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A b s t r a c t  - I n  t h e  p a s t  drugs were o f t e n  d iscovered by chance o r  by 
i n f e r r i n g  t h e  p r o p e r t i e s  o f  t h e i r  macromolecular recep to rs  f rom pa ins -  
t a k i n g  s t r u c t u r e - a c t i v i t y  c o r r e l a t i o n s .  
a r e  understood i n  a tomic  d e t a i l  bo th  f o r  n u c l e i c  a c i d s  and a number o f  
impor tan t  enzymes. 
t o  s t a r t  u s i n g  t h e o r e t i c a l  c a l c u l a t i o n s  t o  produce d e s i r a b l e  s e l e c t i v i t y  so 
as t o  d i s t i n g u i s h ,  f o r  example, between cancerous and normal c e l l s .  

Where t h e  enzyme s t r u c t u r e  i s  n o t  known q u a n t i t a t i v e  a p p l i c a t i o n s  o f  
P a u l i n g ’ s  i dea  t h a t  enzymes b i n d  t r a n s i t i o n  s t a t e s  a r e  p r o v i d i n g  an avenue 
t o  new i n h i b i t o r s .  
t h e  promise o f  des ign ing  enzymes w i t h  t h e  a i d  o f  monoclonal a n t i b o d i e s  by 
produc ing  p r o t e i n  which b inds  s p e c i f i c a l l y  t o  t h e  t r a n s i t i o n  s t a t e .  T h i s  
ma jor  goal  shou ld  be ach ievab le  g i ven  t h e  r e c e n t  and imminent advances i n  
computer power such as t h e  t r a n s p u t e r .  

Now t h e  s t r u c t u r e s  o f  r e c e p t o r s  

It thus  becomes p o s s i b l e  t o  des ign  i n h i b i t o r s  and even 

Knowledge o f  t r a n s i t i o n  s t a t e  s t r u c t u r e s  then o f f e r s  

INTRODUCTION 

I f  we t r y  t o  des ign  drugs s t a r t i n g  w i t h  a knowledge o f  t h e  recep to r  a r c h i t e c t u r e ,  then t h e  
obvious t a r g e t s  a r e  n u c l e i c  a c i d s  o r  enzymes. 
bo th  on i n t e r c a l a t i n g  drugs  and on groove b inde rs  such as t h e  l e x i t r o p s i n s .  
compounds e x c i t e  p a r t i c u l a r  i n t e r e s t  because t h e y  a r e  t o  a marked degree sequence s p e c i f i c :  
ne t rops in ,  f o r  example, b i n d s  p r e f e r e n t i a l l y  t o  sequences which a r e  r i c h  i n  po l y (dA)  - 
po ly (dT)  r a t h e r  than po ly (dG)  - p o l y  (dC). Some unders tand ing  o f  t h i s  p re fe rence  may be 
de r i ved  f rom d i s p l a y s  o f  t h e  e l e c t r o s t a t i c  p o t e n t i a l  i n  t h e  minor  grooves o f  model systems. 
These i n d i c a t e  t h a t  t h e  A - T combina t ion  g i v e s  r i s e  t o  a p o t e n t i a l  more a t t r a c t i v e  t o  
p o s i t i v e  species.  The hope i s  t h a t  t h i s  w i l l  be t h e  s t a r t i n g  p o i n t  f o r  t h e  des ign  o f  drugs 
which w i l l  be s p e c i f i c  f o r  p r e c i s e  sequences o f  bases so t h a t  oncogenes cou ld  be sought o u t  
and swi tched o f f ,  perhaps by me thy la t i on .  

