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F O R E W O R D 

ADVANCES IN CHEMISTRY SERIES was f o u n d e d i n 1949 b y the 
A m e r i c a n C h e m i c a l Soc ie ty as a n outlet for symposia a n d c o l 
lections of data i n spec ia l areas of t o p i c a l interest that c o u l d 
not be a c c o m m o d a t e d i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented, 
the ir papers d i s t r ibuted a m o n g several journals or not p u b 
l i s h e d at a l l . Papers are refereed c r i t i ca l ly a c c o r d i n g to ACS  
edi tor ia l standards a n d receive the care fu l at tention a n d proc
essing characterist ic of ACS publ ica t ions . Papers p u b l i s h e d 
in  A D V A N C E S  I N  C H E M I S T R Y  S E R I E S  are o r i g i n a l contr ibut ions 
not p u b l i s h e d elsewhere i n w h o l e or major par t a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y em
brace b o t h types of presentat ion. 
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PREFACE 

t f r « h e w o r l d is a scene of changes, a n d to be constant i n nature w e r e 
·*• inconstancy. " N o one takes issue w i t h this expression f r o m the p e n 

of A b r a h a m C o w l e y , but too of ten w e f a i l to recognize the d i rec t ion of 
change a n d adjust our w a y of l i fe to accommodate it . T h u s w e become 
t r a p p e d a n d b o g g e d d o w n i n o u t m o d e d inst i tutions, obsolescent methods, 
a n d u n p r o d u c t i v e tradit ions. 

Several years ago, the P u b l i c Affa irs C o m m i t t e e of the A C S D i v i s i o n 
of M e d i c i n a l C h e m i s t r y began to reflect u p o n the p r o f o u n d changes tak
i n g place i n the w o r l d about us. H o w w e r e these changes go ing to affect 
the coa l i t ion of indust ry , universi t ies , a n d government i n v o l v e d i n the 
d r u g discovery process? T h i s was the concern. 

M a n y of the changes were tak ing place i n the science of d r u g dis 
covery itself. W e h a d witnessed the b e g i n n i n g of the a p p l i c a t i o n of 
computer technology to the synthesis of c h e m i c a l compounds . C h r o m a 
tographic devices a n d spectroscopic instruments h a d b e g u n to r e v o l u 
t ionize the art of structure determinat ion . T h e p r o b i n g of b i o l o g i c a l 
processes at the molecular l e v e l was b e g i n n i n g to u n r a v e l some of the 
mysteries of disease states. These developments , a m o n g m a n y others, 
were a l ready affect ing the d r u g discovery process. E v e n m o r e significant 
changes c o u l d be expected i n the future . 

Society itself was also i n the throes of f u n d a m e n t a l changes, a n d the 
effect was certa in to inf luence the system for d r u g d iscovery a n d deve lop
ment. It h a d become nat ional p o l i c y that hea l th care is the r ight of every
one. D r u g s are an important part of the care system, a n d a l though they 
represent o n l y 20% of the total heal th care cost, their pr i ce h a d come 
under heavy attack a n d cr i t i c i sm. T h e movement t o w a r d increased gov
ernment regulat ion of the d r u g indus t ry was another facet of the ka le ido
scopic environment . Al together such factors were fast b e c o m i n g de termi 
nants i n the economics of d r u g discovery. Indeed , h a d the research a n d 
development process reached the point w h e r e i t was no longer p a y i n g 
for itself? 

T h e P u b l i c Affa i rs C o m m i t t e e c o n c l u d e d that a c r i t i c a l look at the 
process of change a n d the influence of such change o n future d r u g 
development w o u l d be construct ive. F r o m this n e b u l a arose the t w o 
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sympos ia " T h e Science of D r u g D i s c o v e r y " a n d " D r u g D i s c o v e r y a n d 
D e v e l o p m e n t i n a C h a n g i n g Society ," w h i c h were o r g a n i z e d u n d e r the 
able leadership of B a r r y B l o o m a n d G l e n n U l l y o t , respect ively . T h e 
papers f r o m these sympos ia comprise the substance of this v o l u m e . 

A b b o t t Laborator ies WARREN J. CLOSE 
N o r t h C h i c a g o , Ill. 
A u g u s t 1971 
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1 

Drugs from Natural Products—Plant Sources 

S. MORRIS K U P C H A N 

University of Virginia , Charlottesville, V a . 22901 

The plant kingdom has served as one of man's oldest sources 
of useful drugs. The history of classic plant-derived medic-
inals, such as morphine and quinine, illustrates the origin of 
the older medicinals as major and relatively easily isolated 
constituents of folk remedies. More recently discovered 
agents, such as reserpine and vincaleukoblastine, have been 
minor constituents of complex mixtures, whose isolation was 
guided by pharmacological assay. A model for future 
searches for plant derived medicinals is illustrated by the 
isolation and characterization of the tumor inhibitors ver-
nolepin and jatrophone. Screening of many hundreds of 
crude extracts yielded a significant number of active extracts, 
and fractionations guided by biological assays have yielded a 
fascinating array of novel biologically active plant products. 

^T^he use i n medic ine of drugs d e r i v e d f r o m plants goes back to ant iqui ty . 
Α W h e n one considers the therapeutic impact of m o r p h i n e , q u i n i n e , 

digi ta l is , ergot, atropine, cocaine, reserpine, a n d vincaleukoblast ine , to 
name b u t a few, it is evident h o w great is the debt of medic ine to plant -
d e r i v e d drugs even today. If one adds the synthetic derivat ives a n d 
variants of p l a n t - d e r i v e d products , the role of natura l products f r o m 
plant sources has been most impressive. 

T h e most important p l a n t - d e r i v e d drugs were de ve lo pe d be tween 
1800 a n d 1950. T h e past f e w decades have witnessed an unquest ionable 
d i m i n u t i o n i n the n u m b e r of such compounds i n t r o d u c e d into medic ine . 
These facts have l e d to suggestions that the intensive investigations of 
the past century have nearly exhausted the plant k i n g d o m as a potent ia l 
source for n e w drugs a n d that future w o r k i n this area is u n l i k e l y to be 
r e w a r d i n g . I address myself to the contrary thesis—viz., that the plant 
k i n g d o m continues to offer a r i c h a n d v i r t u a l l y inexhaustible s u p p l y of 
n e w potent ia l drugs. H o w e v e r , the success i n t a p p i n g this source 
w i l l d e p e n d u p o n the extent to w h i c h newer approaches to the study of 
b io logica l ly -ac t ive p lant constituents are used. 
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2 D R U G D I S C O V E R Y 

The Fast: Morphine and Quinine 

A s w e look to the past, m o r p h i n e a n d q u i n i n e represent classic ex
amples of early p l a n t - d e r i v e d medic ina ls . O p i u m , the s u n - d r i e d latex of 
the u n r i p e f r u i t of Papaver somniferum, is be l i eved to have been used 
before his tory was recorded. T h e first u n d i s p u t e d reference to p o p p y 
juice is f o u n d i n the wr i t ings of Theophrastus i n the t h i r d century B . C . 
Dioscor ides i n the first century A . D . was f u l l y acqua in ted w i t h the m e t h o d 
for co l lec t ing a n d p r e p a r i n g o p i u m , a n d his direct ions for p r e p a r i n g syrup 
of p o p p y are essentially u n c h a n g e d i n m o d e r n pharmacopeias . A r a b i a n 
physic ians were w e l l versed i n the uses of o p i u m . T h i s d r u g was intro
d u c e d to the O r i e n t a n d C h i n a b y A r a b i a n traders. T h e spread of the 
o p i u m habi t throughout C h i n a d i d not occur u n t i l the latter part of the 
eighteenth century w h e n the Portuguese a n d later the E n g l i s h started 
to exploit the natives i n this regard. T h e w a r against o p i u m has cont inued 
i n the O r i e n t a n d elsewhere ever since. 

Figure 1. Morphine 

F r o m the sixteenth century a n d w e l l into the nineteenth century the 
uses of o p i u m for its analgesic a n d h y p n o t i c properties were f a i r l y w e l l 
unders tood i n E u r o p e . I n 1805 a y o u n g G e r m a n pharmacis t i n H a n o v e r 
n a m e d Serturner isolated a n d descr ibed m o r p h i n e . T h i s epochal finding 
w e n t u n n o t i c e d u n t i l his later p u b l i c a t i o n i n 1816. Serturner almost lost 
his l i fe b y exper iment ing w i t h m o r p h i n e on himself . T h e discovery of 
other a lkaloids i n o p i u m q u i c k l y f o l l o w e d that of m o r p h i n e , a n d the use 
of p u r e a lkaloids rather than crude preparat ions soon spread throughout 
the m e d i c a l w o r l d . Extens ive s t ructural studies l e d to e l u c i d a t i o n of mor
phine's structure b y G u l l a n d a n d R o b i n s o n i n 1925 ( I ) , a n d total syn
theses b y Gates a n d T s c h u d i (2 ) a n d b y E l a d a n d G i n s b u r g (3 ) con
firmed complete ly the structure a n d stereochemistry of the molecu le 
( F i g u r e 1 ). It is noteworthy that m o r p h i n e is the major a l k a l o i d of o p i u m ; 
i n a good grade of o p i u m it averages 1 0 % , a l though samples conta in ing 
over 2 0 % have been reported. 

Q u i n i n e is the chief a l k a l o i d of c inchona , the bark of the c inc ho na 
tree indigenous to certa in regions of South A m e r i c a . T h e first w r i t t e n 
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1. κυρ C H A N Fiant Sources 3 

record of the use of c inchona occurs i n a re l igious book w r i t t e n i n 1633 
a n d p u b l i s h e d i n S p a i n i n 1639. A var ie ty of c o l o r f u l a n d f a n c i f u l ver
sions of the d iscovery of the fever bark exist. A p o p u l a r a n d persistent 
vers ion is that the bark was used i n 1638 to treat Countess A n n a d e l 
C h i n c h o n , w i f e of the v iceroy to P e r u , a n d that her miraculous cure re
sul ted i n the i n t r o d u c t i o n of c inchona into S p a i n i n 1639 for the treatment 
of ague. B y 1640, the d r u g was b e i n g used for fevers i n E u r o p e . T h e 
t e r m " c i n c h o n a " was chosen b y L inné ( w h o acc identa l ly misspe l led i t ) for 
the species of plants y i e l d i n g the d r u g . Jesuit priests were the m a i n i m 
porters a n d distr ibutors of c i n c h o n a i n E u r o p e , a n d the name "Jesuit b a r k " 
soon became attached to the d r u g . 

F o r almost t w o centuries, the bark was used i n m e d i c i n e as a p o w d e r , 
extract, or in fus ion . I n 1820 Pel le t ier a n d C a v e n t o u isolated q u i n i n e a n d 
c inchonine f r o m c inchona , a n d the use of the a lkalo ids as such ga ined 
favor r a p i d l y . Extens ive a n d classic studies l e d to e luc ida t ion of the 
structure of q u i n i n e ( F i g u r e 2) (4) a n d to its total synthesis i n 1944 ( 5 ) . 
C i n c h o n a contains 25 closely re lated a lkaloids , of w h i c h the most i m p o r 
tant are quin ine , q u i n i d i n e , c inchonine , a n d c i n c h o n i d i n e . T h e average 
y i e l d of a l k a l o i d is about 6 - 7 % , of w h i c h one-half to two- th i rds is q u i n i n e . 
It has been said that q u i n i n e owes its d o m i n a n t pos i t ion i n the treatment 
of m a l a r i a o n l y to the fact that it was the first a l k a l o i d isolated f r o m 
c inchona , a n d that there is l i t t le a m o n g the four major a lkalo ids to choose 
f r o m i n treat ing this disease (6). 

Figure 2. Quinine 

T h e his tory of m o r p h i n e a n d q u i n i n e , l ike that of most classic p lant -
d e r i v e d medic ina ls , reveals that the compounds represented major a n d 
re la t ive ly easily isolated p lant constituents. T h e ready accessibi l i ty of the 
c o m p o u n d s p l a y e d a major role i n their character izat ion as the act ive 
pr inc ip les of the plants . 
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4 D R U G D I S C O V E R Y 

The Present: Reserpine and Vincaleukoblastine 

Reserpine a n d v inca leukoblas t ine represent the most impor tant p lant -
d e r i v e d medic ina ls i n t r o d u c e d into m e d i c i n e b y our generat ion, a n d i t is 
instruct ive to compare the i r his tory w i t h those of m o r p h i n e a n d q u i n i n e . 
Descr ip t ions of the use of extracts of plants resembl ing Rauwolfia m a y 
be t raced back to ancient H i n d u a y u r v e d i c wr i t ings . T h e y were used i n 
p r i m i t i v e H i n d u m e d i c i n e for a var ie ty of diseases, i n c l u d i n g snake bi te , 
hypertens ion, insomnia , a n d insanity . T h e early remedies were used for 
var ious other purposes, but i t seems clear n o w that our present d a y 
a p p l i c a t i o n of Rauwolfia a lkaloids i n t reat ing hyper tens ion a n d m e n t a l 
disease was foreshadowed i n the fo lk m e d i c i n e of the Eas tern peoples. 

A l t h o u g h Rauwolfia was invest igated i n the nineteenth century a n d 
the presence of a lkaloids i n d i c a t e d , a systematic invest igat ion of Rauwolfia 
was only started b y S i d d i q u i a n d S i d d i q u i i n 1931 ( 7 ) . F i v e a lkalo ids 
w e r e isolated at that t ime, a n d despite the fact that one a l k a l o i d (ser
pent ine ) h a d a blood-pressure r e d u c i n g effect, none of the five s h o w e d 
the characteristics w h i c h were later c a l l e d " reserpine l ike" (8). C h o p r a 
a n d others c o n c l u d e d that a d d i t i o n a l p h a r m a c o l o g i c a l l y act ive m a t e r i a l 
must be present i n the w h o l e root for w h i c h the crystal l ine a lkalo ids 
ava i lab le at the t ime c o u l d not account (9, 10). T h e Rauwolfia p r o b l e m 
rece ived a great s t imulus f r o m the 1949 paper b y V a k i l i n the British 
Heart Journal o n the ant ihypertensive effects of Rauwolfia extracts i n m a n 
( I I ) . I n the newer studies, systematic f ract ionat ion a n d isolat ion w e r e 
c o u p l e d w i t h p h a r m a c o l o g i c a l evaluat ion, a n d it became apparent that 
the hypotens ive a n d a l k a l o i d a l mater ia l was concentrated into the "oleo-
r e s i n " f rac t ion . Reserpine, the most impor tant Rauwolfia a l k a l o i d , was 
isolated f r o m the "o leores in" f rac t ion i n 1952 (12 ) , a n d short ly a f t e r w a r d 
it was s h o w n to be responsible for most of the t r a n q u i l i z i n g a n d h y p o 
tensive effects of Rauwolfia extracts. T h e e luc ida t ion of its structure 
( F i g u r e 3) (13) a n d an elegant total synthesis (14,15) const i tuted major 

O M e 

Figure 3. Reserpine 
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1. K U P C H A N Fiant Sources 5 

achievements i n a l k a l o i d chemistry . Reserpine is one of over 50 a lkalo ids 
isolated f r o m various Rauwolfia species. 

T h e benef ic ia l propert ies of the p e r i w i n k l e plant , Vinca rosea L i n n . , 
have been descr ibed i n m e d i c i n a l fo lk lore for m a n y years i n various parts 
of the w o r l d . A n a l leged ac t iv i ty as an ora l h y p o g l y c e m i c agent p r o m p t e d 
its p h y t o c h e m i c a l examinat ion i n t w o different laboratories independent ly . 
W h i l e nei ther g r o u p c o u l d substantiate this reported ac t iv i ty i n either 
n o r m a l or e x p e r i m e n t a l l y - i n d u c e d h y p e r g l y c e m i c rabbits , the C a n a d i a n 
gro up of N o b l e , Beer , a n d Cut t s observed a p e r i p h e r a l granulocytopenia 
a n d bone m a r r o w depression i n rats associated w i t h cer ta in fractions 
(16). These effects g u i d e d the extract ion a n d pur i f i ca t ion of an act ive 
a l k a l o i d , termed vincaleukoblas t ine . T h e L i l l y group, w h i c h i n c l u d e d 
Johnson, Svoboda , a n d others, demonstrated that cer ta in a l k a l o i d a l frac
tions i n h i b i t e d the g r o w t h of an acute l y m p h o c y t i c l e u k e m i a i n mice . 
F r a c t i o n a t i o n , f o l l o w e d b y assay i n the leukemic mice , y i e l d e d v i n c a l e u 
koblast ine, v incr is t ine , a n d t w o other active d i m e r i c a lkalo ids (17, 18). 
V i n c a l e u k o b l a s t i n e a n d vincr is t ine are n o w a m o n g the most impor tant 
drugs for the treatment of acute l e u k e m i a of c h i l d h o o d a n d other neo
plasms (19). T h e molecular structures of v inca leukoblas t ine a n d v i n 
crist ine were d e t e r m i n e d b y c h e m i c a l studies i n 1964 ( F i g u r e 4) (20), 
a n d the complete stereochemistry a n d absolute conf igurat ion were e lu 
c i d a t e d b y x-ray crysta l lographic analysis i n 1965 (21). V i n c a l e u k o 
blast ine is one of more than 50 alkaloids isolated f r o m Vinca rosea. 

Figure 4. Vincaleukoblastine 

T h e r e v i e w of the history of reserpine a n d vinca leukoblas t ine reveals 
that each a l k a l o i d was a m i n o r constituent of a complex mixture a n d that 
its i solat ion f r o m the mixture was g u i d e d i n each case b y assay for char
acteristic p h a r m a c o l o g i c a l properties . It is l i k e l y that, h a d the invest iga-
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6 D R U G D I S C O V E R Y 

tions of Rauwolfia serpentina a n d Vinca rosea proceeded a long classical 
p h y t o c h e m i c a l l ines, w i t h o u t p h a r m a c o l o g i c a l guidance , the d iscovery 
of reserpine a n d of v inca leukoblas t ine w o u l d have been p o s t p o n e d b y 
m a n y years. 

The Future: Vernolepin and Jatrophone 

T h e past a n d present states of any field are far s impler to comment 
u p o n t h a n the future . O n the other h a n d , the absence of c lear-cut guide
lines provides the w r i t e r considerable la t i tude i n discussing the future . 

B e l o w I out l ine br ie f ly some recent findings i n m y laboratory i n a 
p r o g r a m direc ted at tumor inhib i tors of p lant o r i g i n . T h i s p r o g r a m , w h i c h 
has a l ready l e d to the isolat ion of the act ive pr inc ip les of more t h a n 80 
t u m o r - i n h i b i t o r y extracts, has been the subject of t w o recent reviews 
(22). F o r this discussion of the future of p l a n t - d e r i v e d drugs , the stories 
of v e r n o l e p i n a n d jatrophone w i l l e x e m p l i f y one important approach . 

Powdered leaves 

A (1.5 Kg) 

ι 
Concentrated chloroform extract 

Β (87.0g) 

Partition 

ι 1 1 
10% Aqueous methanol Interfacial solid Petroleum ether 

extract, C (5l.0g) D (I0.6g) extract, Ε (23.8 g) 

Silica gel chromatography 

Solvent: 15% acetone in chloroform 

Vernomenin (6.5 g) 

Mixture (6.5 g) 

Vernolepin (5.5 g) 

Figure 5. Fractionation of tumor-inhibitory extract from Vernonia hymenolepis 

I n our p r o g r a m , the f ract ionat ion a n d isolat ion studies are g u i d e d 
at every stage b y b i o l o g i c a l assays. T h e systematic f ract ionat ion has m a d e 
possible the isolat ion of important m i n o r constituents w h i c h w o u l d most 
p r o b a b l y have been missed i n the classical approach . D u r i n g the screen
i n g p r o g r a m sponsored b y the C a n c e r C h e m o t h e r a p y N a t i o n a l Service 
Center , a n extract of Vernonia hymenolepis, A. rich, was f o u n d to show 
significant a n d r e p r o d u c i b l e cytotoxic i ty against the K B tissue cul ture 
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1. K U P C H A N Fiant Sources 7 

of h u m a n c a r c i n o m a of the nasopharynx. F i g u r e 5 summarizes the frac
t ionat ion procedure that l e d to the isolat ion of the cytotoxic pr inc ip les , 
verno lep in , a n d v e r n o m e n i n . A l t h o u g h the c o m p o u n d s were concentrated 
a n d isolated solely o n the basis of in vitro cytotoxic i ty , v e r n o l e p i n was 
subsequent ly f o u n d to show significant in vivo tumor i n h i b i t o r y ac t iv i ty 
against the W a l k e r 256 carc inosarcoma i n the rat. V e r n o l e p i n a n d its 
isomer, v e r n o m e n i n , w e r e interre lated b y convers ion to a c o m m o n m e t h 
a n o l adduct . A c o m b i n a t i o n of degradat ive , spectral , a n d x-ray crystal lo-
graphic studies resul ted i n assignment of the b iogenet ica l ly n o v e l , 
e lemanol ide di lac tone structures s h o w n i n F i g u r e 6 (23, 24). 

Figure 6. Structures of vernolepin (upper left, R=H) and vernomenin (upper 
right, R=H) 

Several recent observations have focused attent ion o n the importance 
of the conjugated α -methylene lactone f u n c t i o n for the b i o l o g i c a l ac t iv i ty 
of v e r n o l e p i n a n d other sesquiterpene lactones. F u r t h e r m o r e , the results 
support the v i e w that the α -methylene lactones m a y exert their effects on 
cells b y interact ing w i t h s u l f h y d r y l enzymes that regulate ce l lu lar g r o w t h . 
F o r instance, v e r n o l e p i n is a potent i n h i b i t o r of the extension g r o w t h of 
wheat coleopti le sections (-25); this i n h i b i t o r y effect is b l o c k e d complete ly 
b y a d d i n g s u l f h y d r y l compounds such as mercaptoethanol to the m e d i u m . 
Second, v e r n o l e p i n a n d other sesquiterpene lactones can i n h i b i t phospho-
fructokinase b y react ing w i t h the enzyme's s u l f h y d r y l groups (26). 
T h i r d , as s h o w n i n F i g u r e 7, the cytotoxic i ty of v e r n o l e p i n derivat ives 
appears to be re lated d i rec t ly to the presence of free conjugated α -meth
ylene lactone funct ions . T h u s , selective r e d u c t i o n of the ethyl idene 
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8 D R U G D I S C O V E R Y 

0 0' 0' 

ο ο ο 

VERNOLEPIN 
E D 5 0 2.0 / 

DIHYDROVERNOLEPIN TETRAHYDROVERNOLEPIN 
2 . 0 / 19.0/ 

Ο 
Ο' 

Ο OCH 3 Ο 

HEXAHYDROVERNOLEPIN 

> 100/ 

ACIDIC METHANOLYSIS 

PRODUCT 

2 6 / 

Figure 7. Cytotoxicity of vernolepin derivatives 

d o u b l e b o n d does not appear to affect the cytotoxic i ty . H o w e v e r , m o d i 
fication of the a -methylene-y- lactone ( b y trans-esterification to the m e t h 
a n o l a d d u c t or b y hydrogénat ion) results i n a 10-fold d i m i n u t i o n i n 
cytotoxic i ty . M o d i f i c a t i o n of b o t h α -methylene lactone systems, as i n 
hexahydroverno lep in , leads to a der ivat ive w h i c h is essentially inact ive . 
[ T h e synthesis of d i h y d r o v e r n o l e p i n exemplifies a n e w b l o c k i n g sequence 
for the protect ion of the h i g h l y reactive conjugated α -methylene groups 
of lactones ( F i g u r e 8 ). V e r n o l e p i n was treated w i t h excess n - p r o p y l t h i o l 
at p H 9.2 to give a b i s th io l adduct . Hydrogénation of the b i s th io l a d d u c t 
( w i t h one mole equivalent of h y d r o g e n ) , f o l l o w e d b y m e t h y l i o d i d e 
m e t h y l a t i o n a n d s o d i u m bicarbonate-cata lyzed e l iminat ion , gave d i h y d r o 
v e r n o l e p i n (-27).] R e c e n t l y w e s tudied the reactions of several con
jugated α -methylene lactones w i t h m o d e l b i o l o g i c a l nucleophi les , such as 
cysteine, lysine, a n d guanine (28). T h i o l s such as cysteine were the most 
reactive, a n d the rate of react ion was of the same order as that of cysteine 
w i t h iodoacetate, a c o m m o n l y used s u l f h y d r y l reagent ( F i g u r e 9 ) . T h e 
biscysteine adducts , i n accord w i t h expectations, were essentially inact ive . 

Extracts of Jatropha gossypiifolia L . a n d related species have been 
used for m a n y years i n C o s t a R i c a to treat cancerous growths . A n alco
h o l i c extract of the roots of Jatropha gossypiifolia ( s u p p l i e d b y J . A . Saenz 
R e n a u l d of the U n i v e r s i t y of Cos ta R i c a ) was f o u n d b y C C N S C to show 
i n h i b i t o r y ac t iv i ty against four s tandard a n i m a l t u m o r systems ( sarcoma 
180, L e w i s l u n g carc inoma, a n d l y m p h o c y t i c l e u k e m i a P-388 i n the mouse, 
a n d the W a l k e r 256 in t ramuscular carc inosarcoma i n the rat ) a n d in vitro 
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1. κυρ C H A N Fhnt Sources 9 

against cells d e r i v e d f r o m h u m a n carc inoma of the nasopharynx ( K B ) . 
F i g u r e 10 summarizes the f rac t ionat ion procedure that l e d to the isola
t ion of the cytotoxic p r i n c i p l e , jatrophone. A f t e r i so lat ion o n the basis 
of f rac t ionat ion g u i d e d b y assay against K B c e l l cul ture , jatrophone 
s h o w e d r e p r o d u c i b l e i n h i b i t o r y ac t iv i ty against the P-388 l y m p h o c y t i c 

Dihydrovernolepin 1 ^ 

Figure 8. Dihydrovernolepin 

NH 3 

RSH= CH-CH 2-SH 
/ ά 

C0 2 

Figure 9. Reaction of vernolepin with ^cysteine at 25°C, pH 7.4. Initial 
reaction rate: k2 = 12,000 liters/mole/min. 
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10 D R U G D I S C O V E R Y 

Concentrated a l c o h o l i c e x t r a c t 
A (740g) 

T r i t u r a t i o n 

Benzene solubles Benzene insolubles 
Β (165g) C (570g) 

T r i t u r a t i o n 

Hexane solubles Hexane i n s o l u b l e s 
D (93g) Ε (70g) 

Chromatography ( S i l i c a gel) 

F (48g) 
Chroma tography 

+ Jatrophone 
G (l.4g) (Alumina) 

Figure 10. Fractionation of tumor-inhibitory extract from Jatropha gossy
piifolia L . 

l e u k e m i a as w e l l . T h e n o v e l m a c r o c y c l i c d i t e r p e n o i d structure s h o w n i n 
F i g u r e 11 was assigned o n the basis of spectral studies of jatrophone a n d 
several der ivat ives , as w e l l as x-ray crysta l lographic analysis of jatrophone 
d i h y d r o b r o m i d e (29). H y d r o b r o m i n a t i o n of jatrophone i n g lac ia l acetic 
a c i d gives the u n i q u e d i h y d r o b r o m i d e adduct ; s t i r r ing a c h l o r o f o r m solu
t i o n of the d i h y d r o b r o m i d e w i t h a suspension of neut ra l a l u m i n a regen
erates jatrophone. T h e ready format ion of the d i h y d r o b r o m i d e a d d u c t 
is envis ioned as a result of t w o nove l transannular conjugate a d d i t i o n 
reactions, a n d the stereochemical representation of these conjugate a d d i 
tions is s h o w n i n F i g u r e 12. T h i o l s attack jatrophone w i t h great ease, 
a n d studies of the interact ion of s u l f h y d r y l enzymes w i t h jatrophone are 
current ly u n d e r w a y . These a n d other experiments are des igned to eval -

o 

JATROPHONE JATROPHONE DIHYDROBROMIDE 

Figure 11. Antileukemic principle of Jatropha gossypiifolia 
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1. K U P C H A N Ρ font Sources 11 

uate whether jatrophone a n d other p l a n t - d e r i v e d tumor inhib i tors m a y 
act b y selective a l k y l a t i o n of s u l f h y d r y l enzymes that regulate ce l lu lar 
g r o w t h . 

T h i s discussion of v e r n o l e p i n a n d jatrophone il lustrates our a p p r o a c h 
to the isolat ion f r o m plants of n e w , nove l , a n d b i o l o g i c a l l y act ive n a t u r a l 
products . B o t h examples i n v o l v e d b i o l o g i c a l assays for g r o w t h - i n h i b i t o r y 
act iv i ty , b u t any other satisfactory b i o l o g i c a l assay c o u l d be used i n a 
search for other types of compounds . T o the invest igator w h o w i l l under 
take such a systematic a p p r o a c h to b i o l o g i c a l l y act ive n a t u r a l products , 

Figure 12. Transannular conjugate additions of Η Br 

the p lant k i n g d o m represents a v i r t u a l l y u n t a p p e d resource. O u r botanist 
colleagues estimate that approx imate ly 500,000 species of plants occur , 
a n d that perhaps 1 0 % have been invest igated p h y t o c h e m i c a l l y . O f the 
smal l m i n o r i t y w h i c h have rece ived c h e m i c a l attention, o n l y a t i n y pro
p o r t i o n have ever been at tacked w i t h a systematic a p p r o a c h i n v o l v i n g 
any type of b i o l o g i c a l assay. Di f ferent bioassays w i l l p r o v i d e " h a n d l e s " 
for i so la t ing n e w compounds f r o m those f e w plants w h i c h have a l ready 
been examined w i t h the guidance of one assay system. Indeed , w e have 
already witnessed the effectiveness of this a p p r o a c h i n the p l a n t t u m o r -
i n h i b i t o r p r o g r a m . P e r i o d i c reexaminat ion of p lant recollect ions w i t h 
n e w screening systems continues to y i e l d n e w actives. A s one looks to 
the future , p lant sources m a y prove to be inexhaust ible since p e r i o d i c 
reexaminat ion of extracts of the same plant w i l l be desirable as n e w a n d 
sensitive bioassay procedures for different types of ac t iv i ty are discovered. 
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12 D R U G D I S C O V E R Y 

O n e i m p o r t a n t quest ion remains : w h e r e w i l l the n e w leads come 
f rom? So m a n y of the older p l a n t - d e r i v e d medic ina ls have sprung f r o m 
fo lk remedies that m a n y readers assume that o n l y plants repor ted to be 
therapeut ica l ly use fu l s h o u l d be examined for p h a r m a c o l o g i c a l proper
ties. Selected i n d i v i d u a l f o l k remedies whose repor ted p h a r m a c o l o g i c a l 
propert ies are detectable i n objective assays w i l l cont inue to p r o v i d e some 
leads. H o w e v e r , logist ic considerations w i l l require that the major i ty of 
future leads i n this area w i l l emerge f r o m large scale r a n d o m screening 
of p lant extracts. It is s ignif icant that of the first 40,000 c rude extracts 
p r e p a r e d f r o m plants co l lec ted b y the C C N S C r a n d o m l y f r o m a r o u n d 
the w o r l d approx imate ly 3 % s h o w e d r e p r o d u c i b l e ac t iv i ty i n one or an
other of the tumor systems used ( 3 0 ) . T h e demonstrated effectiveness of 
r a n d o m screening of p l a n t extracts i n u n c o v e r i n g significant leads for 
systematic i solat ion of g r o w t h - i n h i b i t o r y compounds supports confidence 
i n this a p p r o a c h to n e w c o m p o u n d s w i t h other des ired p h a r m a c o l o g i c a l 
propert ies . 

O u r s m a l l incurs ion into the search for p l a n t - d e r i v e d tumor inhib i tors 
d u r i n g the past decade has y i e l d e d a fasc inat ing array of n o v e l b i o 
l o g i c a l l y act ive na tura l products . T h e p lant k i n g d o m w i l l cont inue to 
y i e l d n o v e l drugs to those w h o w i l l use b i o l o g i c a l assay as a " d i v i n i n g 
r o d " i n their h i g h l y significant a n d cha l l eng ing explorations. 
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2 

Drugs from Natural Products—Animal 
Sources 

J. A. H O G G 

The Upjohn Co. , Kalamazoo, M i c h . 49001 

Comparative analysis of the timetables depicting break
through events in the development of the steroid hormone 
and the prostaglandin fields, when viewed in relation to 
certain developments in the field of science as a whole, 
reveals some of the factors which most influenced their 
genesis. The most prominent factor in regulating the pace 
of progress was the emergence of new supporting technology 
in other fields of science. The breakthrough event itself often 
served to stimulate the pace. Despite numerous similarities 
between the two fields the pattern of the prostaglandin effort 
has not been a duplication of the steroid developments, but 
the influence of advances in the science of drug discovery in 
general is recognizable. The potential for drug discovery 
from animal sources remains high as judged by the promise 
of numerous emerging new fields. 

η analysis a n d evaluat ion of the scientific aspects of d r u g discovery 
f r o m a n i m a l o r i g i n s h o u l d p r o v i d e some enl ightenment o n the future 

of this d r u g source. M o s t of the major classifications of d r u g candidate 
substances k n o w n to be p r o d u c e d b y the various a n i m a l categories 
( T a b l e I ) are s t i l l under act ive invest igat ion today. H o w e v e r , since this 
entire field is so vast, o n l y t w o categories are discussed: the steroid 
hormone field a n d the prostaglandins. T h e former is older i n vintage 
a n d more mature i n its development w h i l e the latter is a field i n w h i c h 
there are as yet no products i n therapeutic use. N e i t h e r category is 
l i m i t e d i n o r i g i n to mammal ians a n d i n the case of steroids not even to 
animals . These t w o exc i t ing fields of d r u g research are a n a l y z e d b y us ing 
t imetables for each w h i c h depic t breakthrough events. Perhaps some 
of the lessons learned f r o m the steroid experience m a y be used i n devel 
o p i n g the prostaglandins. 

14 
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2. H O G G Animal Sources 15 

Table I. Drugs from Animal Sources 

Animal Category 

Vertebrates 
aquat ic 
terres tr ia l 

Invertebrates 
aquat ic 
terres tr ia l (e.g., insects) 

Drug (Candidate) 
Substances 

steroid hormones 
peptide hormones 
v i t a m i n s 
enzymes 

vaccines 
prostaglandins 
miscel laneous 
pheromones 
p r e d a t o r - p r e y defense 
p a r a s i t e - h o s t defense 

Steroid Hormones 

F i g u r e 1 shows the basic c a r b o n structures for these t w o classes of 
substances. A l l steroids conta in the perhydrocyc lopentanophenanthrene 
r i n g system w h i l e the carbon skeleton basic to a l l prostaglandins has been 
ca l led prostanoic a c i d . T h e steroid hormones are discussed first. 

PERHYDROCYCLOPENTANOPHENANTHRENE PROSTANOIC ACID 

Figure 1. Basic carbon skeletons of steroids and prosta
glandins 

T h e sequence of events w h i c h n o r m a l l y occurs i n the discovery of a 
natura l ly occurr ing substance is usua l ly in i t i a ted b y some b i o l o g i c a l 
event w h i c h signals the poss ib i l i ty of d r u g potent ia l . T h i s " b i o d e t e c t i o n " 
endpoint m a y or m a y not reveal a specific area of m e d i c i n a l interest for 
the u n k n o w n substance. I n some instances the i n i t i a l b i o l o g i c a l ac t iv i ty 
can be d e v e l o p e d into a quant i ta t ive assay m e t h o d , w h i c h can then be 
used to guide the isolat ion of act ive substance. M o s t h o r m o n a l substances 
are present i n t i n y amounts so that i solat ion cannot be ach ieved w i t h o u t 
the he lp of such an assay. 

T h i s is especial ly true for the p r i m a r y steroid hormones s h o w n i n 
T a b l e II . T h e isolat ion of estrone w o u l d have been m u c h d e l a y e d h a d 
Z o n d e k not d iscovered that the ur ine of pregnant w o m e n is a m u c h r icher 
source than ovar ian extract, w h e r e its presence h a d first been detected. 
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16 D R U G D I S C O V E R Y 

T h e m a g n i t u d e of the task i n v o l v e d i n one of these isolations can be 
apprec ia ted f r o m the fact that B u t e n a n d t was able to isolate o n l y 20 m g 
of pure progesterone f r o m 625 k g of ovaries obta ined f r o m 50,000 sows. 
T h e large scale extractions w e r e carr ied out b y Scher ing A G laboratories. 

T h e first test icular hormone isolated was androsterone, a metabol i te 
of testosterone. T h i s also was achieved b y Bute nandt start ing w i t h an 
extract f r o m 15,000 liters of ur ine s u p p l i e d b y Scher ing f r o m w h i c h he 
obta ined o n l y 15 m g of pure crystals. F o u r years later, L a q u e r isolated 
10 m g of the p r i m a r y male sex hormone, testosterone, f r o m 100 k g of 
steer testis. I n a l l cases o n this table the key to isolat ion was the quant i ta 
t ive bioassay as l is ted. 

Table II. Source Concentrations of Steroid Hormones 

Hormone 

Est rone 

Progesterone 

Testosterone 

H y d r o c o r t i s o n e 

Source 

h u m a n preg
n a n c y ur ine 

pregnant mare 
urine 

p a l m k e r n e l 

sow ovaries 

ur ine 

beef adrenal 

Concentration 

1 mg/l i te r 

10 mg/l i ter 

18 mg/50 k g 

625 k g y i e l d e d 20 m g 

1 mg/l i ter 
(15,000 l i ters 
y i e l d e d 15 mg(5) 

37 mg/1000 lb 

Assay 

A l l e n - D o i s y (1) 

C o r n e r - A l l e n (2) 

C o x c o m b test 

Ingle w o r k 
test (4) 

T h e dates of these isolations a n d others of the p r i m a r y steroid hor
mone group are recorded i n T a b l e I I I . T h i s o v e r a l l t imetable of events 
also shows other key stages i n the discovery a n d development of drugs 
f r o m natura l sources. M o s t of these stages n o r m a l l y occur b u t not a lways 
i n the order l is ted. 

T h e members of this group of na tura l ly o c c u r r i n g hormones are 
s imi lar i n structure. I n their b i o c h e m i c a l evolut ion nature has used a 
c o m m o n r a w m a t e r i a l — n a m e l y , cholesterol , yet their phys io log ica l roles 
are vast ly different. It w o u l d seem that nature is the o r i g i n a l pract i t ioner 
of molecu lar modi f i ca t ion . 

T h e most s t r ik ing fact revealed on this chart is that the isolat ion, 
structure, a n d p a r t i a l synthesis of a l l of the p r i m a r y hormones i n each 
class, excepting aldosterone, were ach ieved concurrent ly w i t h i n the 1930's, 
a ten-year p e r i o d . It w o u l d be t e m p t i n g to assume f r o m this table that 
structure determinat ion a n d synthesis are rout ine consequences of the 
isolat ion. T h e isolations of this entire group, except ing aldosterone, oc
c u r r e d rather close together. H o w e v e r , the reasons w h i c h expla in the 
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2. H O G G Animal Sources 17 

Table III. Steroid Hormones—Discovery and 
Development (Timetable)" 

19 

F e m a l e H o r m o n e s 
E q u i l e n i n 

30 34 38 

(i) (2) ( 

42 46 
1 1 

3) 

50 54 58 62 
1 1 1 1 

E s t r o n e (i) (2,6) (5) (3) (4) 

Progesterone (1,2,3) (5,6) (4) 

M a l e H o r m o n e s 
Testosterone (1,2,3,6) (4) 

A d r e n a l Steroids (30) 
Cor t i sone (1)(2) (3) (5 ) (4) (6) 

D O C (2,3) (1) (4) 

Aldosterone (1,2) (4) 

" L e g e n d : (1) isolation, (2) structure, (3) partial synthesis. (4) total synthesis, 
(5) therapeutic use, (6) analogs. 

r a p i d breakthroughs i n structure a n d synthesis seen here relate to pre
c e d i n g events a n d are of considerable importance to the process of na tura l 
p r o d u c t d r u g discovery. These reasons are discussed be low. 

