r b o x y l  g r o u p  t o w a r d s  t h e  Z n  a t o m  in the  ac t i ve  s i te  
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o f  t h ime t  o l i gopep t idase ,  a l t h o u g h  o t h e r  i n t e r ac t i ons  
p r o b a b l y  c o n t r i b u t e  to  efficient  b ind ing .  F o r  example ,  
in the  c o m p l e x  he twcen  t h e r m o l y s i n  a n d  C p p - L e u - T r p  
(K, = 50 n M  [15]). b o t h  o x y g e n s  o f  the C p p  c a r b o x y l  
g r o u p  a rc  c o o r d i n a t e d  to  the  zinc,  bu t  in a d d i t i o n  e~ch 
f o r m s  t w o  h y d r o g e n  b o n d s  to  o t h e r  res idues  l ining the  
ac t ive  site [6]. S imi la r ly .  the  p r o t o n a t e d  s e c o n d a r y  
a m i n o  g r o u p  f o r m s  three  h y d r o g e n  b o n d s  to  s u r r o u n d -  
ing  res idues  [6]. T h e  i m p o r t a n c e  o f  this  n i t r o g e n  in the  
i n t e r a c t i o n  o f  C p p - i n h i b i t o r s  wi th  th imet  o l igo-  
p e p t i d a s e  is s h o w n  c lear ly  by  the  s u b s t i t u t i o n  o f  sar-  
co s ine  (Sar )  f o r  G l y  ( T a b l e  I) wh ich  resul ts  in ve ry  
m a r k e d  losses o f  act iv i ty .  

3,2. Binding is favoured  by proline in P2" 
Several  g o o d  subs t r a t e s  by  th ime t  o l i g o p e p t i d a s e  

h a v e  P r o  in P2". i nc lud ing  b r a d y k i n i n  a n d  neu ro t ens in  
[2]. B z - G l y - P h e + A i a - P r o - P h e - p A b  [16]. P z - P r o - L e u +  
G i y - p r o - D - A r g  [! 7] a n d  the  q u e n c h e d  f luorescen t  pep-  
t ide,  D n p - P r o - L e u + G l y - P r o - T r p - D - L y s  [18]. T h e s e  
d a t a  sugges t  t h a t  the  b i n d i n g  o f  pep t ides  to  t h ime t  oli- 
g o p e p t i d a s ¢  m a y  be f a v o u r e d  n o t  o n l y  by  h y d r o p h o b i c  
res idues  in P l  a n d  P3", b u t  a l so  b y  P r o  in P2". T o  inves- 
t iga te  the  effect  o f  p r o  in this  pos i t i on ,  we h a v e  c o m -  
p a r e d  s o m e  m e m b e r s  o f  the  series C p p - A l a - A i a - X - p A b  
a n d  C p p - A l a - p r o - X - p A b ,  whe re  X is a n  a r o m a t i c  o r  
l a rge  h y d r o p h o b i c  a m i n o  ac id  ( T a b l e  I I) .  S u b s t i t u t i o n  
o f  P r o  fo r  A la  leads  to  s l ight ly  t igh te r  b i n d i n g  a n d  C p p  
A l a - P r o - P h e - p A b  is the  m o s t  p o t e n t  i nh ib i to r  o f  th imet  
o l i g o p e p t i d a s e  so  fa r  desc r ibed  wi th  Ki = 7 n M .  

O r l o w s k i  et  al. [4] h a v e  o b s e r v e d  t h a t  the  b i n d i n g  o f  
C p p - A l a - A l a - T y r - p A b  to  t h ime t  o l i g o p e p t i d a s e  is twice 
as  t ight  as  t h a t  o f  the  Phe  a n a l o g u e ,  bu t  w e  d o  no t  see 
this  effect  w h e n  the  P2" res idue  is P r o  a n d  b o t h  C p p -  
A l a - P r o - T y r - p A b  a n d  C p p - A l a - A l a - T y r - p A b  are  c o m -  
p a r a b l e  in i nh ib i t o ry  act iv i ty .  By c o n t r a s t ,  the  inh ib i to r  
wi th  L e u  in P Y  s h o w s  a m a r k e d  dec rease  in i nh ib i to ry  
p o t e n c y  (T~ble  !1). 