For p r o t e i n s  t h e r e  a r e  f a r  more d e t a i l s  o f  t h e  s t r u c t u r e s  o f  b i n d i n g  s i t e s  and a number o f  
p h y s i o l o g i c a l l y  impor tan t  processes may be b locked by s u i t a b l e  i n h i b i t o r s .  For some years  
we have been u s i n g  a m o d i f i e d  quantum mechanical  method t o  c a l c u l a t e  t h e  b i n d i n g  energ ies  o f  
i n h i b i t o r s  t o  enzymes ( r e f s .  1,2). E s s e n t i a l l y  we t r e a t  t h e  atoms o f  t h e  enzyme as p o i n t  
p a r t i a l  charges b u t  t r e a t  t h e  smal l  l i g a n d  i n  a f u l l  quantum mechanical manner. I n  t h i s  way 
we have, f o r  example, been a b l e  t o  reproduce t h e  exper imenta l  b i n d i n g  energy o f  t h e  a n t i -  
cancer d rug  methot rexa te  t o  d i h y d r o f o l a t e  reduc tase (DHFR) (see F igu re  1). 

I n  t h e  case o f  DNA i n t e r e s t  i s  be ing  focussed 
These l a t t e r  
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Methot rexa te  b inds  s t r o n g l y  t o  t h e  enzyme, i n t e r f e r i n g  w i t h  t h e  metabol ism o f  f o l i c  a c i d  and 
hence k i l l i n g  t h e  c e l l ,  so t h a t  r a p i d l y  p r o l i f e r a t i n g  c e l l s  a r e  most damaged. 
normal c e l l s  a r e  a l s o  damaged w i t h  t h e  r e s u l t  t h a t  s i d e - e f f e c t s  a r e  severe. 
What i s  r e q u i r e d  i s  a d rug  which w i l l  b i n d  p r e f e r e n t i a l l y  t o  cancer c e l l s .  
Reynolds e t  a l .  (Ref .  3 )  p rov ides  a p o s s i b l e  avenue; s e l e c t i v i t y  based on redox p o t e n t i a l .  

However 

A suggest ion  by  

TUMOUR SELECTIVE ANTIFOLATES 

Although t h e  t a r g e t  enzyme (DHFR) i n  normal and tumour c e l l s  may be i d e n t i c a l ,  t h e r e  a r e  
o t h e r  d i f f e r e n t i a t i n g  p r o p e r t i e s .  
reduced oxygen supp ly  (Ref.  4 ) .  
32 mmHg i n  normal c e l l s  t o  0.25 mmHg i n  s o l i d  tumours. T h i s  prompted t h e  suggest ion  (Ref.  3 )  
t h a t  i t  shou ld  be p o s s i b l e  t o  des ign  compounds which would b i n d  t o  and i n h i b i t  DHFR when 
they  a r e  i n  t h e  reduced fo rm b u t  n o t  when ox id i zed .  

F igu re  2 shows how t h e  diamino p t e r i d i n e  p o r t i o n  o f  methot rexa te  b inds  t o  t h e  e s s e n t i a l l y  
cop lanar  Asp 27, I l e  5, I l e  94 and H20 635 o f  methot rexa te .  

F igu re  3 i n d i c a t e s  how r e p l a c i n g  t h e  amino groups by hyd roxy l s  p rov ides  an a l t e r n a t i v e  which 
i s  s t i l l  capable o f  hydrogen bonding, w h i l e  t h e  o x i d i z e d  fo rm (F igu re  4 )  l oses  t h i s  
c a p a c i t y .  The des ign  t a s k  now becomes one o f  a d j u s t i n g  t h e  redox p o t e n t i a l  by means o f  
s u b s t i t u e n t s  so as t o  ensure t h a t  t h e  reduced fo rm shou ld  be t h e  favoured s t a t e  i n  t h e  
tumour c e l l  s .  

S o l i d  tumours i n  p a r t i c u l a r  a r e  hypox ic  due t o  t h e i r  
I t  has been es t imated t h a t  oxygen t e n s i o n  i s  reduced f rom 
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Some suppor t  f o r  t h i s  approach i s  p rov ided  by t h e  f a c t  t h a t  qu inono id  molecu les  such as 
mi tomyc in  C a r e  used c l i n i c a l l y ,  r e l y i n g  on enzymic r e d u c t i o n  t o  a l k y l a t i n g  agents.  
n o t i o n  i s  t h a t  ou r  designed qu inono id  DHFR i n h i b i t o r s  would be admin i s te red  w i t h  compounds 
thought  t o  reduce oxygen supp ly .  
s i c k l e - c e l l  anaemia p a t i e n t s .  
compounds g i ven  t h e  reduced b lood  supp ly  t o  t h e  tumours. 