T h e total synthesis of these substances lagged another dozen years 
a n d then broke across the b o a r d . G i f t e d scientists i n b o t h industry a n d 
universit ies were responsible for d e v e l o p i n g the necessary technology. 
Scientists i n both environments were m o t i v a t e d b y the chal lenge a n d 
importance of the goals set u p b y the successes of the steroid hormone 
decade. T h e risk for the i n d u s t r i a l scientist to become i n v o l v e d at this 
early stage is greater since he is also accountable for the prac t i ca l i ty of 
his results. 

T h e therapeutic u t i l i z a t i o n of steroids d i d not reach significant pro
port ions u n t i l the early 1950's, f o l l o w i n g the cortisone breakthrough i n 
1949. M e r c k a n d C o . assumed the p r i m a r y risk for d e v e l o p i n g m e t h o d 
ology a n d p r e p a r i n g large quantit ies of cortisone for c l i n i c a l evaluat ion. 
H e n c h , at the M a y o C l i n i c , then discovered the c l i n i c a l efficacy of cort i 
sone i n re l i ev ing the symptoms of arthrit is . O n e immedia te ly obvious 
consequence of this breakthrough, n o w w e l l k n o w n , was a w o r l d - w i d e , 
u p w a r d surge of steroid research i n general a n d adrenal steroid research 
i n par t i cular . 

I n a d d i t i o n to the compet i t ion to exploit the m e d i c a l markets so long 
sought for, other technica l factors contr ibuted to the research b u i l d u p 
t h r o u g h the 1950's. T h e n o w readi ly avai lable steroid substances were 
i d e a l models to s tudy stereochemistry, react ion mechanisms a n d rates, 
conformat iona l analysis, a n d the appl i ca t ion of n e w instruments to struc
ture character izat ion. A l l of these studies, a l though not necessarily a i m e d 
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18 D R U G D I S C O V E R Y 

at d r u g discovery, were nonetheless contr ibutory . Scientif ic b reakthrough 
c o n t i n u e d to a d d fue l to the fire. T h e m i c r o b i o l o g i c a l 11-oxygenation of 
Peterson a n d M u r r a y (5) i n 1952 greatly expanded the technica l capa
b i l i t y to produce steroids. T h e synthesis of the h i g h l y active 9-fluoro 
analog of hydrocort isone i n 1954 b y F r i e d (6) was the forerunner of a 
vast adrenal steroid analog p r o g r a m . H o w e v e r , the concept of molecu lar 
modi f i ca t ion (i.e., analogs) was not n e w to the steroid field. D i e t h y l -
st i lbestrol was synthesized b y C o o k (7 ) at about the t ime the estrone 
structure was e luc idated , presumably not b y design but i n connect ion 
w i t h studies on the structure of estrone. P r o b a b l y f e w analog programs 
can m a t c h the scope of the m o d i f i e d estrogen p r o g r a m that f o l l o w e d . 
Methyltestosterone was synthesized i n the same year that saw the b i r t h 
of testosterone itself. Steroids are s t i l l b e i n g chemica l ly m o d i f i e d today. 

Some i n d i c a t i o n of the magni tude of the steroid effort is noted b y 
Fieser a n d Fieser ( 8 ) , w h o observed that even as early as 1936 p u b l i c a 
tions were appear ing at the rate of 300 per year. A p p l e z w e i g (9) notes 
that i n 1960 there were 1,123 reported analogs emula t ing the natura l 
hormones. 

T a b l e I V provides a q u i c k v isua l impress ion of some 50 or 60 separate 
d r u g entities, e x c l u d i n g derivat ives a n d formulat ions , avai lable for thera
peut ic use i n the U n i t e d States today. Progress i n p o p u l a t i o n control 
a n d f a m i l y p l a n n i n g was certainly enhanced b y the deve lopment of the 
steroid-based p i l l , w h i c h contains progestins a n d estrogens. H o w e v e r , 
the entire steroid hormone development w o u l d have been d e l a y e d mark
e d l y h a d it not been for preceding developments , o u t l i n e d i n T a b l e V . 

T h e highl ights i n the long history of research that preceded the 
steroid hormone era of the 1930's are s h o w n here. T h i s t imetable records 
the discovery a n d character izat ion of a select f e w f r o m l i tera l ly hundreds 
of na tura l ly o c c u r r i n g steroid substances, w h i c h w e r e later to become 
important as r a w materials i n man's preoccupat ion w i t h steroid synthesis. 
D u r i n g this p e r i o d it was learned that cholesterol , first d iscovered (10) 
i n 1812 a n d character ized s tructural ly i n 1932, is ac tual ly the biogenet ic 
r a w mater ia l for a l l of the steroid hormones; i n turn , it is preceded b io -
genet ical ly b y the i s o p r e n o i d — s q u a l e n e — a fact w h i c h was suggested as 
a poss ib i l i ty long before the structure of cholesterol became k n o w n . E x 
cept for cholesterol a n d the b i l e acids these substances are of p l a n t or ig in , 
so that the subject of d r u g discovery f r o m a n i m a l sources cannot be 
d i v o r c e d ent ire ly f r o m plant sources. O f the m a i n steroid classifications 
o n l y the cardiac glycosides are not represented. A l t h o u g h m e d i c a l l y 
important , the latter are of p lant or ig in a n d have not become m e a n i n g f u l 
to steroid hormone research. A l l of the steroid substances s h o w n i n this 
table have been or n o w are important r a w materials used to manufac ture 
steroid hormones. 
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2. H O G G Animal Sources 19 

Table IV. Available D r u g Entities 

Corticosteroids 

Betamethasone 
Cor t i sone 
Desoxycort icosterone 
Dexamethasone 
F ludrocor t i sone 
F lupredniso lone 
H y d r o c o r t i s o n e 
M e t h y l p r e d n i s o l o n e 
Paramethasone 
Prednisolone 
Prednisone 
T r i a m c i n o l o n e 

Progestins 

Dydrogesterone 
( D u p h a s t o n ) 

Ethis terone (Pranone) 
Hydroxyproges terone 

(Prodox) 
Medroxyprogesterone 

(Provera) 
N o r e t h i n d r o n e ( N o r l u t i n ) 
Progesterone 

Contraceptives 

C h l o r m a d i n o n e -f- mestranol 
(C-Quens) 

Dimeth is terone -f- e t h i n y l 
es tradiol (Oracon) 

E t h y n o d i o l + mestranol 
(Ovulen) 

Medroxyprogesterone + 
e t h i n y l estradiol (Provest) 

N o r e t h i n d r o n e + e t h i n y l 
es tradiol (Nor les t r in ) 

N o r e t h i n d r o n e + mestranol 
( O r t h o - N o v u m ) 

N o r e t h y n o d r e l + mestranol 
( E n o v i d - E ) 

Topical A.LF. 
Agents 

D i c h l o r i s o n e 
( D i l o d e r m ) 

F l u r a n d r e n o l i d e 
( C o r d r a n ) 

F l u o c i n o l o n e 
(Syna lar ) 

F luorometholone 
(Oxylone) 

H y d r o c o r t a m a t e 
( M a g n a c o r t ) 

Anabolic Agents 

E t h y l e s t r e n o l 
( M a x i b o l e n ) 

Methandros tenolone 
( D i a n a b o l ) 

N a n d r o l o n e 
( D u r a b o l i n ) 

N o r e t h a n d r o l o n e 
( N i l e v a r ) 

Oxandro lone 
( A n a v a r ) 

Oxymetholone 
( A d r o y d ) 

S t a n a z o l o l 
( W i n s t r o l ) 

Androgenic Agents 

Fluoxymesterone (Halotes t in ) 
Methyl tes tosterone 
Stanolone (Neodrol ) 
Testosterone 

Estrogens 

E s t r a d i o l 
E s t r i o l 
E s t r o n e 
E t h i n y l es tradiol 

Miscellaneous 

D e h y d r o c h o l i c ac id (choleretic) 
D i g i t a l i s (cardiotonic (mixture of steroid glycosides)) 
D i h y d r o t a c h y s t e r o l ( treatment of h y p o p a r a t h y r o i d i s m ) 
Dromostanolone (2a -methylandros tan-170-o l -3 -one , 17-propionate (ana-

bo l i c -androgenic , for cancer o n l y ) 
H y d r o x y d i o n e ( V i a d r i l ) (anesthetic) 
Pregnenolone (l isted i n M o d e l l , use u n k n o w n ) 
M e d r y s o n e (ophthalmic) 
Sitosterols (antihypercholesterolemic) 
V i t a m i n D (Calc i fero l ) (v i tamin) 
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20 D R U G D I S C O V E R Y 

T h e 120-year-long invest igat ion on the structure of cholesterol , 
m a r k e d especial ly b y the b r i l l i a n t research of W i n d a u s a n d W i e l a n d i n 
the early 1900s, succeeded i n 1932. T h i s k n o w l e d g e was the key to the 
structures of a l l s teroid classes under invest igat ion, i n c l u d i n g the steroid 
hormones, w h i c h q u i c k l y f e l l i n place. Whereas the b i r t h of the steroid 
hormone era has been a t t r ibuted to the 1930-40 p e r i o d , w e see that this 
p e r i o d marks instead the matura t ion of the steroid field as a w h o l e . C o n 
s iderat ion of the events before 1930, therefore, can not be e x c l u d e d i n 
searching for significant factors i n unders tanding the process of d r u g 
discovery f r o m natura l sources a n d i n par t i cu lar steroid hormones. 

There is some meri t i n t h i n k i n g of the pre-s teroid hormone era as the 
subconscious phase of s teroid hormone research, the results of w h i c h 
later p r o v i d e d goals c lear ly re la t ing to d r u g potent ia l . E a r l y research i n 
the separate steroid categories i n T a b l e V w e r e c o n d u c t e d w i t h o u t k n o w l 
edge of the s tructural s imi lar i ty that existed be tween their members . 
H o w e v e r , throughout these w i d e l y separated studies numerous inter
relat ionships were established. F o r example, i n 1919 the convers ion of 
cholesterol to cholanic a c i d showed for the first t ime that these t w o 
major categories are b o t h steroidal . T h e established facts of each series 
accumula ted over a century n o w became a p p l i c a b l e to the other. 

T h e l o n g periods of t ime r e q u i r e d for these ear ly developments have 
no re la t ion to the a v a i l a b i l i t y of the natura l s teroid substances because 
they were a b u n d a n t l y ava i lab le for research purposes. T h i s is i n sharp 
contrast to the a v a i l a b i l i t y of steroid hormone substances discussed 
earlier. H o w e v e r , the entire science of organic chemistry was emerging 
d u r i n g this p e r i o d so that the rate of progress i n steroid reseach kept 
pace w i t h the d e v e l o p i n g general methodology. 

Table V . Precursors of Steroid Hormones (Timetable of Discovery) 

Steroid Hormone Era Cortisone 
I i Era 

1800 
1 

15 30 45 60 75 90 1905 2C 
1 1 1 1 1 1 1 1 

35 50 
1 

1 
Sterols (hundreds) 

Choles tero l 

I I ι 1 1 1 ! 1 

(i) (2) 

1 

;â) 
Ergostero l (Î) (2) 
St igmasterol (Î) 

B i l e A c i d s (20) 
C h o l i c a c i d (Î) 

(2) 
(2) 

Sapogenins (40 ± ) 
D i o s g e n i n ( isolat ion of 

gitogenin) 
(i) (2) 

α Legend: (1) isolation, (2) structure, (3) configuration. 
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2. H O G G Animal Sources 21 

Table V I . Instrumental and Analytical Techniques Applied to 
Steroid Research (Timetable) 

Application 
Instrument to Steroids Comment 

U l t r a v i o l e t absorpt ion 

P a p e r chromatography 
In f rared spectrometry 
R o t a t o r y dispersion 

X - r a y d i f f rac t ion 
M a s s spectrometry 
G a s chromatography 

1930 

1949 
ear ly 1950's 
1955 

late 1950's 
1958- 59 
1959- 60 

B e c k m a n D U 
a v a i l a b l e 1940 

b y Zaf faron i 

C o m m e r c i a l ins t rument 
same y e a r 

C o m m e r c i a l ins trument 
i n 1955-56 

Ins t rumenta t ion 
i n 1951-52 

N u c l e a r magnetic resonance 1958 

T h e entire p e r i o d , especial ly as w e a p p r o a c h the steroid hormone 
era, is m a r k e d b y the confluence of numerous other lines of endeavor, 
b o t h c h e m i c a l a n d b io log ica l , w h i c h c u m u l a t i v e l y resulted i n the r a p i d 
progress f r o m 1930 to 1940. H o w e v e r , the goals of the i n d i v i d u a l re
searchers of the t ime were usual ly technica l i n nature. Sôderbaum reflects 
this o n the occasion of the N o b e l lectures of 1928 b y W i n d a u s a n d W i e -
l a n d w h e n he said that the investigations on steroids "were a l l des igned 
to expla in the in terna l structure of organic materials , their re lat ionship 
w i t h one another a n d their transit ions into one another ." H e cont inues : 
" for this reason they are of f u n d a m e n t a l importance for our k n o w l e d g e 
of a n u m b e r of processes o c c u r r i n g i n b o t h the heal thy a n d diseased or
ganism, a n d therefore of greatest significance, not on ly for the chemistry 
as such, but also for the sister sciences, phys io logy a n d m e d i c i n e " ( I I ) . 
F r o m this it is clear that the scientific c o m m u n i t y , o n the eve of the 
steroid hormone era, h a d c lear ly sensed the potent ia l importance of the 
d e v e l o p i n g field. It has also been said that W i n d a u s h e l d this v i e w 
l o n g before. 

T h e spread of steroid research on a w o r l d - w i d e basis is t y p i c a l of a 
p h e n o m e n o n i n research i n w h i c h trends develop spontaneously, resul t ing 
i n g loba l research teams a n d r e m a r k a b l y w e l l b a l a n c e d b u t compet i t ive 
programs. E q u a l l y spontaneous is the assumption of leadership i n g u i d 
i n g such trends; usual ly one can ident i fy a f e w pioneers w h o were re
sponsible for shaping the course of the overa l l effort even t h o u g h it is 
w i d e s p r e a d . 

It w o u l d seem that the early steroid w o r k n o w stands as a m o d e l of 
basic research w h i c h i n its entirety provides evidence that basic research 
re lat ing to na tura l products need not be w i t h o u t p u r p o s e f u l d i rec t ion , a n d 
that pr ivate a n d p u b l i c funds , p r o p e r l y adminis tered i n support of s imi lar 
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22 D R U G D I S C O V E R Y 

research, can b r i n g r i c h rewards . It is of interest that at least 10 research 
pioneers have rece ived N o b e l prizes for their research i n or re lated to 
the steroid field. 

Before l e a v i n g the steroids to take u p the prostaglandins , i t is i m p o r 
tant to assess the i m p a c t of m o d e r n ins t rumenta l a n d ana ly t i ca l techniques 
o n steroid hormone research. T a b l e V I shows that the general use of 
these techniques i n steroid research began d u r i n g the 1950's, too late to 
assist i n the steroid hormone era. T h e cortisone era t h r o u g h the 1950's 

8,11,14-EICOSATRIENOIC 
ACID 

C00H 

C00H 

5.8.IIJ4-EIC0SATETRA-
ENOIC ACID 

'C00H 

5,8,11,14,17-EICOSAPENTA-
ENOIC ACID 

C00H 

C00H 

C00H 

C00H 

C00H 

C00H 

Figure 2. The naturally occurring 
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2. H O G G Animal Sources 23 

benefit ted increas ingly as j u d g e d b y the t imetable of a p p l i c a t i o n to 
steroids s h o w n here. H o w e v e r , as w e shift n o w to the emerging field of 
pros tag landin research, w e see that several of these d e v e l o p i n g techniques 
p r o v i d e d the key to o p e n i n g u p this field. 

Prostaglandins 

Biodetec t ion of the substances n o w k n o w n as the prostaglandins 
was first reported i n 1930 b y K u r z r o k a n d L i e b (12), w h o demonstrated 

0 0 
C00H 

PGA, 

0 

OH OH 
I9-HYDR0XY-PGA 19-HYDROXY-PGBi 

0 0 

PGA 2 PGB 2 

0 0 

υ π OH 
I9-HYDR0XY-PGA 2 

υ " OH 
I9-HYDR0XY-PGB 2 

prostaglandins and their precursors 
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24 D R U G D I S C O V E R Y 

that fresh h u m a n semen c o u l d cause strong contractions or relexat ion 
w h e n a p p l i e d to strips of the h u m a n uterus. N o t e that this date coincides 
w i t h the b e g i n n i n g of the steroid hormone era. It is a curious coinc idence 
that i n the A u g u s t 1935 issue of Klinische Wochenschrift there appeared 
o n consecutive pages the assignment of the n a m e pros tag landin to this n e w 
substance b y v o n E u l e r ( 13 ) a n d the assignment of the t e rm progesterone 
to the n e w l y isolated steroidal corpus l u t e u m hormone b y B u t e n a n d t (14). 
T h a t b o t h substances s h o u l d eventual ly promise means of p o p u l a t i o n 
contro l is even more i n t r i g u i n g . 

F i g u r e 2 shows structures for the entire pros tag landin f a m i l y . T h e 
second c o l u m n shows the six p r i m a r y prostaglandins , so designated be
cause i n their biogenesis none are precursors of the other. T h e prosta
g landins m a y be def ined as l i p i d - l i k e , l o c a l hormones, present i n numerous 
m a m m a l i a n tissues. A m u s i n g b u t superf ic ia l analogies to the steroids are 
the cyclopentane r i n g , the 20 carbon atoms, a n d the presence or absence 
of an h y d r o x y l g roup at pos i t ion 11. M o r e m e a n i n g f u l is their format ion 
b iogenet ica l ly f r o m the essential polyunsaturated acids b y enzyme cat
a l y z e d c y c l i z a t i o n as s h o w n i n this figure (15 ) , a s t r ik ing analogy to 
squalene as precursor to cholesterol . T h e fatty a c i d precursors of the 
prostaglandins are counterparts of the steroids of the pre-hormone era, 
b u t the vast fat ty a c i d technology d i d not m a t c h the steroid counterpart 
i n c o n t r i b u t i n g later to the r a p i d development of prostaglandins , except ing 
their use as b iosynthet ic r a w mater ia l . 

T a b l e V I I shows a p a r t i a l l ist of demonstrated occurrences i n m a m 
m a l i a n tissues for the six p r i m a r y prostaglandins. I n the early years the 
facts that the prostaglandins are ub iqui tous i n their d i s t r ibut ion , are 
r a p i d l y m e t a b o l i z e d , are not c i r c u l a t i n g hormones, a n d el ic i t m u l t i p l e 
b i o l o g i c a l responses l e d some to argue that they w o u l d never have useful 
m e d i c i n a l properties . Others interpreted these facts i n just the opposite 
w a y . 

T a b l e V I I I shows that the concentrat ion of PGEi equivalents i n 
several sources is very smal l , a fact w h i c h accounts greatly for the de
l a y e d development of the prostaglandins. T h e specia l p r o b l e m of collect
i n g large quanti t ies of some of these substances richest i n prostaglandins 
is obvious . Sheep vesicular glands eventual ly p r o v e d to be the most 
p r a c t i c a l source. T h e pros tag landin discovery a n d development t ime
table s h o w n i n T a b l e I X , w h e n c o m p a r e d w i t h the steroid t imetables , 
reveals some of the differences as w e l l as s imilari t ies be tween these 
developments . 

T h e pros tag landin era began w i t h its b iodetec t ion b y K u r z r o k (12) 
i n 1930 i n h u m a n semen, w h i c h was s h o w n to contract or relax strips of 
h u m a n uterus. F o r the next 29 years pros tag landin research m o v e d at a 
s low pace, averaging one p u b l i c a t i o n per year, w h i l e steroid hormone 
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Table VII. Occurrence of Prostaglandins 

Source 

V e s i c u l a r g land , sheep 
S e m i n a l p l a s m a , h u m a n 

sheep 
M e n s t r u a l fluid 
L u n g s , sheep 

P i g . 
bovine 
guinea p i g 
m o n k e y 
m a n 

Ir is , sheep 
B r a i n , bovine 

cat 
T h y m u s , calf 
Pancreas , bovine 
A d r e n a l , cat 
F a t , ra t 
K i d n e y , rabb i t 
Intestine, frog 
S p i n a l cord, frog 

PGE, PGE2 PGE3 PGFla PGF2a PGFS 

+ 
+ 
+ 

+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

Table VIII. Concentration of Prostaglandins 

Tissue 

Sheep ves icular g land 
H u m a n semen 
C a t t h y m u s 
D o g sp ina l cord 

Sheep lung 
H u m a n lung 

PGEt Equivalent 

10-500 /xgram/gram 
25-780 /^gram/ml 
0.8 /xgram/gram 
104 ttgram/gram 

PGF2a 

0.5 /xgram/gram 
0.02 /xgram/gram 

research m a t u r e d a n d reached its peak d u r i n g the same p e r i o d of t ime. 
These ear ly publ ica t ions emanated largely f r o m a f e w laboratories : v o n 
E u l e r i n Sweden , G o l d b l a t t i n E n g l a n d , a n d Bergs t rom i n Sweden. T h i s 
is i n sharp contrast to the effort on steroid hormone a n d pre-hormone 
steroids, w h i c h occurred i n m a n y laboratories a r o u n d the w o r l d . E v e n 
t h o u g h W i n d a u s has been ca l l ed the father of steroids, m a n y other 
pioneers are recognized . 

P r o b a b l y the most significant factor i n the s low pace d u r i n g the 
ear ly years ( 1930-1956 ) was the scarcity of the natura l ly o c c u r r i n g m a 
terials w h i c h conta ined only l o w levels of the active substances. W h e n 
Bergstrom of the K a r o l i n s k a Institute, w h o l ikes to "isolate things , " came 
back to the p r o b l e m i n 1956-57, he brought w i t h h i m a vast experience 
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26 D R U G D I S C O V E R Y 

w i t h nature's a c i d i c substances, the b i l e acids, a n d essential fat ty acids, 
fields i n w h i c h he was a l ready prominent . T h i s b a c k g r o u n d was a n 
impor tant adjunct to the task at h a n d a n d p r o b a b l y enhanced the fascina
t i o n for isolat ing this u n k n o w n ac id ic l i p i d - l i k e substance c a l l e d prosta
g l a n d i n . 

T w o impor tant di f ferent ia l technologica l factors contrasted the real 
b e g i n n i n g of the pros tag landin era i n 1956 a n d the steroid hormone era 
of the 1930's. O n e of these is the matura t ion of m o d e r n ins t rumenta l 

Table IX. The Prostaglandins—Discovery 

1930 34 38 4% 46 50 

First Ear ly Interim 
Clue Characterization (16-19) Activi ty (20) 

Prostaglandin K, 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

02



2. H O G G Animal Sources 27 

a n d ana ly t i ca l techniques, w h i c h a r r i v e d too late to he lp i n the steroid 
hormone breakthroughs. Gas chromatography, mass spectrometry, a n d 
u l t r a m i c r o a n a l y t i c a l techniques were a p p l i e d i n a series of b r i l l i a n t i n 
vestigations f r o m w h i c h the structure (23, 24) of PGEi (1962) as w e l l 
as the w h o l e f a m i l y of n e w pros tag landin substances emerged ( b y 1966 ). 
Isolat ion was g u i d e d b y the smooth muscle str ip assay. These achieve
ments stand as the classic example of the first structure e luc idat ion of a 

and Development (Timetable) 

54 62 
I 

66 
I 

70 
I 

74 

Isolation (21,22) «Structure 
(23, 24) 

Biosynthesis (25-27) 

Metabolism (28) 

Clinical 

Biology 

Analogs 

Total 
Synthesis (29-32) 

j 

Future 
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28 D R U G D I S C O V E R Y 

f a m i l y of n e w a n d important natura l products u t i l i z i n g a d v a n c e d ins t ru
mentat ion , especial ly mass spectrometry. 

T h e other important difference f r o m the steroid hormones is the 
complete absence of awareness of t ie - in w i t h investigations a long other 
lines of n a t u r a l p r o d u c t research p r i o r to the structure determinations, 
w h i c h were therefore essentially de novo. H o w e v e r , after the structures 
became k n o w n , three different laboratories ( 25-27 ) i n d e p e n d e n t l y recog
n i z e d the poss ib i l i ty of the C » 0 unsaturated fatty acids as biosynthet ic 
precursors ( F i g u r e 2 ) . T h u s the essential fatty a c i d technology became 
u s e f u l to the pros tag landin effort b u t at a later p o i n t o n the t i m e t a b l e — 
n a m e l y as r e a d i l y avai lable start ing mater ia l for enzymat ic convers ion 
i n tissue homogenates to the prostaglandins. W i t h prostaglandins pro
d u c e d i n this manner the b i o l o g i c a l phase of prostaglandins became 
possible. T h e U p j o h n C o . w h i c h holds a basic U . S . patent to this process 
(27) , p r o v i d e d hundreds of laboratories w i t h research quantit ies of the 
prostaglandins . 

I n d u s t r i a l co l laborat ion w i t h academic insti tutions was characterist ic 
d u r i n g the steroid developments . T h e same is also true for the prosta
glandins . P r i o r to the K a r o l i n s k a assault on the pros tag landin structure, 

1200 

1100 

1000 

1930 1940 1950 1960 1970 

Figure 3. Accumulated publications on pros
taglandins 
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2. H O G G Animal Sources 29 

D a v i d W e i s b l a t arranged for T h e U p j o h n C o . to assist the project 
through support for co l lec t ing large quantit ies of sheep seminal ves icular 
glands; this co l laborat ion , i n v o l v i n g an exchange of materials a n d tech
nology, has cont inued . 

Table X . Areas of Potentials Use for Prostaglandins 

M u l t i p l e smooth muscle properties 
In termediary metabol i sm 
P h y s i o l o g y of the central nervous system 
Gas t ro in tes t ina l phys io logy 
C a r d i o v a s c u l a r phys io logy 
R e p r o d u c t i v e phys io logy 

W i t h the pros taglandin structures k n o w n , the goal for tota l synthesis 
was established. S u c h studies began i n several laboratories l o n g before 
clear evidence of therapeutic potent ia l was established. T h e first syn
thesis of a prostanoic a c i d , one of the metabolites of pros taglandin E 1 ? 

was repor ted (29) i n 1966. Since then the total synthesis of a l l of the 
p r i m a r y prostaglandins has been reported (30-32). These developments , 
c o u p l e d w i t h the biosynthet ic techniques, p r o v i d e d technology for analog 
synthesis, an ac t iv i ty w h i c h also preceded established therapeutic poten
t ia l . Several analogs p r e p a r e d b y the biosynthet ic route have been re
por ted . I n our laboratories several h u n d r e d analogs a n d isomers have 
been synthesized, an endeavor based on the convic t ion that the prosta
glandins w o u l d eventual ly p l a y an important role i n therapy. 

T h e upsurge of interest i n prostaglandin research is d r a m a t i c a l l y 
revealed i n F i g u r e 3 w h i c h shows the n u m b e r of publ ica t ions against 
t ime. T h e asymptot ic increase i n publ ica t ions f r o m 1965 to 1970 reflects 
the r e n e w e d interest i n b io logy made possible b y the aforement ioned 
generous d i s t r ibut ion of b iosynthet ic prostaglandins for b i o l o g i c a l re
search. 

T h e c l i n i c a l phase of pros tag landin research is n o w w e l l a d v a n c e d 
i n the U n i t e d States a n d abroad. T a b l e X summarizes some of the areas 
of b i o l o g i c a l a n d m e d i c a l interest. T h e c l i n i c a l efficacy of PGEo a n d 
P G F 2 « i n abort ion a n d labor i n d u c t i o n has been established. C l i n i c a l 
studies i n cardiovascular disease a n d as gastric antisecretory agents are 
also i n progress. T h e a l lev ia t ion of the symptoms of asthma i n humans 
w i t h the Ε prostaglandins has been reported (34). 

T h e genèses of d r u g developments , i l lustrated specif ical ly b y the 
steroid hormones a n d prostaglandins, are n u r t u r e d b y the developments 
i n the basic sciences a n d are often extensions of research a i m e d at other 
goals. P r o b a b l y the greatest single factor i n p a c i n g the rate of d iscovery 
a n d development of n e w fields is the ava i lab i l i ty of adequate technology. 
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30 D R U G D I S C O V E R Y 

Patterns of d r u g development are obvious for b o t h fields discussed. 
These patterns are variat ions of the order i n w h i c h the key stages o n the 
t imetable occur. N o t obvious is the f o r m u l a for in i t ia t ive . Whereas inte
grated w o r l d w i d e trends i n v o l v i n g g l o b a l research teams evolve as gen
eral awareness i n any g iven field increases, the breakthroughs into t r u l y 
v i r g i n terr i tory come f r o m those very f e w leaders w i t h i n t u i t i o n a n d 
insight . 

CHOLESTEROL 24-METHYLENECHOLESTEROL 

•COOH COOH 

CHOLIC ACID 3«, 7«, 12—TRIHYDROXY-25-
COPROSTANIC ACID (25« AND 25/3 FROM 
FROG BILE; 25- FROM CROCODILE BILE) 

COOH 

H OH 

PGA, 15-EPI PGA2 

(ACETATE, METHYL ESTER) 

Figure 4. Evolutionary variation in chemical species 

T h e record of the past a n d the h i g h promise i n current ly emerg ing 
n e w fields of na tura l products of a n i m a l o r i g i n attest to the potent ia l for 
the future i n this field. T h e p r o b a b i l i t y for future discovery of entirely 
n e w classes of substances of a n i m a l o r i g i n cannot be guessed. E v e n 
w i t h o u t breakthroughs into n e w areas, several act ive fields of today 
promise contemporary breakthroughs w h i c h w i l l become the h is tor ica l 
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2. H O G G Animal Sources 31 

accounts of t o m o r r o w s success stories—e.g., the pept ide hormone field 
w h e r e i n progress has kept pace w i t h emerg ing technology. 

H o w e v e r , substances of a n i m a l o r i g i n w h i c h serve to regulate b o d y 
f u n c t i o n have u n i q u e potent ia l for therapeutic usefulness relat ive to other 
substances of natura l or ig in . B e r g m a n n i n his r e v i e w (35) of the evo
lut ionary aspects of sterols observed that cholesterol , the d o m i n a n t sterol 
p r o d u c e d i n higher forms of a n i m a l l i fe , h a d numerous c h e m i c a l l y re la ted 
companions i n lower forms of l i fe , one of w h i c h is 2,4-methylene cho
lesterol. E v e n the b i le acids appear i n different s t ructural modif icat ions 
i n l o w e r forms of l i fe such as the f rog a n d crocodi le . B e r g m a n n defines 
the emergence of cholesterol as the d o m i n a n t sterol i n higher animals as 
a " p h e n o m e n o n of b i o - c h e m i c a l e v o l u t i o n " a n d concludes that "It w o u l d 
appear that i n cholesterol w e witness the s u r v i v a l of the fittest s terol . " 
A l r e a d y i n the n e w field of prostaglandins w e have an example i n P. 
Homomalla, a gorgonian of the cora l reefs a n d a lower f o r m of a n i m a l 
l i fe , w h i c h produces a pros taglandin substance (36). T h i s pros tag landin 
differs f r o m P G A 2 o n l y i n the stereochemistry at carbon-15. ( F i g u r e 4 ) 

It is reasonable to conc lude that the perpetuat ion of regulatory 
c h e m i c a l species or their precursors as products of m a m m a l i a n b i o c h e m 
istry is a result of the s u r v i v a l va lue they have cont r ibuted to the organism 
they serve, a n d therefore such substances w i l l i n some w a y direc t ly or 
i n d i r e c t l y be f o u n d to p l a y a role i n h u m a n medic ine . 
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Discovery of Drugs from Microbiological 
Sources 

LLOYD H. CONOVER 

Pfizer Medical Research Laboratories, Groton, Conn. 06340 

Demonstration of the safety and therapeutic value of peni
cillin coupled with the discoveries of tyrothricin, actino-
mycin, and streptothricin initiated the halcyon era of 
antibiotic discovery (1940-1959). During this period, the 
prototypes of virtually all families of antibacterial antibiotics 
now important in medicine were discovered. After 1959, 
discovery of medically useful new drugs from microbiologi
cal sources dropped sharply while partial synthesis of new 
antibiotics (notably β-lactams and tetracyclines) having im
proved biological properties increased sharply. A landmark 
discovery was the first preparation of semisynthetic peni
cillins by Sheehan (1958). Guided by increased understand
ing of action and resistance mechanisms, chemical synthesis 
of new congeners will provide important antibiotic discov
eries in the future. Examination of previously little studied 
genera of microorganisms for antibiotic elaboration, use of 
new culturing and detection techniques, and testing for more 
diverse types of biological activity will also provide signifi
cant new discoveries. 

' " p h e m y c e l i a of the fungus Calviceps purpurea w h i c h infects flowering 
•*· rye was used for centuries b y the pract i t ioners of E u r o p e a n fo lk 

medic ine . A book p u b l i s h e d i n 1582 recorded the use of sclerotia f r o m 
Secale cornutum to contro l pos tpar tum hemorrhage. I n 1918 Sto l l crys
t a l l i z e d the a l k a l o i d ergotamine, smal l doses of w h i c h e l i c i ted r a p i d a n d 
l o n g last ing uterine contractions. T h e m e d i c i n a l use of materials of m i c r o 
b io log ica l o r i g i n is thus very o l d . I n contrast, s ignif icant use of the pres
ently most impor tant drugs of m i c r o b i o l o g i c a l o r i g i n — t h e a n t i b i o t i c s — 
extends back a scant 30 years. 
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34 D R U G D I S C O V E R Y 

It seems at first glance that w i t h the isolat ion of t y r o t h r i c i n b y D u b o s 
( I ) , a c t inomyc in , s treptothric in, a n d s t reptomycin b y W a k s m a n et al. 
(2, 3, 4) a n d p e n i c i l l i n b y F l o r e y , C h a i n et al. (5), the era of ant ib iot ic 

discoveries was f u l l y l a u n c h e d w i t h l i t t le scientific precedent save F l e m 
ing's n o w celebrated chance observat ion (6). I n real i ty these were the 
c u l m i n a t i n g discoveries that t ransformed invest igat ion of m i c r o b i a l an
tagonism a n d ant ib iot ic substances f r o m an obscure errat ica l ly p u r s u e d 
academic endeavor to a h i g h l y organized a p p l i e d science. T h e discovery 
of antibiot ics w i d e l y useful i n medic ine was i n fact presaged b y m a n y 
pregnant observations. Fasc ina t ing reviews of these early findings have 

Table I. Some Early Observations of Antimicrobial 

Substance or 
Preparation Microbial Source 

Organism( s) 
Inhibited or 

Killed 

" C u x u m " 
fungus of roasted green 

corn bacteria 

Muscus ex cranio 
huniano fungus bacteria 

M o l d y bread 
L i q u i d culture 
M y c o p h e n o l i c ac id 

(crystal l ine) 

Penicillia 
Pénicillium species 
Pénicillium brevi-

compactum 

bacteria 
bacteria 

Bacillus anthracis 

L i q u i d culture 
K o j i c ac id 

M y c e l i a l extract 
P e n i c i l l i c ac id 

(crystal l ine) 

Pénicillium glaucum 
Aspergillus oryzae 

Aspergillus fumigatus 

Pénicillium puberulum 

fowl plague 
bacter ia , fungi 
Mycobacterium 

tuberculosis 

Escherichia coli 

A g a r culture m e d i u m act inomycete 
Bacillus mycoides 
Bacillus vulgatus 

A g a r culture m e d i u m act inomycete bacter ia 

Sparassol 
(crystal l ine) Sparassis ramosa fungi 

L i q u i d culture 
m e d i u m actinomycetes 

gram-pos i t ive , g r a m -
negative bacter ia 

G l i o t o x i n Trichoderma lignorum fungi 

A c t i n o m y c e t i n (pro
tein precipitate) Streptomyces albus bacter ia 

" T h e work of Welsch with act inomycet in was a continuation of the investiga
tions of G r a t i a . 
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3. C O N O V E R Microbiological Sources 35 

been w r i t t e n b y W a k s m a n (7) a n d the O x f o r d group ( 8 ) . A representa
tive selection of these observations is s u m m a r i z e d i n Tables I a n d II . 

T h e f o l l o w i n g are w o r t h y of specia l m e n t i o n : (1 ) use of molds to 
combat superf ic ia l infections was a part of E u r o p e a n a n d M a y a n fo lk 
m e d i c i n e ; (2 ) G r a t i a a n d D a t h (1926) consciously undertook to isolate 
act inomycete a n d f u n g a l cultures that p r o d u c e d substances antagonist ic 
to bacter ia ; their sources were m u d , tap water , a n d air ; (3 ) L o u i s Pasteur 
was one of the first to record (1877) the p h e n o m e n o n of m i c r o b i a l an
tagonism; (4) the basic methodology n o w used to detect antibiot ics 
b o t h i n l i q u i d a n d so l id g r o w t h m e d i a was evo lved b y a n u m b e r of early 

Activity Produced by Fungi, Molds, and Actinomycetes 

Discoverer or 
Therapeutic or Recorder of 

Other Application Antimicrobial Action Year 

infections of s k i n P r e - C o l u m b i a n 
and intestines M a y a n Indians per iod 

wounds J . P a r k i n s o n 1640 

wounds E u r o p e a n peasants, etc. — 
— T y n d a l l 1876 

— Gos io 1896 

— T a r t a k o v s k i 1904 

— Saito 1907 

h u m a n tuberculosis V a u d r e m e r 1913 

— A l s b e r g & B l a c k 1913 

— G r i e g - S m i t h 1917 

— L i e s k e 1921 

— F a l c k 1923 

i m m u n i z a t i o n w i t h 
bacter ia l lysates G r a t i a & D a t h 1926 

p lant fungus 
infections W e i n d l i n g & E m e r s o n 1936 

i m m u n i z a t i o n w i t h 
bacter ia l lysates W e l s c h " 1937 
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36 D R U G D I S C O V E R Y 

Substance or 
Preparation 

L i q u i d cul ture 

L i q u i d culture 
m e d i u m 

G e l a t i n culture 
m e d i u m 

G e l a t i n cul ture me
d i u m (conta ining 
diffusable secre
t o r y products) 

G e l a t i n or agar c u l 
ture m e d i u m 
(zones of i n h i b i 
t ion) 

" P y o c y a n a s e " (crude 
precipitate) 

A g a r a n d l i q u i d c u l 
ture m e d i u m (con
t a i n i n g diffusable 
i n h i b i t o r y m a 
ter ial ) 

A g a r and l i q u i d 
culture media 

L i q u i d culture 
m e d i u m 

L i q u i d culture 
m e d i u m 

L i q u i d and agar 
culture m e d i u m 

" S e n t o c y m " (bac
t e r i a l lysates) 

L i q u i d culture 
m e d i u m 

Table II. Some Early Observations of 

Organism (s) Inhibited 
Microbial Source or Killed 

aerobic bacter ia Bacillus anthracis 

bacter ia bacter ia 

Staphylococci Bacillus anthracis 

Bacillus fluorescens Staphylococcus aureus 

cocci Bacillus anthracis 

Pseudomonas 
aeruginosa bacteria 

Micrococcus 
tetragenus 

bacter ia 

Bacillus subtilis 

Bacilli 

Bacillus 
mesentericus 

Bacillus anthracis 
Staphylococcus aureus 

bacter ia 

bacter ia 

Mycobacterium 
tuberculosis 

Proteus, Meningococcus, 
Cory neb acterium 
diphtheriae 

bacter ia 

Bacillus scaber 

bacteria 

Bacillus anthracis, 
Vibrio cholerae 
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3. C O N O V E R Microbiological Sources 37 

Antimicrobial Activity Produced by Bacteria 

Therapeutic or 
Other Application 

Discoverer or 
Recorder of 

Antimicrobial 
Action 

Pas teur & Jouber t 

S o y k a 

Babes 

Year 

1877 

1885 

1885 

Garré 1887 

h u m a n meningit is , d iphthe
r i a , gr ippe, loca l infect ions 
( commerc ia l ly produced 
1901-1935) 

D o e h l e 

E m m e r i c h & L o w 

1889 

1899 

(not therapeutic i n animals) 

guinea p i g tuberculosis 

L o d e 

F r o s t 

N i c o l l e 

R a p p i n 

1903 

1904 

1907 

1912 

h u m a n upper respiratory i n 
fections ( local appl icat ion) P r i n g s h e i m 

h u m a n dysentary , t y p h o i d 
fever, u r i n a r y tract 
infect ions M u c h 

1920 

1925 

R o s e n t h a l 1926 
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38 D R U G D I S C O V E R Y 

Table II. 