3.3. Potent  inhibition requires a negalively charged C- 
terminus 

All  the  inh ib i to r s  d i scussed  so  fa r  h a v e  been  p - a m i n o -  
b e n z o a t e s .  S t e w a r t  [19] has  p o i n t e d  o u t  t ha t  the  p A b  
g r o u p  is s t r uc tu r a l l y  re la ted  to a d ipep t i de  a n d  this 
g r o u p  seems  l ikely to  m a k e  a m a j o r  c o n t r i b u t i o n  to  the 
b i n d i n g  o f  the  inh ib i to rs .  ~ ' e  e x p l o r e d  t he  inf luence o f  

T a b l e  ! !  

E f f e c t  o f  i n h i b i t o r  s t r u c t u r e  a t  P 2 '  a n d  P Y  

I ÷ l "  - 2" 3" 4" K ,  ( r i M )  

C p p -  A l a  -- A l a  - P h ¢  - p A b  
C t ~  - A l a  -- A l a  - T y r  - p A b  
C l ~  - A l a  - P r o  - P h ¢  - I ~ A b  
C p p  - A l a  - P r o  - T y r  - p A b  
C p p  - Aim. - P r o  - T r i p  - p A b  
C p p  - A l a  - P r o  - L e e  - p A b  

3 0 . 6  _+ 1 .0  
1 4 . 4  + 0 . 5  

7 . 3  4- 0 . 3  
I 1 .8  + 0 . 4  
1 7 . 6  _-4 1 .0  
7 6 . 8  + 3 . 0  

T a b l e  !11 

I'~I1/~X-I aft i n h i b i t o r  ~ l r u c l u ' ~  :It  P4"  

I 4 I '  2 ~ 3" 4" K, ( n M )  

C p p  A l a  A l a  P h e  p A b  3 0 . 6  ~ 1 .0  
C p p  A l a  A l a  Phe  O H  155 ± 5 
C p p  A l a  A l a  P h e  N H P h  t 8 6 0  + 5 0  
C p p  A l a  A l a  P h e  N H P h N O ~  1 0 ~  ± 4 0  
C p p  A l a  A l a  P h e  - N H :  5 7 9 0  ± 2 2 0  

i n t e r ac t i ons  at  the  C - t e r m i n u s  with a series o f  reagen ts  
in w h i c h  the C p p - A l a - A l a - P h e  pep t ide  pa r t  was  re ta ined  
( T a b l e  ! I I ) .  T h e  m o s t  p o t e n t  inh ib i to r  r ema ins  the p-  
a m i n o b e n z o a t e ,  bu t  surpr is ingly ,  r emova l  of" the  p A b  
g r o u p  to  yield the  Free acid results on ly  in a 5-fold  
increase  in K,, c o r r e s p o n d i n g  to  the loss o f  1.0 kca l /M 
o f  b i n d i n g  free energy .  By con t r a s t ,  r ep l acemen t  o f  the 
c a r b o x y l  g r o u p  by  a h y d r o g e n  a t o m  to give the un-  
c h a r g e d  ani l ide  results  in b ind ing  w e a k e r  by  2.5 kca i /M.  
T h e  p -n i t r oan i l i de  inhib i tor ,  with the  d i p o l a r  n i t ro  
g r o u p  in p lace  o f  the  ca rboxy l a t e ,  is on ly  marg ina l l y  
m o r e  effect ive t h a n  the anil ide.  The  i m p o r t a n t  c o n t r i b u -  
l ion  o f  the  C- t e rmina l  nega t ive  c h a r g e  to  the  b i n d i n g  is 
c o n f i r m e d  wi th  the a m i d e  C p p - A l a - A l a - P h e - N H 2 ,  
wh ich  b inds  m o r e  weak ly  t h a n  its p a r e n t  acid by  2.2 
kca l /M.  These  free energies  a re  in the  r ange  o f  those  
o b s e r v e d  fo r  sal t  b r idges  in p ro te ins  [I 3] a n d  suggest  
tha t ,  in a d d i t i o n  to  b ind ing  to  the ac t ive  site Zn ,  the 
p - a m i n o b e n z o a t e  inh ib i to r s  have  an  i m p o r t a n t  elec- 
t ros t a t i c  in t e rac t ion  with |ysine o r  a rg in ine  side cha ins  
in $4 ° o r  $5" subsites.  