Our 

Compounds w i t h  t h e  l a t t e r  p r o p e r t y  were designed f o r  
The remain ing  major  problem would be t h e  d e l i v e r y  o f  our  

TRANSITION STATE ANALOGUES 

I f  we were l i m i t e d  i n  des ign ing  i n h i b i t o r s  t o  those enzymes f o r  which c r y s t a l  s t r u c t u r e s  a r e  
a v a i l a b l e  then t h e r e  would be v e r y  l i m i t e d  progress .  However t h e  o r i g i n a l  i d e a  o f  Pau l i ng  
(Ref.  5 ) ,  t h a t  enzymes lower  t h e  energy o f  t r a n s i t i o n  s t a t e s ,  l eads  t o  t h e  conc lus ion  t h a t  
many enzymes c o u l d  be b locked by t r a n s i t i o n  s t a t e  analogues. 
p e n i c i l l i n  o r  g lyphosate  e x p l o i t  t h i s  f a c t .  

Such major  i n h i b i t o r s  as 
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Since t r a n s i t i o n  s t a t e s  a r e  n o t  c l a s s i c a l  s t r u c t u r e s  they  a r e  n o t  s u i t a b l e  f o r  s tudy  by 
e m p i r i c a l l y  parameter ized  methods such as mo lecu la r  mechanics. Quantum chemical  
c a l c u l a t i o n s ,  p r e f e r a b l y  u s i n g  g r a d i e n t  techn iques  become e s s e n t i a l .  Even so massive 
amounts o f  computer t i m e  may be r e q u i r e d  when sea rch ing  f o r  t r a n s i t i o n  s t a t e s  o r  
i n te rmed ia tes  on mu l t i d imens iona l  sur faces .  

Once a t r a n s i t i o n  s t a t e  has been l o c a t e d  t h e  des ign  o f  an i n h i b i t o r  demands t h e  syn thes i s  o f  
a s t a b l e  molecu le  which mimics t h e  uns tab le  o r  metas tab le  t r a n s i t i o n a l  s t r u c t u r e .  I n  o rde r  
t o  do t h i s  i t  i s  h e l p f u l  t o  use q u a n t i t a t i v e  measures o f  how s i m i l a r  any p u t a t i v e  i n h i b i t o r  
i s  t o  t h e  p o s t u l a t e d  t r a n s i t i o n  s t a t e .  
i n t roduced  by Carbo (Refs.  6,7) which d e f i n e s  t h e  s i m i l a r i t y ,  RAE, between molecu les  A and B 
i n  terms o f  t h e i r  charge d e n s i t i e s  pA and pB by 

Much use has been made o f  t h e  s i m i l a r i t y  index  

JpApBdv (where V i s  a volume element and 
i n t e g r a t i o n  i s  over  a l l  space) RAB= ( J p i d v ) i (  JpZ,dv)i 

Th i s  index  concent ra tes  on s i m i l a r i t y  o f  shape o f  t h e  e l e c t r o n  d e n s i t y  r a t h e r  than magnitude 
( i f ,  f o r  example, pA=flp t h e  above index  would be u n i t y ,  r e p r e s e n t i n g  i d e n t i t y ) .  We have 
proposed an a l t e r n a t i v e  ?Ref. 8)  

I n  a d d i t i o n  we have used bo th  forms o f  index  n o t  j u s t  t o  compare e l e c t r o n  d e n s i t i e s  b u t  a l s o  
e l e c t r o s t a t i c  p o t e n t i a l s  and e l e c t r o s t a t i c  f i e l d s .  I n  t h e  case o f  t h e  l a t t e r  two p r o p e r t i e s  
t h e  index  runs  f rom -1 t o  +1 and we have computed va lues  numer i ca l l y ,  t a k i n g  a g r i d  o f  
p o i n t s  ex tend ing  10A around t h e  molecu les  be ing  compared and e x c l u d i n g  t h e  van der  Waals 
volumes o f  t h e  molecu les  be ing  compared, s i n c e  s i n g u l a r i t i e s  occur  a t  nuc lea r  p o s i t i o n s .  