Substance or 
Preparation Microbial Source 

Organism (s) Inhibited 
or Killed 

P y o c y a n i n e Pseudomonas 
aeruginosa 

Serratia marcescens 

(crystal l ine) 

P r o d i g i o s i n 

H e m o p y o c y a n i n e Pseudomonas 
aeruginosa 

bacter ia 

trypanosomes, fungi 

(crystal l ine) 

I o d i n i n Chromobacterium 
iodinum 

bacter ia , fungi 

bacter ia 

investigators, a m o n g w h o m Fros t (1904) was notable ; (5 ) "Pyocyanase" 
must be considered the first c o m m e r c i a l ant ib iot ic p r o d u c t ; i t was pro
d u c e d i n G e r m a n y between 1901 a n d 1935, a n d w h e n p r o p e r l y p r e p a r e d , 
it h a d a therapeutic effect against bacter ia l infect ions i n m a n a n d animals . 
I n retrospect, i t seems that the discovery a n d b r o a d a p p l i c a t i o n of ant i 
biot ics i n m e d i c i n e was overdue w h e n it came to pass. I n the p r e c e d i n g 
decades scientists p r i m a r i l y interested i n contro l l ing infectious diseases 
were engrossed i n the i m m u n o l o g i c a l approach , h a d been d is i l lus ioned 
w i t h chemotherapy b y the fa i lure of disinfectants to contro l systemic 
infections a n d finally were encouraged b y the success of the sulfonamides 
to seek a d d i t i o n a l synthetic antimetabolites . 

The tf Golden Era" of Antibacterial Microbial Metabolite 
Discoveries, 1940-1959 

O n e of the remarkable aspects of the era that f o l l o w e d the discov
eries of D u b o s , F l o r e y , C h a i n , a n d W a k s m a n was the r a p i d i t y w i t h w h i c h 
major drugs were discovered a n d p u t to p r a c t i c a l use. T h e l o n g i n d u c 
t i o n p e r i o d w h i c h preceded exploi tat ion of m i c r o b i a l sources of ant ibac
ter ia l drugs p e r m i t t e d this exploi tat ion to be r a p i d , once begun. B y 1940, 
bas ic k n o w l e d g e a n d exper imenta l techniques were i n h a n d w h i c h per
m i t t e d : (1 ) faci le col lect ion, isolat ion, a n d g r o w t h of cultures of f u n g i , 
molds , bacteria , a n d actinomycetes; (2 ) detect ion, b i o l o g i c a l assay, p u r i 
fication, isolat ion, a n d structure proof of complex, unstable metabolites 
h a v i n g a n t i m i c r o b i a l ac t iv i ty ; (3 ) evaluat ion of the chemotherapeut ic 
efficacy a n d safety of ant ibacter ia l drugs i n laboratory animals a n d m a n ; 
(4 ) ar t i f ic ia l m u t a t i o n of a n t i b i o t i c - p r o d u c i n g microorganisms w i t h selec
t i o n of mutants h a v i n g i m p r o v e d p r o d u c t i v i t y ; a n d (5 ) development of 
industr ial -scale submerged, aerated fermentations, a n d of recovery proc-
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3. C O N O V E R Microbiological Sources 39 

Continued 

Therapeutic or 
Other Application 

Discoverer or 
Recorder of 

Antimicrobial 
Action Year 

h u m a n d i p h t h e r i a carriers 
(upper respira tory disin
fection) H e t t c h e 

1932 ( isolated 
i n 1860) 

t rypanosomias is of mice M a s e r a , F i s c h l 1934-1935 

K r a m e r 
1935 (possibly iso

la ted i n 1863) 

M c l l w a i n 1941 

esses for the antibiot ics p r o d u c e d thereby. T h e requis i te k n o w l e d g e , 
methods, a n d techniques were d r a w n f r o m m y c o l o g y , bacter iology, p lant , 
a n d soi l m i c r o b i o l o g y , m i c r o b i a l genetics, chromatography, exper imenta l 
chemotherapy, c h e m i c a l engineering, a n d i n d u s t r i a l fermentat ion tech
nology. 

A co inc idence of key technica l developments a n d external influences 
accelerated developments i n the field, once its potential i t ies were recog
n i z e d . T h u s , the development of p r a c t i c a l m a n u f a c t u r i n g processes for 
the n e w antibiot ics d iscovered after 1944 was great ly fac i l i ta ted b y the 
existence of the basic technology perfected i n the w a r t i m e " c r a s h " effort 
devoted to p e n i c i l l i n p r o d u c t i o n . T h e discovery of paper chromatography 
i n 1944 was except ional ly t i m e l y ( 9 ) . T h i s technique, b y p r o v i d i n g a 
s imple a n d sensitive ana ly t i ca l m e t h o d for associating a specific c h e m i c a l 
enti ty w i t h in vitro a n t i m i c r o b i a l act iv i ty , m a d e possible the screening 
of large numbers of m i c r o b i a l cultures for s m a l l concentrations of n e w , 
active entities. 

T h e years be tween 1940 a n d 1959 have been justly ca l l ed the g o l d e n 
era of ant ib iot ic discovery. D u r i n g this p e r i o d every important class of 
ant ibacter ia l ant ib iot ic n o w k n o w n was recognized ( T a b l e I I I ). Indeed , 
m a n y specific drugs ( e.g., b e n z y l p e n i c i l l i n , s t reptomycin , oxytetracycl ine , 
ch l o ram ph en i co l , n e o m y c i n , a n d e r y t h r o m y c i n ) w h i c h presently o c c u p y 
major places i n therapeutic pract ice were discovered d u r i n g that p e r i o d . 

The Decline in Antibacterial Microbial Metabolite 
Discoveries, 1960-1970 

Since 1959 re la t ive ly f e w n e w l y discovered m i c r o b i a l metabolites 
have reached general use i n h u m a n or veter inary m e d i c i n e ( T a b l e I V ) ; 
most of the major discoveries ( the penici l l inase-resistant penic i l l ins , the 
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40 D R U G D I S C O V E R Y 

Table III. Year of Discovery of Structural Classes 
of Antibacterial Antibiotics 

Year of 
First First 

Discovered 
Member 

First 
Generally Useful 

Member 
Literature 

Report Cfass 

1939 
1940 
1943 
1944 
1947 
1948 
1950 
1953 
1955 

1956 

1957 

cyc l i c peptide 
p e n i c i l l i n 
steroid 
aminoglycos ide 
ch loramphenico l 
te t racyc l ine 
macro l ide 
v i r g i n i a m y c i n 
l i n c o m y c i n 
cycloserine 
n o v o b i o c i n 
cephalosporin 

v a n c o m y c i n 
ansamacrol ide 

t y r o t h r i c i n 
p e n i c i l l i n F , G , etc, 
he lvol ic a c i d 
s t r e p t o m y c i n 
ch loramphenico l 
chlor te tracyc l ine 
p i c r o m y c i n 
s t r e p t o g r a m i n 6 

celesticetin 
cycloserine 
n o v o b i o c i n 

v a n c o m y c i n 
s treptovaric ins 

cephalosporin C 

Polymyxin 
p e n i c i l l i n G 
fus idic a c i d (1962)° 
s t r e p t o m y c i n 
c h l o r a m p h e n i c o l 0 

chlor te tracyc l ine 
e r y t h r o m y c i n (1952) 
v i r g i n i a m y c i n (1955) 
l i n c o m y c i n (1962) 
cycloser ine" 
n o v o b i o c i n " 
cephalothin , 
cephaloridine (1962)c 

v a n c o m y c i n " 
r i f a m y c i n S V (1961)c 

α Only useful member to date. 
bPA-114 was the first member to be recognized as a synergistic mixture (119). 
c Semisynthetic. 

broad-spec t rum penic i l l ins , doxycyc l ine , the n e w cephalosporins , a n d 
r i f a m p i c i n ) have been m a d e b y c h e m i c a l modi f i ca t ion of exist ing ant i 
biot ics . T h i s shift w i t h t ime i n the source of major discoveries is s h o w n 
graphica l ly i n F i g u r e 1. T h e relat ionships of l i n c o m y c i n (10, 11,12,13), 
f u s i d i c a c i d (14, 15, 16, 17, 18, 19, 20, 21), gentamic in (22, 23, 24, 25), 
a n d c a p r e o m y c i n (26, 27, 28, 29) ( w h i c h were d iscovered after 1959) to 
their s t ructural antecedents are s h o w n i n F i g u r e 2. 

C l e a r l y , the fel ic i tous c o m b i n a t i o n of technica l factors w h i c h f a c i l i 
ta ted the i n i t i a l burst of m i c r o b i a l metabol i te d r u g discoveries no longer 
operates w i t h the same effect. T h i s has l e d to a judgment o n the part of 
some that no important n e w ant ibacter ia l drugs or d r u g classes w i l l be 
d e r i v e d d i rec t ly f r o m m i c r o b i o l o g i c a l sources i n the future . 

T h e v a l i d i t y of this j u d g m e n t o b v i o u s l y w i l l not be k n o w n u n t i l a 
n u m b e r of years have passed. Those presently seeking to discover su
per ior n e w ant ibacter ia l drugs must, however , m a k e an assessment based 
u p o n avai lable evidence. A n y ra t iona l attempt to m a k e this assessment 
br ings to m i n d a complex of subs idiary questions—e.g., can the causes 
for the decrease i n m i c r o b i a l metabol i te d r u g discoveries d e p i c t e d i n 
F i g u r e 2 be ident i f ied? D o these suggest possibi l i t ies for increasing the 
d iscovery rate? These a n d other questions concern ing the fu ture course 
a n d nature of d r u g discoveries f r o m m i c r o b i o l o g i c a l sources were incor-
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3. C O N O V E R Microbiological Sources 41 

Table IV. Timing and Source of Significant Antibacterial 
Antibiotic Discoveries 1939-1969 

Year of 
First 

Literature 
Report From Structural Modification 

1939 

1940 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1958 
1954 
1955 

1956 

1957 

1958 

1959 

1960 
1961 

1963 
1965 

1967 

1968 
1970 e 

t y r o t h r i c i n [ t y r o c i d i n , 
g r a m i c i d i n ] α 

p e n i c i l l i n , 6 a c t i n o m y c i n s " 
s t reptomycin 
b a c i t r a c i n 

ch loramphenico l , p o l y m y x i n s 
chlor te t racyc l ine 
n e o m y c i n 
oxyte t racyc l ine 
v i o m y c i n 
e r y t h r o m y c i n 
leucomycins 
o l e a n d o m y c i n 
s p i r a m y c i n , v i r g i n i a m y c i n / 

cycloserine, cephalo
spor in C a 

novobioc in , v a n c o m y c i n , 
m i k a m y c i n s " 

k a n a m y c i n s , 6 - d e m e t h y l -
te tracycl ine 

r i f a m y c i n s , p a r o m o m y c i n , 
t y l o s i n d 

1962 l i n c o m y c i n , fusidic ac id 

gentamic in , capreomycin 

From Structural Modification 
by Bio- or Chemical Synthesis 

d i h y d r o s t r e p t o m y c i n 

p h e n o x y m e t h y l p e n i c i l l i n c 

ch loramphenico l pa lmi ta te 
te t racyc l ine 

t r i a c e t y l o l e a n d o m y c i n 

p r o p r i o n y l e r y t h r o m y c i n , 
p y r r o l i d i n o m e t h y l t e t r a c y c l i n e 
pheneth ic i l l in , p r o p i c i l l i n 

m e t h i c i l l i n 
a m p i c i l l i n , n a f c i l l i n , o x a c i l l i n , 

methacycl ine , r i f a m y c i n S V 
cephalothin , cephalor idine, 

d o x y c y c l i n e , c l o x a c i l l i n , 
l ys ino me thy l te t racy c l ine , 
phenbenic i l l in 

r i f a m i d e , d i c l o x a c i l l i n , 
cephaloglycine 

cephalexin, r i f a m p i c i n , 
carben ic i l l in 

c l i n d a m y c i n 

a Historically important ; not used or not now important as an antibacterial drug. 
b Report on therapeutic efficacy of crude penicillin. 
"Produced by "biosynthetic" methods; not utilized until 1953. 
dUsed primarily or exclusively in animals. 
e Newer discoveries whose utility has not yet been established have been omitted. 
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42 D R U G D I S C O V E R Y 

Legend ^ Microbial Metabolites 

^ Chemically or Biochemically 
Modified Microbial Metabolites 

1939-1944 1945-1949 1950-1954 1955-1959 1960-1964 1965-1969 

Period 

Figure 1. Timing and source of significant antibacterial antibiotic 
discoveries, 1939-1969 

porated into a quest ionnaire sent to some 120 scientists i n i n d u s t r i a l , 
academic , a n d government laboratories; c o m p l e t e d questionnaires were 
rece ived f r o m 70 i n d i v i d u a l s . T h e p a n e l of respondents inc ludes m e n 
responsible b o t h for past ant ib io t i c discoveries a n d for present-day 
m i c r o b i a l metabol i te a n d ant ibacter ia l d r u g research. T h e quest ionnaire 
sought to obta in the same g l o b a l judgments, synthesis of v iews , a n d 
def ini t ion of problems a n d opportunit ies that w o u l d have emerged h a d 
first-hand discussions been possible w i t h a l l of the respondents. M u c h 
of the remainder of this paper is devoted to a summary a n d interpretat ion 
of the responses to the quest ionnaire . 

T h e first section of the quest ionnaire p r o b e d the causes for the d r o p 
i n the discovery rate of use fu l n e w ant ibacter ia l m i c r o b i a l metabolites, 
then sought judgments as to whether , a n d i f so h o w , this t rend c o u l d be 
reversed. F i n a l l y i t asked the respondents to rate the potential i t ies of five 
discovery approaches for p r o v i d i n g use fu l n e w ant ibacter ia l drugs over 
the next decade. 
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3. C O N O V E R Microbiological Sources 43 

The Nature and Causes of the Decline in Discovery Rate of A n t i 
bacterial Microbial Metabolites. T h e p a n e l does not support the h y 
pothesis that v i r t u a l l y a l l of the potent ia l ly use fu l s t ructural classes of 
ant ibacter ia l ant ibiot ics have been discovered. T h e thrust of the major i ty 
o p i n i o n ( 8 3 % agreement) is that the search for ant ibacter ia l m i c r o b i a l 
metabolites, massive a n d p r o l o n g e d as i t has been, has not d r a w n u p o n 
the tota l reservoir of a n t i b i o t i c - p r o d u c i n g organisms a n d their secondary 
metaboli tes ; the same sector of the total m i c r o b i a l p o p u l a t i o n has been 
repeatedly sampled a n d examined for ant ib iot ic e laborat ion b y techniques 
w h i c h have changed l i t t le i n 30 years. Potent ia l ly va luab le n e w antibiot ics 
have been missed because the p r o d u c i n g organism was not isolated, 
d i d not g r o w , or d i d not p r o d u c e a sufficient quant i ty of ant ib iot ic to be 
detected u n d e r the condit ions e m p l o y e d . Some respondents repor ted 
that changes i n m e d i a a n d fermentat ion condit ions o n the one h a n d 
and/or a p p l i c a t i o n of n e w , more sensitive detect ion methods o n the other 
have been responsible for discoveries i n their o w n laboratories. T h e 
composi t ion or temperature of the cul ture m e d i u m or the d u r a t i o n of 
the fermentat ion m a y determine whether an ant ib iot ic is detected or, i n 
some cases, w h a t ant ib iot ic is detected. A n t i b i o t i c s p r o d u c e d i n m i n o r 
amounts, especial ly i n the presence of other easi ly detected ant ibiot ics , 
have u n d o u b t e d l y been over looked i n the past. ( Converse ly , some such 
antibiot ics owe their d iscovery to the fact that they were present i n 
broths w h i c h were b e i n g invest igated intensively because of other c o m 
ponents present. C e p h a l o s p o r i n C , for example, is so w e a k l y act ive that 
h a d i t not been a c c o m p a n i e d b y p e n i c i l l i n Ν a n d cephalospor in P , i t 
m i g h t easily have been over looked. ) 

T h e r e are genera a n d species of a n t i b i o t i c - p r o d u c i n g microorganisms 
that, re la t ive ly speaking, have been neglected for the past 20 years. F r o m 
about 1950 o n w a r d , Streptomyces species obta ined f r o m so i l have re
ce ived b y far the greatest s tudy ( 3 0 ) . I n the early years, there was g o o d 
reason for th is : they c o u l d be obta ined easily i n seemingly endless v a 
riety, a n d they were a r i c h source of n e w antibiot ics . I n more recent 
years k n o w n metabolites of Streptomyces have been rediscovered repeat
edly . T h e discoveries of p h o s p h o n o m y c i n , n e g a m y c i n , sparsomycin , 
ac t inonin , s h o w d o m y c i n , a n d k a s u g a m y c i n ( F i g u r e 3) w e r e c i ted b y 
respondents as evidence that even so, Streptomyces species are s t i l l 
capable of p r o v i d i n g ant ibacter ia l ant ibiot ics of n o v e l structure. 

T h e majori ty of respondents ( 6 9 % ) feel that the spectacular suc
cesses achieved b y c h e m i c a l modi f i ca t ion of existing ant ibiot ics i n the 
late 1950's a n d early 1960's caused a shift of research effort a w a y f r o m 
soi l sample screening a n d that this was i n part responsible for the smaller 
n u m b e r of significant fermentat ion-ant ib iot ic discoveries. A substantial 
m i n o r i t y ( 2 3 % ) h o l d , however , that i n absolute terms the effort a p p l i e d 
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44 D R U G D I S C O V E R Y 

to d iscovery of m i c r o b i a l metabolites has not decreased; o n l y the pro
p o r t i o n of the total d iscovery effort so a p p l i e d has decreased as the 
semisynthet ic efforts have g r o w n qui te large. P u b l i s h e d statistics w h i c h 
reflect the l eve l of fermentat ion-ant ib iot ic discovery effort over the years 
d o suggest that there has been no rea l cur ta i lment of this ac t iv i ty . B e r d y 
a n d M a g y a r ' s tabula t ion (30) of ant ib iot ic discoveries ( T a b l e V ) shows 
a n absolute increase i n the n u m b e r of n e w antibiot ics reported over each 
successive five-year p e r i o d f r o m 1940 t h r o u g h 1965. P e r l m a n s analysis 
(31) of year-by-year totals (1940-1968) shows a steady increase u n t i l 
1961, then a l e v e l i n g off at a rate w e l l above the average for the previous 
t w o decades. 

Lincomycin 

Celesticetin 

CH 2 -CH 2 -CH 3 H 

H CH 3 

CH 3 

CHe-CHg-O-C.^ 

R R, R 2 *3 

Helvolic Acid 3-ketoA* ^tf-OAc =0 Η 

Cephalosporin P, oc-OH ac-OAc / - O H Η 

Fusidic Acid oc-OH Η Η oc-OH 

Figure 2. Rehtionship of significant antibacterial microbial metabo-
chemistry shown for the 
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3. C O N O V E R Microbiological Sources 45 

These statistics p o i n t u p a fact that m a y not be general ly a p p r e c i a t e d : 
w h i l e the discovery rate for ant ibacter ia l m i c r o b i a l metabolites reaching 
general use i n h u m a n or veter inary m e d i c i n e has i n d e e d d r o p p e d sharply , 
the tota l n u m b e r of antibiot ics d iscovered a n n u a l l y has not decreased. 

U n q u e s t i o n a b l y , m a n y of the n e w antibiot ics isolated i n the p e r i o d 
1960-1969 w o u l d have const i tuted signif icant discoveries i n the 1940's 
w h e n antibiot ics were filling a v i r t u a l chemotherapeut ic v a c u u m . Stand
ards for m e d i c a l a n d c o m m e r c i a l acceptance have r isen cont inuous ly as 
have requirements for regulatory a p p r o v a l of n e w antibiot ics . I n the past 
decade these influences p r o p e r l y d iscouraged the deve lopment a n d c o m 
m e r c i a l i z a t i o n of n e w antibiot ics not possessing significant advantages 

OH 

Kanamycin A Genfomicins R Ri 

C, 

C,a 

C 2 

CH 3 CH 3 

H H 

CH 3 H 

Viomycidine Capreomycidine 

Viomycin Capreomycin 

lite discoveries 1959-1970, to structural antecedents. The stereo-
gentamicins is tentative (140). 
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46 D R U G D I S C O V E R Y 

H 
Sporsomycin Phosphonomycin 

Actinonin Negamycin 

Figure 3. Recent antibacterial antibiotic discoveries of novel structure 

over exist ing drugs. O n e can be qui te sure, however , that some n e w ant i 
biotics have been rejected w i t h o u t benefit of the extensive comparisons 
w i t h exist ing drugs that w o u l d have revealed u n i q u e superiorit ies . A 
great investment i n t ime a n d resources is usua l ly r e q u i r e d to obta in the 
quantit ies of a p u r i f i e d n e w l y discovered ant ibiot ic needed for a def ini t ive 
assessment. W h i l e i n most cases this investment proves fruitless, va luable 
properties can only be discovered if they are tested for. 

Table V . Cumulative Totals of New Antibiotics from 
Three Major Sources 1940-1965 

Schizomycetes ~, Other Classes bive-Year 
Year Actinomycetales Eubacteriales of Fungia Totals Increase 

1940 6 14 19 39 
1945 14 26 52 92 53 
1950 82 100 143 325 233 
1955 363 141 220 724 399 
1960 812 187 282 1281 557 
1965 1266 222 374 1862 581 

a Fungi imperjecti, basidiomycetes, ascomycetes, phycomycetes . 
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3. C O N O V E R Microbiological Sources 47 

Proposals Designed to Increase the Discovery Rate of Antibacterial 
Microbial Metabolites. T h e quest ionnnaire c i t ed five specific approaches 
that have been advocated as means of increasing the rate at w h i c h dis 
coveries of signif icant n e w ant ibacter ia l ant ibiot ics are made . T h e p a n e l 
was asked to evaluate the v a l i d i t y of each a p p r o a c h separately, then to 
rank these five approaches " i n order of their prac t i ca l potent ia l i ty for 
increasing the rate of discovery . . . over the next decade . " T a b l e V I 
lists these approaches a n d summarizes the responses. T h e t w o approaches 

Table V I . Ranking of Approaches to Increased Antibacterial 
Microbial Metabolite Discovery 1970—1979 

Percent Judging 
Approach Ranka Approach Fruitfulb 

A p p l i c a t i o n of new techniques for col lect ing, 
s tor ing, and processing soi l samples, for 
iso la t ing and growing potent ia l a n t i b i o t i c -
p r o d u c i n g microorganisms, and for detect
i n g new ant ibiot ics 1 67 

E x a m i n a t i o n of genera of microorganisms 
t h a t have received r e l a t i v e l y l i t t l e a t ten
t ion thus far i n the search for ant ib iot ics 2 58 

E x a m i n a t i o n of mar ine microorganisms 3 53 

E x a m i n a t i o n of terrestr ia l microorganisms 
that grow under unusua l or extreme e n v i 
ronmenta l condit ions 3 42 

E x a m i n a t i o n of microorganisms that grow i n 
the presence of pathogens 4 33 

α The over-all rank was derived from individual rankings by use of a weighted 
scoring system. 

b Respondents were asked whether a given discovery approach could be expected 
to be fruitful for the discovery of useful new antibacterial antibiotics in the next 
decade. 

given strongest support ( a p p l i c a t i o n of n e w techniques a n d examinat ion 
of neglected genera of microorganisms) were forecast b y the analysis of 
the causes of the his tor ica l dec l ine i n discovery fate. M a r i n e microor 
ganisms are not expected to p r o v i d e a cornucopia of n e w antibiot ics ; 
they constitute one category of l i t t le s tudied organisms w h i c h deserves 
s tudy but w h i c h m a y pose special problems i n terms of col lect ion, iso
lat ion, a n d g r o w t h . T h e quest ionnaire reconf irmed the general ly accepted 
conclus ion that antibiot ics do not p l a y an ecologica l role, a n d thus there 
is no reason to expect a higher p r o p o r t i o n of ant ib iot ic producers i n a n 
environment where pathogens a b o u n d . 

I s h o u l d l ike to consider i n some deta i l the basis for the expectat ion 
that s tructural ly n o v e l antibiot ics w i l l be discovered i f efforts are con-
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48 D R U G D I S C O V E R Y 

centra ted u p o n species w i t h i n "neg lec ted" genera of microorganisms. 
F i r s t , this expectat ion is suppor ted b y past experience; secondly, i t rests 
u p o n the propos i t ion that the structures of m i c r o b i a l secondary metabo
lites are a n expression of the genetic i n d i v i d u a l i t y of the e laborat ing 
species. T o the extent that c lassical taxonomy reflects the magni tude 
of genetic difference be tween microorganisms, taxonomica l ly w i d e l y sepa
ra ted organisms s h o u l d elaborate antibiot ics w h i c h differ w i d e l y i n struc
ture w h i l e c losely re lated organisms m a y p r o d u c e the same or closely 
re la ted antibiot ics . 

F i g u r e 4 shows i n s impl i f i ed f o r m the taxonomic locations of m i 
c r o b i a l classes, orders, a n d famil ies w h i c h produce the k n o w n s tructural 
classes of use fu l ant ibacter ia l antibiot ics . N o n e of the useful s tructural 
classes o r i g i n a l l y d iscovered as products of Schizomycetes has been iso
la ted f r o m a species of the Fungi imperfecta; there is but one p r e l i m i n a r y 
report (32) that a Streptomyces species has been isolated w h i c h produces 
p e n i c i l l i n N , otherwise k n o w n exclusively as a p r o d u c t of Fungi im-
perfecti. E v e n e laborat ion of the same ant ib iot ic b y organisms be longing 
to different orders of the same class is rare. Cyc loser ine w h i c h is syn
thesized b y several Streptomyces species a n d b y Pseudomonas fluorescens 
(33) constitutes one of the f e w k n o w n examples. 

T h e most c o m m o n finding is the e laborat ion of the same or very 
closely re lated substances b y different strains of the same species or 

Division 

Class 

Order 

Family 

I FUNGI I 

FUNGI IMPERFECT!! 

I 
MONILIALES 

I 
1 M0NIL1ACEÂÊ] 

I SCHIZOMYCETES I 

ι 1 
IACTINOMYCETALESI I EUBACTERIALESl 

I STREPTOMYCETACEAEl | BACILLACEAÎ] 

Classes of Useful Penicillin Aminoglycoside Polymyxin 
Antibacterial Cephalosporin-C Chloramphenicol * Cycloserine 
Antibiotics Steroid Tetracycline 

Macrolide 
Ansa macrolide 
Lincomycin 

* Cycloserine 
Novobiocin 

Figure 4. Taxonomic location of microbial orders and families producing 
useful antibacterial antibiotics. Other classes of fungi known to produce 
antibiotics are basidiomycetes, ascomycetes, and phycomycetes. For 
simplicity, the older classification of Schizomycetes as a class of fungi 
has been used. Schizomycetes and blue-green algae are generally now 
placed in a kingdom distinct from that of fungi. This classification in no 
way alters the argument that Fungi imperfecti and schizomycetes, being 
very widely separated taxonomically, may be expected to produce struc

turally distinct secondary metabolites. 
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3. C O N O V E R Microbiological Sources 49 

different species of the same genus. Species be longing to different genera 
of the same f a m i l y m a y p r o d u c e the same ant ibiot ic , but i n notable i n 
stances they p r o d u c e s tructural ly dis t inct ive analogs. F i g u r e 5 i l lustrates 
this point w i t h the ^-lactams a n d some of the aminoglycosides a n d 
macrol ides . P e n i c i l l i n Ν is e laborated b y several species of Cephalo-
sporium, a n d a Paecilomyces species ( a n d perhaps b y some Aspergillus 
a n d Trichophyton spec ies—al l members of the M o n i l i a c e a e f a m i l y ). T h e 
other " n a t u r a l " penic i l l ins are on ly p r o d u c e d b y Penicillia w h i l e cephalo
spor in C , a s tructural relat ive of p e n i c i l l i n N , has not been f o u n d as a 
metabol i te of a Pénicillium. ( P e n i c i l l i n Ν a n d cephalospor in C have also 
been isolated f r o m the species Emericellopsis terricola w h i c h falls i n the 
class Ascomycetes . Since these organisms are the perfect stage of a 
Cephalosporium, the taxonomic separation is not considered pert inent 
to the present discussion.) 

Family IM0NIL1ACEAË1 

Genus |PENICILLIUM| |CEPHALOSPORIUM| |PAECILOMYCES| |ASPERGILLUS] |TRICHOPHYTON] 

Penicillins Penicillin Ν Penicillin Ν "Penicillin" Penicillin like 
( F, Dihdro F, G) Cephalosporin - C substance 

Κ,Μ,Χ etc. 

Family ISTREPTOMYCETACEAE1 

Genus iSTREPTOMYCËSl |MICROMONOSPORA| 

Kanamycin A Gentamicins 
Erythromycin ( C, , C, a, C t ) 

Megalomicin A 

Figure 5. Taxonomic location of genera-producing related β-lactam, amino
glycoside, and macrolide antibiotics 

A m o n g the aminoglycosides , the gentamic in C f a m i l y has thus far 
only been obta ined f r o m Micromonospora w h i l e the kanamycins are 
elaborated only b y Streptomyces species. M e g a l o m i c i n A (34) p r o d u c e d 
b y a Micromonospora species represents a n o v e l analog of e r y t h r o m y c i n 
C , a p r o d u c t of Streptomyces species ( F i g u r e 6 ). 

A deta i led considerat ion of the neglected genera is b e y o n d the scope 
of this discussion. T h i s subject has rece ived attention f r o m W a k s m a n 
(35) a n d other authors. It does appear that s tructural ly n o v e l congeners 
of a g i v e n ant ib iot ic m a y be f o u n d b y e x a m i n i n g organisms f a l l i n g i n a 
genus closely related to that of the k n o w n producer . T h i s w o u l d suggest 
examinat ion of genera of Streptomycetaceae other than Streptomyces, 
a n d of M o n i l i a c e a e other than Pénicillium. T h e fact that through 1955 
more antibiot ics h a d been reported f r o m the Fungi imperfecti, bas idio-
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50 D R U G D I S C O V E R Y 

R = H Erythromycin C 

Megalomycin A 

Figure 6. Erythromycin and megalomycin A 

mycetes, ascomycetes, a n d phycomycetes than f r o m the schizomycete 
order act inomycetales, suggests that classes of f u n g i other than schizo
mycetes s h o u l d be examined more thoroughly (see T a b l e V a n d F i g u r e 
7 ) . Just as a l l d r u g research is b e c o m i n g more dif f icult a n d t ime con
suming , some of the neglected genera w i l l prove more dif f icult to collect , 
isolate, a n d grow than the Streptomyces, a n d the p r o p o r t i o n of act ive 
cultures they p r o v i d e m a y be lower . T h e chance that their secondary 
metabolites, once detected, w i l l be n e w should be greater, however . 

Evaluation of Proposed Approaches to Antibacterial 
Drug Discovery, 1970-1980 

It is germane to consider not only means b y w h i c h discoveries of 
useful ant ibacter ia l m i c r o b i a l metabolites might be increased i n the 
future b u t also to w e i g h the relat ive potential i t ies of a l l approaches to 
ant ibacter ia l d r u g discovery. Perhaps the r e w a r d for effort expended 
w o u l d be greater elsewhere. T h e quest ionnaire requested a r a n k i n g of 
the f o l l o w i n g five approaches i n terms of their " p r a c t i c a l potent ia l i ty for 
p r o v i d i n g useful n e w ant ibacter ia l drugs over the next decade" : (1 ) iso
la t ion of n e w m i c r o b i a l metabolites; (2 ) preparat ion of s t ructural analogs 
of existing useful antibiot ics b y chemica l or other means; (3 ) preparat ion 
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3. C O N O V E R Microbiological Sources 51 

of s t ructural analogs of exist ing toxic or p o o r l y efficacious antibiot ics b y 
c h e m i c a l or other means; ( 4 ) e m p i r i c a l screening of organic compounds 
unre la ted to exist ing ant ibiot ics ; ( 5 ) d i rec ted synthesis of organic c o m 
pounds based u p o n a b i o c h e m i c a l rat ionale. 

T h e successes ach ieved i n the past decade w i t h c h e m i c a l l y m o d i f i e d 
penic i l l ins , tetracyclines, a n d l i n c o m y c i n , u n d o u b t e d l y inf luenced the 
judgment of the p a n e l that preparat ion of s tructural analogs of useful 
antibiot ics b y c h e m i c a l or other means s h o u l d be r a n k e d as one of the 
t w o most p r o m i s i n g discovery approaches for the next decade. Before 
proceeding further w i t h the evaluat ion m a d e b y the respondents of the 
five approaches ( T a b l e V I I ) , some aspects of the history a n d nature 
of the s tructural modi f i ca t ion a p p r o a c h are examined. 

Division FUNGI 

Class 

Order 

Fungi 
Imperfecti Bosidiomycetes Ascomycetes Phycomycetes| SchizomycetesI 

Actinomycetqles| 

Genus | Streptomyces | 

Figure 7. Cfosses of fungi 

Structural Modification of Antibiotics. H I S T O R I C A L R E V I E W . W r i t 
i n g i n 1945, W a k s m a n ( 7 ) set f o r t h i n prophet i c terms the role that the 
m e d i c i n a l chemist was to p l a y i n the ant ib iot ic field. 

. . . the d iscovery of n e w c h e m i c a l agents possessing ant ibacter ia l 
or a n t i f u n g a l propert ies offers the chemist m a n y n e w models to d r a w 
u p o n for v a r i e d types of syntheses. 

A l t h o u g h o n l y very f e w ant ib iot ic agents have so far been isolated, 
a n d even fewer crys ta l l ized , i t is a l ready w e l l established that w e are 
d e a l i n g here w i t h a great var ie ty of c h e m i c a l compounds . . . . M a n y a 
chemist is a w a i t i n g the solut ion of the p r o b l e m of the c h e m i c a l nature 
of p e n i c i l l i n before b e g i n n i n g n e w syntheses. 

Doubt less most of the compounds that prove to be useful as chemo-
therapeut ic agents w i l l sooner or later be synthesized. T h e cont r ibut ion 
of the bacteriologist m a y be a l l b u t forgotten i n the l ight of f o r t h c o m i n g 
c h e m i c a l developments , b u t even the bacteriologist w i l l be grateful for 
n e w tools to he lp combat disease-producing agents. . . . 

It is fitting that W a k s m a n ' s o w n discovery, s t reptomycin , p r o v i d e d 
the vehic le for m a k i n g the first use fu l semisynthetic a n t i b i o t i c — d i h y d r o -
s t reptomycin (36, 37). It is interest ing that d i h y d r o s t r e p t o m y c i n was 
subequent ly f o u n d as a m i c r o b i a l metabol i te (38). 
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52 D R U G D I S C O V E R Y 

T h e massive w a r t i m e B r i t i s h - A m e r i c a n invest igat ion of p e n i c i l l i n 
chemistry i n c l u d e d attempts to . . m o d i f y p e n i c i l l i n c h e m i c a l l y i n the 
h o p e o f o b t a i n i n g n e w c o m p o u n d s w h i c h m i g h t dif fer qua l i ta t ive ly or 
quant i ta t ive ly i n their b i o l o g i c a l ac t iv i ty , s tabi l i ty or rate of excret ion . . . 
there was a lways the hope that a c h e m i c a l modi f i ca t ion of the molecule 
m i g h t so alter the specif ic i ty of the d r u g as to greatly b r o a d e n its field 
of a p p l i c a t i o n " (39). T h e t h i a z o l i d i n e c a r b o x y l of b e n z y l p e n i c i l l i n a n d 
the act ivated ortho posit ions of p - h y d r o x y b e n z y l p e n i c i l l i n ( F i g u r e 8) 
p r o v e d amenable to c h e m i c a l modi f i ca t ion , b u t no n e w penic i l l ins su
per ior i n c h e m i c a l s tabi l i ty o r chemotherapeut ic ac t ion were ident i f ied 
i n this w o r k . M o s t of the chemica l reactions of penic i l l ins observed i n 
ear ly studies destroyed or r e d u c e d b i o l o g i c a l act iv i ty . 

R - C - N - T 

/?-Hydroxybenzy I penicillin (X) 

Benzylpenicillin ( G) 

Figure 8. Early substrates for chemical modi
fication of penicillins 

F r o m the po in t of v i e w of importance a n d c h e m i c a l feas ib i l i ty , chlor
a m p h e n i c o l ( F i g u r e 9) presented an excellent subject for s tructural 
modi f i ca t ion . It was the first t r u l y broad-spec t rum ant ib iot ic isolated, 
a n d its structure a n d total synthesis were b o t h repor ted t w o years after 
the discovery was a n n o u n c e d (40, 41, 42). T h e synthesis of c h l o r a m 
p h e n i c o l analogs p r o v e d to be one of the great disappointments of early 
c h e m i c a l research i n the ant ib io t i c field. H u n d r e d s of analogs were syn
thes ized, b u t none was f o u n d superior to the parent d r u g i n terms either 
of a n t i m i c r o b i a l ac t iv i ty or therapeutic index (43). T h e palmitate a n d 
hemisucc inate esters have p r o v i d e d superior dosage forms for o r a l a n d 
parentera l use. O n e synthetic analog, t h i a m p h e n i c o l (44) has ach ieved 
l i m i t e d use i n h u m a n a n d veter inary medic ine . 

Because ear ly experience w i t h the penic i l l ins , s t reptomycin , a n d 
c h l o r a m p h e n i c o l d i d not f u l f i l l W a k s m a n ' s opt imis t ic p r e d i c t i o n , there 
f o l l o w e d a p e r i o d of skept ic i sm r e g a r d i n g the potent ia l va lue of c h e m i c a l 
modi f i ca t ion of ant ibacter ia l substances d e r i v e d f r o m m i c r o b i o l o g i c a l 
sources; i t was a r g u e d i n some quarters that antibiot ics represented the 
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3. C O N O V E R Microbiological Sources 53 

I H n H 
H ^ C ^ N — C — C — C l 

I h 
CH2OR 

R= - H Chloramphenicol 

R= - C - ( C H 2 ) , 4 - C H 3 Chloramphenicol Palmitate 

9 fl h m 

R= -C-CH 2 -CH 2 -C - 0 Na Chloramphenicol Hemisuccinate 

Figure 9. Chemical modification of chloramphenicol 

c u l m i n a t i o n of a n evolut ionary process des igned to give the e laborat ing 
organism the o p t i m u m c h e m i c a l w e a p o n i n the c o m p e t i t i o n for s u r v i v a l . 