4. C O N C L U S I O N  

A l t h o u g h  the  studies descr ibed here have resu l ted m 
an  inh ib i to r  o f  th imet  o l igopep t idase  tha t  b inds  m o r e  
t ight ly  t h a n  those  descr ibed  before .  C p p - A l a - P r o - P h e -  
p A b  b inds  t o o  weak ly  to  be used as an  act ive  site t i t rant ,  
a n d  a f u r t he r  decrease  in Ki o f  a b o u t  20-fo ld  will be 
necessa ry  to  ach ieve  this  a im.  O n e  a p p r o a c h  to  t ighter  
inh ib i to r s  m a y  be  t o  explore  a l te rna t ives  t o  the C p p  
g r o u p ,  p e r h a p s  by  i n t r o d u c i n g  subs t i tuen t s  in to  the 
p h e n y l  r ing,  as  the  70-fold  d i f ference  in inh ib i to ry  
p o t e n c y  be tween  c a r b o x y p h e n y i p r o p y l  a n d  c a r b o x -  
y p h e n y l e t h y l  der iva t ives  o f  A l a - A l a - P h c - p A b  {4] il- 
lus t ra tes  the  d r a m a t i c  effects  o f  small  c h a n g e s  in s t ruc-  
tu re  in this  r eg ion  o f  the  molecule .  

C p p - A l a - P r o - P h e - p A b  m a y  p r o v e  t o  be  a g o o d  inhib-  
i to r  fo r  in v ivo  s tudies  o f  th imet  o l igopept idase .  C p p -  
A l a - A l a - P h e o p A b  is c leaved  by  neu t ra l  e n d o p e p t i d a s e  
( E C  3.4.24.1 I)  a t  the  A l a - P h e  b o n d  [3], whe reas  the 
P r o - P h e  b o n d  m a y  be m o r e  res is tant  to  hydro lys i s .  Th i s  
b o n d  m a y  be c leaved,  h o w e v e r ,  by  pro ly l  o l i gopep t i da se  
( E C  3.4.21.26) a n d  c o n t r o l  expe r imen t s  wi th  specific 
i nh ib i to r s  [20] o f  this e n z y m e  will be necessary ,  

A n  a d v a n t a g e  o f  the C p p - p e p t i d e - p A b  inh ib i to r s  is 
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their  rap id  b ind ing  to th imct  o l igor~pt ida~e ,  s o  that  
equ i l ib ra t ion  is i n s l a n t a n e o u s  on  the 10 rain t ime scale 
o f  o u r  as.~ays. By con t r a s t .  N-{ p h e n y l e t h y i p h o s p h o n y l ) -  
(31y-Pro-Ahx,  des igned  as an  inh ib i tor  o f  CIo.vtridium 
hLgtolyth'u~ c o I l a g e n a ~  [21], requires  several  m inu t e s  
to  reach equ i l ib r ium with th imet  o|igopeptida.,~e, al- 
t h o u g h  the final K, (7 n M L  is s imilar  {A.J. Barre t t  and  
M . A .  B r o w n .  u n p u b l i s h e d  obse rva t ions ) .  Likewise,  
p h o s p h o r a m i d o n  ( N-[ [ (6-deoxy-~-  L - m a  n n o p y r a n o s y l ) -  
o x y ] h y d r o x y p h o s p h i n y l ] - L e u - T r p )  is a s low b i n d i n g  in- 
h ib i tor  o f  t h e r m o l y s i n  [221. whereas  C p p - L e u - T r p  b i n d s  
n o r m a l l y  { 15]. 

,4¢~nowlcd, g,¢m~,nts: W e  ate  f ra te fu]  to  Dr.  M. O r t ow sk i  l~r p rov id ing  
( ' p p - A | a - A l a - T y r - p A b ,  to  l...sut.~e H a n d l o r d  and  Hot ly  S p c a t m g  for 
exper t  technical  ass is tance ant:  to  l)r ,  tLCC. t icywo¢~l for  o b t a i n i n g  
i+nd tnterpt¢t l~g the N M R  ai ld  nlass sp~.x:tra. 
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