The use o f  s i m i l a r i t y  measures as a means o f  des ign ing  i n h i b i t o r s  o f  enzymes can a l s o  be 
used i n  t h e  reve rse  f a s h i o n  - produc ing  enzymes i n  t h e  fo rm o f  a n t i b o d i e s .  

A l o n g  cher ished idea  has r e c e n t l y  proved t o  be p o s s i b l e  (Refs .  9 , lO) .  I t  ought, i n  
p r i n c i p l e ,  t o  be p o s s i b l e  t o  t a k e  a r e a c t i o n  o f  i n t e r e s t  and t o  compute t h e  t r a n s i t i o n  
s t a t e .  
p o s s i b l y  by t h e  use o f  s i m i l a r i t y  techn iques .  
bound t o  a p r o t e i n  and serve  as a hapten a g a i n s t  which a n t i b o d i e s  may be r a i s e d .  S ince  
these a n t i b o d i e s  a r e  p r o t e i n s  which b i n d  t o  t h e  t r a n s i t i o n  s t a t e  o f  t h e  o r i g i n a l  r e a c t i o n  
t h e y  shou ld  a c t  as enzymes o r  'abzyrnesl as they  have been dubbed (Ref.  11). 

As desc r ibed  above t h e  t r a n s i t i o n  s t a t e  i s  then mode l led  t o  y i e l d  a s t a b l e  analogue 
The t r a n s i t i o n  s t a t e  analogue may then be 

CONCLUSIONS 

Many o f  t h e  t o p i c s  d iscussed here  a r e  p e r f e c t l y  s t r a i g h t f o r w a r d ,  i n  p r i n c i p l e ,  b u t  demand 
massive computa t iona l  inves tment .  The advent o f  t h e  new genera t i on  o f  supercomputers and 
t h e  impact o f  t h e  t r a n s p u t e r  d iscussed i n  o t h e r  p a r t s  o f  t h i s  meet ing  l e a d  t o  f i r m  
conf idence t h a t  t h e r e  w i l l  be a massive upsurge o f  a c t i v i t y  i n  t h e  use o f  quantum chemis t r y  
i n  d rug  design. 

Acknowledgement These s t u d i e s  were conducted pursuant  t o  a c o n t r a c t  w i t h  t h e  Na t iona l  
Foundat ion f o r  Cancer Research. 

1. 
2. 
3. 
4. 

5. 
6. 
7. 
8.  
9.  
10. 
11. 

REFERENCES 

S.A.  Lambros and W.G. Richards,  J. Mol.  S t r u c t .  (Theochem) 109, 61-71 (1984). 
W.G.  Richards and A.F. Cuthbertson, J. Chem. SOC. Chem. Commun. 167-168 (1984).  
C.F. Reynolds, W.G. R ichards  and P.J. Goodford, Ant icancer  Drug Design ( i n  p r e s s ) .  
K.A. Kennedy, 8.A. Te iche r ,  S. Rockwell and A.C.  S a r t o r e l l i  Biochem. Pharmacol. 29, 1-8 
(1980).  
L .  Pau l ing ,  Am. Sc ien t . ,  36, 51-58 (1948) .  
R. Carbo, L. Leyda and M. Arnau, I n t .  J. Quantum Chem. l7, 1185-1189 (1980).  
P .E .  Bowen-Jenkins and W.G. Richards,  I n t .  J. Quantum Chem. 30, 763-768 (1986).  
E.E. Hodgkin and W.G. Richards,  I n t .  J. Quantum Chem. ( i n  p ress ) .  
A .  Tramontano, K.D. Janda and R.A. Lerner ,  Science 234, 1566-1570 (1986).  
S.J. Po l l ack ,  J.W. Jacobs and P.G. Schu l t z ,  Science 234, 1570-1573 (1986) .  
D.E. Hansen, Nature  325, 304 (1987) .  