R o b i n s o n expressed this skept ic ism (45) w h e n he wrote i n 1953: 
. . i n d e e d one of the disappointments i n ant ib iot ic w o r k is that it seems 

imposs ib le to m o d i f y the molecule w i t h o u t r e d u c i n g or e l i m i n a t i n g its 
a n t i m i c r o b i a l ac t iv i ty . . T h e discoveries early i n the 1950's of tetra
cyc l ine a n d p h e n o x y m e t h y l p e n i c i l l i n established b e y o n d doubt , however , 
that modi f i ca t ion of antibiot ics b y c h e m i c a l or b iosynthet ic means c o u l d 
y i e l d superior drugs. 

S E M I S Y N T H E T I C T E T R A C Y C L I N E S . Te t racyc l ine ( F i g u r e 10, T a b l e I V ) 
(46, 47, 48) was the first major semisynthetic ant ib iot ic d iscovered. T h i s 
p r o d u c t was d iscovered i n d e p e n d e n t l y i n m y laboratory a n d that of 
Boothe at L e d e r l e after the structures of oxytetracycl ine a n d chlortetra
cyc l ine h a d been d e t e r m i n e d b y the Pf izer group i n co l laborat ion w i t h 
W o o d w a r d (49, 50, 51,52). It was f o r m e d b y the catalyt ic hydrogenolysis 
of chlortetracycl ine . Te t racyc l ine was f o u n d to be a potent broad-spec
t r u m ant ib iot ic w h i c h was more stable a n d better tolerated than its fer
menta t ion-produced progenitor . I n a f e w years i t almost complete ly 
d i sp laced chlortetracycl ine f r o m m e d i c a l pract ice . Interest ingly, as hap
p e n e d i n the case of d i h y d r o s t r e p t o m y c i n , tetracycl ine was f o u n d as a 
m i c r o b i a l metabol i te after its c h e m i c a l synthesis h a d been accompl i shed 
(53). F u r t h e r selective transformations of tetracycl ine ant ibiot ics afford
i n g use fu l n e w drugs were s low i n c o m i n g . It was to be 10 years before 
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54 D R U G D I S C O V E R Y 

CI CH 3 OH 
CH 5 ^CH, 

OH ~ H , 

Chlortetracycline 

C H S CHs 

OH Hz N r 

Catalyst 

HP 

Catalyst 

Oxytetracycline R, - CH3, R2 - OH 
Tetracycline R, - CH3, R2 = H 

6-DémethyItetracycline R/ = H , R2 = H 

CH 3 OH 

CH 3 CH 3 

• B , 6 « I , 
Tetracycline 

c " 3 . CH 3 

R 2

 X N ^ 

C0NH 2 

6-Deoxy tetracyclines 

Figure 10. Tetracycline and 6-deoxytetracyclines 

Stephens, v o n W i t t e n a u , B l a c k w o o d , a n d co-workers of Pf izer reported 
the discoveries of methacyc l ine a n d doxycyc l ine (54, 55). W o o d w a r d 
has character ized the molecule of oxytetracycl ine as a " d i a b o l i c a l con
catenation of react ive g r o u p i n g s " ( 5 6 ) . Indeed, the complex i ty a n d l a b i l 
i t y of the parent tetracyclines p r o v e d to be a great obstacle to d r u g 
discovery. A t the outset the tetracyclines, l ike a n u m b e r of other a n t i b i 
ot ic classes (/^-lactams, macrol ides , aminoglycos ides ) , were not amenable 
to faci le molecular modi f i ca t ion for explor ing relat ionships between 
structure a n d b i o l o g i c a l properties . T h e most react ive funct ional i t ies 
p r o v e d , i n general , to be r e q u i r e d for b i o l o g i c a l act ivi ty . I n the end, 
contro l of the chemistry of the C 6 h y d r o x y l f u n c t i o n p r o v i d e d the key 
to n e w d r u g discovery. 

I n 1958, the Pf izer group reported the successful hydrogenolys is of 
the C 6 h y d r o x y l of oxytetracycl ine, tetracycl ine, a n d 6-demethyltetra-
cyc l ine ( F i g u r e 10) (57). S i m i l a r w o r k was reported later b y M c C o r m i c k 
et al. of L e d e r l e (58). T h e react ion products were of interest i n that 
they were b io log i ca l l y act ive a n d also because they were stable to the 
condit ions of e lectrophi l ic aromatic subst i tut ion reactions. It was n o w 
possible to prepare a large var iety of D ring-subst i tuted tetracyclines 
for b i o l o g i c a l s tudy. F r o m such studies came the discovery of m i n o c y c l i n e 
b y M a r t e l l a n d Boothe of L e d e r l e (59). T h i s c o m p o u n d is u n i q u e i n its 
in vivo efficacy against some infections caused b y tetracycline-resistant 
pathogens. 
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3. C O N O V E R Microbiological Sources 55 

Insights were sought at Pf izer b y w h i c h molecular structure a n d 
shape, electronic propert ies , a c i d strength, chelat ing ab i l i ty , a n d l i p o -
p h i l i c i t y m i g h t be re la ted to potency or range of ant ibacter ia l ac t iv i ty . 
These studies w e r e c o m p l i c a t e d b y the fact that large differences observed 
in vitro were of ten r e d u c e d or comple te ly n u l l i f i e d in vivo. S u c h observa
tions focused attention u p o n the in terp lay of s t ructura l a n d pharmaco
k inet ic propert ies of tetracyclines. 

CH 3 ^CH 3 

OH 

OH O OH 0 
6-Dl METHYL-6-DEOXYTETRACYCLINE 

Oral Absorption 
Dogs 

C0NH 2 

C0NH 2 

C0NH 2 

OH 0 OH Ô 
6-DEMETHYLCHLORTETRACYCLINE 

C0NH 2 

~I00% 

4 0 % 

~ 15% 

15% 

9 % 

pH 4.0 pH 5.5 pH 7.0 pHZ.O 

Figure 11. Relationship of chloroform-water distribution constants and oral 
absorption in dogs for some tetracyclines 
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56 D R U G D I S C O V E R Y 

Studies b y v o n W i t t e n a u a n d co-workers demonstrated that for most 
te tracycl ine ant ibiot ics s tudied , in vivo behavior ( s u c h as completeness 
of o r a l absorpt ion, degree of serum p r o t e i n - b i n d i n g , tissue affinity, rate 
of u r i n a r y excretion, a n d b i o l o g i c a l ha l f - l i f e ) important to d r u g efficacy 
c o u l d b e re lated to d r u g l i p o p h i l i c i t y as reflected b y chloroform-buffer 
d i s t r i b u t i o n constants (60, 61, 62, 63 ) . T h e pr inc ip les w h i c h emerged 
based o n studies i n dogs p r o v e d a p p l i c a b l e i n m a n . F i g u r e 11 indicates 
the re la t ionship b e t w e e n o r a l absorpt ion i n dogs a n d chloroform—water 
d i s t r i b u t i o n constants for a group of tetracyclines. 

T h e 6-deoxytetracyclines p r o v i d e d a series i n w h i c h the b i o l o g i c a l 
consequences of r e m o v i n g the 6 - h y d r o x y l group, of m o d u l a t i n g l i p o 
p h i l i c i t y , a n d of a l ter ing conf igurat ion at C 6 c o u l d be s tudied. Studies 
w i t h 6-demethyl-6-deoxytetracycl ine i n d i c a t e d that a l t h o u g h this analog 
retains essentially the same in vitro spectrum as tetracycl ine, is chemo-
therapeut ica l ly effective, is efficiently absorbed a n d affords a l o n g serum 
hal f - l i fe , its great tissue affinity is reflected i n increased toxic i ty . W h i l e 
the in vitro potency of this c o m p o u n d against gram-posi t ive organisms 
is general ly enhanced c o m p a r e d w i t h its parent, catalyt ic hydrogenolysis 
of oxytetracycl ine gives a 6-deoxy c o m p o u n d h a v i n g lower in vitro po
tency. T h e explanat ion for this anomaly lies i n the fact that d u r i n g the 
hydrogenolys is of oxytetracycl ine invers ion occurs at C 6 , presumably 
because the a face of the molecule is less h i n d e r e d ( F i g u r e 12 ). 

Figure 12. Formation of β-6-deoxyS-hydr oxytetracycline 
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3. C O N O V E R Microbiological Sources 57 

6 -Deoxy-5-hydroxytetracyc l ine h a v i n g the n o r m a l α -methy l conf igu
ra t ion at C 6 h a d been sought i n c h e m i c a l studies start ing as early as 
1952. D i s c o v e r y a n d development of this c o m p o u n d ( w h i c h p r o v e d to 
have somewhat enhanced in vitro ant ibacter ia l ac t iv i ty , l o w e r affinity 
for c a l c i u m , a lower effect o n the gastrointestinal flora, a n d near i d e a l 
pharmacokinet i c properties ) was m a d e possible b y the mastery of fur ther 
n e w chemistry at C 6 . I n the end, t w o stereoselective routes to the e lusive 
c o m p o u n d were discovered (54, 55). T h e key reactions are s h o w n i n 
F i g u r e 13. N o t e that success i n the direct hydrogénation route r e q u i r e d 
reversal of the u s u a l preference for catalyt ic hydrogénation to occur at 
the least h i n d e r e d face of a molecule . 

oC- 6-Deoxy - 5- hydroxytetracycline 
( Doxycycline ) 

Figure 13. Stereoselective synthesis of a-6-deoxy-5-hydroxytetracycline 

S E M I S Y N T H E T I C P E N I C I L L I N S . Just as the independent l ines of i n q u i r y 
of D u b o s , W a k s m a n , a n d the O x f o r d group converged to open the ant i 
b io t i c era, the p e r i o d of semisynthetic p e n i c i l l i n discoveries was in i t i a ted 
b y a s imi lar convergence. A s a n o u t g r o w t h of the early observat ion that 
the c h e m i c a l nature of the penic i l l ins p r o d u c e d b y fermentat ion was i n 
fluenced b y the compos i t ion of the g r o w t h m e d i u m , the preparat ion of 
"b iosynthet i c " penic i l l ins was accompl i shed b y a d d i n g subst i tuted p h e n y l -
acetic a c i d derivatives ( a n d re lated structures) to p e n i c i l l i n fermenta
tions. B y this m e t h o d Behrens a n d co-workers at the E l i L i l l y C o . h a d 
b y 1948 p r e p a r e d some 30 penic i l l ins m o d i f i e d i n the a c y l moie ty (64). 
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I n p r i n c i p l e , on ly the l imitat ions i n substrate structure i m p o s e d b y 
the specificities of the enzyme or enzymes i n v o l v e d i n the ac t ivat ion a n d 
c o u p l i n g reactions prevented this a n d other biosynthet ic investigations 
f r o m ant i c ipa t ing the major discoveries made a decade a n d more later b y 
the semisynthetic approach . A s it was, it appeared i n i t i a l l y that the on ly 
useful advantage possessed b y a biosynthet ic p e n i c i l l i n was l o w e r aller-
genici ty . T h i s proper ty w h i c h was a t t r ibuted to p e n i c i l l i n 0 ( a l l y l m e r -
c a p t o m e t h y l p e n i c i l l i n ) ( F i g u r e 14) p r o v e d i l lusory. 

COMMON NAME CHEMICAL NAME R 

PENICILLIN ν Phenoxymethylpenicillin C 6 H 5 O - C H 2 -

PENICILLIN ο AUylmercaptomethylpenicillin CH 2 =CH-CH 2 -S-CH 2 -

Figure 14. Biosynthetic penicillins 

I n 1954, however , B r a n d i a n d M a r g r e i t e r (65) repor ted that b io
synthetic p h e n o x y m e t h y l p e n i c i l l i n ( p e n i c i l l i n V ) was superior to b e n z y l 
p e n i c i l l i n i n terms of a c i d stabi l i ty . S ince this c o m p o u n d retains g o o d 
ac t iv i ty against penic i l l in-sensi t ive gram-posi t ive bacter ia p e n i c i l l i n V 
q u i c k l y ga ined acceptance as the on ly re l iable p e n i c i l l i n for o r a l a d m i n 
istrat ion. 

T h e fledgling B e e c h a m p e n i c i l l i n research team was s t imulated b y 
the advent of p h e n o x y m e t h y l p e n i c i l l i n to seek a d d i t i o n a l superior p e n i 
c i l l ins modi f i ed i n the a c y l moie ty (66). T h e general a p p r o a c h envis ioned 
was the convers ion of one p e n i c i l l i n b e a r i n g a reactive func t iona l i ty to 
a var iety of n e w m o d i f i e d penic i l l ins ; specif ical ly biosynthet ic p -amino-
b e n z y l p e n i c i l l i n was selected for modi f i ca t ion via acy la t ion of the amine 
f u n c t i o n ( F i g u r e 15) . 

D u r i n g the same p e r i o d , Sheehan was w o r k i n g t o w a r d a tota l syn
thesis of penic i l l ins . I n 1958, he announced the synthesis of 6-amino-
p e n i c i l l a n i c a c i d ( 6 - Α Ρ Α ) a n d its u t i l i t y for the preparat ion of n e w 
penic i l l ins b y acy la t ion (67, 68). ( A l m o s t 10 years earlier, this substance 
h a d been postulated to be an intermediate i n the biosynthesis of p e n i 
c i l l ins (69, 70). P r i o r Japanese l i terature also conta ined clear suggestions 
that i t h a d been f o r m e d b y enzymat ic hydrolys is of b e n z y l p e n i c i l l i n ( 71 ) 
a n d i n fermentations carr ied out i n the absence of side c h a i n precursors 
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3. C O N O V E R Microbiological Sources 59 

0 C02H > - N — k 
p - Aminobenzylpenicillin 2 

0 ^C02H Λ Ν ' \ 

6-Aminopenicillanic Acid 

Figure 15. Preparation of semisynthetic penicillins 

(72, 73). T h e significance of these pregnant observations h a d escaped 
scientists engaged i n ant ib iot ic research at the t ime. ) 

M e a n w h i l e , the B e e c h a m group discovered 6 - A P A i n d e p e n d e n t l y i n 
the course of s t u d y i n g the biosynthesis of p - a m i n o b e n z y l p e n i c i l l i n . T h i s 
discovery also f o l l o w e d f r o m the observat ion that i n precursor-starved 
fermentations a mater ia l was f o r m e d w h i c h conta ined the ^ - lac tam func 
t ion b u t w h i c h was not b io log ica l ly active (74). T h e B e e c h a m fermen
tat ion m e t h o d p r o v i d e d the first prac t i ca l means for o b t a i n i n g large 
quantit ies of 6 - A P A . A l t h o u g h it h a d prev ious ly been a r g u e d b y some 
that this structure was too labi le to be isolable, once the existence of 
6 - A P A was general ly recognized, enzymat ic methods for its prepara t ion 
were q u i c k l y perfected i n a n u m b e r of laboratories ( 75, 76, 77, 78, 79 ). 

T h e discovery of 6 -aminopenic i l lan ic a c i d presented the m e d i c i n a l 
chemist w i t h an except ional oppor tuni ty . It was n o w possible to v a r y 
the a c y l moie ty of penic i l l ins at w i l l to i d e n t i f y a n d elaborate those struc
t u r a l a n d p h y s i c a l characteristics w h i c h contro l led therapeut ica l ly rele
vant properties such as a c i d stabi l i ty , o r a l absorpt ion, serum p r o t e i n 
b i n d i n g , penic i l l inase resistance, a n d gram-negat ive ac t iv i ty . V i r t u a l l y 
every n e w a c y l p e n i c i l l a n i c a c i d synthesized reta ined some b i o l o g i c a l ac
t iv i ty . A c i d stable homologs of p h e n o x y m e t h y l p e n i c i l l i n were the first 
of the semisynthetic penic i l l ins to be reported a n d to reach c l i n i c a l use 
( F i g u r e 16) (80). It was later s h o w n that the a c i d s tabi l i ty of penic i l l ins 
can be correlated w i t h the strength of the a c i d corresponding to the a c y l 
moiety ( 8 1 ) , a finding consistent w i t h A b r a h a m ' s postulat ion that the 
electronic properties of the phenoxy substituent are responsible for the 
a c i d s tabi l i ty of p h e n o x y m e t h y l p e n i c i l l i n (82). 

Since, i n general , o n l y monosubst i tuted acetic a c i d derivat ives served 
as p e n i c i l l i n biosynthet ic precursors, one of the p r i m e s t ructura l v a r i a 
tions made feasible for the first t ime b y p a r t i a l synthesis was that of d i -
a n d tr isubst i tut ion at the «-position of the a c y l substituent. A l l of the 
semisynthetic penic i l l ins w h i c h have become important i n m e d i c a l prac
tice are i n fact d isubst i tuted at the carbon a to the a m i d e c a r b o n y l . S u c h 
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60 D R U G D I S C O V E R Y 

compounds p r o v i d e d impor tant insights re la t ing structure to a n u m b e r 
of b io log ica l ly important properties . A s the c h a i n l e n g t h of α - a l k y l sub-
stituents o n p h e n o x y m e t h y l p e n i c i l l i n was increased, so was the efficiency 
of o r a l absorpt ion, the serum hal f - l i fe , a n d the degree of serum b i n d i n g . 
In vitro potency t o w a r d penic i l l in-sensi t ive bacter ia was not altered 
greatly i n the s imple homologs ; however , i t was observed that as the b u l k 
of the «-substituent was increased, this e n d o w e d the molecule w i t h a 
s m a l l but signif icant degree of resistance to destruct ion b y b e n z y l p e n i -
c i l l inase—the enzyme responsible for the resistance of m a n y Staphylo
coccus aureus strains to b e n z y l p e n i c i l l i n . a - P h e n o x y i s o b u t y l p e n i c i l l i n was 
able to protect mice against an infec t ion caused b y a b e n z y l p e n i c i l l i n -
resistant S. aureus. 

R GENERIC NAME 

H - PENICILLIN V 

C H 3 - PHENETHICILLIN 

C H 3 - C H 2 - PROPICILLIN 

CH, H_ _ 

CHEMICAL NAME 

cx -Phenoxymethylpenicillin 

cx-Phenoxy ethyl penicillin 

oc - Phenoxypropylpenicillin 

oc-Phenoxyisobutylpenicillin 

Figure 16. Acid-stable penicillins 

R e c o g n i t i o n that the occurrence of increased penic i l l inase resistance 
a c c o m p a n i e d increased steric b u l k about the «-position p r o v i d e d a p o w e r 
f u l rat ionale for d i rec ted synthesis: insights gained f r o m studies of steric 
h i n d r a n c e of organic reactions were d i rec t ly a p p l i c a b l e to d r u g design. 
T h e e n d result was a qual i ta t ive change i n efficacy spect rum c o m p a r e d 
w i t h b e n z y l p e n i c i l l i n (83). A n a l o g synthesis progressed t h r o u g h tr isub-
st i tuted methy lpen ic i l l ins , such as t r i p h e n y l m e t h y l p e n i c i l l i n (84) to the 
disubst i tuted a r y l a n d heteroarylpenic i l l ins such as m e t h i c i l l i n a n d oxa
c i l l i n ( F i g u r e 17) (85, 86). M e t h i c i l l i n a n d the o x a c i l l i n f a m i l y have 
become the mainstays of the c l i n i c a l a r m a m e n t a r i u m used against p e n i -
c i l l inase -produc ing S. aureus. 

Several factors must have suggested the preparat ion of a -aminoben-
z y l p e n i c i l l i n ( a m p i c i l l i n ) (87) to the B e e c h a m group. It was a-substi-
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8 

61 

R - C -
CH3 

,CeH6 

ÇeH 6 

R = C 6 H 5 - Ç -

C E H 6 CH3 

OCH3 

Methicillin 

Q -

Penicillinase 
Resistant 

C6H6 

H 3 

Ç E H 6 

R = C E H 5 - C — 

H 
CH30 

0CH3 

Penicillinase 
Sensitive 

• * - 0 

CH3 

Figure 17. Steric hindrance and penicillinase resistance 

tuted, i t c o u l d be expected to be a c i d stable, a n d evidence was a lready 
i n h a n d that amino subst i tuted penic i l l ins ( p - a m i n o b e n z y l p e n i c i l l i n , p e n i 
c i l l i n N ) possessed enhanced ac t iv i ty against gram-negat ive bacter ia 
( F i g u r e 18) . A m p i c i l l i n extended the range of chemotherapeut ic efficacy 
of the penic i l l ins to m a n y of the gram-negative bacter ia . T h i s qual i ta t ive 
i m p r o v e m e n t i n in vivo per formance d e p e n d e d u p o n h i g h quant i ta t ive 
i m p r o v e m e n t over the w e a k in vitro ac t iv i ty of b e n z y l p e n i c i l l i n against 
the same organisms. It n o w appears that the p h y s i c a l propert ies of a m p i 
c i l l i n faci l i tate its passage relat ive to that of b e n z y l p e n i c i l l i n , t h r o u g h 

? H 
R - C - N -ay 

I Ν k 

CH 3 

CH 3 

C02H 
I 2 

R= NH 2 -CH-(CH 2 ) 3 -

%C02H 

Penicillin Ν 

R= NHo 

NH2 

yP-Aminobenzylpenicillin 

cx-Aminobenzylpenicillin 
( Ampicillin ) 

Figure 18. Amino-substituted penicillins 
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62 D R U G D I S C O V E R Y 

the c e l l w a l l of Escherichia coli, for b o t h are potent inhib i tors of the iso
la ted transpeptidase e n z y m e — w h i c h is a major site of p e n i c i l l i n act ion 
(88). 

F u r t h e r studies of α -substi tuted benzy lpen ic i l l ins l e d to the inde
pendent discovery b y Pfizer a n d B e e c h a m chemists of c a r b e n i c i l l i n (a-car-
b o x y b e n z y l p e n i c i l l i n ) ( F i g u r e 19) (89, 90), i n w h i c h the gram-negative 
spectrum is extended s t i l l fur ther (to Pseudomonas aeruginosa a n d the 
ampic i l l in - insens i t ive indole-posi t ive Proteus species) . 

Figure 19. Carbenicillin 

Structural Modification by Biosynthetic Methods. T h e structure of 
useful antibiot ics can be al tered b y means other than c h e m i c a l synthesis 
a n d transformation. It has a lready been p o i n t e d out that the first struc
tura l ly m o d i f i e d p e n i c i l l i n to achieve w i d e s p r e a d c l i n i c a l use was the 
biosynthet ic p h e n o x y m e t h y l p e n i c i l l i n . A major i ty ( 6 7 % ) of the respond
ents bel ieve that modi f i ca t ion of the structures of presently used ant i 
biot ics b y m a n i p u l a t i o n of b iosynthet ic pathways w i l l be a f r u i t f u l 
a p p r o a c h to discovery of n e w ant ibacter ia l antibiot ics i n the c o m i n g 
decade. A m o n g the possible variat ions of this a p p r o a c h are : s imple 
u t i l i z a t i o n of precursors b y a n t i b i o t i c - p r o d u c i n g microorganisms (as i n 
the case of p h e n o x y m e t h y l p e n i c i l l i n ) , u t i l i z a t i o n of precursors b y m u 
tants h a v i n g specific metabol ic blocks ( as i n the preparat ion of m o d i f i e d 
neomycins b y Shier, R inehart , a n d G o t t l i e b ) (91), use of inhib i tors of 
specific enzymat ic reactions ( as i n the format ion of 6-demethylchlortetra-
cyc l ine b y a chlortetracycl ine producer i n the presence of e thionine) (92), 
use of various b i o l o g i c a l means of c o m b i n i n g genetic mater ia l of different 
organisms at least one of w h i c h is an ant ib iot ic p r o d u c e r (e.g., syncyt ic 
recombinat ion , t ransformation, t ransduct ion a n d lysogenic convers ion) 
(93), a n d m u t a t i o n of ant ib iot ic producers (as i n the preparat ion of 
6-demethylchlortetracycl ine (94) a n d r i f a m y c i n S V (95). 

I n p r i n c i p l e , b iosynthet ic methods can p r o v i d e s tructural variants 
that are inaccessible or very di f f i cul t ly accessible b y c h e m i c a l methods; 
o n the other h a n d , except w h e r e incorporat ion of a w i d e var ie ty of pre
cursors is possible these methods do not n o w p r o v i d e a means for d i rec t ly 
m a k i n g pre-selected changes i n structure. E n z y m a t i c or m i c r o b i o l o g i c a l 
t ransformation of antibiot ics is a re lated a p p r o a c h that i n p r i n c i p l e can 
b r i n g about selective a n d specific s tructural changes. A l t h o u g h this 
m e t h o d was used w i t h success i n the steroid field, i t has not yet p r o v i d e d 
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3. C O N O V E R Microbiological Sources 63 

significant d r u g discoveries i n the ant ib iot ic field. It has rece ived re la
t ive ly l i t t le attention. 

Structural Modification of Toxic or Poorly Efficacious Antibiotics. 
M o d i f i c a t i o n of toxic or p o o r l y efficacious ant ibiot ics does not qui te g a i n 
majori ty support of the p a n e l as a f r u i t f u l d iscovery a p p r o a c h for the 
next decade ( T a b l e V I I ) . T h e author joins the m i n o r i t y ( — 4 0 % ) of 
respondents on this quest ion. 

If a d r u g fails to meet present d a y standards because of l o w in vitro 
potency, metabol ic , or c h e m i c a l instabi l i ty , poor ora l absorpt ion or h i g h 
degree of serum a n d tissue b i n d i n g , experience teaches that the prospects 
for improvement via s t ructural modi f i ca t ion are g o o d — i f systematic struc
t u r a l modi f i ca t ion w i t h retent ion of b i o l o g i c a l ac t iv i ty is feasible. T h e 
c l i n i c a l l y established semisynthetic cephalosporins, r i f a m y c i n S V a n d 
r i f a m p i c i n represent precisely this k i n d of i m p r o v e m e n t , w h i l e laboratory 
data indicate that i t has also been ach ieved i n the c o u m e r m y c i n series 
as w e l l (96, 9 7 ) . 

Table VII. Ranking of Discovery Potential of Approaches 
to Antibacterial D r u g Discovery 

Percent Judging 
Approach Rank" Approach Fruitful 

P r e p a r a t i o n of s t ruc tura l analogs of useful 
ant ib iot ics b y chemical or other means 1 83 

Isolat ion of new m i c r o b i a l metabolites 1 92 

P r e p a r a t i o n of s t ruc tura l analogs of toxic or 
poor ly efficacious ant ibiot ics b y chemical 
or other means 2 42 

D i r e c t e d synthesis of organic compounds 
based upon a b iochemica l rat ionale 3 h 

E m p i r i c a l screening of organic compounds u n 
related to exist ing ant ibiot ics 4 B 

a The over-all rank was derived from individual rankings by use of a weighted 
scoring system. 

b Appropriate question was not asked; however, 65% of the respondents judged 
that the search for new microbial metabolites will represent a better approach to the 
discovery of antibacterial drugs having novel structure, mode of action, and range 
of efficacy. 

S E M I S Y N T H E T I C C E P H A L O S P O R I N S . O n c e the structure of cephalospor in 
C became k n o w n (98), attempts were m a d e to find c h e m i c a l l y m o d i f i e d 
analogs h a v i n g superior b i o l o g i c a l propert ies . T h i s was successfully 
achieved w i t h the synthesis of cephaloth in , cephalor id ine , cephalogly-
cine, a n d cephalex in ( F i g u r e 2 0 ) . I n the first two , in vitro potency was 
enhanced as m u c h as 10,000 f o l d ( 9 9 ) , i n the latter t w o o r a l absorpt ion 
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64 D R U G D I S C O V E R Y 

Cephaloglycine Cephalexin 

Figure 20. Semisynthetic cephalosporins 

was ach ieved (100). T h e start ing po in t for this research was quite 
different f r o m that for the semisynthetic penic i l l ins . T h e parent c o m 
p o u n d was too w e a k l y act ive to meri t c l i n i c a l a p p l i c a t i o n a l though q u a l i 
tat ively , its b i o l o g i c a l properties e l i c i ted interest; i t was active against 
b o t h gram-posi t ive a n d gram-negative bacter ia a n d was resistant to 
benzylpenic i l l inases . 

H e r e as w i t h the tetracyclines, the solut ion of di f f icul t c h e m i c a l p r o b 
lems was a prerequis i te to successful n e w d r u g discovery. A t first the 
counterpart of 6 -aminopenic i l lan ic a c i d c o u l d be m a d e o n l y i n very l o w 
yie lds b y c h e m i c a l hydrolys is . A prac t i ca l enzymat ic hydrolys is of ceph
a lospor in C to 7-aminocephalosporanic a c i d ( 7 - A C A ) was not f o u n d . 
R . B . M o r i n a n d co-workers p r o v i d e d the elegant solut ion ( F i g u r e 21) 
(101), w h i c h m a d e the preparat ion of 7 - A C A a n d semisynthetic cephalo
sporins possible o n a p r a c t i c a l scale. T h e impetus to persevere i n this 

C02H 

7- Aminocephalosporanic Acid 
( 7ACA) 

Figure 21. 7-Aminocephalosporanic acid 
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3. C O N O V E R Microbiological Sources 65 

endeavor was i n d u b i t a b l y p r o v i d e d b y the k n o w l e d g e that superior semi
synthetic penic i l l ins h a d been d e r i v e d f r o m 6 - A P A . If cephalospor in C 
h a d been the o n l y ^- lac tam ant ib iot ic isolated f r o m m i c r o b i a l sources, 
it is quest ionable whether β-lactam antibiotics of either m i c r o b i a l or 
semisynthetic o r i g i n w o u l d be i n c l i n i c a l use today. O n e must n o w ask 
whether there exist neglected antibiot ics w h i c h are as p r o m i s i n g as 
cephalospor in C as start ing points for s t ructural modi f i ca t ion a n d whether , 
b y the cr i ter ia n o w used to evaluate n e w l y discovered antibiot ics , the 
potent ia l value of a cephalospor in C (d iscovered i n isolat ion) w o u l d 
be recognized. 

S E M I S Y N T H E T I C R I F A M Y C I N S . T h e degree a n d variety of the i m p r o v e 
ments that can be m a d e i n a n ant ib iot ic that has no c l i n i c a l u t i l i t y per se 
are w e l l i l lustrated b y the semisynthetic r i famycins ( F i g u r e 22) (102). 
T h e m i c r o b i a l metaboli te , r i f a m y c i n B , is unstable i n aqueous solutions 
exposed to oxygen a n d owes most, i f not a l l , of its apparent ac t iv i ty to 
the corresponding 1 ,4 -quinone, r i f a m y c i n S. R e d u c t i o n of this quinone 

C H , — C — 

C H 3 0 

RIFAMYCIN Β 

RIFAMYCIN SV 

RIFAMIDE 

RIFAMPICIN 

R2 

- C H 2 - C 0 2 H 

- H 
0 

- C H 2 - C - N : 
C2H5 

- H 

- H 

- H 

- H 

Η Γ Λ 
- C * N - N N-CH 3 

Figure 22. The rifamycins 
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66 D R U G D I S C O V E R Y 

p r o v i d e d r i f a m y c i n S V , a parenteral d r u g w h i c h is c l i n i c a l l y used p r i 
m a r i l y against gram-posi t ive a n d b i l i a r y tract infections. T h e b i o l o g i c a l 
consequences of a w i d e var ie ty of a d d i t i o n a l s t ructural changes were 
surveyed, a n d active structures capable of systematic var ia t ion w e r e 
ident i f ied. 

S tudy of the Ν,Ν-dialkylrifamycinamides s h o w e d that, general ly 
speaking, increased d r u g l i p o p h i l i c i t y is a c c o m p a n i e d b y a decreased 
rate of b i l i a r y excretion, increased b io log ica l ha l f - l i fe a n d increased 
chemotherapeut ic efficacy after ora l adminis t ra t ion , relat ive to parenteral . 
R i f a m i d e ( r i f a m y c i n Β Ν,Ν-diethylamide) w h i c h has achieved significant 
c l i n i c a l use has a therapeutic index superior to that of r i f a m y c i n S V . T h e 
3 - f o r m y l r i f a m y c i n S V hydrazones p r o v i d e d compounds exh ib i t ing good 
ora l absorpt ion, l o n g b i o l o g i c a l hal f - l i fe , l o w b i l i a r y excretion rate, a n d 
excellent chemotherapeut ic act ion vs. gram-posi t ive a n d Mycobacterium 
tuberculosis exper imental infections. R i f a m p i c i n , w h i c h is the o p t i m u m 
member of the series, represents an important n e w a d d i t i o n to the 
a rmamentar ium of ant i tubercular drugs. 

T h a t s tructural var ia t ion of congeners can spe l l the difference be
tween drugs of l i t t le or no c l i n i c a l u t i l i t y a n d drugs of w i d e a p p l i c a 
b i l i t y can also be seen b y c o m p a r i n g the properties of various members 
of ant ib iot ic classes isolated solely f r o m m i c r o b i o l o g i c a l sources. Some 
of these cases are s u m m a r i z e d i n T a b l e V I I I . 

T h e deoxystreptamine aminoglycos ide antibiot ics ca tenul in (paro
m o m y c i n ) , n e o m y c i n , k a n a m y c i n , a n d gentamic in qual i ta t ive ly share 
ototoxicity, nephrotoxic i ty , a n d ant ibacter ia l ac t iv i ty ; the first n a m e d 
however is used only for intest inal infect ions (amoebic a n d b a c t e r i a l ) , 
the second is used p r i m a r i l y for loca l a n d intest inal infections w h i l e kana
m y c i n w h i c h combines lower nephro- a n d ototoxici ty w i t h good ac t iv i ty 

Table VIII. Congeners of Antibacterial Antibiotics 
with Improved Biological Properties 

Antibiotic Class 

P o l y m y x i n s 

A m i n o g l y c o s i d e s 

M a c r o l i d e s 

Steroids 

L i n c o m y c i n s 

Inferior 
Member 

p o l y m y x i n s A , 
C , D 

catenul in (paro
m o m y c i n 

n e o m y c i n 
k a n a m y c i n 

p i c r o m y c i n 

helvol ic a c i d , 
cephalosporin Pi 

celesticetin 

Superior 
Congener 

p o l y m y x i n s Β , Ε 

neomyc in 

k a n a m y c i n 
gentamic in 

e r y t h r o m y c i n , 
o l e a n d o m y c i n 

fusidic ac id 

l i n c o m y c i n 

Improvement 

safety 

efficacy 

safety 

spectrum, efficacy 

safety, efficacy 

efficacy 

safety 
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3. C O N O V E R Microbiological Sources 67 

vs. E. coli, Proteus sp. a n d S. aureus is a useful parentera l d r u g . I n t u r n , 
gentamic in b y v i r tue of increased potency vs. gram-posi t ive a n d gram-
negative bacter ia (especia l ly Pseudomonas aeruginosa), has b o t h an 
i m p r o v e d therapeutic index a n d spectrum of in vivo efficacy c o m p a r e d 
w i t h k a n a m y c i n . I n the c y c l i c p o l y p e p t i d e class, p o l y m y x i n s Β a n d Ε 
are substantial ly less nephrotoxic than the congeners A , C , a n d D w h i c h 
are not used c l i n i c a l l y . E r y t h r o m y c i n , l i n c o m y c i n a n d f u s i d i c a c i d f o l 
l o w e d congeners that never reached m e d i c a l use. T h e improvements 
e m b o d i e d i n the later d iscovered analogs are i n d i c a t e d i n T a b l e V I I I . 
I n p r i n c i p l e , the same sorts of improvements s h o u l d be achievable b y 
c h e m i c a l modi f i ca t ion of some presently k n o w n b u t u n u s e d antibiot ics . 
O n e obvious reservation s h o u l d be p o i n t e d out; i m p r o v e m e n t of the 
therapeutic index of an ant ib iot ic w i t h retention of ac t iv i ty m a y be 
imposs ib le where the mechanism of toxic i ty is re lated to the m e c h a n i s m 
of act ion. T h i s is true, for example , of the ac t inomycins . 

Guiding Principles for Structural Modification of Existing A n t i 
biotics. Some general pr inc ip les emerge f r o m the foregoing discussion 
of d r u g discovery via s t ructural modi f i ca t ion of exist ing ant ibacter ia l 
antibiot ics (present ly useful or o therwise ) . 

( 1 ) D r u g discovery usual ly requires p r i o r mastery of the chemistry 
of the parent ant ib iot ic s tructure: reasonably faci le methods for m a k i n g 
selective a n d systematic s t ructural modif icat ions must be perfected. A 
versatile intermediate f r o m w h i c h a var iety of congeners m a y be syn
thesized is exceedingly useful i n this regard. 

( 2 ) T h e testing of n e w congeners must take imaginat ive cognizance 
both of the obvious shortcomings of the prototype d r u g a n d its thera
peut i ca l ly m a r g i n a l but in t r ins ica l ly desirable propert ies (e.g., the w e a k 
in vitro ac t iv i ty of b e n z y l p e n i c i l l i n vs. gram-negat ives) . Quant i ta t ive 
enhancement of such properties can effect a qual i ta t ive change i n the 
range of therapeutic efficacy. Potent ia l ly important properties m a y be 
over looked i n the absence of such testing. 

( 3 ) Changes i n therapeut ica l ly relevant properties such as resistance 
to c h e m i c a l or enzymat ic inac t ivat ion , in vitro potency, degree of serum 
prote in b i n d i n g , rate of excretion, etc. can usual ly be correlated w i t h 
changes i n specific s tructural and/or p h y s i c a l properties. S u c h correla
tions p r o v i d e the best guidance presently avai lable to the m e d i c i n a l 
chemist for the design of congeners i n w h i c h o p t i m i z a t i o n of a par t i cu lar 
b i o l o g i c a l proper ty is sought. 

(4) Substant ia l improvement of therapeut ic index is often possible 
either b y enhancement of therapeutic potency, r e d u c t i o n of intr ins ic 
toxic i ty , or both . If the molecular mechanisms of toxic i ty a n d ac t iv i ty 
are the same the prospect for i m p r o v e m e n t i n therapeut ic index is poor. 
A n unders tanding of these mechanisms is thus important . 

Isolation of New Microbial Metabolites. Surpr i s ing ly , this discovery 
a p p r o a c h is p l a c e d o n a par w i t h c h e m i c a l modi f i ca t ion of useful ant i 
biot ics as the most p r o m i s i n g for the next decade ( T a b l e V I I ) . T h i s is 
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68 D R U G D I S C O V E R Y 

the judgment of the p a n e l despite the disparate records of the t w o ap
proaches over the past decade ( F i g u r e 1 ) . T h i s judgment impl ies a 
recogni t ion that improvements i n b i o l o g i c a l propert ies via s t ructura l 
modi f i ca t ion of a g i v e n type of ant ib iot ic do have p r a c t i c a l l imi ts . M i c r o 
b i a l m e t a b o l i s m is s t i l l v i e w e d as the best potent ia l source of s t ructural ly 
a n d mechanis t i ca l ly n o v e l ant ibacter ia l agents ( 6 5 % agreement) . 

T h e ra t iona l bases for the expectat ion that examinat ion of m i c r o b i a l 
fermentations can p r o v i d e impor tant n e w ant ibacter ia l ant ib iot ic dis 
coveries have a l ready been explored. F o r some of the respondents there 
is also an element of f a i t h i n v o l v e d . W h a t is expected is not r e b i r t h of 
the era of pro l i f i c discoveries b u t the isolat ion a n d recogni t ion i n the 
next decade of a f e w signif icant ly i m p r o v e d congeners of ant ibiot ics 
a l ready i n use, a f e w antibiot ics b e l o n g i n g to n e w structura l classes 
w h i c h w i l l have impor tant therapeutic advantages, a n d a f e w n e w 
prototype structures w o r t h y of c h e m i c a l modi f i ca t ion . 

Synthesis of Organic Compounds Structurally Unrelated to A n t i 
biotics. T h e major i ty of respondents r a n k e d d i rec ted synthesis based 
u p o n a b i o c h e m i c a l rat ionale as a re la t ive ly u n p r o m i s i n g discovery ap
proach . I bel ieve , however , that the increas ingly de ta i l ed insights ( w h i c h 
have come i n large part t h r o u g h the s tudy of ant ib iot ic mechanisms of 
ac t ion) concerning such basic processes as bac ter ia l c e l l w a l l , prote in , 
a n d nuc le ic a c i d synthesis w i l l p r o v i d e guidance for ant ib io t i c analog 
des ign that is dis t inct f r o m a n d complements that d e r i v e d str ict ly f r o m 
s t r u c t u r e - a c t i v i t y correlations. E m p i r i c a l screening of organic c o m 
pounds was rated the least p r o m i s i n g of the five approaches considered. 
N o approaches d is t inc t ly different f r o m those l i s ted i n T a b l e V I I were 
proposed b y respondents. 

Projection of Antibacterial Drug Discoveries, 1970—1980 

A s a l o g i c a l sequel to the r a n k i n g of the discovery potent ia l of the 
five approaches to ant ib iot ic d r u g d iscovery l i s ted i n T a b l e V I I , the 
p a n e l was asked to predic t i n w h a t d r u g categories discoveries of major, 
substantial , or m a r g i n a l importance w o u l d be made i n the next decade. 
Genera l ly , the expectations s u m m a r i z e d i n T a b l e I X are consistent w i t h 
the prev ious ly discussed judgments of approach . T h u s 9 3 % of those 
( a p p r o x i m a t e l y 60 persons) w i l l i n g to assume the role of oracle, expect 
that n e w drugs s tructural ly re lated to ant ibacter ia l ant ibiot ics n o w i n 
use w i l l constitute discoveries of major or substantial importance . T h e 
r a n k i n g of specific classes is as f o l l o w s : ( 1 ) cephalosporins , (2 ) p e n i 
c i l l ins , (3 ) arwamacrolides, a n d (4 ) aminoglycosides . A major i ty of the 
respondents expect important discoveries to be m a d e i n each of these 
classes. 
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3. C O N O V E R Microbiological Sources 69 

Table IX. Predicted Importance of Antibacterial 
D r u g Discoveries 1970-1980" 

Substantial No 
or Major Marginal Significant 

Discovery Discovery Discovery 
Present ly used ant ibac ter ia l 

ant ib iot ics 93 5 2 
cephalosporins 68 20 12 
penic i l l ins 61 18 21 
ansamacrol ides ( r i famyc ins ) 54 32 14 
aminoglycosides 52 29 19 
macrol ides 44 40 16 
l i n c o m y c i n s 35 43 22 
tetracycl ines 29 34 37 
p o l y m y x i n s 10 20 70 

Present ly u n k n o w n class of m i c r o 
b i a l metabolites 80 7 13 

A synthet ic drug unrelated i n s truc
ture to exist ing ant ib iot ics 49 16 35 

Present ly k n o w n toxic or m a r g i n a l l y 
effective class 39 34 27 

a Numbers represent percentage of respondents making designation. 

E i g h t y percent of respondents predic t that present ly u n k n o w n classes 
of m i c r o b i a l metabolites w i l l p r o v i d e discoveries of major or substantial 
importance , w h i l e o n l y 3 9 % expect that a presently k n o w n toxic or 
m a r g i n a l l y effective class w i l l do so. F o r t y - n i n e percent expect that a 
synthetic d r u g unre la ted i n structure to exist ing antibiot ics w i l l constitute 
a n impor tant discovery. T h i s p r e d i c t i o n is somewhat at var iance w i t h 
the judgment (a l ready discussed) that modi f i ca t ion of toxic or m a r g i n a l l y 
effective antibiot ics is superior as a research a p p r o a c h to e m p i r i c a l 
screening of organic compounds a n d b i o c h e m i c a l l y based d i rec ted syn
thesis. 

Microbial Metabolite Drugs of Diverse Application, 1939—1970 

T o this point , the discussion has been concerned exclusively w i t h 
ant ibacter ia l ant ibiot ics . H i s t o r i c a l l y , these w e r e the first to g a i n w i d e 
spread use, they have been the most s tudied , a n d they are the most 
numerous. G e n e r a l pr inc ip les of d r u g d iscovery d e r i v e d f r o m a c o n 
s iderat ion of this class s h o u l d be appl i cab le to other classes as w e l l . 

T h e selective toxic i ty of antibiot ics is, of course, not conf ined to 
bacter ia l pathogens. Some of the earliest d iscovered antibiot ics possessed 
other types of ac t iv i ty . T h u s gr i seofulv in (1939) a n d nystat in (1951) 
are an t i funga l agents, a n d the ac t inomycins (1940) are antineoplast ic 
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70 D R U G D I S C O V E R Y 

as w e l l as ant ibacter ia l . T h e act ion of the broad-spec t rum antibiot ics 
( ch loramphenico l a n d the tetracyclines ) extends to some protozoa , m y c o 
plasma, r icketts ia , spirochetes, a n d the so-cal led large viruses of the 
l y m p h o g r a n u l o m a type. A n t i b i o t i c s are presently the d o m i n a n t agents 
used for therapy of diseases caused b y f u n g i a n d a l l of the organisms 
just ment ioned save protozoa ; they are b e c o m i n g a n increas ingly i m p o r 
tant factor i n cancer chemotherapy. I n the a n i m a l hea l th field, hygro-
m y c i n (103) a n d des tomycin (J04) are anthe lmint ic agents for swine 
a n d chickens, a n d monensic a c i d (105) is u n d e r development as a n 
ant iprotozoa l ( coccidiostat ic ) agent for use i n chickens. M o e n o m y c i n 
(106), v i r g i n i a m y c i n (107), the m i k a m y c i n s (108) a n d zeranol (109) 
are b e i n g used as a n i m a l g r o w t h promotants . 

A s the discovery rate of c l i n i c a l l y accepted ant ibacter ia l m i c r o b i a l 
metabolites has fa l len , that for m i c r o b i a l metabolites h a v i n g other types 
of useful b i o l o g i c a l ac t iv i ty has r e m a i n e d at a f a i r l y constant l e v e l ( T a b l e 
X ) . E x a m i n a t i o n of the structures of the m i c r o b i a l metabolites whose 
p r i m a r y use is not as chemotherapeut ic ant ibacter ia l agents shows that 
most do not b e l o n g to any of the major s t ructural classes of ant ibacter ia l 
ant ibiot ics . F u r t h e r m o r e , representatives of useful n e w classes have been 
discovered w i t h i n the past decade. N e w structures w i l l be f o u n d w h e n 
m i c r o b i a l fermentations are tested for n e w types of b i o l o g i c a l act ivi ty . 

Table X . Microbial Metabolites with Useful Antifungal, 
Antiparasitic, or Antineoplastic Activity 

Year of First 
Metabolite Biological Activity Literature Report 

G r i s e o f u l v i n a n t i f u n g a l 1939 
F u m a g i l l i n ant iprotozoa l 1949 
N y s t a t i n a n t i f u n g a l 1950 
P a r o m o m y c i n ant iprotozoal 1952 
T r i c h o m y c i n ant i funga l/ant ipro tozoa l 1952 
C a n d i c i d i n a n t i f u n g a l 1953 
S a r k o m y c i n ant ineoplast ic 1953 
D a c t i n o m y c i n ant ineoplast ic 1954 
A m p h o t e r i c i n Β ant i funga l 1956 
M i t o m y c i n C ant ineoplast ic 1957 
H y g r o m y c i n Β anthe lmint ic 1958 
P i m a r i c i n a n t i f u n g a l 1958 
C h r o m o m y c i n A 3 antineoplast ic 1960 
H a m y c i n ant i funga l 1960 
M i t h r a m y c i n ant ineoplast ic 1962 
D a u n o m y c i n antineoplast ic 1964 
P y r r o l n i t r i n an t i funga l 1964 
D e s t o m y c i n anthe lmint i c 1965 
B l e o m y c i n ant ineoplast ic 1966 
M o n e n s i c ac id ant iprotozoa l 1968 
A d r i a m y c i n ant ineoplast ic 1969 
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3. C O N O V E R Microbiological Sources 71 

C l e a r l y , m i c r o b i a l metabo l i sm s h o u l d be cons idered a potent ia l 
source of drugs for a var iety of uses. O n e quest ion that arises i n this 
connect ion concerns the relat ive f requency w i t h w h i c h different types 
of ac t iv i ty occur . A f e w authors have a p p r o a c h e d this quest ion b y 
a n a l y z i n g the types of b i o l o g i c a l ac t iv i ty repor ted for k n o w n antibiot ics . 
D a t a abstracted f r o m K u r y l o w i c z (110) a n d B e r d y a n d M a g y a r (30) are 
s h o w n i n T a b l e X I . 

Table XI . Reported Incidence of Inhibitory Action 
of Known Antibiotics 

Γ IP 

G r a m - p o s i t i v e bacter ia 3 7 % Staphylococcus aureus 60 .5% 
G r a m - n e g a t i v e bacter ia 1 5 % Escherichia coli 29 .2% 
A c i d fast bacter ia 1 6 % Mycobacterium sp. 2 5 % 
F u n g i and yeasts 2 0 % Candida albicans 2 5 % 2 0 % 

d e r m a t o p h y t a 1 6 % 
P r o t o z o a 4 % protozoa 1 1 % 
Viruses 3 % viruses 7 % 
T u m o r s ' 2 1 % tumors 4 % 2 1 % 

helminths 0 .2% 
α W. Kurylowicz {109). 
b J. Berdy and K. Magyar (80). 
c Reported as cytostatic activity. 

T h e major i ty of the p a n e l believes, however , that the f requency w i t h 
w h i c h a par t i cu lar type of b i o l o g i c a l ac t iv i ty has been discovered has 
been d e t e r m i n e d to a n important extent b y the f requency w i t h w h i c h 
effective tests have been m a d e for such ac t iv i ty ; ( 9 0 % agreement) . I n 
t u r n , this f requency has been de termined large ly b y the a v a i l a b i l i t y of 
(1 ) a h i g h capac i ty r e p r o d u c i b l e test system suitable for use w i t h fer
menta t ion broths a n d (2 ) r a p i d , sensitive methods for detect ing a n d 
assaying b i o l o g i c a l l y act ive materials a n d thus for g u i d i n g pur i f i ca t ion 
a n d isolat ion ( 9 6 % agreement) . I n general , m i c r o b i a l metabolites have 
been tested n a r r o w l y for b i o l o g i c a l ac t iv i ty ( 8 4 % agreement) , pre
s u m a b l y because specific laboratories have concentrated o n specific types 
of ac t iv i ty w h i c h w e r e considered impor tant a n d w h i c h c o u l d be detected 
b y avai lable in vitro methods. Because of this, use fu l drugs have u n 
d o u b t e d l y been missed. I do no th ink the pos i t ion of the p a n e l is that 
a l l types of b i o l o g i c a l ac t iv i ty occur w i t h e q u a l f requency. Indeed , the 
p u b l i s h e d studies (e.g., those of A v r a a m o v a et al. a n d of B u r k h o l d e r ) 
i n w h i c h large numbers of isolates have been tested for different types 
of ac t iv i ty indicate otherwise (111, 112). U n t i l , however , large numbers 
of isolates are tested i n var ious m e d i a b y e q u a l l y sensitive detect ion 
methods for a var ie ty of b i o l o g i c a l act ivit ies , no accurate estimate of the 
intr ins ic frequencies can be made . 
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72 D R U G D I S C O V E R Y 

The Future Role of Microbial Metabolites in Drug Research 

T h e p a n e l agreed ( 8 1 % ) that i n the next decade m i c r o b i a l metabo
lites w i l l cont inue to p r o v i d e signif icant discoveries not o n l y i n areas of 
h u m a n m e d i c i n e a n d a n i m a l hea l th i n w h i c h drugs of m i c r o b i o l o g i c a l 
o r i g i n have been prominent i n the past 30 years b u t also i n n e w fields. 
T a b l e X I I tabulates the judgments of the p a n e l concern ing the i m p o r 
tance that secondary m i c r o b i a l metabolites w i l l have a m o n g n e w d r u g 
discoveries i n major fields of chemotherapy a n d i n the r e a l m of p h y s i o 
log ica l ly act ive drugs. T h e panel 's o v e r v i e w of the role w h i c h m i c r o b i a l 
metabolites w i l l p l a y i n the n e w d r u g discoveries of the next decade i s : 
a m o n g ant ibacter ia l a n d a n t i f u n g a l drugs, a c o n t i n u i n g major ro le ; a m o n g 
ant iprotozoal a n d a n i m a l g r o w t h s t imula t ing drugs, a n increas ingly i m 
portant role ; a m o n g antineoplast ic , a n t i v i r a l a n d anthe lmint i c drugs , a 
significant b u t not major role . M o s t interest ing is the v i e w of 4 6 % of 
the respondents that m i c r o b i a l metabolites w i l l be a m o n g the substantial 
or most important discoveries of drugs h a v i n g p h y s i o l o g i c a l actions. 
W h e n the t ime p e r i o d cons idered is 20 years, this percentage rises to 
7 4 % a n d exceeds that for ant ineoplast ic a n d a n t i v i r a l drugs. ( A l t h o u g h 
this subject is b e y o n d the scope of this paper , i t is expected that m i c r o 
b i a l metabolites w i l l also p r o v i d e n e w herbic ides , insecticides, fungic ides , 
a n d p lant g r o w t h regulators i n the future . ) 

W h a t is the basis for the v i e w that m i c r o b i a l metabol i te drugs w i l l 
leap the bounds of infect ious disease a n d cancer chemotherapy to w h i c h 
they seemingly have been conf ined since 1940? Just as i t was clear p r i o r 
to 1940 that microorganisms p r o d u c e a var ie ty of ant ibacter ia l a n d ant i -

Table XII. Predicted Importance of Microbial Metabolite 
Discoveries 1970-1980 by D r u g Category 

Among 
Most Among Among Not Among 

Important Substantial Minor Significant 
Drug Category Discoveries Discoveries Discoveries Discoveries 

A n t i b a c t e r i a l 39 61 0 0 
A n t i p r o t o z o a l 14 54 12 20 
A n t i f u n g a l 20 54 16 10 
A n t i v i r a l 31 18 13 38 
A n t i n e o p l a s t i c 27 18 16 39 
A n i m a l growth 

s t i m u l a n t 22 55 7 16 
A n t h e l m i n t i c 10 35 20 35 
D r u g s h a v i n g p h y s i o 

log ica l ac t ions" 22 24 3 51 

"For example, drugs acting on the central nervous system, cardiovascular sys
tem, respiratory system, diabetes, rheumatoid arthritis, etc. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

03



3. C O N O V E R Microbiological Sources 73 

f u n g a l substances, today i t is clear that microorganisms p r o d u c e a var ie ty 
of metabolites ( i n a d d i t i o n to v i tamins a n d ergot a lka lo ids) w h i c h affect 
or have the potent ia l to affect p h y s i o l o g i c a l processes i n m a n a n d a n i 
mals . ( T h i s subject has recently been r e v i e w e d b y P e r l m a n a n d P e r u z -
zot t i (113).) T h e examples c i ted i n T a b l e X I I I demonstrate this point . 
T h e s i tuat ion is, of course, not str ict ly p a r a l l e l to that of 1940 because 
phys io log ica l ly act ive substances discovered today w i l l not enter a thera
peut ic v a c u u m as d i d n e w ant ibacter ia l drugs 30 years ago. C h e m i c a l 
modi f i ca t ion of n e w lead structures m a y be r e q u i r e d before n e w drugs 
ac tual ly emerge. 

Table XIII. Microbial Metabolites having Demonstrated 
or Potential Physiological Activity 

Compound Type of Biological Activity Reference 

F u s a r i c a c i d hypotensive , dopamine-β-
(120) h y d r o x y l a s e i n h i b i t i o n (120) 

C o l i s a n ant ispasmodic (121) 
M o n o r d e n sedative (122-4) 
M u s c a r i n e p a r a s y m p a t h o m i m e t i c (125) 
S l a f r a m i n e p a r a s y m p a t h o m i m e t i c (126,127) 
Serotonin biogenic amine (128,129) 
P s i l o c y b i n and P s i l o c i n hal lucinogenic (128,130) 
H O - 2 1 3 5 serotonin antagonism (131) 
N i g r i f a c t i n an t ih i s tamin ic , hypotensive (132) 
Zeranol estrogenic, anabol ic (109) 
M y c o p h e n o l i c a c i d immunosuppress ive (133) 
EJrgosterol p r o - v i t a m i n D (184) 
Leupept ins p l a s m i n and t r y p s i n proteolysis 

i n h i b i t i o n , thrombokinase 
i n h i b i t i o n (135) 

P e p s t a t i n pepsin i n h i b i t i o n (136,137) 
C h y m o s t a t i n c h y m o t r y p s i n i n h i b i t i o n (138) 
D e s f e r r i o x a m i n e - B therapeutic for bronze diabetes, 

hemochromatosis , and acute i r o n 
poisoning (via i r o n chelation) (139) 

Japanese workers are at the forefront i n the search for p h y s i o l o g i 
ca l ly act ive m i c r o b i a l metabolies . T h e i r detect ion methods are w o r t h y 
of note for lack of satisfactory testing methods has l o n g h a m p e r e d this 
search. U m e z a w a a n d his co-workers used in vitro enzyme i n h i b i t i o n 
tests to detect fusar ic a c i d , pepstat in , chymostat in , a n d the leupeptins . 
N i g r i f a c t i n was d iscovered b y T e r a s h i m a a n d co-workers b y seeking i n 
exper imenta l fermentations, materials h a v i n g the c h e m i c a l propert ies 
of a lkaloids . 

F u r t h e r examples of the occurrence of use fu l or potent ia l ly useful 
phys io log ica l ac t iv i ty a m o n g m i c r o b i a l metabolites are emerging f r o m 
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74 D R U G D I S C O V E R Y 

observations of secondary b i o l o g i c a l properties of antibiot ics . T h u s , some 
of the ant i funga l polyene macrol ides ( c a n d i c i d i n , a m p h o t e r i c i n B , filipin ) 
have been reported to reduce serum cholesterol levels a n d prostate 
g l a n d v o l u m e i n dogs (114, 115). G r i s e o f u l v i n has been reported to have 
ant i - inf lammatory ac t iv i ty (116, 117, 118) a n d m i t h r a m y c i n , i n a d d i t i o n 
to its benef ic ia l effect u p o n testicular tumors, is ant ihyperca lcemic . It is 
interest ing that the polyene macrol ides deplete cholesterol , m i t h r a m y c i n 
depletes c a l c i u m , a n d desferr ioxamine Β ( T a b l e X I I I ) depletes i ron , i n 
v i e w of the fact that these m i c r o b i a l metabolites f o r m complexes w i t h 
the same materials in vitro. 

Conclusion 

F o r the foreseeable future , important n e w d r u g discoveries w i l l be 
d e r i v e d f r o m products of m i c r o b i a l metabol i sm. If the f u l l potential i t ies 
of this discovery source are to be rea l ized , d iscovery processes w i l l have 
to be ref ined a n d broadened i n scope. These are some of the challenges 
a n d opportunit ies that I see for the decade ahead : 

(1 ) T h e standards for acceptance of n e w ant ibacter ia l drugs are 
n o w exceedingly h i g h a n d w i l l become even more d e m a n d i n g . T h e re
m a i n i n g unsatisfied therapeutic needs constitute dif f icult targets for d r u g 
therapy. I n v i e w of this, re la t ively f e w n e w l y discovered m i c r o b i a l 
metabolites w i l l q u a l i f y per se for commerc ia l iza t ion a n d general c l i n i c a l 
a p p l i c a t i o n i n this field. P r e l i m i n a r y testing of n e w m i c r o b i a l metabolites 
s h o u l d then ident i fy b o t h potent ia l drugs a n d prototype structures whose 
b i o l o g i c a l a n d c h e m i c a l properties just i fy s tructural modi f i ca t ion designed 
to upgrade b i o l o g i c a l performance. T h e roster of prev ious ly discovered, 
s tructural ly n o v e l but unused antibiot ics should be reexamined for sub
stances of the latter type. A p p l i c a t i o n of b i o c h e m i c a l tests for mechanism 
a n d select ivity of act ion s h o u l d help determine w h i c h prototypes h o l d 
the most promise . 

(2 ) A n t i b i o t i c s p r o v i d e some of the best opportuni t ies for under
s tanding d r u g act ion i n int imate deta i l . Research d i rec ted t o w a r d i m 
provement of a therapeut ica l ly important proper ty of an a n t i m i c r o b i a l 
agent should seek an unders tanding of the c r i t i c a l de terminant ( s ) of 
that property . T h u s to increase in vitro potency one m a y need to increase 
resistance to enzymat ic destruct ion, increase rate of penetrat ion of the 
ce l l w a l l or membrane , or increase intr ins ic potency at the molecular site 
of act ion. W h e r e a n t i m i c r o b i a l d r u g act ion can be s tudied at the m o 
lecular leve l , the oppor tun i ty should be grasped to learn as m u c h as 
possible about the effect of changes i n electr ical , geometrical , a n d chem
i c a l properties on this act ion. W i t h o u t a f u l l unders tanding of the nature 
of a n d requirements for f r u i t f u l d r u g - r e c e p t o r interactions, neither basic 
b i o c h e m i c a l studies nor x-ray v i sua l iza t ion of receptors w i l l p r o v i d e the 
key to ra t ional design of drugs. 

(3 ) T h e systematic s tructural var ia t ion needed for d r u g discovery 
studies w i l l often be imposs ible w i t h o u t mastery of complex chemistry 
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a n d w i t h o u t the per fec t ion of s imple a n d versati le synthetic methods 
a p p l i c a b l e to important d r u g types. W e r e such syntheses n o w avai lable 
for β-lactams, macrol ides , a n d aminoglycosides , they c o u l d p r o v i d e pres
ent ly inaccessible s t ructural variants for b i o l o g i c a l s tudy. T h i s is a 
chal lenge to w h i c h academic organic chemists m i g h t w e l l respond. 

(4 ) M i c r o o r g a n i s m s that are more di f f icul t to collect , isolate, a n d 
grow should be examined, i n c l u d i n g those that have resisted art i f ic ia l 
cu l t iva t ion i n the past. E x a m i n a t i o n of exper imenta l m i c r o b i a l fermen
tations must become more thorough a n d imaginat ive to detect m i n o r 
active components , substances f o r m e d o n l y under unusua l condit ions , 
a n d substances h a v i n g diverse b i o l o g i c a l activit ies. M e d i a a n d condit ions 
that are o p t i m a l for format ion of an ant ibacter ia l metabol i te m a y w e l l 
not be o p t i m a l for format ion of substances h a v i n g other types of act iv i ty . 
Sensitive a n d specific in vitro tests i n d i c a t i v e of potent ia l phys io log ica l 
ac t iv i ty should be perfected a n d a p p l i e d as screening tools. N e w tech
nology such as h i g h pressure l i q u i d chromatography s h o u l d be adapted 
to the r a p i d isolat ion of re la t ive ly pure components f r o m m i c r o b i a l fer
mentations thus fac i l i ta t ing the isolat ion a n d in vivo test ing of potent ia l 
phys io log ica l ly act ive components . C o u p l i n g of the most r a p i d a n d 
efficient separation a n d ident i f icat ion techniques w i t h computer analysis 
of data w i l l be r e q u i r e d . 

I n conclus ion , a s imple t r u t h bears repet i t ion w h i c h has been a m p l y 
demonstrated i n the discovery endeavors r e v i e w e d i n this paper . Those 
w h o make l a n d m a r k discoveries have m i n d s receptive to the precedent-
b r e a k i n g significance occasional ly conta ined i n unconvent iona l , obscure, 
anomalous, or neglected observations, interpretations, a n d hypotheses. 
T h e y break the inte l lec tual bonds i m p o s e d on most of us b y i m m e r s i o n 
i n immedia te technica l problems a n d b y acceptance of current scientific 
rat ional izat ions, fashions, a n d dogmas. 

I n consider ing the developments c i ted here that have appeared so 
obvious after the fact (e.g., the recogni t ion of useful antibiot ics a n d the 
isolat ion a n d use of 6 -aminopenic i l lan ic a c i d ) , w h a t impor tant advances 
n o w lie before a l l of us, unrecognized b u t easily attainable if o n l y w e 
c o u l d remove the scales f r o m our eyes? F o r the present, I jo in L o u i s 
Pasteur i n his lament "Mess ieurs , c'est les microbes q u i auront le dernier 
mot . " 
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Organic Synthesis as a Source of New Drugs 

J O H N H . BIEL and Y V O N N E C. M A R T I N 

Experimental Pharmacology Divis ion, Abbott Laboratories, 
North Chicago, Ill. 60064 

The identification of the infectious disease process by Pas
teur, the subsequent formulation by Paul Ehrlich of the 
concepts of selective toxicity and rational drug design, and 
the coming of age of organic chemistry provided the imag
inative impetus to the spectacular series of drug discoveries 
which ushered in the era of modern medicine. This paper 
reviews the evolutionary process of synthetic drug discovery, 
probes the circumstances that contributed to its success, and 
finally attempts to predict on the basis of current trends the 
future course synthetic drug research must take to remain a 
viable factor in the therapy of human disease. 

^T*he purpose of this chapter is not to give an exhaustive r e v i e w of syn-
A thetic drugs as they were deve loped over the past century, but rather 

to de lve into the "anatomy of synthetic d r u g d iscovery , " p r o b i n g into the 
events that t r iggered such discoveries a n d the creat ive reverberations 
emanat ing f r o m t h e m w h i c h gave b i r t h to the m a i n stream of m o d e r n 
d r u g therapy. 

Par t i cu lar stress is p l a c e d on the sequential in terdependence of cer
ta in d r u g fields as w e l l as the importance of the state of the b i o l o g i c a l 
art i n r e c o g n i z i n g a d r u g discovery or at least fac i l i ta t ing it . T h u s , the 
major t ranqui l izers a n d antidepressants w e r e a synthetic consequence of 
research on antihistamines w h i c h , i n t u r n , h a d its o r i g i n i n the b i o l o g i c a l 
hypothesis that his tamine m i g h t be the causative agent i n al lergic re
sponses. H o w e v e r , the u t i l i t y of the psychotropic drugs w o u l d have gone 
largely u n n o t i c e d h a d i t not been for the wi l l ingness of at least part of the 
psychia tr ic profession to concede that a " c h e m i c a l " treatment of menta l 
il lness was i n d e e d w o r t h y of i n - d e p t h invest igat ion. 

T h e " l e i tmot i f " of this chapter that b i o l o g i c a l concepts beget synthetic 
d r u g discoveries w h i c h , i n t u r n , give rise to n e w b i o l o g i c a l discoveries 
a n d concepts a n d that these exert a posi t ive feed-back on the creat ion of 
n e w s tructura l d r u g prototypes, is s h o w n schematical ly i n F i g u r e 1. 
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82 D R U G D I S C O V E R Y 

BIOLOGICAL DISCOVERY 

FORMULATION OF A BIOLOGICAL CONCEPT 

STRUCTURAL PROTOTYPES WITH SUITABLE ACTIVITIES 

MOLECULAR MODIFICATION OF PROTOTYPE 

OPTIMAL DRUGS IN 
PARTICULAR 
THERAPEUTIC AREA 

DISCOVERY OF DRUG ACTION 
IN OTHER THERAPEUTIC AREA 

FORMULATION OF BIOLOGICAL 
CONCEPTS RELATIVE TO 
DISEASE MECHANISM 

Figure 1. Sequence of events leading to synthetic drug discovery 

F o r i l lustrat ive examples w e resorted to those classes of d r u g struc
tures w h i c h s p a w n e d the largest var ie ty of c h e m i c a l therapeutic a reas— 
n a m e l y the sulfonamides, ant ihistaminics , a n d adrenergic neurotrans
mitters. 

B i o c h e m i c a l a n d molecular pharmacology as those disc ipl ines w h i c h 
have assumed increas ing importance i n m o d e r n d r u g design comprise the 
last part of this chapter. 

Paul Ebrlich's Contribution 

I n 1899 w h e n P a u l E h r l i c h came face to face w i t h the G e r m a n 
c h e m i c a l indust ry a n d saw the profus ion of synthetic ant ipyret ics , anes
thetics, a n d analgetics, he d e c i d e d that i f it were possible to synthesize 
substances that dif ferentiated between various cells i n m a n , it s h o u l d be 
possible to synthesize s imple substances w h i c h w o u l d differentiate be
t w e e n m a n a n d his parasites. 

F r o m his pursui t of this goal was b o r n the concept of selective 
toxic i ty , receptor theory, side c h a i n theory, intr insic act iv i ty , a n d affinity. 
E h r l i c h was a prophet of almost b i b l i c a l proport ions , a n d m u c h of w h a t 
he p r e d i c t e d i n t u i t i v e l y continues to be conf i rmed exper imental ly through 
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4. B i E L A N D M A R T I N Organic Synthesis 83 

the a v a i l a b i l i t y of h i g h l y sophist icated tools. T h e f u n d a m e n t a l concepts 
w h i c h evo lved f r o m his speculat ive t h i n k i n g are s h o w n i n F i g u r e s 2 a n d 3. 

T h e " b i o l o g i c a l concept" ( F i g u r e 2) of selective toxic i ty served as a 
p o w e r f u l s t imulus not o n l y i n the development of the a n t i m i c r o b i a l a n d 
insec t i c ida l drugs but even more spectacular ly i n the therapeutic a p p r o a c h 
to endogenously i n d u c e d diseases—i.e., the selective interact ion w i t h cer
t a i n target tissues w i t h o u t affect ing other organ or ce l lu lar systems. It 
gave rise to a n u m b e r of theoret ical subconcepts w h i c h a t tempted to d e a l 
w i t h d r u g design o n a p h y s i c a l c h e m i c a l rather than a p u r e l y i n t u i t i v e 
or e m p i r i c a l basis. 

RECEPTOR THEORY OF DRUG ACTION 

7 
RECEPTOR AFFINITY 

\ 
INTRINSIC ACTION 

RATIONAL DRUG DESIGN 
PREFERRED CONFORMATION 

MOLECULAR ORBITAL THEORY 
HANSCH APPROACH 

Figure 2. Examples of biological concepts that led to theoretical 
considerations in drug design 

E h r l i c h rea l ized at the outset that a d r u g effect consisted of t w o 
phases. F i rs t , interact ion of certa in func t iona l groups of the d r u g mole 
cule w i t h specific sites on the c e l l surface rather than w i t h the w h o l e c e l l ; 
these sites (receptors) w e r e so const i tuted as to have a h i g h affinity for 
the prosthetic groups of the d r u g thereby f o r m i n g a t i g h t l y b o n d e d 
complex . F r o m this a n d Langley 's earlier hypothesis e v o l v e d the receptor 
theory w h i c h f o r m e d the basis for ra t iona l d r u g design since successful 
d r u g - r e c e p t o r interact ion was thought to be caused m a i n l y b y the shape 
( conformat ion ) of the present ing d r u g molecule a n d the p h y s i c a l c h e m i c a l 
forces of attract ion generated between the i n v a d i n g substance a n d the 
appropriate c e l l receptor. 

Secondly, E h r l i c h rea l ized that the mere in ter lock ing of the d r u g w i t h 
the c e l l receptor was not sufficient for p r o d u c i n g a d r u g effect since bac
teria c o u l d be stained w i t h o u t b e i n g k i l l e d . H e n c e , he postulated not 
o n l y a haptophor i c ( anchor ing ) but also a toxophi l i c ( po isoning ) moie ty 
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84 D R U G D I S C O V E R Y 

i n the m o l e c u l a r structure of the d r u g . T h e c o m b i n a t i o n of the thera
p e u t i c agent w i t h the c e l l receptor was i n itself cons idered harmless b u t 
served to b r i n g the toxophi l i c p o r t i o n of the d r u g close enough to the 
c e l l to ei ther po ison i t or p r o d u c e a p h a r m a c o l o g i c effect. F r o m s imi lar 
considerations A r i e n s a n d v a n R o s s u m deve loped , 50 years later, the 
use fu l concept of affinity a n d intr ins ic ac t iv i ty as determinants of the 
nature of a d r u g effect. 

A second major impetus to m o d e r n d r u g deve lopment came f r o m the 
demonstrat ion of the c h e m i c a l nature of neurotransmission a n d f r o m the 
ident i f i ca t ion of h is tamine as the c h e m i c a l media tor i n the p r o d u c t i o n of 
cer ta in a l lergic responses. 

A. Albert, "Selective Toxicity" 

Figure 3. Ehrlich's explanation of immunochemistry in his own 
symbols, 1898 (35) 

T h e results of these t w o approaches to d r u g d e s i g n — n a m e l y the 
discoveries that easi ly synthesized organic substances c o u l d cure the 
diseases caused b y v i ru lent pathogens a n d that major p h y s i o l o g i c a l proc
esses a n d responses were u n d e r the contro l of chemicals of s imple struc
ture—came d u r i n g the p e r i o d w h e n synthetic organic chemistry was 
u n f o l d i n g to its f u l l b l o o m . It was on ly natura l that these three areas of 
research s h o u l d converge to usher i n the exci t ing a n d u n b e l i e v a b l y pro
d u c t i v e era of m o d e r n synthetic d r u g therapy. 

O n e of the results of these early studies was the observat ion that 
d r u g structures act ive i n one disease area w o u l d , through molecular 
modi f i ca t ion , y i e l d potent therapeutic agents i n tota l ly unre la ted fields 
of pathologic disorders. 
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4. B i E L A N D M A R T I N Organic Synthesis 85 

The Sulfonamides 

T h i s group of drugs affords a f a m i l i a r b u t i l l u m i n a t i n g i l lus t ra t ion 
to the m u l t i f a c t e d nature of d r u g discovery. T h e search b y D o m a g k ( I ) 
for azo dyes (based o n E h r l i c h ' s affinity theory) that m i g h t be effective 
ant ibacter ia l agents u l t imate ly resul ted i n 1935 i n the d iscovery of P r o n -
tosi l w h i c h protected m i c e against le tha l streptococcal infect ions. Since 
this d r u g is inact ive in vitro, F o u r n e a u , Tréfouel , N i t t i , a n d B o v e t tested i t 
i n a r e d u c i n g m e d i u m (2). T h i s experiment was based o n E h r l i c h ' s earl ier 
findings that pentavalent arsenic h a d to be r e d u c e d to t r ivalent arsenic 
in vivo before its b a c t e r i c i d a l ac t ion was evident . T h e isolat ion, i d e n t i 
fication, a n d synthesis of the act ive metabol i te , su l fan i lamide , p r o d u c e d 
a s t ructural prototype w h i c h u l t i m a t e l y l e d to major breakthroughs i n 
the therapy of infect ious, cardiovascular , a n d diabet ic disease ( F i g u r e 4 ). 
I n a d d i t i o n , other s t ructural off-shoots p r o v i d e d ant iconvulsant a n d ur i co 
suric drugs. 

These successes w o u l d have been imposs ible w i t h o u t the concurrent 
a n d requis i te b i o l o g i c a l discoveries. F o r example, the deve lopment of the 
carbonic anhydrase inhib i tors , w h i c h are used to treat congestive heart 
fa i lure , resulted f r o m the f o l l o w i n g sequence of b i o l o g i c a l observations: 

( 1 ) T h e demonstrat ion of c l i n i c a l acidosis a n d a lkal ine ur ine f o l l o w 
i n g su l fan i lamide adminis t ra t ion i n 1937 ( 3 ) . 

( 2 ) T h e d iscovery of c a r b o n i c anhydrase ( C A ) i n the k i d n e y i n 1941 
( 4 ) . 

( 3 ) T h e i n h i b i t i o n of C A b y su l fan i lamide a n d other sul fonamides 
i n 1940, 1948 ( 5 , 6 ) . 

(4 ) T h e establishment of the role of C A i n the reabsorpt ion of N a + 

as N a H C 0 3 a n d depression of this f u n c t i o n b y su l fan i lamide i n 1945 ( 7 ) . 

SULFONAMIDES 

ANTIBACT. HYPOT, 

DIUR. 

ANTICONV 

ANTIDIAB. URICOSUR. 

Figure 4. Schematic representation of the therapeutic areas which 
evolved from sulfonamide research 
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86 D R U G D I S C O V E R Y 

(5 ) T h e demonstrat ion that su l fan i lamide p r o d u c e d increased d i u 
resis a n d natriuresis i n 1949 (8). 

T h u s the "requis i te b i o l o g i c a l d i s c o v e r y " triggers synthetic d r u g de
ve lopment . T h e ra t iona l ized scheme of this process is s u m m a r i z e d i n 
F i g u r e 5. B o t h a m o t i v a t i n g st imulus a n d an adequate b i o l o g i c a l test are 
necessary to encourage the m e d i c i n a l chemist to persist i n the sort of 
synthetic investigations w h i c h finally l e d to the discovery of the thiazides 
b y N o v e l l o , Sprague, Beyer , a n d Baer (9, 10, 11). S i m i l a r l y , the c l i n i c a l 
observat ion b y Janbon of the h y p o g l y c e m i c propert ies of an i s o p r o p y l -
th iadiazo le der ivat ive of su l fan i lamide caused Loubat ières to ini t iate the 
series of studies w h i c h c u l m i n a t e d i n the deve lopment of the s u l f o n y l 
ureas, an important class of h y p o g l y c e m i c agents. 

T h u s E h r l i c h ' s o r i g i n a l concept that dyes h a v i n g a h i g h inff ini ty for 
bacter ia c o u l d be m o d i f i e d s t ructural ly to make t h e m b a c t e r i c i d a l set 
off a series of c h e m i c a l a n d b i o l o g i c a l events w h i c h resulted i n heavy 
inroads into some major disease categories. A testable theory thus resul ted 
i n n e w b i o l o g i c a l i n f o r m a t i o n w h i c h l e d to a second testable theory. 

The Antihistamines 

T h e b r i l l i a n t series of researches b y Barger a n d D a l e , D a l e a n d 
L a i d l a w , a n d L e w i s a n d his colleagues established his tamine as the endo
genous "nox ious" agent released d u r i n g certain types of ce l l injuries a n d 
hypersens i t iv i ty ant igen-ant ibody reactions. These observations set the 
stage for the b i r t h of the antihistamines a n d h e l p e d to usher i n the era 
of the psychotherapeut ic drugs w h i c h have r e v o l u t i o n i z e d the treatment 
of the menta l ly i l l . 

T h e ease w i t h w h i c h the effects of h is tamine c o u l d be demonstrated 
i n animals a n d isolated organs p r o v i d e d a go lden o p p o r t u n i t y for a mas
sive a n d r a p i d screening effort for substances w h i c h w o u l d antagonize 
these actions. Bovet felt i n t u i t i v e l y that the a m i n o e t h y l side c h a i n i n 
h is tamine was essential for ce l l receptor interact ion a n d proceeded to 
select drugs w i t h this side cha in . H e chose those molecules subst i tuted 
w i t h b u l k y p h e n y l groups i n the hope that these groups w o u l d shie ld 
the receptors f r o m the a p p r o a c h i n g his tamine. 

T h e size of the a l lergy market a n d the ease of synthesis a n d test ing 
m a d e this an extremely attractive area for research i n molecular m o d i 
fication. A s i n the case of the sulfonamides , h is tamine antagonists pro
v i d e d inroads into disease areas never heretofore thought of as b e i n g 
amenable to c h e m i c a l attack ( F i g u r e 5 ). T h e sequence of events l e a d i n g 
to the discovery of these drugs is again reveal ing. 

( 1 ) T h e isolat ion of a n act ive endogenous p r i n c i p l e . 
(2 ) C h e m i c a l a n d p h a r m a c o l o g i c character izat ion. 
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4. B i E L A N D M A R T I N Organic Synthesis 87 

(3 ) Ident i f icat ion of the noxious agent (substance Ή " ) w i t h his ta
mine— i .e . , ident i f i cat ion of the pathogen. 

(4 ) T h e use of the concept of compet i t ive i n h i b i t i o n of the his tamine 
receptors as a n a p p r o a c h to the therapy of a l lergy. 

(5 ) M o l e c u l a r des ign a n d modi f i ca t ion to o b t a i n a n o p t i m u m thera
peut ic response. ( T h e structure of the pathogen serves as a m o d e l for 
d r u g selection a n d design.) 

( 6 ) Progressive molecu lar modi f i ca t ion leads to modi f i ca t ion of phar 
macolog ic response. 

( 7 ) T h e state of the m e d i c a l art a n d p h i l o s o p h y of therapy h a d a d 
v a n c e d sufficiently to a l l o w recogni t ion a n d exploi ta t ion (i.e., d i scovery) 
of the therapeut ic potent ia l of the n e w drugs b y the " p r i m e d " c l i n i c a l 
investigator. 

T h e necessary ingredients for successful d r u g discovery are thus 
close in termeshing of chemistry, pharmacology , a n d c l i n i c a l m e d i c i n e . 
H o w e v e r , the state of the art i n each d i s c i p l i n e must be sufficiently a d 
v a n c e d to a l l o w the simultaneous convergence of the three disc ipl ines 
t o w a r d the creat ion of n o v e l therapy. 

ANTIHISTAMINES 

ANTI-
ALLERG. 

TRANQUIL. 
ANTIPSYCHOT. 

SEDATIVES 

ANTI-PARKIN, 

Ψ 

CNS 
STIM 

ANTIDEPRESS 

ANTI-EMETICS ANALGETICS 

Figure 5, Schematic representation of the therapeutic areas that evolved 
from research on antihistaminic drugs 

The Neurotransmitters as a Source of New Synthetic Drugs 

U p to this po int ra t iona l ly g u i d e d e m p i r i c i s m d o m i n a t e d synthetic 
d r u g development . T h e isolat ion a n d character izat ion of endogenous 
substances of a s imple c h e m i c a l nature, their ident i f i cat ion as neuro
transmitters of autonomic a n d poss ib ly centra l nervous system f u n c t i o n , 
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88 D R U G D I S C O V E R Y 

the e luc ida t ion of the biosynthet ic pathways , a n d isolat ion of the enzymes 
responsible for their biogenesis not only shed a good d e a l of l ight o n the 
m e c h a n i s m of act ion of exist ing drugs b u t opened u p greater opportunit ies 
for ra t iona l d r u g design. S u c h substances are s u m m a r i z e d i n F i g u r e 6. 

D r u g deve lopment i n this area took the p a t h of either potent iat ing, 
m i m i c k i n g , or i n h i b i t i n g neurotransmitter act ion or b l o c k i n g the b iosyn
thetic pa thways at various steps i n the sequence, thereby e luc ida t ing the 
role of a specific neurotransmitter i n regula t ing nervous f u n c t i o n a n d 
establ ishing the dependence of certa in drugs o n these transmitters for 
their act ion. I n a d d i t i o n , the m a n i p u l a t i o n of these transmitters gave 
some h in t as to the et iology of certain disease processes, p a r t i c u l a r l y i n 
cardiovascular , menta l , a n d neuro log ica l diseases. 

(CH3)3NC2H40C-CH3 

0 
Acetylcholine 

Ho/ \ — CH(OH) CH2N^ 
H0<̂  ' 

R=H=Norepinephrine 
R=CH3=Epinephrine 

"XXJ 
H 

-C2H4NH2 Serotonin 

α -C2H4-NH2 Histamine 

Η 

Figure 6. Chemical mediators of physiologic functions 

O f key importance was the p ioneer ing w o r k of Barger a n d D a l e w h i c h 
establ ished the β-phenethylamine skeleton as the s tructural prototype for 
drugs affecting the adrenergic nervous system ( F i g u r e 7 ) . F r o m this 
evo lved , t h r o u g h molecular modi f i ca t ion , the centra l s t imulant a n d ano
rexic agent, amphetamine , a n d the antiasthmatic d r u g , isoproterenol . 

T h e second impetus i n this field came f r o m the e luc idat ion of the 
metabol ic pathways l e a d i n g to the endogenous synthesis of norepinephr ine 
( N E ) a n d its u l t imate ox idat ive degradat ion . T h e a v a i l a b i l i t y of specific 
enzyme inhibi tors capable of b l o c k i n g ( a ) the ra-hydroxylation of tyrosine 
to 3 ,4 -d ihydroxyphenyla lan ine ( D O P A ) , ( b ) the decarboxyla t ion of 
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4. B i E L A N D M A R T I N Organic Synthesis 89 

Amphetamine 

Methamphetamine 

•CH (OH)CH-NHCH Ephedrine 

Common Structural Feature: 

Figure 7. Sympathomimetic amines 

D O P A to 3 ,4 -dihydroxyphenethy lamine ( d o p a m i n e ), ( c ) the ^-ox idat ion 
of d o p a m i n e to norepinephr ine ( N E ), a n d ( d ) the inact ivat ion of N E to 
3 0 - m e t h y l n o r e p i n e p h r i n e ( normetanephrine ) or v a n i l l y l m a n d e l i c a c i d 
( V M A ) , shed considerable l ight on the f u n c t i o n a l role of these neuro
transmitters a n d their precursors ( F i g u r e 8 ). 

I n h i b i t i o n of the ra te - l imi t ing step i n d o p a m i n e a n d N E synthesis, 
the ra-hydroxylation of tyrosine to D O P A , m a y st i l l offer a n a p p r o a c h to 
the treatment of hypertens ion a n d certain types of m e n t a l illness ( F i g -

C H 2 - G H - C 0 2 H 

L N H 2 

C H O - C H - C 0 O H 

N H 2 

OH 

Tyrosine 
OH 

DOPA 

: H ( O H ) C H 2 N H 2 

Ό Η OH 

OH OH 

Dopamine No rep inephr ine 

Figure 8. Biosynthesis of neurohormones 
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90 D R U G D I S C O V E R Y 

CH 2CH(NH 2)C0 2H BLOCK CH 2CH(NH 2)C0 2H 

a - M e -
TYROSINE OH 

TYROSINE DOPA 

Figure 9. The rate-limiting step in NE biosynthesis 

ure 9 ) . Search for D O P A decarboxylase inhibi tors l e d to the w i d e l y used 
ant ihypertensive d r u g , α -methyl D O P A ( A l d o m e t ) ( F i g u r e 10) . W h i l e 
its m e c h a n i s m of act ion is p r o b a b l y not caused b y enzyme i n h i b i t i o n , it 
does apparent ly compete w i t h N E centra l ly i n the f o r m of its de-
carboxylated a n d β-hydroxylated metabolites, α -methyldopamine a n d 
α -methyl N E . T h i s compet i t ion c o u l d be for b i n d i n g sites, n e u r o n a l re
lease f r o m b i n d i n g sites, transmission of a nerve st imulus, interact ion 
w i t h c o m m o n receptor sites, or the p r o d u c t i o n of negative feedback 
resul t ing i n the shut t ing off of N E biosynthesis. S u c h compounds w h i c h 
are s t ructural ly closely related to the neurotransmitters a n d have s imi lar 
affinities for various neuronal sites b u t lack the intr ins ic ac t iv i ty of the 
neurotransmitters have been ca l led "false" or "surrogate" neurotrans
mitters b y Car l sson a n d K o p i n . T h i s concept has g i v e n rise to the évalu

e r 

CHoC-NHo 
2 I 2 

C0 2 H 

Of—METHYL DOPA 

HO 

HO 

HO 

HO 

C H 9 C H - N H 9 

I 
CHo 

CH(OH)CH-NH 2 

Figure 10. Metabolites of α-methyl DOPA which could act as false neuro
transmitters. α-Methyl DOPA acts in the form of its decarboxylated 

metabolites. 
Possible mechanisms of actions are: (a) competitive displacement of NE from 
binding sites; (b) false neurotransmitter with respect to release on sympathetic 
stimulation and adrenergic receptor interaction; (c) false neurotransmitters with 
respect to causing negative feedback on CA biosynthesis. In its clinical action 
it is widely used as an antihypertensive. 
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4. B i E L A N D M A R T I N Organic Synthesis 91 

a t ion of such o l d compounds as m e t a r a m i n o l a n d p - h y d r o x y n o r e p h e d r i n e 
i n hypertension. W h i l e they do lower b l o o d pressure, the i n i t i a l s y m 
pathomimet i c pressor effect at least i n the case of m e t a r a m i n o l precludes 
the use of the d r u g as an ant ihypertensive agent. H o w e v e r , other c o m 
pounds w i t h less intr ins ic sympathomimet i c act iv i ty s h o u l d enjoy ant i 
hypertensive ac t iv i ty equa l to or greater than that of α -methyl D O P A . 

(1) DESTRUCTION OF ADRENERGIC RECEPTORS 

HO 

HO 

C 2 H 4 NH 2 

OH 

SELECTIVE DESTRUCTION OF SYMPATHETIC NERVE ENDINGS. 

(2) POTENT COMT INHIBITOR 

HO 

HO 

C H 3 Q ^ 

CH j O - M ^ V c 2 H 4 N H 2 

OH 

CH(0H)CH 2NH 2 

BLOCKS 

CH 3 0 

HO 

CH(0H)CH2NH2 

NORMETANEPHRINE 

Figure 11. Effects of some derivatives of dopamine 

T h e i n t r i g u i n g concept of the false transmitters generated a r e n e w e d 
effort of synthesiz ing a n d eva luat ing hundreds of β-phenethylamine de
rivat ives . O n e of the more interest ing research tools that emerged f r o m 
such molecular modif icat ions is 6 -hydroxydopamine ( F i g u r e 11) w h i c h , 
i n l o w doses, preferent ia l ly depletes neurona l N E storage sites a n d i n 
higher doses also empties the dopaminerg ic storage vesicles. U l t i m a t e l y , 
w i t h repeated dos ing the t e r m i n a l adrenergic a n d d o p a m i n e r g i c nerve 
endings are destroyed a n d need six weeks to be regenerated. T h i s agent 
is, therefore, a p o w e r f u l too l for the study of adrenergic a n d d o p a m i n e r g i c 
nervous func t ion . 
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92 D R U G D I S C O V E R Y 

I n 1948 A h l q u i s t proposed his basic hypothesis of a- a n d β-drenergic 
receptors to exp la in the dual is t i c propert ies of epinephr ine . Some 15 
years later this concept bore f ru i t i n the development of the β-adrenergic 
b l o c k i n g drugs as represented b y p r o p r a n o l o l , M J 1999, a lpreno lo l a n d 
P r a c t o l o l ( I C I 50172) ( F i g u r e 12) . 

0CH2CH(0H)CH2NHCH(CH3)2 0CH 2CH(0H)CH 2NHCH(CH 3) 2 

PROPRANOLOL ALPRENOLOL 

CH 3S0 2NH —^Oy—CH(OH)CH 2NHCH(CH 3) 2 

MJ 1999 

C H 3 C O N H Ο OCH 2CH(OH)CH 2NHCH(CH 3) 2 

ICI 50172 

Figure 12. Representative β-adrénergie blocking drugs 

These drugs are potent ant i -arrhythmic agents, a n d some of them 
enjoy w i d e use i n the treatment of angina pectoris, at least outside the 
U n i t e d States. T h e y appear to act as a "governor" o n the heart, prevent
i n g adrenerg ica l ly media ted "overshoots" i n cardiac ac t iv i ty i n response 
to emot ional or p h y s i c a l stress. T h e y have brought Ahlquis t ' s or ig ina l 
concept to a significant f r u i t i o n . A g a i n a b i o l o g i c a l premise t r iggered 
molecu lar modi f i ca t ion of exist ing structures a n d " p r i m e d " the p h a r m a 
cologic invest igator to recognize a n d conf irm exper imental ly the or ig ina l 
postulate. 

D O P A a n d d o p a m i n e ( F i g u r e 13 ) lay dormant for m a n y years. W h i l e 
they w e r e thought to be metabol ic precursors of norepinephr ine , no par
t i cu lar f u n c t i o n was ascr ibed to them. D o p a m i n e h a d been s h o w n to 
be s i m p l y a lesser amine of lesser potency a n d stabi l i ty t h a n N E . H o w 
ever, i n the hands of a f e w inquis i t ive investigators, these t w o compounds 
were to create a major breakthrough i n m e d i c a l history. H o r n y k i e w i c z 
was the first to demonstrate cardiovascular effects of d o p a m i n e different 
f r o m N E i n guinea pigs, w h e r e it l o w e r e d instead of ra ised b l o o d pres
sure. Subsequent ly , he discovered s ignif icant ly decreased b r a i n levels of 
d o p a m i n e i n the neostr iatum a n d substantia n igra of recently deceased 
P a r k i n s o n patients. W i t h the theory of the b i o c h e m i c a l nature of neuro-
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4. B I E L A N D M A R T I N Organic Synthesis 93 

HO CH 2 CHCOOH HO C H 2 C H 2 N H 2 

N H '2 
HO HO 

DOPA DOPAMINE 

Figure 13. Structures of OOF A and dopamine 

transmission as a b a c k g r o u n d , H o r n y k i e w i c z felt justif ied i n corre lat ing 
a b i o c h e m i c a l def ic iency w i t h a neuro log ica l disease syndrome, s imi lar 
to i n s u l i n i n diabetes. A s replacement therapy H o r n y k i e w i c z a n d B i r k -
meyer gave the precursor of d o p a m i n e , D O P A , w h i c h was resistant to 
m o n o a m i n e oxidase attack a n d capable of penetrat ing the b l o o d - b r a i n 
barr ier . H i s results were inconclus ive i n p r o v i n g the hypothesis , m a i n l y 
because (as i t t u r n e d out later) the large doses used just were not h i g h 
enough. It r e m a i n e d for Cotz ias to develop a safe dosage reg imen that 
enabled one to titrate g r a d u a l l y the P a r k i n s o n i s m patient to effective 
dosage levels as h i g h as 8 grams/day, p r o d u c i n g a significant improvement 
i n two-thirds of the cases treated. 

G o l d b e r g postulated the presence of d o p a m i n e r g i c receptors i n the 
r e n a l arteries o n the basis of the a b i l i t y of d o p a m i n e to di late the renal 
arteries a n d the i n a b i l i t y of a- or ^-adrenergic b l o c k i n g drugs to antag
onize this act ion. H o w e v e r , drugs that p r o d u c e iatrogenic P a r k i n s o n i s m 
such as h a l o p e r i d o l or s p i r o p e r i d o l are capable of b l o c k i n g the rena l 
vasodi la tory effect of dopamine . 

H e n c e , the demonstrat ion of discrete d o p a m i n e r g i c receptors ( F i g 
ure 14) opens u p a w h o l e n e w field of invest igat ion to explore the role of 
d o p a m i n e i n the centra l a n d p e r i p h e r a l nervous system w i t h respect to 
menta l , cardiovascular , a n d neuro log ica l disturbances. 

The Role of Biochemical Pharmacology in Drug Discovery 

B y 1950 b i o c h e m i c a l p h a r m a c o l o g y h a d become a d i s c i p l i n e i n its 
o w n right . It h a d its b e g i n n i n g i n d r u g metabol i sm a n d disposi t ion , a 
science that deve loped r a p i d l y d u r i n g W o r l d W a r II a n d was responsible 
for resurrect ing the ant imalar ia l agent, A t a b r i n e , on the basis of Brodie 's 
findings that this d r u g was o r i g i n a l l y g iven on an incorrect dosage sched
ule . F r o m the c h e m i c a l determinat ion of d r u g i n serum it was f o u n d that 
0.8 g r a m of d r u g s h o u l d be g iven the first day, 0.3 g r a m / d a y thereafter. 

Biogenic Amines. W i t h the tools for b i o c h e m i c a l p h a r m a c o l o g y thus 
forged, Brodie 's attention n o w t u r n e d to endogenous levels of serotonin 
a n d N E . T h e discovery of reserpine's p r o f o u n d deple t ing ac t iv i ty on b r a i n 
serotonin a n d N E a n d its potent t r a n q u i l i z i n g act ion suggested a correla
t i o n between the t w o phenomena— i . e . , that a b i o c h e m i c a l change c o u l d 
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94 D R U G D I S C O V E R Y 

DOPAMINE NOREPINEPHRINE 

Journal of Pharmacology and 
Experimental Therapeutics 

Figure 14. Preferred conformations of dopa
mine and norepinephrine (view down the line 

of the carbon-carbon single bond) (36) 

give rise to a b e h a v i o r a l depression. A l m o s t concurrent ly , the w o r k b y 
B i e l et al. ( 16 ) w i t h sympathomimet ic amines h a d l e d them to investigate 
a n analogous series of hydrazines to enhance the potency a n d d u r a t i o n 
of this important class of drugs ( F i g u r e 15 ). These authors felt that the 
hydrazines w o u l d be less prone to metabol ic attack b y M A O o n the basis 
of Zeller's w o r k w i t h hydraz ides w h i c h actual ly i n h i b i t e d this enzyme 
i rrevers ib ly . T h e fortuitous discovery of m o o d elevat ion of the ant i tu-

Y-N-N-R, 
I I 

a. Replacement of *NH2
T by T NH-NH2

T 

0CH 2ÇH-CH 3 >0GH2GH-GH3 ; 0CH2GH2 

NH-NH, NH-NH, 

b. Isosteric replacement of TGH 2
T by TNHT 

0CH2GH^NH2 ^ 0CHJNÎÎ] -NH? 

Figure 15. Potent antidepressants (neurotic and psychotic depressions) 
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4. B i E L A N D M A R T I N Organic Synthesis 95 

bercular d r u g , i p r o n i a z i d , i n tubercular patients c o u p l e d w i t h Zeller 's 
demonstrat ion of its moderate ly potent M A O i n h i b i t o r y propert ies 
p r o m p t e d B r o d i e to measure N E a n d serotonin b r a i n levels f o l l o w i n g 
the adminis t ra t ion of i p r o n i a z i d a n d the potent M A O inhib i tor , a -methyl -
p h e n e t h y l h y d r a z i n e ( F i g u r e 16) . H e f o u n d that b o t h drugs increase 
b r a i n amine levels b y 2 0 0 - 3 0 0 % ( T a b l e I ) a n d p r e d i c t e d that i n contrast 
to reserpine they s h o u l d have behaviora l s t imulant propert ies . T h i s was 
conf i rmed q u i c k l y b y K l i n e w h o demonstrated the potent antidepressant 
activit ies of these agents i n severely depressed patients. 

Catron (JB-516) Methamphetamine 

Figure 16. Structures of Catron (JB-516) and methamphetamine 

Table I. Brain Levels of Serotonin and Norepinephrine After Five Days 
of Daily Administration of Three M A O Inhibitors 

Dose, NE Serotonin 
mg/kg Levels, Levels, 

Drug s.c. rabbits γ/gram tissue y/gram tissue 

Contro l s — 0.40 0.58 
I s o n i a z i d 50.0 0.40 0.58 
I p r o n i a z i d 5.0 0.43 0.60 
I p r o n i a z i d 10.0 1.1 0.92 
J B - 5 1 6 1.0 0.95 1.6 

A t this point B r o d i e f o r m u l a t e d his u n i f y i n g hypothesis that serotonin 
a n d N E were responsible for contro l l ing b r a i n f u n c t i o n a n d that m e n t a l 
illness might be a consequence of a c h e m i c a l imbalance i n centra l neuro
transmitter amines. T h e stage was thus set for the m e d i c i n a l chemist to 
des ign molecules w h i c h w o u l d affect b r a i n amine levels i n such a w a y 
as to alter the emot ional state. 

Beserpine a n d the M A O inhibi tors thus af forded the m e d i c a l break
t h r o u g h to the c h e m i c a l treatment of m e n t a l il lness a n d establ ished a 
ra t ional basis for synthetic d r u g design of ant ipsychot ic a n d ant ide
pressant drugs. N e w types of b i o c h e m i c a l a n d p h a r m a c o l o g i c a l screening 
procedures were deve loped as a result of Brodie 's w o r k , a n d the 1960's 
were to become the era of the b iogenic amines. 

T h e b i o c h e m i c a l pharmacologis t w h o h a d generated a p o w e r f u l n e w 
methodology to detect minute quantit ies of endogenous hormones i n b r a i n 
a n d the m e d i c i n a l chemist w i t h his almost u n c a n n y a b i l i t y to come u p 
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96 D R U G D I S C O V E R Y 

w i t h the proper c h e m i c a l tools at the appropr ia te moment w o r k e d i n 
concert to establish the important concept of b i o c h e m i c a l correlates of 
h u m a n behavior a n d emot ional disturbances. Together they teamed u p 
to create a n e w field of therapy. 

A direct consequence of w o r k o n the ara lkylhydraz ines was the de
ve lopment of a r a l k y l h y d r a z i n o acids. B i e l a n d D r u k k e r (17) synthesized 
t h e m because they w a n t e d to p r o d u c e h igher b r a i n levels of the a r a l k y l 
hydrazines a n d thus overcome the p e r i p h e r a l side effects of these drugs 
such as l iver involvement a n d orthostasis. U n l i k e the corresponding 
amino acids, however , these acids neither penetrated the b r a i n nor were 
they decarboxylated to generate M A O inhibi tors . T h e y were, however , 
potent D O P A decarboxylase inhibi tors , p a r t i c u l a r l y the M e r c k d r u g , 
α -methyl -N -aminodopa ( M K - 4 8 5 ) ( F i g u r e 17) . 

T h i s d r u g or the R o c h e c o m p o u n d , R o 4-4602, w h e n adminis tered 
concomitant ly w i t h D O P A , l o w e r e d the r e q u i r e d ant i -Park insonism dose 
of D O P A 6 -10 - fo ld . T h u s , m a n y of the severe p e r i p h e r a l side effects 
engendered b y the usual massive does of D O P A , i n c l u d i n g emesis a n d 
orthostasis, are mi t igated . 

T h e m o d e l scheme ( F i g u r e 18 ) deve loped b y Iversen illustrates some 
of the theories w h i c h have been a d v a n c e d to expla in the act ion of the 
t r i c y c l i c antidepressant a n d ant ipsychot ic drugs, as w e l l as that of reser
pine , amphetamine , a n d the false neurotransmitters. 

B r o d i e demonstrated that the t r i c y c l i c antidepressants do not reverse 
reserpine depression i f the a n i m a l has been deple ted of b o t h d o p a m i n e 
a n d N E ; hence, he c o n c l u d e d that their act ion depends o n the presence 

OH OH OH 

C H 3 

RO 4-4602 NSD 1034 

OH 

HO 

Figure 17. 

C H 3 

(Λ Κ H-85 

Inhibitors of decarboxylase 
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4. B i E L A N D M A R T I N Organic Synthesis 97 

L. L. Iversen, "The Uptake and Storage 
of Noradrenaline in Sympathetic Nerves" 

Figure 18. Schematic of neuronal pathways in drug-hiogenic amine 
interaction (15) 

of threshold amounts of these t w o biogenic amines. A x e l r o d s h o w e d 
that the t r i c y c l i c antidepressants i n h i b i t the re-uptake of adrenergica l ly 
released N E into neurona l storage sites at the leve l of the neurona l m e m 
brane; thus, the adrenergic receptors are presented w i t h increased q u a n 
tities of the neurotransmitter . A m p h e t a m i n e b o t h released N E f r o m its 
storage sites a n d prevented its re-uptake. A s a result there is an i n i t i a l 
vo l ley of s t imulat ion ar is ing f r o m large amounts of N E at the receptors. 
H o w e v e r , the s t imulat ion of neuronal release a d d e d to the i n h i b i t i o n of 
neurona l uptake u l t imate ly results i n N E deple t ion a n d a loss of efficacy 
of the amphetamines . F u r t h e r m o r e , certain metabolites f o r m e d f r o m a m 
phetamine , p r e s u m a b l y p -hydroxynorephedr ine , act as a "surrogate" neu
rotransmitter to b l o c k adrenergic transmission. B o t h factors l i m i t the 
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98 D R U G D I S C O V E R Y 

act ion of amphetamine a n d render it useless for the chronic treatment of 
m e n t a l depression. T h e M A O inhibi tors i n h i b i t the metabol ic destruct ion 
of dopamine , N E , a n d serotonin ( 5 - H T ) , a n d their antidepressant effects 
m a y be expla ined on the basis of an overf low of adrenergic amines w h i c h 
activate the C N S . 

Since the t w o major side effects of the t ranqui l izers are orthostatic 
hypotens ion a n d Park insonism ( caused b y d o p a m i n e r g i c b lockade ), they 
are thought to be central ly potent adrenergic and/or dopaminerg ic b lock
i n g agents. T h u s , the adrenergic receptors are sh ie lded f r o m excess 
s t imulat ion b y the neurotransmitters. 

Reserpine is a potent b iogenic amine depletor b y t w o mechanisms: 
(1 ) b y i m p a i r i n g dopaminerg ic , noradrenergic , a n d serotoninergic b i n d 
i n g sites a n d (2) b y i n h i b i t i n g the uptake of d o p a m i n e into the storage 
compartments where it w o u l d n o r m a l l y be converted to N E a n d stored 
as a t ight complex of A T P : 3 N E : 0 . 0 8 M g 2 + . 

L i t h i u m ion , the ant i -manic agent, is sa id to faci l i tate the in t raneu-
r o n a l release of N E m a k i n g it an easy prey to M A O attack, thus causing 
neurona l deplet ion . B i o c h e m i c a l l y , this can be demonstrated b y the 
appearance of increased amounts of ox idat ive metabolites such as V M A . 

False neurotransmitters c o u l d act at various neuronal levels : b y i n 
h i b i t i n g the uptake of N E , b y inter fer ing w i t h sufficient release of the 
true transmitter, or b y operat ing as stimulators of negative feedback of 
d o p a m i n e a n d N E biosynthesis. 

These hypothe t i ca l models of the mechanism of act ion of the psy
chotropic drugs have been extremely useful not on ly i n suggesting n e w 
methods of screening for drugs w h i c h w o u l d have been termed inact ive 
b y classical pharmacologic testing methods but also i n s t imulat ing the 
m e d i c i n a l chemist to design drugs w h i c h m i g h t f u l f i l l the requis i te b io 
c h e m i c a l cr i ter ia . 

Drug Metabolism Approach 

T h u s b i o c h e m i c a l pharmaco logy d i d m u c h to further the concept of 
ra t ional d r u g design. It h e l p e d to expla in w h y certain moieties i n a d r u g 
molecule were c r i t i ca l to its act ion. D r u g metabol i sm has also c o nt r ibute d 
greatly to our unders tanding of species differences i n d r u g efficacy a n d 
potency as w e l l as tox ico logica l responses. 

W e have a lready discussed the use of D O P A a n d α -methyl D O P A 
as the protected precursors of the act ive amine metabolites a n d resort ing 
to the use of D O P A decarboxylase inhibi tors i n m a k i n g possible the a d 
minis t ra t ion of greatly l o w e r e d doses of the ' none-too- innocuous" D O P A . 

A l l o p u r i n o l , a close s tructural analog of hypoxanthine , prevents the 
oxidat ive conversion of the latter to u r i c a c i d a n d has become one of the 
most effective agents i n the treatment of gout ( F i g u r e 19 ). 
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4. B I E L A N D M A R T I N Organic Synthesis 99 

HYPOXANTHINE Ο URIC ACID 

I 
Η 

ALLOPURINOL 

Figure 19. Blockade of uric acid formation by allopurinol 

A d v a n t a g e of species differences i n metabol i sm was taken w i t h the 
synthesis of m a l a t h i o n w h i c h is at tacked b y esterases i n m a m m a l s a n d 
excreted r a p i d l y as the d i a c i d before convers ion of the innocuous th io -
phosphate to the toxic phosphate. Insects have very l o w levels of esterases, 
a n d metabol i sm to the le tha l "oxo" metabol i te can occur u n i m p e d e d 
( F i g u r e 20 ) . 

D r u g metabol i sm studies demonstrated ether cleavage i n the 4-posi-
t ion of 3 ,4 ,5- tr imethoxyamphetamine, a potent ha l luc inogenic d r u g , to 
the inact ive 4 -hydroxy-3 ,5 -dimethoxyamphetamine . T h e synthesis of the 
m u c h less r e a d i l y m e t a b o l i z e d 4 - m e t h y l der ivat ive resulted i n a d r u g 
w h i c h h a d 10 times the potency of the parent structure ( F i g u r e 21 ). 

.S-CH-COoEt 
(Me0) 2--pC 1 

^ s C H 2 C 0 2 E t 
-pC 1 

^ s C H 2 C 0 2 E t 

MALATHION 

MAMMALS INSECTS 

S-CH-C0 2H . S-CHC0 2Et 
( M e O ) 2 - P ^ I ( M e O ) 2 - P ^ | 

S C H 2 C 0 2 H ^ O C H 2 C 0 2 E t 

NON-TOXIC LETHAL 

Figure 20. Metabolism of malathion in mammals and insects 
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100 D R U G D I S C O V E R Y 

Science 

Figure 21. An amphetamine-derived 
hallucinogen (37) 

Effect of dose: 
3 mg/man: euphoria 
3-10 mg/man: pronounced hallucinogenic 

effects for more than 8 hours, 100 times 
as strong as mescaline, 1/30 as strong 
as LSD 

A n o t h e r d r u g des igned o n b i o c h e m i c a l pr inc ip les was e thacrynic 
a c i d ( F i g u r e 2 2 ) . O r g a n i c mercuria ls p r o d u c e their d iure t i c effect b y 
c o m b i n i n g w i t h the s u l f h y d r y l groups of rena l t u b u l a r enzymes a n d b y 
this means prevent reabsorpt ion of water a n d s o d i u m . T h i s d r u g was 
des igned w i t h a d ich lorophenoxyacet i c a c i d moiety w h i c h has a h i g h 
aff inity for r e n a l tissue a n d a n act ivated d o u b l e b o n d w h i c h reacts w i t h 
the c r i t i c a l s u l f h y d r y l groups of the r e n a l enzyme systems, resul t ing i n 
the most potent d iure t i c agent ever synthesized. 

T h e science of e n z y m o l o g y has cont r ibuted m a n y ideas to d r u g de
sign. T h e r e is an obvious analogy between the receptor a n d the enzyme 
a n d be tween the d r u g a n d the i n h i b i t o r or substrate. I n a d d i t i o n , m a n y 
drugs owe their p h a r m a c o l o g i c effect to enzyme i n h i b i t i o n . A p a r t i c u l a r l y 
g o o d example of these interrelat ionships is the des ign of 2 -pyr id ine aldox-

E t h a c r y n i c 
Ac i d 
Figure 22. Drug-designed diuretic 
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4. B i E L A N D M A R T I N Organic Synthesis 101 

i m e m e t h i o d i d e ( P A M ) for the react ivat ion of a l k y l p h o s p h a t e - i n h i b i t e d 
acetylcholinesterase b y W i l s o n a n d G i n s b e r g (18). A t the t ime i t was 
k n o w n that the enzyme conta ined t w o sites ( F i g u r e 2 3 ) . T h e first is a n 
an ionic site w h i c h b inds quaternary a m m o n i u m structures. T h e second 
is the esteratic site w h i c h interacts w i t h the esteratic f u n c t i o n of acetyl 
chol ine . D u r i n g hydrolys is the basic group of the enzyme is acyla ted to 
f o r m an acy l -enzyme intermediate . T h e acyl -enzymes f o r m e d f r o m n o r m a l 
substrates h y d r o l y z e r a p i d l y to regenerate the o r i g i n a l enzyme. H o w e v e r , 
the acyl -enzymes f o r m e d f r o m the phosphate inhib i tors are not h y d r o l y z e d 
readi ly . T h i s forms the basis for the m e c h a n i s m of ac t ion of these i n h i b i 
tors. W i l s o n a n d G i n s b e r g reasoned that the first prerequis i te of a reac
t ivator of the i n h i b i t e d enzyme w o u l d be a quaternary a m m o n i u m group 

PrO v yOPr 
V o e 
II + 

\J v l / -

G SfN ^CH=NOH 

DFP INACTIVATED 1 CH 3 

PrO^ , Ο Ρ Γ 

c H , - N ^ c H = N o - r ° ® 
Ί 3 

\±J Φ~ 

α PrO s ,OPr 

N ^ C H = N - 0 - P = 0 

CH 3 

GH 

\zJ U/" 
REACTIVATED ENZYME 

Biochimica et Biophysica Acta 

Figure 23. The reactivation of alkylphosphate-inhibited 
cholinesterase by 2-pyridine aldoxime methiodide (18) 

w h i c h w o u l d thus fit into the anionic site a n d act as an anchor ing group. 
T h e y also k n e w that n icot ine a n d p i c o l i n o h y d r o x a m i c acids were m o d 
erately potent reactivators. T h u s , they reasoned the second prerequis i te 
of a react ivator was a n u c l e o p h i l i c group w h i c h c o u l d react w i t h the 
i n h i b i t o r b o u n d to the esteratic site. T h e y des igned a n d synthesized 
2 -pyr id ine a ldoxime meth iodide . O n testing it , they discovered that the 
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102 D R U G D I S C O V E R Y 

enzyme act iv i ty was regenerated i n less than one minute . B y care fu l 
reasoning they h a d synthesized o n l y one c o m p o u n d a n d discovered a 
react ivator 50,000 times more potent than the best previous ly k n o w n . 

T h i s conforms to E h r l i c h ' s earlier p ic ture of an ant ibacter ia l d r u g 
m o d e l r e q u i r i n g b o t h a h a p t o p h o r i c ( a n c h o r i n g ) a n d toxophi l i c (bac
ter i c ida l ) moiety to interact w i t h a n d destroy the pathogen. A r i e n s a n d 
v a n Rossum's concept of t w o stages i n d r u g act ion—receptor affinity 
( a n c h o r i n g of d r u g m o l e c u l e ) a n d intr ins ic ac t iv i ty ( d r u g p o t e n c y ) — 
represents a more sophist icated vers ion of this same postulate. It explains 
s t r ik ing ly h o w a weak d r u g w i t h h i g h receptor affinity can b l o c k out or 
displace a h i g h l y potent agent w i t h w e a k receptor affinity. T h u s h a r m a -
l ine , a reversible a n d moderate ly potent M A O inhib i tor , can b l o c k the 
ac t ion of a n extremely potent, i rreversible M A O inhib i tor , such as p h e n i -
praz ine or t r a n y l c y p r o m i n e . 

The Physical Chemical Approach to Drug Design 

T h e search for p h y s i c a l c h e m i c a l correlates of d r u g act ion began as 
early as 1899 w i t h the M e y e r - O v e r t o n theory w h i c h stated that the p o 
tency of an anesthetic was di rec t ly p r o p o r t i o n a l to its o i l : w a t e r p a r t i t i o n 
coefficient. T h e more l i p i d soluble the c o m p o u n d was, the more r e a d i l y 
it was thought to penetrate the central nervous system. 

A useful technique for a n a l y z i n g s t ruc ture -ac t iv i ty relat ionships 
w h i c h has come into use w i t h i n the past five or so years is that p ioneered 
b y C o r w i n H a n s c h (19). Its u n d e r l y i n g concept is that the re lat ive b io 
l o g i c a l ac t iv i ty of a der ivat ive depends on the difference i n h y d r o p h o b i c , 
electronic, or steric factors be tween the der ivat ive a n d the parent com
p o u n d . T h e contr ibut ion of each effect to act iv i ty is assumed to be inde
pendent ly addi t ive so that one has a l inear free energy re lat ionship. 
E q u a t i o n s of the f o r m b e l o w are expected: 

l o g m = k + a l o g p + b ( l o g p ) 2 + CŒ + d E s 

BR is the relat ive b io log ic ac t iv i ty under invest igat ion, for example the 
molar E D r ) 0 or the percent response at a g iven dose. L o g Ρ is the loga
r i t h m of the o c t a n o l - w a t e r par t i t ion coefficient, σ is the appropr i te H a m -
mett s igna constant (e lectronic i n n a t u r e ) , a n d Es is the T a f t steric 
parameter . W i t h the important demonstrat ion b y H a n s c h that the par
t i t ion coefficient is often an a d d i t i v e const i tut ive property , a l l of the 
p h y s i c a l parameers m a y be obta ined f r o m the l i terature. A second i m 
portant cont r ibut ion b y H a n s c h is the recogni t ion that the use of statistical 
techniques is essential to the analysis of quant i ta t ive s t ruc ture -ac t iv i ty 
relat ionships. T o develop an equat ion such as that above, one feeds the 
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4. B I E L A N D M A R T I N Organic Synthesis 103 

appropr ia te data into a m u l t i p l e regression p r o g r a m o n the computer . 
S tandard statist ical tests are then used to isolate the parameters w h i c h 
are important for each series. T h u s , one w o u l d obta in the corre lat ion 
coefficient, r for the w h o l e equat ion as w e l l as values of the F a n d t p a 
rameters to test the statistical significance of each te rm a n d the w h o l e 
equat ion i f n , the n u m b e r of compounds , is k n o w n . T h e r e are m a n y 
examples of such correlations i n the l i terature; w e discuss here those 
w h i c h have p r o v e d to be of predic t ive va lue . 

I n 1964 H a n s c h a n d F u j i t a (20) s tud ied the s t ruc ture -ac t iv i ty re la
t ionships of the thyroxine- l ike ac t iv i ty of n ine halogen-subst i tuted thy
roxine analogs. F r o m their results they suggested that the tert-butyl 
analog s h o u l d also show thyroxine act ivi ty . T h i s c o m p o u n d was syn
thesized (21) a n d f o u n d to be as potent as the most act ive halogen 
c o m p o u n d . 

F u l l e r , M a r s h , a n d M i l l s (22) a p p l i e d the H a n s c h a p p r o a c h to a 
series of 16 N- ( phenoxyethy l ) cyc lopropylamines w h i c h are monoamine 
oxidase ( M A O ) inhibi tors . T h e ac t iv i ty is expressed as p l 5 0 , the negative 
logar i thm of the concentrat ion of the der ivat ive w h i c h inhib i t s M A O 
5 0 % . T h e y used a d u m m y var iable , γ, to designate the steric effects of 
meta subst i tut ion. T h e i r results are s u m m a r i z e d i n F i g u r e 24. 

O n the basis of the equations deve loped t w o a d d i t i o n a l compounds 
were synthesized a n d tested. T h e p-amino analog was expected to have 
moderate ac t iv i ty whereas the p - p h e n y l d i a z o der ivat ive h a d a p r e d i c t e d 
p / 5 0 va lue higher than any i n the i n i t i a l series. These predict ions were 
n ice ly conf irmed. 

EQUATIONS FOUND 

p l 5 0 = 0.8657 + 0.2097T+1.547<T + 5.928 r = .91 η = 16 

PREDICTIONS 
calc. obsd. 

4 Ν = N C 6 H 5 7.28 7.56 

4 NH 2 4.57 4.40 

Journal of Medicinal Chemistry 

Figure 24. Inhibition on monoamine oxidase by N-
(phenoxyethyl)cyclopropylamines ( 22 ) 
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104 D R U G D I S C O V E R Y 

A n u m b e r of studies have c o m p a r e d the use of the m u l t i p l e regression 
technique u s i n g s e m i e m p i r i c a l parameters such as π a n d σ, a n d p a r a m 
eters ca lcula ted for the par t i cu lar molecules f r o m molecular o r b i t a l theory. 
H e r m a n n , C u l p , M c M a h o n , a n d M a r s h (23) s tudied the re lat ionship be
t w e e n the m a x i m u m ve loc i ty of acetophenone substrates for a rabb i t 
k i d n e y reductase. These workers were interested i n the react ion mecha
n i s m , a n d t w o types of q u a n t u m c h e m i c a l calculat ions were m a d e : (1) 
extended H u c k e l treatment, a n d (2) complete neglect of di f ferent ia l 
over lap ( C N D O / 2 ) . H y d r i d e interact ion energy a n d a p p r o a c h i n g t ran
sition-state energies were ca lcu la ted f r o m the C N D O / 2 treatment. A l l 
these parameters plus π a n d σ values were then subjected to regression 
analysis. T h e best results are presented i n T a b l e I I . 

Table II. Structure-Activity Relationships among 10 Acetophenone 
Substrates for a Rabbit Kidney Reductase (Purified) (23) 

Sigma and Pi τ2 

logfco = 2.09 σ + 0.414 π + 1.10 .79 

Sigma 

log k0 = 2.04 σ + 1.17 .75 

Eigenvalue Difference LEMO 

log k0 = 0.346 Δ Ε + 1.04 .74 

Electron Density Near Carbonyl 

log/c 0 = 1.13 Ec + 1.32 .72 

Incipient Transition State Energy Differences 

log k0 = 0.588 8E + 1.07 .66 

A l t h o u g h i t is an u n f a i r summary of this elegant w o r k , i t is obvious 
that a chemist interested i n des igning a better substrate for this enzyme 
w o u l d prefer to use the first equat ion l is ted since this equat ion fits the 
data the best a n d the parameters are easy to obta in . 

P . R. A n d r e w s (24) also used b o t h q u a n t u m c h e m i c a l methods ( E x 
tended H u c k e l T h e o r y a n d C N D O / 2 ) to calculate d i p o l e moments a n d 
atomic charges o n various atoms a n d groups of atoms for a series of ant i 
convulsants. There was no correlat ion between any of these parameters 
a n d the ant iconvulsant ac t iv i ty of the compounds . I n more recent w o r k , 
L i e n (25) has s h o w n that the act iv i ty is expla ined b y the par t i t ion co
efficient ( T a b l e I I I ) . 

A g a i n the advantage of the s imple parameters is evident, b o t h i n 
that they are more predic t ive a n d i n that they are m u c h less expensive 
to obta in . 
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4. B i E L A N D M A R T I N Organic Synthesis 105 

Table III. Anticonvulsant Activity of 11 Compounds (25) 

Dipole Moment 

log 1/c = - 0 . 5 1 μ + 4.09 .221 

r 

Charge on "Biological Active Center" 

log 1/c = - 1 . 0 4 ( E H T ) + 3.51 .371 

Partition Coefficient 

log 1/c = - 0 . 2 4 2 (log P ) 2 + 1.30 log Ρ + 2.33 
( o p t i m u m = 2.67) .948 

I n 1969, C l a y t o n a n d P u r c e l l (26) s tudied the s t ruc ture -ac t iv i ty 
relat ionships of some l - d e c y l - 3 - c a r b a m o y l p i p e r i d i n e s against b u t y r y l -
cholinesterase. T h e equations i n F i g u r e 25 were f o u n d . I n this case the 
ac t iv i ty is presented as the ρΖ δ 0 , the negative l o g a r i t h m of the concentra
t ion of der ivat ive w h i c h inhibi ts butyrylchol inesterase 5 0 % . T h e p a r a m 
eter σ * is the T a f t substituent constant w h i c h depends only on the net 
po lar effect of the substituent. O n e c o m p o u n d of moderate ac t iv i ty was 
omit ted f r o m the calculat ions. T h e ca lcula ted equat ion was then used 
to pred ic t the ac t iv i ty of this c o m p o u n d . T h e p r e d i c t e d p/ 5o was 5.00, 
that observed was 5.01 ± .03. I n fact, the ac t iv i ty of these compounds 
depends so strongly on the par t i t ion coefficient that the use of the m u c h 
s impler equat ion ( E q u a t i o n 2) predicts the ac t iv i ty nearly as w e l l . 

These calculat ions are of special interest because P u r c e l l a n d co
workers have been interested i n the s t ruc ture -ac t iv i ty relat ionships of 
this series of compounds for several years a n d have c o m p a r e d several 
approaches to s t ruc ture -ac t iv i ty relat ionships w i t h the same compounds . 
E a r l i e r they (27, 28) reported o n deta i led studies of the effect of par t i 
t ion coefficients ( b e n z e n e - w a t e r ), electric moments , a n d electronic struc
tures o n the relat ive ac t iv i ty of the congeners. P u r c e l l (28) used H u c k e l 
molecular orb i ta l theory to calculate the net charges on a l l the atoms of 
each c o m p o u n d . T h e only apparent success was the apparent correlat ion 
of the net charge at the amide ni t rogen a tom w i t h act ivi ty . T h i s was 
later s h o w n to be caused b y the statistically significant correlat ion between 
the π va lue a n d the net charge on the ni trogen atom (29). 

Recent ly W o h l (30) reported on extensive studies on the compet i t ive 
antagonism of C a 2 + - i n d u c e d rat aortic vasoconstr ict ion in vitro b y a series 
of 36 benzothiadiazines . T h e E x t e n d e d H u c k e l T h e o r y ( E H T ) was used 
to calculate the preferred tautomer i n solution, a n d charges, etc., on a l l 
atoms. T h e final equat ion was f a i r l y successful i n p r e d i c t i n g the ac t iv i ty 
of several moderate ly potent compounds not i n c l u d e d i n the o r i g i n a l 
regression. 
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106 D R U G D I S C O V E R Y 

CHg (CF^Ig ^ R,R' — H, CHg, C2Hg CgHy 

H Br 

p l 5 0 = -0.1197T2 + 1.2057Γ+ 0.687<f* + 3.533 (eq. 1) 

r = .998 F = 8984 η = 6 

p l 5 0 =0.5707Γ+ 4.187 r = .985 F = 268 η = 6 (eq. 2) 

For R = C H 3 , R' = C 2 H 5 

(NOT I N C L U D E D IN A B O V E E Q U A T I O N ) 

observed plgg = 5.01 ± .03 

calculated ρ ICQ = 5.00 equation 1 

5.04 equation 2 

Journal of Medicinal Chemistry 

Figure 25. Butyryl cholinesterase inhibitory potency of carbamoylpiperi-
dines (26) 

A different use of molecular orb i ta l calculat ions, one that does not 
use m u l t i p l e regression analysis, is that p ioneered recently b y K i e r (31 ) . 
I n this a p p r o a c h the E x t e n d e d H u c k e l T h e o r y is used to calculate the 
preferred conformat ion of each of several potent drugs of different struc
ture but w i t h a c o m m o n pharmacolog ic act ivi ty . T h e d r u g receptor is 
then m a p p e d b y cons ider ing those portions of the various drugs molecules 
w h i c h present near ly i d e n t i c a l patterns of l ike-charged atoms. K i e r has 
m a p p e d the receptors for acetylchol ine , nicot ine, serotonin, his tamine, 
steroids, a n d α-adrenergic agents. A l t h o u g h no n e w drugs have been 
reported to result f r o m such considerations, the m e t h o d is a fasc inat ing 
one a n d m a y prove successful i n this sense i n the future . A n obvious 
l i m i t a t i o n o n any q u a n t u m c h e m i c a l ca lcula t ion is cost. T h e E H T ca lcu
la t ion for a single conformat ion is re la t ive ly inexpensive, of the order of 
$10-$20; however , i f a molecule has several groups w h i c h can rotate 
independent ly , computer t ime can become l o n g a n d costly. M o l e c u l e s i n 
w h i c h the distance between the important atoms is fixed w o u l d be the 
most expedit ious choice for a test of a p r e d i c t e d arrangement of atoms. 

T h e H a n s c h a n d K i e r approaches are obvious ly different. F i r s t , the 
H a n s c h a p p r o a c h can consider ac t iv i ty of a d r u g i n a w h o l e animal— i . e . , 
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4. B i E L A N D M A R T I N Organic Synthesis 107 

the equat ion can i n c l u d e terms w h i c h reflect relat ive penetrat ion of the 
d r u g to the receptor. Q u a n t u m m e c h a n i c a l approaches i n general are 
concerned o n l y w i t h the react ion of the d r u g w i t h the receptor. I n the 
m u l t i p l e regression technique one treats data o n the same b i o l o g i c a l test 
on at least six compounds whereas for the pre ferred conformat ion m e t h o d 
one needs to k n o w the general type of pharmacologic ac t iv i ty of t w o or 
three molecules of different structure. B u i l t into the H a n s c h a p p r o a c h 
is a statistical test of the theory whereas none is appropr ia te for the K i e r 
method . T h e cost of computer t ime is smal l for m u l t i p l e regression anal 
yses whereas to do E H T calculat ions to arr ive at a pre ferred conformat ion 
can q u i c k l y become very costly. T h e K i e r a p p r o a c h w i l l obv ious ly f a i l 
w h e n the drugs i n quest ion p r o d u c e an effect b y a nonspecif ic interact ion 
( such as for the anesthetics ) rather than b y engaging a specific receptor. 
There is no guarantee that it is the preferred conformat ion of a d r u g w h i c h 
interacts w i t h the receptor. H o w e v e r , i f the K i e r a p p r o a c h is p r o v e d 
successful, i t s h o u l d become a p o w e r f u l too l for des igning compounds 
of more r a d i c a l l y different structure for " leads ." T h e H a n s c h technique 
w o u l d then be used to opt imize the desirable features, decrease toxic i ty , 
etc. T h e most obvious l i m i t a t i o n of any s tructural a p p r o a c h is that its 
success depends on a proper a n d re l iable pharmacolog ic test. T h e appro
priateness of the b i o l o g i c a l m o d e l for par t i cu lar disease state w i l l deter
m i n e the u l t imate c l i n i c a l usefulness of any d r u g . 

W h e n the chemist is des igning a series of drugs to be synthesized, 
he s h o u l d p l a n the compounds so that the most useful series for H a n s c h -
type structure ac t iv i ty analyses is prepared . F o u r cr i ter ia s h o u l d be con
s idered : (1 ) i n general , only compounds for w h i c h p h y s i c a l parameters 
such as π a n d σ are k n o w n s h o u l d be i n c l u d e d ; (2 ) no t w o compounds 
should be made w h i c h have essentially dupl i ca te p h y s i c a l propert ies ; (3 ) 
the series s h o u l d be p l a n n e d so that the various p h y s i c a l parameters are 
not h i g h l y correlated w i t h each other; a n d (4 ) the wides t possible v a r i a 
t ion i n each parameter should be i n c l u d e d . F o r example, i n the list of 
aromatic substituents i n T a b l e I V , 13 groups are i n c l u d e d (32, 33, 34). 
F o r var ie ty i n the -π t e rm one w o u l d w a n t to i n c l u d e amino a n d tert-butyl 
as w e l l as the unsubst i tuted c o m p o u n d a n d p r o b a b l y also h y d r o x y l a n d 
iodo. T o ga in enough variety i n the σ term, one should also i n c l u d e t r i -
fluoromethyl. F o r a large group ( m i n i m u m E8) acetamido w o u l d be 
desirable. T h u s f r o m a set of 13 compounds seven have been chosen as 
b e i n g the most desirable to synthesize. N o t i c e that certa in c o m p o u n d s 
dupl i ca te i n f o r m a t i o n f r o m others—e.g., methoxy has the same σ v a l u e as 
h y d r o x y , the same π va lue as H , a n d the same E8 as amino. S i m i l a r l y , 
e thy l has the same σ va lue as tert-butyl, the same π va lue as tr i f luoro-
m e t h y l , a n d an Es va lue close to that of iodo . T h u s , methoxy a n d e t h y l 
need not be i n c l u d e d i n the sample. B y care ful p l a n n i n g the chemist 
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108 D R U G D I S C O V E R Y 

Table IV. Representative Parameters for Typical Aromatic 
(^-Substituted) Functional Groups 

— H 
— O H 
— O M e 
— N H 2 

— N H — C M e - . 7 9 
.70 

1.02 
1.26 

.15 

.51 
1.00 
1.6 
1.0 

0 - 2 . 1 3 
— C I 
— B r 
— I 
— F 
— M e 
— E t 

.23 

.23 

.18 

.062 
- . 1 7 
- . 1 5 
- . 1 5 

.54 

- . 0 7 
- 1 . 5 4 
- 1 . 1 6 

.27 

.08 
- . 1 6 

.78 
0 

—tert-Bu 
- C F 3 

can thus des ign a series w i t h a large var ie ty i n each parameter a n d yet 
not a n endless list of possibi l i t ies to synthesize. O n c e the first set of c o m 
pounds has been tested a n d the s t ruc ture -ac t iv i ty relat ionships ana lyzed , 
a d d i t i o n a l compounds m i g h t be necessary to test other parameters. 

Summary and Conclusions 

T h e sequence i n synthetic d r u g development has not changed greatly 
over the past 60 years since E h r l i c h ' s m o n u m e n t a l cont r ibut ion to m o d e r n 
medic ine . T h e first step is usual ly the discovery of a b i o l o g i c a l phenome
n o n or the p r o m u l g a t i o n of a n o v e l a n d often u n i f y i n g b i o l o g i c a l concept 
w h i c h can be translated a n d exploi ted chemica l ly . W i t h the st imulus thus 
g i v e n a n d the seed n e w l y p lanted , the m e d i c i n a l chemist then proceeds 
to shape the k inds of substances suggested b y the o r i g i n a l concept of 
disease. T h e tools that he is l i k e l y to use w i l l d e p e n d on the state of the 
art of the a l l i e d disc ipl ines as w e l l as the nature of the b i o l o g i c a l dis 
covery a n d the subsequent hypothesis . B e i n g the adapt ive a n i m a l that 
he is, he w i l l q u i c k l y become conversant w i t h the b i o l o g i c a l c l imate into 
w h i c h he has been thrust or i n w h i c h he wants to become purpose ly 
i n v o l v e d . I n either case, he rea l ly has no choice b u t to become i n v o l v e d 
i f he wants to make a m e a n i n g f u l cont r ibut ion . M e d i c i n a l chemistry has 
no place i n itself. It is a d i sc ip l ine w h i c h depends total ly on b i o l o g i c a l 
i n p u t because i f there is no b i o l o g i c a l p r o b l e m , there is no need for 
m e d i c i n a l chemistry. T h u s , the tools that the m e d i c i n a l chemist w i l l select 
for cha l lenging a n d u n r a v e l l i n g natura l processes w i l l reflect the d e p t h 
of his unders tanding of the b i o l o g i c a l p h e n o m e n o n to w h i c h he chooses 
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4. B i E L A N D M A R T I N Organic Synthesis 109 

to address himself . F o r instance, w h a t is the nature of the in f lammatory 
process? If i t is a n a u t o i m m u n e response, i t m a y require a n i m m u n o 
suppressive agent. I f i t is caused b y an i n v a d i n g pathogen, the a p p r o a c h 
m a y be entirely different. If i t is the result of a stress- induced deficiency, 
replacement therapy is ind ica ted . O f t e n the s h r e w d a n d astute chemist 
w i l l be able to outguess his b i o l o g i c a l col league a n d create the tools that 
w i l l l e a d to a better unders tanding of b i o l o g i c a l phenomena, such as 
menta l i l lness or congestive heart fa i lure . 

The Future of the Synthetic Approach in D r u g Research. O n e m a y 
w o n d e r whether there are enough combinat ions left i n organic chemistry 
to come u p w i t h n o v e l d r u g molecules . T h a t is l i k e asking h o w m u c h 
more n e w mus ic c a n be composed because there are on ly a h a n d f u l of 
basic notes, a n d u l t i m a t e l y there must be a l i m i t to the n u m b e r of m u s i c a l 
variat ions that can be gleaned f r o m them. N o one, however , appears 
to be concerned about this eventual i ty a n d it is h a r d to conceive that i t 
c o u l d ever h a p p e n . Styles i n mus ic as w e l l as i n science change dras
t i ca l ly a n d q u i c k l y . T h e m e d i c i n a l chemist must r e m a i n h i g h l y adaptable 
a n d responsive to the changing scientific a n d even c u l t u r a l environment 
w i t h o u t f o l l o w i n g every f a d b l i n d l y . 

T w e n t y years ago the l i k e l i h o o d of an antianxiety, a mood-e levat ing , 
or an ant i fer t i l i ty p i l l b e i n g accepted b y the m e d i c a l profession or the 
general p u b l i c w o u l d have seemed remote. T o d a y these drugs constitute 
almost a hal f b i l l i o n dol lar business. 

T o be sure, m a n y good drugs are n o w avai lable to treat diseases i n a 
pa l l ia t ive fashion, a n d it becomes increasingly diff icult to come u p w i t h 
superior medicat ions . H o w e v e r , our technology has a d v a n c e d so r a p i d l y 
that n e w d r u g entities can be synthesized a n d screened faster a n d i n a 
more sophist icated manner to p r o d u c e nove l therapeutic types. T h e b i o 
m e d i c a l sciences are s u p p l y i n g clues to the possible et iology of a disease 
process w i t h greater d ispatch than ever thought possible. 

H o w e v e r , there are areas of concern for the future of synthetic d r u g 
research. O n e comes f r o m the d i sc ip l ine that represented the f o u n d a t i o n 
of m e d i c i n a l c h e m i s t r y — n a m e l y organic chemistry. T h i s d i sc ip l ine is 
m o v i n g steadily a w a y f r o m the area of synthesis t o w a r d mechanis t i ca l ly 
or iented horizons. M e d i c i n a l chemistry w i l l have to take over a n d con
t inue to refine the art of organic synthesis. 

O u r y o u n g graduates have become increasingly re luctant t o w a r d the 
" ins t inc t ive" e m p i r i c a l a p p r o a c h of molecular modi f i ca t ion . T h e y are 
m u c h more i n c l i n e d t o w a r d the ra t ional , mathemat ica l , a n d computer 
or iented type of research. T h i s is fine as l o n g as it is based on sound 
b i o c h e m i c a l a n d pharmaco log ic pr inc ip les a n d is not ob l iv ious to the fact 
that there s t i l l is a l i v i n g organism to be treated that is sufficiently c o m 
plex to defy mathemat ica l t y p i n g . Over-re l iance on pure rat ionale is as 
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110 D R U G D I S C O V E R Y 

dangerous as b l i n d adherence to indiscr iminate a n d unsophist icated m o 
lecular modif ica t ion . P r o p e r l y ba lanced, the t w o styles of research are 
eminent ly compat ib le . 

Pharmacology , too, is changing f r o m the classical to the b i o c h e m i c a l l y 
a n d molecular b io log ica l ly or iented approach . T h e m e d i c i n a l chemist 
should fami l ia r ize himsel f w i t h these n e w concepts a n d phi losophies lest 
he become obsolete b y a r a p i d l y d e v e l o p i n g d y n a m i c d isc ip l ine . 

Synthet ic m e d i c i n a l chemistry can remain one of the major corner
stones to d r u g discovery since i t is the very structure of a n e w d r u g w h i c h 
w i l l u l t imate ly determine its success i n h u m a n therapy. Yet the o p t i m u m 
structure of a n o v e l therapeutic agent must reflect the i n p u t f r o m m a n y 
a l l i e d disc ipl ines besides organic chemistry. 

T h e proper orchestration of a l l these c o n t r i b u t i n g instruments of 
m o d e r n science, as w e l l as his o w n creat ivi ty a n d imaginat ion , w i l l i n the 
e n d dec ide whether the m e d i c i n a l chemist w i l l cont inue to be a significant 
composer a n d arranger i n the turbulent field of d r u g discovery. 
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Discussion 

C . J. CAVALLITO 

Ayerst Laboratories, 685 T h i r d Avenue, N e w York, N. Y. 

Changes are evolving in health products research, resulting not just 
from changes in science but from changes in society with which this 

research is inextricably bound. What kinds of changes influence the 
science of drug research and discovery? Major factors include the need 
for new drugs, the standards for acceptance of new drugs, methodology 
in research and development, and sources of support for research. The 
rational exploitation of new drug leads has become a somewhat sophis
ticated operation. Training of scientific personnel has undergone changes, 
but time does not permit discussion of this influence. Probably the least 
changed factor is the most important in the discovery of that which is 
truly novel—namely, our dependence on the individual in research. All 
these factors contribute to changes in the balance between opportunities 
and risks in discovering new drugs. 

Needs for New Drugs 

A review of the drug contributions of the past 35 years shows that 
the priorities of needs for new drugs during this period have undergone 
continuing changes as a result of many contributions in various fields of 
therapy. This is not to say that we have provided perfect drugs in such 
fields. Differences among individuals or in the same individual at differ
ent times alone may make it impossible to create the "perfect" drug. The 
availability of reasonably satisfactory products and the diminishing re
turns in exploitating earlier leads has reduced interest in a number of 
drug classes, such as antihistamines, antispasmodics, barbiturates, etc. 
Some drug categories—e.g., hypotensive ganglionic blocking agents and 
mercurial diuretics—have been superseded by more desirable classes of 
drugs. Since one does not create new vitamins or mineral requirements, 
the tremendous contributions in nutritional research of 1935-1950 are not 
repeatable. A similar situation exists with many hormones. More recently 
developed major therapeutic classes, such as psychotherapeutic agents, 
continue to attract considerable research effort. Important unmet needs 
remain in such areas as drugs for cancer, certain virus diseases, and dis-
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C A V A L L i T O Discussion 113 

eases associated w i t h ag ing or degenerative changes. N o t surpr is ingly , 
most of the major diseases for w h i c h n e w d r u g needs n o w are greatest 
are those for w h i c h use fu l drugs are m u c h more diff icult to discover a n d 
develop. W i t h our mot iva t ion to survive, there w i l l a lways be the cha l 
lenge to extend l i fe expectancy. M o r e important , I bel ieve, w i l l be the 
need for n e w drugs to make our present l i fe tenures more p h y s i c a l l y a n d 
menta l ly acceptable. 

A l t h o u g h w e can ident i fy d r u g classes i n w h i c h major advances were 
made i n the past, w e do recognize that sometimes solutions are not per
manent ly achieved. T h e need for n e w drugs m a y be r e v i v e d i n areas i n 
w h i c h w e thought satisfactory ones h a d been p r o v i d e d . F o r example, the 
deve lopment or ident i f icat ion of resistant or n e w infect ious organisms 
can create needs for n e w antibiot ics a n d chemotherapeut ic agents. A n t i 
m a l a r i a l research was re-intensif ied for such reasons after about 20 years 
of d o r m a n c y . 

N e e d as a mot ivat ion for d r u g research i n an area also m a y become 
better recognized w i t h the discovery of therapeutic opportunit ies . M e p r o -
bamate a n d ch lorpromazine not o n l y f u l f i l l e d certain needs b u t h e l p e d 
i d e n t i f y other potentials i n the b r o a d field of psychotherapeutics . 

I n cons ider ing the needs for n e w drugs f r o m a therapeutic perspec
t ive, w e have l i t t le basis for pre fer r ing nature or synthesis as a p r i m a r y 
source. A disease resul t ing f r o m an imbalance i n amount or f u n c t i o n of 
a p h y s i o l o g i c a l substance w i l l attract i n i t i a l emphasis on n a t u r a l products 
research. T h e skills of the chemist n o w are such that programs or ig inat ing 
as n a t u r a l products investigations often q u i c k l y shift i n emphasis to pro 
grams of synthesis. T h i s results f r o m the ab i l i ty of the chemist more 
q u i c k l y to isolate a n d to e lucidate the structure of a complex molecule as 
w e l l as to adapt synthetic skil ls to its r e p r o d u c t i o n or modi f ica t ion . N a t 
u r a l products research effort has been c y c l i c a l , b o t h qua l i ta t ive ly a n d 
quant i ta t ive ly , par t i cu lar ly i n the pharmaceut i ca l industry . A n t i b i o t i c s 
search a n d research were most extensively conducted i n the 1940's t h r o u g h 
mid-1950's a l though cont inued at an apprec iable l eve l i n some laboratories 
i n subsequent years. D r . Conover 's survey represents an interest ing cross 
section of current opinions i n this field. T h e appl i ca t ion of Rauwolfia 
a n d its a lkaloids i n m o d e r n m e d i c a l pract ice gave na tura l products re
search a w o r l d - w i d e boost i n the early to mid-1950 , s, just on the heels 
of intensif ied interest i n steroids. D r . Conover 's paper details an inter
est ing analysis of s imilari t ies a n d differences i n the evolut ion of steroid 
a n d pros tag landin research. A major difference w h i c h m o t i v a t e d the early 
w i d e s p r e a d research i n the steroid field was a clearer ident i f icat ion of 
therapeutic potentials for steroids than for prostaglandins . T h e discovery 
of ant i - inf lammatory propert ies of corticosteroids intensif ied research i n 
the ear ly 1950's; however , therapeut ic endocr ino log ica l appl icat ions of 
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114 DRUG DISCOVERY 

steroids h a d served as inducements i n the late 1930's a n d 1940's. T h e 
early pros taglandin research was conducted intensively i n re la t ive ly f e w 
laboratories a n d w i t h assumption of h igher risks w i t h less p r o b a b i l i t y of 
deve lopment of a useful d r u g . In cancer chemotherapy, the l i m i t e d suc
cesses of any p r o d u c t to date, natura l or synthetic , dampens the ardor 
of na tura l products search. S t i l l , there is a fee l ing w e should persevere, 
not w i t h the hope of finding the d r u g , b u t yet another d r u g , even if i t be 
o n l y a modest contr ibut ion i n this f rustrat ing field of research. 

Regulatory Standards 

T h e standards for acceptance of n e w drugs became more d e m a n d i n g 
d u r i n g the early 1960s. T h e F o o d a n d D r u g A d m i n i s t r a t i o n ( F D A ) , b y 
its requirements for proof of efficacy before a n e w d r u g is marketed , has 
been a p r i n c i p a l factor i n pressing for n e w performance guidel ines . T h e 
pharmaceut i ca l industry i n the 1950 s was carr ied a w a y w i t h n e w p r o d u c t 
introduct ions , par t i cu lar ly combinat ion products , some of quest ionable 
advantage. I n the 1960's w e witnessed a regulatory over-react ion to this, 
w h i c h is c o n t i n u i n g into the 1970's. Those of us i n research certainly 
find more personal ly r e w a r d i n g the oppor tuni ty to generate t r u l y useful 
n e w drugs, but w e are concerned lest wel l - in tent ioned statutes or regu
lations are interpreted and i m p l e m e n t e d i n a manner i n c o m p a t i b l e w i t h 
that w h i c h is possible i n the laboratory or i n c l i n i c a l practice. T h i s w i l l 
be of g r o w i n g concern i n the future. 

Methodology in Research and Development 

T h e advances i n research methodology a n d instrumentat ion of the 
past 25 years not o n l y have made some aspects of d r u g research m u c h 
more efficient b u t have p e r m i t t e d the resolut ion of problems v i r t u a l l y 
unsolvable a f e w years ago. Separation, isolat ion, a n d analysis have be
come possible for quantit ies a n d k inds of compounds p r e v i o u s l y unap
proachable . T h e chemist engaged i n synthesis has h a d avai lable an 
increas ingly greater var ie ty of intermediates, c h e m i c a l methodology , 
equipment , a n d techniques to expand his horizons . F r o m a b i o l o g i c a l 
perspective, m o n i t o r i n g instrumentat ion i n p h a r m a c o l o g y has i m p r o v e d , 
a n d increas ingly sophist icated b i o c h e m i c a l equipment a n d techniques are 
u t i l i z e d i n b o t h m i c r o - a n d macrobio logy . A m o n g n a t u r a l products , a d 
vances i n the v i t a m i n a n d hormone fields d u r i n g the 1930's a n d 1940's 
were assisted mater ia l ly b y the a v a i l a b i l i t y of bioassays for these sub
stances. T o d a y w e c o u l d isolate a n d determine the structure of the v i t a 
mins far more q u i c k l y than was possible i n the 1930's a n d 1940's; however , 
their f u n c t i o n a l ident i f icat ion s t i l l depends o n appropr ia te b i o l o g i c a l or 
b i o c h e m i c a l test models . 
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C A V A L L i T O Discussion 115 

A n impor tant factor w h i c h can influence relat ive interest i n natura l 
sources vs. synthetics as test objects for b i o l o g i c a l screening is the effort 
r e q u i r e d to prepare a natura l p r o d u c t for testing. In vitro ant ibacter ia l 
tests can be carr ied out inexpensively w i t h c rude extracts conta in ing a 
v i r t u a l m i c r o c o s m of c h e m i c a l components . Screening for propert ies 
w h i c h d e m a n d a n i m a l test systems, however , general ly requires more elab
orate pretreatment of a na tura l p r o d u c t w i t h separation or concentrat ion 
of components to be tested. 

A c o n t i n u i n g p r o b l e m i n methodology is that of dev i s ing more re
l iable laboratory models to detect c h e m i c a l substances potent ia l ly useful 
i n t reat ing some c o n d i t i o n i n m a n . I n pre- technologica l societies, b y p l a n 
or accident , m a n usua l ly was the direct test species w h i c h l e d to discovery 
of use fu l or poisonous na tura l products . L a b o r a t o r y m o d e l systems have 
served us w e l l i n some instances, inadequate ly i n others. In vitro screen
i n g i n the 1940 s deve loped into a major ac t iv i ty w i t h the search for n e w 
antibiot ics . Since the mid-1950^ interest i n screening large numbers of 
compounds for potent ia l psychotherapeut ic properties l e d to some inter
est ing exercises. W e have s lugged the mouse w i t h large doses of c o m 
pounds a n d w a t c h e d h i m r u n , j u m p , stagger, convulse, collapse, sleep, or 
die w h i l e his fur , ta i l , ears, eyes, a n d bowels are read for signs i n a 
fashion reminiscent of the seers of o l d w h o read the future f r o m the 
entrails of animals . Yet , for the t r u l y u n u s u a l discovery or l ead , so often 
w e have cont inued to d e p e n d on m a n himsel f to d i sp lay the unexpected 
d u r i n g the course of assessing the expected. W e then go back to t r y i n g 
to relate the n e w observat ion i n m a n to some response i n the a n i m a l . 
T h e net result is that w i t h our laboratory screening methodology , w e 
increase our skil ls i n detect ing n e w drugs w i t h properties s imi lar to those 
w e a lready have. Considerat ions of methodology also b r i n g us to differ
ences of o p i n i o n as to the relat ive value of general screening of m a n y 
compounds , screening of selected compounds for a l i m i t e d n u m b e r of ac
t ivit ies , miss ion-or iented synthesis, a n d b i o c h e m i c a l mechanis t ic ra t iona l 
design i n d r u g research. A s a compromise , most indus t ry laboratories 
engage to some extent i n each act iv i ty . 

I n eva luat ing drugs i n m a n , there also have been improvements i n 
methodology , p a r t i c u l a r l y i n the design of better contro l led experiments 
a n d the use of statist ical techniques to interpret the data. T h i s has been 
more signif icant i n disease condit ions i n w h i c h subjective factors m a y 
obscure the interpretat ion of results. H o w e v e r , i n some major diseases, 
as for example atherosclerosis, osteoporosis, a n d connect ive tissue degen
erations, the absence of re l iable qual i ta t ive measures for ear ly ident i f ica
t ion of the disease state a n d quant i ta t ive measures for c o m p a r i n g i m 
provements or deteriorations have become a m u c h more serious l i m i t a t i o n 
than they were 10 years ago. T h e requirement for proof of efficacy of a 
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116 DRUG DISCOVERY 

n e w d r u g i n m a n i n cer ta in disease condit ions becomes almost hopeless 
i f one attempts, for example , to d e m a n d a s imi lar degree of confidence 
i n measur ing i m p r o v e m e n t i n treat ing osteoporosis vs. t reat ing p n e u m o n i a . 
F o r almost a decade, the F D A has been d e m a n d i n g evidence of d r u g 
efficacy, w i t h o u t exercis ing a concomitant d i l igence i n h e l p i n g to deve lop 
real is t ic guidel ines for acceptable evidence. 

T h e importance of m a n as a test m e d i u m for d iscover ing the unex
pec ted is w e l l documented . Since 1962 the transi t ion f r o m laboratory to 
m a n has become increas ingly compl i ca ted , a n d w i t h proport ionate ly 
f e w e r n e w inves t iga t iona l drugs b e i n g evaluated i n m a n , chance alone 
w i l l p e r m i t fewer opportunit ies to discover the unexpected. 

Sources of Support for Research 

T h e amount a n d d i s t r i b u t i o n of support for hea l th research have 
changed t remendously i n the last 20 years, a n d such shifts cannot h e l p 
b u t influence the processes of n e w d r u g discovery. T h e p h a r m a c e u t i c a l 
indust ry i n the U n i t e d States increased its research dol lar expenditures 
a p p r o x i m a t e l y 12-fold be tween 1950 a n d 1970. B e t w e e n 1947 a n d 1967, 
the federa l government increased its m e d i c a l research expenditure some 
50- fo ld t h r o u g h b o t h i n t r a m u r a l a n d extramural programs. Increasing 
costs of d o i n g research d u r i n g this p e r i o d , of course, resulted i n less than 
a proport ionate increase i n research effort. I n the p h a r m a c e u t i c a l industry , 
the g r o w t h of the 1950s encouraged a n d sustained r a p i d l y increased 
research effort; i n the 1960s the d i s t r ibut ion of effort b y d i sc ip l ine 
c h a n g e d a p p r e c i a b l y w i t h the m e d i c i n a l chemist finding himsel f a less 
dominant factor i n the over -a l l research a n d development process. I n 
academia , the in fus ion of f edera l funds i n the 1950's to mid-1960's l e d to 
some ways of l i fe that have been u n d e r g o i n g agoniz ing reappraisals dur 
i n g the past three years. T h e end results of this are not yet clear. W e 
can be f a i r l y certain, however , that whether it be i n industry or academia , 
health-related research w i l l need to be responsive to c h a n g i n g cr i ter ia for 
support . 

It has become fashionable , not on ly a m o n g some scientists, b u t even 
securi ty analysts a n d m a n y regulatory people , to at tr ibute the decl ine of 
n e w d r u g introduct ions i n the 1960's to an a l leged deple t ion of our store 
of basic k n o w l e d g e f r o m w h i c h n e w drugs are discovered. H o w strange 
that k n o w l e d g e was "used u p " faster b y industry i n increasing research 
expenditures 12-fold i n the p e r i o d that the federa l hea l th research budget 
rose some 50-fold. A r g u m e n t s presented before Congress d u r i n g budget 
hearings l e d one to expect that these federa l expenditures w o u l d support 
the generat ion of n e w basic k n o w l e d g e w h i c h c o u l d l e a d to n e w agents 
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C A V A L L i T O Discussion 117 

for t reat ing disease. C e r t a i n l y impor tant n e w k n o w l e d g e was generated i n 
this p e r i o d . I do not be l ieve that the major d r u g discoveries of the 1940s 
a n d 1950s were any more d e r i v e d f r o m a surplus of basic k n o w l e d g e than 
any deple t ion of such k n o w l e d g e b y the 1960's was responsible for the 
r e d u c t i o n i n n e w d r u g o u t p u t i n that decade. D e p l e t i o n of basic k n o w l 
edge appears to be a s impl is t i c explanat ion for a far more complex phe
nomenon. T h i s br ings us to some comments o n the ra t ional a p p r o a c h to 
d r u g research a n d discovery. 

The Rational Approach 

W e have heard , a n d w i l l cont inue to hear, considerable discussion 
about h o w increas ingly ra t ional d r u g research a n d discovery w i l l be i n 
the future . I n fact, D r . B i e l makes us appear to have been qui te r a t i o n a l 
for some t ime. Expressions such as " ra t iona l approaches" a n d "store of 
basic k n o w l e d g e " p r o b a b l y have l i t t le def ini t ive m e a n i n g out of context. 
Bas ic research a n d ra t iona l approaches are not prec ise ly definable expres
sions a n d m e a n different things to different people . T h e d is t inc t ion be
tween " b a s i c " a n d " a p p l i e d " research m a y sometimes be as m u c h a reflec
t ion of the l imitat ions i n imagina t ion a n d experience of the i n d i v i d u a l 
scientist as i n his research miss ion. T h e t r u l y n o v e l concept usua l ly occurs 
to the i n d i v i d u a l , not to a committee or a team, a n d a great d e a l of i n d i 
v i d u a l i t y of style remains i n the concept ion a n d conduct of research. 
O b v i o u s l y , there is no one w a y i n w h i c h to make n e w d r u g discoveries. 
A n expression w h i c h of itself is neither good nor b a d is "molecu lar m o d i 
fication." T h i s has been referred to more snidely as "molecular m a n i p u l a 
t i o n " a n d has been l o o k e d u p o n as some sort of second-rate research 
i n d u l g e d i n b y the p h a r m a c e u t i c a l industry . M o l e c u l a r modi f i ca t ion as 
an a p p r o a c h to d r u g development or n e w d r u g discovery has been 
s taunchly de fended b y most m e d i c i n a l chemists, w i t h the recogni t ion that 
i n d i v i d u a l s v a r y cons iderably i n l e v e l of creat ivi ty expressed i n its exer
cise. I n j u d g i n g creat iv i ty b y h indsight , novel ty must be assessed i n the 
context of the s i tuat ion at the t ime of a discovery. T h e most unobvious 
can become general ly self -evident soon after its discovery. 

I n treat ing speci f ical ly w i t h m e d i c i n a l chemists, one m i g h t i d e n t i f y 
i n d i v i d u a l creative or p r o d u c t i v e types i n some such manner : 

T h e In tu i t ive Discoverer . T h i s is the i n d i v i d u a l w h o designs or dis
covers molecules w i t h u n u s u a l or interest ing b i o m e d i c a l properties 
through some conceptual hypothesis , projected f r o m m i n i m a l avai lable 
data ( w h i c h hypothesis m a y or m a y not be v a l i d i n retrospect ). 

T h e D e d u c t i v e Discoverer . T h i s i n d i v i d u a l designs or discovers 
molecules w i t h u n u s u a l or interest ing b i o m e d i c a l propert ies b y develop
i n g a sequent ia l ly l o g i c a l rat ionale, f o u n d e d on a so l id base of data. I n 
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118 DRUG DISCOVERY 

some aspects, he is s imi lar to the in tu i t ive discoverer, except that the 
latter requires less i n f o r m a t i o n f r o m w h i c h to project his concepts. 

T h e A n a l y t i c a l Rat ional izer . T h i s i n d i v i d u a l usua l ly does not create 
n e w molecules or discover drugs but explains w h y or h o w those discovered 
b y others w o r k . 

T h e Imitator. T h e imita tor looks to others for the discovery of n e w 
leads, then q u i c k l y enters the field w i t h some structural modif icat ions, 
h o p i n g to carve out a piece of patentable novel ty before the field is 
saturated. 

T h e P l o d d e r . T h i s is the chemist w h o turns, out large numbers of 
modif icat ions of a prototype molecule a n d hopes the biologist w i l l make 
a discovery for h i m . H e m a y feel secure w i t h a par t i cu lar preparat ive 
react ion, or intermediates m a y be r e a d i l y avai lable . 

Before j u d g i n g too hast i ly the relat ive merits of the contr ibut ions of 
i n d i v i d u a l s i n the classification, i t s h o u l d be recognized that degree of 
novelty of a discovery a n d its u t i l i ty or usefulness do not necessarily go 
h a n d i n h a n d . T h e imitator or p l o d d e r m a y make useful , prac t i ca l , c o m 
pet i t ive contr ibut ions . T h e in tu i t ive or deduct ive discoverer m a y a d d to 
so-cal led "basic k n o w l e d g e " w i t h o u t necessarily creat ing a useful p r o d u c t 
a n d thus lay the foundat ion for the w o r k of others. T h e ana ly t i ca l i n d i 
v i d u a l m a y not make a d r u g discovery direct ly , but he m a y p r o v i d e a 
better interpretat ive f r a m e w o r k for organiz ing a n d unders tanding exist
i n g in format ion . M o s t i n d i v i d u a l s are a mixture i n different proport ions 
of these s ty l ized types. M y point is, to each his o w n style, d e p e n d i n g o n 
his t ra in ing , experience, interests, imaginat ion , a n d mot ivat ions—yet each 
can a d d to the d r u g discovery processes. A m o n g biologists , w e especial ly 
cher ish those i n d i v i d u a l s w h o appreciate the significance of an observa
t ion , p a r t i c u l a r l y the unexpected, i n terms of potent ia l appl i ca t ion i n an 
area of need. 

T h e discovery process for a n e w d r u g m a y be considered b r o a d l y i n 
terms of two k inds of research; that i n w h i c h one is explor ing for a n e w 
lead, a n d research d i rec ted to the exploi tat ion of leads. In explor ing for 
leads b y selecting or des igning n e w compounds for evaluat ion, the i n 
tuit ive a n d deduct ive approaches are s t i l l largely re l i ed on. In contrast, 
explorat ion for leads b y rout ine indiscr iminate screening of m a n y 
preparations is more mechanica l . If the ava i lab i l i ty of m a n y compounds 
assured success, the large c h e m i c a l companies w o u l d have h a d a different 
record of per formance i n entry into the p h a r m a c e u t i c a l industry . T h e 
m e d i c i n a l chemist must be competent i n organic chemistry to execute 
his ideas, b u t he can benefit f r o m some b i o l o g i c a l b a c k g r o u n d i f he is to 
increase his efficiency i n des igning potent ia l drugs. I n d r u g discovery, 
w e are m u c h more adept at ra t ional ly explo i t ing a l e a d than i n exp lor ing 
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C A V A L L i T O Discussion 119 

for one. T h i s is semant ica l ly l o g i c a l since a ra t iona l a p p r o a c h to a dis 
covery impl ies a m o r e extended systematic sequence of operations. H o w 
ever, b y the t ime w e have systematical ly ach ieved a goal , i t no longer 
appears to have the nove l ty i m p l i e d i n the observat ion w h i c h is d e r i v e d 
f r o m more exploratory, less predic tab le approaches. W h e n w e refer to 
ra t ional approaches i n d r u g design, however , these are not a lways pre 
d o m i n a n t l y b i o c h e m i c a l i n nature. F o r the d iscovery of n e w leads, w e 
have d e p e n d e d strongly on the biologist a n d m e d i c a l scientist; the ex
p lo i ta t ion of leads has been the p r i n c i p a l theater of operat ion of the 
organic m e d i c i n a l chemist . T h e va lue of the c l i n i c a l invest igator i n dis
cover ing a l ead s h o u l d not be underest imated. L e a d s to n e w potent ia l 
appl icat ions of a d r u g prototype f requent ly have been d e r i v e d f r o m m a n 
w h e n a d r u g designed for one purpose demonstrated unexpected p r o p 
erties. H a v i n g observed these i n m a n , w e then go back to the laboratory 
a n d at tempt to des ign a n i m a l m o d e l systems that w i l l correlate w i t h the 
propert ies observed i n m a n . I n t ime w e tend to forget that some c o m 
p o u n d was not d iscovered t h r o u g h a laboratory a n i m a l test, b u t rather 
the a n i m a l tests e v o l v e d f o l l o w i n g discovery of the propert ies of the 
c o m p o u n d i n m a n . T h e value p l a c e d on some a n i m a l test systems i n 
retrospect is reminiscent of the confidence w i t h w h i c h b i o c h e m i c a l p r i n 
ciples a n d sophist icated p h y s i c a l parameters n o w appear to be considered 
as guides to n e w d r u g discoveries. I n eva luat ing the usefulness of ap
proaches to d r u g research, i t is important to d is t inguish between that 
w h i c h is of value i n retrospect ively r a t i o n a l i z i n g a n d that w h i c h t r u l y 
aids p r e d i c t i o n . Systems are most va luable w h i c h p e r m i t us to reach 
farthest into the u n k n o w n , w i t h reasonable accuracy, f r o m the most 
l i m i t e d base of exist ing k n o w l e d g e . T h i s is extremely dif f icult to q u a n t i f y 
i n e x p l o r i n g for a research l ead since v i r t u a l l y b y def ini t ion, degree of 
novel ty is gauged b y leve l of u n p r e d i c t a b i l i t y . 

D r . K u p c h a n a l l u d e d to major contr ibut ions of drugs f r o m plants 
since 1800. M a n y of these useful drugs served as prototypes for synthetic 
congeners; however , these leads were explo i ted d u r i n g a p e r i o d i n w h i c h 
their actions c o u l d be descr ibed p a r t l y b y gross p h a r m a c o l o g i c a l effects 
but not i n terms of events at the molecu lar level . I n reference to his newer 
research, there is ev idenced the interest of the m e d i c i n a l chemist i n seek
i n g mechanist ic c o m m o n denominators at the molecular l e v e l as a gu ide for 
explo i t ing a lead . D r . K u p c h a n states, "Several observations have focused 
attention on the importance of the conjugated α -methylene lactone func
t ion for the b io log ica l ac t iv i ty of . . . lactones. F u r t h e r m o r e , the results 
support the v i e w that the α -methylene lactones m a y exert their effects on 
cells b y interact ing w i t h s u l f h y d r y l enzymes that regulate g r o w t h . " W i t h 
some nostalgia , I r eca l l re la t ing a s imi lar impress ion i n a r e v i e w i n V o l u m e 
I of " M e d i c i n a l C h e m i s t r y " about 20 years ago i n w h i c h some a -methylene 
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120 DRUG DISCOVERY 

lactones f r o m plants d iscovered i n the 1940's were h e l d out to be an 
attractive area of research as s u l f h y d r y l i n h i b i t i n g antibiot ics . A l t h o u g h 
w e have k n o w n someth ing about the reactions of these lactone types at 
the molecular l e v e l for over 25 years, the field has, for other reasons ( such 
as tox ic i ty ) progressed more s l o w l y i n l e a d i n g to use fu l n e w drugs than 
have some n a t u r a l p r o d u c t prototypes for w h i c h w e k n o w almost n o t h i n g 
of interactions at the molecular leve l . T h u s , a l though i n f o r m a t i o n of a 
molecu lar react ion m e c h a n i s m m a y be use fu l i n explo i t ing a d r u g lead , it 
is not a guarantee of success. 

W i t h reference to the va lue of e n z y m o l o g i c a l mechanis t ic concepts 
i n l e a d i n g to n e w d r u g discoveries, a n u m b e r of examples are c i t e d b y 
the authors. I r eca l l the tremendous interest i n the latter 1950s i n 
m o n o a m i n e oxidase ( M A O ) i n h i b i t i o n as a route to d r u g design. I n h i b i 
t ion of M A O was observed a m o n g tuberculostat ic , antidepressant, a n d 
ant ihypertensive drugs. A f t e r a t ime, w e began to suspect that there 
m i g h t be l i t t le re lat ionship between the useful propert ies w e were seek
i n g a n d potency as M A O inhibi tors . T o d a y w e are more apt to test inter
esting d r u g leads against M A O w i t h the hope that the agent is not an 
inh ib i tor . T h e r e appears to be considerable d o u b t that α -methyl D O P A 
acts as an ant ihypertensive agent b y i n h i b i t i o n of D O P A decarboxylase. 
T h e r e are a n u m b e r of i l lustrat ions of drugs w i t h b i o c h e m i c a l propert ies 
w h i c h are not necessarily b i o c h e m i c a l causes of the desired effect. C a r e 
must be used i n re la t ing e n z y m o l o g i c a l mechanisms to a phenomenon 
before enough appropriate molecular modif icat ions of the drugs are a v a i l 
able for correlat ion. T h i s also is an area i n w h i c h one must g u a r d against 
suppor t ing rather than test ing a hypothesis . 

A s w e compare the papers w h i c h discuss the sources of n e w d r u g s — 
past, present, a n d future w i t h those on the significance of ra t iona l d r u g 
des ign w e are presented w i t h some accomplishments of the past i n con
trast to c h a l l e n g i n g approaches of the future . W e c o u l d smugly point to 
the former group w i t h p r i d e of p r o v e d accompl ishment or equal ly smugly 
to the latter as g u i d i n g the w a y to a m o r e sophist icated, less b u m b l i n g 
a p p r o a c h to future discovery. F o r those w h o subscribe strongly to ap
proaches of the past, w e s h o u l d caut ion that those procedures most 
w i d e l y f o l l o w e d usua l ly p r o v i d e us w i t h the greater n u m b e r of discov
eries but not necessarily i n p r o p o r t i o n to effort expended either i n the 
past or future . F o r those w h o embrace a l legedly more sophist icated 
p h y s i c a l c h e m i c a l a n d mechanist ic approaches to d r u g design, let us 
d is t inguish be tween those exercises that are inte l lec tual ly s t imulat ing 
i n h e l p i n g c lar i fy relat ionships retrospect ively a n d those w h i c h are more 
h e l p f u l i n l e a d i n g to use fu l n e w drugs. H e r e too, i n o u r compar ison 
of past, present, a n d future , d is t inc t ion s h o u l d be made be tween pro
cedures that permi t a more efficient exploi tat ion of a l e a d vs. d iscovery 
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C A V A L L i T O Discussion 121 

of a lead . W e are b e c o m i n g increas ingly effective i n explo i t ing leads a n d 
i n us ing teams to do this. I n the d iscovery of a l ead , w e d e p e n d more o n 
the i n d i v i d u a l . T h e t r u l y innovat ive person, b y his very nature, is more 
dif f icul t to describe i n terms of a neat, predic table m o d e of operat ion. 
H e is apt to be a keen observer w h o can envis ion the possible re la t ion
ship be tween some phenomenon a n d an unso lved p r o b l e m or need, a n d 
he uses his k n o w l e d g e w i t h o u t b e i n g too i n h i b i t e d b y it i n exploratory 
research. 

W h e t h e r b y past, present, or future approaches, molecular design or 
selection i n d r u g discovery usua l ly involves the use of hypotheses i n p l a n 
n i n g the research. A hypothesis can be a useful too l or a straight jacket, 
d e p e n d i n g on h o w w e use it . W o r k i n g hypotheses can he lp us to des ign 
a research p l a n . Hypotheses obvious ly v a r y i n i n i t i a l basis of data sup
port , b u t the major danger is that i n d i v i d u a l s become emot iona l ly 
at tached to them. M o r e effort m a y be expended i n s u p p o r t i n g hypotheses 
t h a n i n testing them. Suppor t m a y take the f o r m of selective use of da ta 
f r o m the l i terature, a n d the preparat ion of more compounds , or conduct of 
a d d i t i o n a l experiments, l i k e l y to support the hypothesis . It m a y be more 
p r o d u c t i v e a n d less i l lusory to try to d isprove the hypothesis , a n d i f i t 
survives such efforts, it gains more i n va lue as a basis for future experi 
m e n t a l design. 

T h e p l a n n i n g of a p r o d u c t i v e p r o g r a m i n n e w d r u g research involves 
the considerat ion of o p p o r t u n i t y a n d risk factors. T h i s involves a con
t i n u a l l y c h a n g i n g set of parameters. T h e fu l f i l lment of a therapeut ic n e e d 
results i n some r e d u c t i o n of oppor tuni ty for n e w drugs i n that field w i t h 
compet i t ive standards b e c o m i n g more dif f icult to achieve. T h e resolut ion 
of some disease condit ions can increase the need for attention, a n d thus 
the opportuni t ies , i n other direct ions. F o r example, cardiovascular dis
eases g a i n i n relat ive importance as infectious diseases are better con
t ro l led . W e hear on occasion that the easier problems have been so lved ; 
however , advances i n methodology permi t us to solve complex problems 
more readi ly . I t costs a great d e a l more i n t ime a n d money to develop 
a n e w d r u g , b u t i t is also subject to less r a p i d compet i t ive displacement 
or obsolescence. O n the w h o l e , however , resource r isk factors appear to 
have been g r o w i n g faster than n e w d r u g development opportunit ies d u r 
i n g the past decade a n d p r o b a b l y w i l l cont inue to do so. T h e m e d i c i n a l 
chemist today must be far more astute i n assessing risks a n d opportuni t ies 
than ever before. H e usual ly is at the o r i g i n of a protracted c h a i n of 
events w h i c h m a y consume f r o m 5 to 10 years a n d as m a n y mi l l ions of 
dol lars f r o m the t ime he prepares a c o m p o u n d of possible interest to its 
i n t r o d u c t i o n i n a compet i t ive marketplace . M a n y disc ipl ines , potentials 
for fa i lure , a n d frustrations b e y o n d his contro l l ie between his efforts a n d 
the consummat ion of his aspirations. 
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122 DRUG DISCOVERY 

A s w e r e a d the contr ibut ions i n this vo lume, let us search for sug
gestions as to h o w w e can i m p r o v e the balance between o p p o r t u n i t y a n d 
r isk i n d r u g research i n an ever c h a n g i n g scene. N e w d r u g discovery 
requires a considerable element of luck . W h a t w e are seeking are ways 
of i m p r o v i n g our odds of b e i n g l u c k y i n a game i n w h i c h the stakes are 
h i g h . W e must be alert constantly to better ways of p l a y i n g the d r u g 
discovery game, b u t w e s h o u l d not f a l l v ic t ims to i l lusions of h o w w e w i s h 
drugs c o u l d be discovered rather than h o w they are more apt to come 
about. A v a l u a b l e sobering guide w o u l d be a co l lec t ion of accurate, u n -
g l a m o r i z e d accounts of the ac tua l sequence of events u n r a t i o n a l i z e d b y 
h i n d s i g h t that l e d to n o v e l d r u g discoveries. F r o m such expositions 
selected f r o m the past 3 5 years, w e m i g h t better assess the i m p a c t of 
c h a n g i n g influences i n d r u g discovery a n d the extent to w h i c h w e m i g h t 
expect changes i n the next 10 to 15 years. 

RECEIVED November 5, 1970. 
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5 

Physicochemical Approaches to Drug Design 

WILLIAM P. PURCELL and JOHN M. CLAYTON 

Department of Molecular and Quantum Biology, College of Pharmacy, 
University of Tennessee Medical Units, Memphis, Tenn. 38103 

One of the most potentially successful approaches to drug 
design is the attempt to place correlations between changes 
in molecular structure with changes in biological activity on 
a quantitative and predictive level. While qualitative efforts 
have been made in this area by chemists and pharmacolo
gists for over 100 years, more recent progress illustrates the 
potential of regression analyses, molecular orbital calcula
tions, and parameterization using various physicochemical 
measurements. The mathematical and linear free-energy re
lated models along with their modifications and applications 
are reviewed. It is concluded that quantitative structure
-activity studies hold some promise for the future in designing 
therapeutic agents without exhaustive synthetic work and 
pharmacological screening. 

" C o r over 100 years chemists a n d pharmacologists have been i n t r i g u e d 
b y observed changes i n b i o l o g i c a l effects of c h e m i c a l congeners par

a l l e l i n g somewhat m i n o r alterations i n molecular structure. F o l l o w i n g 
m a n y successes a n d fai lures since the i n i t i a l w o r k , this interest continues 
to increase a m o n g m e d i c i n a l chemists as the l eve l of sophist icat ion of the 
methods for s t u d y i n g a n d " i s o l a t i n g " these substituent effects i n d r u g 
design improves . O f ul t imate interest is the u t i l i z a t i o n of these techniques 
to achieve a ra t ional , custom design of therapeutic agents a long w i t h the 
e luc idat ion of ac t iv i ty mechanisms at the submolecular l eve l ( 1 ). 

It is necessary to point out i n i t i a l l y that i n a report of this type i t 
w o u l d be v i r t u a l l y imposs ible to i n c l u d e every w o r k that has been sig
nif icant to the development of the methods presented here. W h i l e the 
authors have at tempted to give a representative sample of these con
tr ibut ions , they have not a t tempted an exhaustive rev iew. I n v i e w of the 
numerous l i terature examples of the appl i ca t i on of p h y s i c o c h e m i c a l meth-

123 
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124 DRUG DISCOVERY 

ods to d r u g design, the interested reader is referred to more t h o r o u g h 
treatments of the methodology ( 1-3 ) a n d reviews of the recent l i terature 
( ^ 8 ) . 

I n the late 1860s C r u m - B r o w n a n d Fraser demonstrated that g r a d u a l 
alterations i n molecu lar structure of cer ta in drugs c o i n c i d e d w i t h changes 
i n their e l i c i ted b i o l o g i c a l responses ( 9 ) . These observations l e d to the 
postulate that the ac t iv i ty of a d r u g (φ) was a f u n c t i o n of its s t ructural 
features ( C ) ( E q u a t i o n 1 ) . 

Φ = /(C) (1) 

F u r t h e r , exper imenta l w o r k o n narcot ic agents i n 1893 l e d R i c h e t to 
postulate that the degree of ac t iv i ty of the compounds was inversely 
re lated to their water solubi l i t ies (10). M e y e r a n d O v e r t o n e x p a n d e d 
this w o r k just at the t u r n of the twent ie th century to show that the nar
cot ic activit ies of cer ta in congeners para l l e led their o i l/water p a r t i t i o n i n g 
propert ies (11-15). O f course, this parameter was des igned to s imulate 
the in vivo c o n d i t i o n of the drug's p a r t i t i o n i n g be tween an aqueous b i o -
phase a n d a l i p o p h i l i c site of act ion. I n 1907, F u h n e r quant i ta t ive ly 
approx imated the b i o l o g i c a l responses of a homologous series of narcotics 
(16, 17). H e demonstrated that the decrease i n equiresponse concentra
tions of these compounds f o l l o w e d a geometric progression [1, 1/3, 
( 1/3) 2 , ( 1/3) 3 , etc.] as the n u m b e r of carbon atoms increased i n the 
series. 

I n fur ther investigations of the re lat ionship between other phys ico-
c h e m i c a l propert ies of molecules a n d their b i o l o g i c a l responses, T r a u b e 
i n 1904 observed a correlat ion between surface tension a n d narcot ic 
ac t ion (18). These data l e d W a r b u r g to postulate a m e c h a n i s m of nar
cotic act ion for these agents i n 1921 (19). S i m i l a r l y , i n 1917 M o o r e noted 
that the b o i l i n g points of a series of insect ic ide fumigants para l le led their 
toxicities (20, 21). 

A n important observat ion i n s t ruc ture -ac t iv i ty studies was m a d e b y 
F e r g u s o n i n 1939 w h e n he demonstrated an interrelat ionship among m u c h 
of the earlier w o r k (22). E q u a t i o n 2 was postulated to describe the 
b i o l o g i c a l responses of several congeneric series, w h e r e C{ is the concen-

d = kA™i (2) 

t rat ion of congener i necessary to el ic i t a def ined response, A i is a p h y s i -
c o c h e m i c a l or descr ipt ive parameter for the c o m p o u n d (e.g., par t i t ion 
coefficient or n u m b e r of carbon atoms i n a side c h a i n ), a n d k a n d m are 
constants for the series. Since Ci is usual ly less than 1, the negative loga
r i t h m of E q u a t i o n 2 leads to E q u a t i o n 3, w h i c h is more useful i n q u a n t i 
tative s t ruc ture -ac t iv i ty studies a n d is a basis for s imi lar w o r k today 
(23, 24, 25). 
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5. PURCELL AND CLAYTON Physicochemical Approaches 125 

log q = - log k - m log Ai (3) 

F u r t h e r appl icat ions of p h y s i c o c h e m i c a l parameters to b i o l o g i c a l a c t i v i 
ties w e r e m a d e b y M c G o w a n (26, 27, 28). H e has successfully correlated 
the b i o l o g i c a l activit ies of selected series of molecules w i t h their molecu lar 
volumes or parachors . 

F u r t h e r major contr ibut ions to, development of, a n d appl icat ions of 
quant i ta t ive s t ruc ture -ac t iv i ty correlations began i n 1956 w i t h the w o r k 
of B r u i c e a n d co-workers (29). T h e i r e m p i r i c a l , mathemat i ca l m e t h o d 
was a p p l i e d to the corre lat ion of thyroxine- l ike activit ies of a series of 
congeners w i t h the s u m of constants assigned to different substituents of 
the molecules . U s i n g E q u a t i o n 4 they obta ined excellent correlations 

log % thyrox ine- l ike a c t i v i t y = &Σ/ + c (4) 

be tween ca lcula ted a n d observed activit ies . I n E q u a t i o n 4, 2/ = (fx + 
fx' + foR') w h e r e fx, fx>, a n d f0R' are ent ire ly e m p i r i c a l a n d were selected 
s imi lar to the m e t h o d of H a m m e t t for the evaluat ion of s igma constants. 
Subscripts X , X ' , a n d OK represent substituent posit ions of the molecular 
structures of interest (29). 

F r e e a n d W i l s o n gave a more general descr ipt ion of this m a t h e m a t i c a l 
( e m p i r i c a l ) m o d e l i n 1964 ( 30). A c c o r d i n g to their m e t h o d , the def ined 
b i o l o g i c a l response ( B R ) of a congener i n a homologous series is e q u a l 
to the s u m of the substituent group contr ibut ions to the ac t iv i ty plus that 
of the parent structure ( μ ) , E q u a t i o n 5. F o r example, P u r c e l l has used 

B R = Σ (group contributions) + μ (5) 

this m e t h o d i n s t u d y i n g the anticholinesterase potencies of a homologous 
series of 3 -carbamoylpiper id ines ( I ) (31). If a m e t h y l group were sub-

R 2 R 3 

I 

st i tuted at pos i t ion R t a n d e t h y l groups were subst i tuted at positions R 2 

a n d R 3 , E q u a t i o n 5 w o u l d become E q u a t i o n 6, w h e r e [ C H 3 ] R l is the 

B R = [ C H 3 ] R l + [ C 2 H 5 ] R 2 + [ C 2 H 5 ] R 3 + μ (6) 
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126 DRUG DISCOVERY 

act iv i ty cont r ibut ion of a m e t h y l group subst i tuted at pos i t ion Ri, 
[ C 2 H R , ] R 2 represents the ac t iv i ty cont r ibuted b y a n e t h y l g r o u p substi
tu ted at pos i t ion R 2 , a n d [ C 2 H 5 ] R 3 stands for the e t h y l group at R 3 (31). 

I n v i e w of the assumed equiva lency of R 2 a n d R 3 , the l inear equat ion 
c a n be s impl i f i ed b y r e d u c i n g the n u m b e r of u n k n o w n s , a n d E q u a t i o n 6 
becomes E q u a t i o n 7. A c c o r d i n g l y , an equat ion is generated for each 
c o m p o u n d . 

B R = [ C H , ] R L + 2 [ C 2 H 5 ] R 2 + μ (7) 

w i t h a measured b i o l o g i c a l response. I n a d d i t i o n , restrictions ( symmetry 
equat ions) are p l a c e d on each nonequivalent substituent posi t ion. T h a t 
is, the summat ion of the group contr ibut ions at each nonequiva lent pos i 
t i o n must e q u a l zero over the entire set of equations (30). T h u s , for this 
example, there w o u l d be t w o symmetry equations i n a d d i t i o n to the other 
equations. T h e simultaneous equations are then solved independent ly 
b y the m e t h o d of least squares. So lut ion of the equations yie lds the ca l 
cu la ted ac t iv i ty cont r ibut ion of each substituent group as w e l l as that 
of the parent structure. F o r compar ison w i t h the observed b i o l o g i c a l 
activit ies, the ca lculated total act ivi ty of each molecule can be obta ined 
b y summat ion of these group contr ibut ions a n d μ (30). T h e m a i n p u r 
pose of such a treatment is to rank the b i o l o g i c a l activit ies of the sub
stituent groups w h i l e n o t i n g possible s t ruc ture -ac t iv i ty relat ionships a n d 
to predic t the compounds of the series not tested, a n d possibly not syn
thesized, w h i c h w o u l d have the greatest potent ia l for further invest iga
t ion (32). 

F o r a m e a n i n g f u l a p p l i c a t i o n of this method , the b i o l o g i c a l data 
s h o u l d meet three basic prerequisites : ( 1 ) molecules i n the series should 
be closely s imi lar to increase the p r o b a b i l i t y of their h a v i n g the same 
mechanism of act ion, ( 2 ) b i o l o g i c a l ac t iv i ty data selected should be accu
rate, quant i tat ive , a n d measured under u n i f o r m condit ions for the series, 
a n d (3) the group contr ibut ions must be in t r ins ica l ly a d d i t i v e for the 
chosen act iv i ty parameters (32). It is also desirable to have a h i g h n u m b e r 
of degrees of f reedom since the greater the ratio of the n u m b e r of observa
tions to the n u m b e r of u n k n o w n s , the more re l iable are the results (32). 
Recent ly , the p r o b l e m of i l l - c o n d i t i o n i n g has been noted w h e n this m e t h o d 
is a p p l i e d to certa in series of data (33). E x p l i c i t condit ions for a p p l y i n g 
the m e t h o d as w e l l as the statistical interpretat ion of the results were 
also defined. 

T h e major l i m i t a t i o n of the m e t h o d lies i n the fact that the ac t iv i ty 
contr ibut ions of the substituents must be addi t ive . T o date, most l i tera
ture examples of appl icat ions of this m e t h o d unfortunate ly have been 
made b y laboratories different f r o m the one w h i c h generated the data. 
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5. PURCELL AND CLAYTON Physicochemical Approaches 127 

A m u c h more desirable s i tuat ion exists w h e n data generat ion a n d analysis 
are m a d e b y the same laboratory for o n l y then are the nature , l imi ta t ions , 
a n d quant i ta t ive r e l i a b i l i t y of the data f u l l y rea l ized a n d apprec ia ted . 

A t about the t i m e of F r e e a n d W i l s o n ' s w o r k , K o p e c k y a n d co-workers 
i n t r o d u c e d a s imi lar m a t h e m a t i c a l s t r u c t u r e - a c t i v i t y m o d e l (34, 35). 
T h e y tested four equations ( E q u a t i o n s 8 -11) for the expression of the 
quant i ta t ive difference be tween the l o g L D 5 0 values of p- (34) a n d m-
(35) d isubst i tuted benzenes a n d benzene. 

B A = ax + ay (8) 

B A = b j b y (9) 

Β A = cx + cy - dxdy (10) 

B A = cx + cy + dxdy (11) 

I n E q u a t i o n s 8 -11 a, b, c, a n d d represent the substituent c o n t r i b u t i o n to 
the total ac t iv i ty of the compounds w h i l e the subscripts χ a n d y denote 
the substituent posit ions o n the parent molecule . N e i t h e r the a d d i t i v e 
m o d e l (not iceably s imi lar to the F r e e - W i l s o n m o d e l ) ( E q u a t i o n 8 ) , the 
m u l t i p l i c a t i v e m o d e l ( E q u a t i o n 9 ) , nor the c o m b i n e d m o d e l ( E q u a t i o n 
10) descr ibed the b i o l o g i c a l ac t iv i ty s ignif icantly. T h e c o m b i n e d ex
pression ( E q u a t i o n 11) , however , gave a statist ically significant corre
la t ion between substituent ac t iv i ty a n d b i o l o g i c a l response for b o t h the 
m- (35) a n d p- (34) d isubst i tuted series. 

A t the t ime that the basic f o r m u l a t i o n a n d testing of the mathemat ica l 
models of quant i ta t ive s t ruc ture -ac t iv i ty correlations were b e i n g made , 
another type of approach , the l inear free-energy related m o d e l , was intro
d u c e d (2). U s i n g the basic H a m m e t t equat ion (22, 36) for the c h e m i c a l 
reactions of benzoic a c i d derivat ives ( E q u a t i o n 12 ), several investigators 
a t tempted quant i ta t ive correlations between p h y s i c o c h e m i c a l properties 

log ( / C X A H ) = ρσ (12) 

a n d b i o l o g i c a l response (1,37). I n E q u a t i o n 12, kx a n d fcH are the e q u i 
l i b r i u m constants for reactions of subst i tuted a n d unsubst i tuted c o m 
pounds , respect ively, σ is a constant w h i c h depends ent irely o n the nature 
a n d pos i t ion of the substituent, a n d ρ is a constant w h i c h depends o n the 
type a n d condit ions of react ion as w e l l as the nature of the c o m p o u n d 
(22). R e w r i t t e n as E q u a t i o n 13, the H a m m e t t equat ion c lear ly i l lustrates 

log kx = ρσ + log fcH (13) 

the l inear re lat ionship between the substituent constant σ a n d the loga
r i t h m of the react iv i ty of the c o m p o u n d ( f c x ) (1,38). S ince the l o g a r i t h m 
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128 D R U G D I S C O V E R Y 

of a n e q u i l i b r i u m constant is p r o p o r t i o n a l to the change i n G i b b s free 
energy ( E q u a t i o n 14) (39), E q u a t i o n 13 a n d others l ike it are "free-
energy re la ted" (38). I n E q u a t i o n 14, R is the i d e a l gas constant, AF° is 

AF° = - RT In k (14) 

the G i b b s free energy change, Τ is absolute temperature, a n d k is the 
e q u i l i b r i u m constant for the react ion. A p p l i c a t i o n s of this H a m m e t t l inear 
free-energy re la ted equat ion to several b i o l o g i c a l systems b y various i n 
vestigators, however , y i e l d e d only l i m i t e d success f r o m about 1952 to 
1966 (37, 40-A7). Such appl icat ions l e d H a n s e n to propose a " b i o l o g i c a l " 
H a m m e t t equat ion w i t h a restrict ive set of condit ions for a p p l i c a t i o n 
(48). E v e n w i t h these restrictions, however , i t has met w i t h o n l y l i m i t e d 
success. 

T h e use of the H a m m e t t equat ion was extended b y Z a h r a d n i k a n d 
co-workers to relate other p h y s i c o c h e m i c a l parameters of homologous 
series of compounds to their b i o l o g i c a l activit ies ( E q u a t i o n 15) (49). 
I n E q u a t i o n 15, τ{ is the molar concentrat ion of the i t h congener of an 

log (τ,·/τβ*) = αφ (15) 

a l iphat i c homologous series necessary to e l ic i t a def ined b i o l o g i c a l re
sponse, τet is the molar concentrat ion of the e t h y l der ivat ive of the series 
r e q u i r e d to p r o d u c e a s imi lar response, α is a constant w h i c h depends 
u p o n the nature of the series of compounds a n d the b i o l o g i c a l system, 
a n d β is a p h y s i c o c h e m i c a l parameter w h i c h depends u p o n the sub
stituent. V a r i o u s types of β have been used, i n c l u d i n g the H a m m e t t a n d 
T a f t constants, on several homologous series i n various b i o l o g i c a l systems 
(49-52). A g a i n the use of a single parameter , however , to define a b i o 
l o g i c a l response has g iven correlations of l i m i t e d significance. 

R e c o g n i z i n g the p h y s i c o c h e m i c a l nature of b i o l o g i c a l reactions a n d 
r e a l i z i n g the importance of p a r t i t i o n i n g i n a drug's reaching its site of 
ac t ion (53, 54), H a n s c h a n d co-workers expanded the l inear free-energy 
re lated expression i n 1964 to i n c l u d e a d d i t i o n a l p h y s i c o c h e m i c a l p a r a m 
eters (55, 56, 57). F o l l o w i n g the a p p r o a c h of T a f t (58) i n the l inear 
c o m b i n a t i o n of t w o constants, they d e r i v e d a n e w expression ( E q u a t i o n 
16) for the corre lat ion of b i o l o g i c a l ac t iv i ty w i t h molecular structure i n 

log (1/C) = *rx + ρσ + k2 (16) 

w h a t is ca l led the "ρ-σ-π e q u a t i o n " (55 ) . C represents the molar concen
trat ion of a congener necessary to el ici t a def ined b i o l o g i c a l response, ΤΓ 
is the substituent p a r t i t i o n i n g parameter def ined as the difference between 
the logari thms of the octanol/water par t i t ion coefficients of the sub-
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5. PURCELL AND CLAYTON Physicochemical Approaches 129 

st i tuted a n d unsubst i tuted parent c o m p o u n d i n the series (59) , σ is 
the H a m m e t t substituent constant, a n d kl9 p, a n d k2 are constants gen
erated b y regression analysis of the series. A l t h o u g h a l l the terms are 
free-energy re lated a n d approximate true t h e r m o d y n a m i c constants, the 
equat ion is t e rmed "ex t ra thermodynamic" since these parameters are 
used i n systems other than those s imi lar to the systems i n w h i c h they 
were de termined (55, 60). 

A f t e r meet ing w i t h m u c h success i n corre lat ing the s t ructure-re 
sponse data i n a w i d e var ie ty of systems (7, 61), this basic equat ion was 
m o d i f i e d b y a d d i n g or subst i tut ing a var iety of parameters i n attempts 
to describe better the activit ies of numerous compounds . O n e of the 
foremost modif icat ions of this basic equat ion has been the postulate that 
the b i o l o g i c a l response to a d r u g is p a r a b o l i c a l l y a n d not l inear ly re lated 
to its p a r t i t i o n i n g properties resul t ing i n the inc lus ion of a π2 t erm (56, 
57, 62). A l t h o u g h it m a y seem that the parameters i n E q u a t i o n 16 are 
somewhat arb i t rary a n d h i g h l y e m p i r i c a l , it can be s h o w n that these 
variables can be d e r i v e d f r o m first pr inc ip les . Justif ication for t h e m m a y 
be apparent w h e n one considers the r a n d o m w a l k process b y w h i c h a 
d r u g reaches its site of act ion. Since the molecule must cross a series of 
l i p o i d a l membranes or barriers, the e l i c i ted response depends more on its 
concentrat ion at the receptor site than on the quant i ty of d r u g a d m i n 
istered (56) . Therefore , the rate of b i o l o g i c a l response m a y be g iven b y : 

w h e r e A is the p r o b a b i l i t y of a molecule's reaching its receptor site, C is 
the concentrat ion of d r u g adminis tered, a n d kx is the e q u i l i b r i u m or rate 
constant i n v o l v e d at the act ive site. AC w o u l d then represent the effec
t ive intrace l lu lar concentrat ion of d r u g . T o a p p l y this equat ion prac
t ica l ly , i t is necessary to determine exper imental ly the values of A a n d 
kx (56). It was for this approximate evaluat ion of A that the -π t e rm was 
d e r i v e d w h i l e kx was approx imated b y the H a m m e t t σ parameter (22). 
If one assumes an o p t i m u m π va lue of ττ0 for a m a x i m u m el ic i ted re
sponse a n d assumes the b i o l o g i c a l response fo l lows a n o r m a l Gauss ian 
d i s t r i b u t i o n w i t h respect to π w h i l e other factors are h e l d constant, E q u a 
t ion 18 i n w h i c h a a n d b are constants is obta ined (56). 

E x p a n s i o n of E q u a t i o n 18 y ie lds E q u a t i o n 19. A s s u m i n g that ττ0 is con-

d(response)/ift = ACkx (17) 

A = /(*) = a e x p [ - (z - r.oy/b] (18) 

A = a exp [(— π 2 + 2ττ0 — π 0
2 )/6] (19) 

stant for a par t i cu lar series of congeners i n the g iven b i o l o g i c a l system, 
one obtains E q u a t i o n 20, where c a n d d are constants r e p l a c i n g the terms 
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130 DRUG DISCOVERY 

A = a exp [ ( - x 2 + cx + d ) / b ] (20) 

i n 7 τ 0 . Subst i tut ing E q u a t i o n 20 into E q u a t i o n 17 yie lds E q u a t i o n 21, 
w h e r e the rate of b i o l o g i c a l response is rep laced b y a constant, k', since 

k' = a exp [ ( - x 2 + cx + d ) / b ] Ckx (21) 

one is interested i n the response leve l d u r i n g a specific t ime in terva l rather 
t h a n its rate. T a k i n g the l o g a r i t h m of E q u a t i o n 21 a n d rearranging the 
terms gives E q u a t i o n 22, i n w h i c h the constants f r o m E q u a t i o n 21 have 

log (1/C) = - & x 2 + /dx + k2 + log kx (22) 

been c o m b i n e d to y i e l d s i m p l i f i e d constants, k, ku a n d k>. Subst i tut ion 
of E q u a t i o n 12 for log kx a n d incorpora t ing — l o g ku, constant for a 
homologous series, into constant k2 results i n the w i d e l y used H a n s c h 
equat ion ( E q u a t i o n 23) (56). 

log (1/C) = - /cx2 + /cix + ρσ + k2 (23) 

A p p l i c a t i o n of this equat ion to series of b i o l o g i c a l data involves the 
summat ion of the p h y s i c o c h e m i c a l parameters for a l l of the substituents 
a long w i t h the generation of an equat ion of the f o r m of E q u a t i o n 24 
for each observat ion. F o r example, H a n s c h a n d D e u t s c h have a p p l i e d 

log ( l / C ) = & Σ χ 2 + Α α Σ χ + ρΣσ + k2 (24) 

this m e t h o d to s tudy the s t ruc ture -ac t iv i ty correlations of 2 ,6-dialkoxy-
p h e n y l p e n i c i l l i n s ( I I ) i n the presence of serum (63). 

O R 2 

C O — N H — C H — C H C — ( C H 3 ) 2 

I I 1 
O C Ν C H — C O O H 

O R 2 

I I 
W h e n a m e t h y l group is subst i tuted at R i w i t h hydrogens at equiva lent 
posit ions R 2 , the resul t ing ρ-σ-π equat ion is E q u a t i o n 25. S imultaneous 

log (1/C) = - Â;(* 2CH 3 + 2 x 2
H ) + Αα(ποΗ 3 + 2*H) + 

P(*CH 3 + 2 σ Η ) + kz (25) 

so lut ion of the equations generated for each of the eight members of this 
series gives E q u a t i o n 26. Since the corre lat ion coefficient, r, is a measure 
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5. PURCELL AND CLAYTON Physicochemical Approaches 131 

log (1/C) = O . O l x 2 - 0.316z + 1.76σ + 1.853 r = 0.930 (26) 

of the goodness of fit be tween the ca lcula ted a n d observed data , the 
equat ion appears to describe adequate ly the b i o l o g i c a l response p a r a m 
eters (63). 

T h e r e a l va lue of this extra thermodynamic a p p r o a c h to d r u g des ign 
lies i n its flexibility to modi f i ca t ion b y incorpora t ing or de le t ing a var ie ty 
of p h y s i c o c h e m i c a l parameters. F o r example, i t m a y be used to e lucidate 
the mechanism of d r u g act ion at the submolecular l eve l b y determinat ion 
of the relat ive impor tance of each parameter i n descr ib ing the b i o l o g i c a l 
response. I n the above example, H a n s c h a n d D e u t s c h used modif icat ions 
of E q u a t i o n 24 i n attempts to isolate substituent effects ( E q u a t i o n s 27 
a n d 28) (63). A n a l y s i s of the data us ing the π parameter alone ( E q u a t i o n 

27) y i e l d e d r = 0.823 w h i l e i n c l u s i o n of σ w i t h π ( E q u a t i o n 28) gave 
r = 0.929. C o m p a r i s o n of the correlat ion coefficients of E q u a t i o n s 26 a n d 
28 indicates that the ?r2 t erm does not make a significant c o n t r i b u t i o n to 
the b i o l o g i c a l response (63). E x t e n s i o n of this i d e a to another b i o l o g i c a l 
system has s h o w n that the electronic parameter σ made a significant con
t r i b u t i o n to the ac t iv i ty i n that par t i cu lar system (64). T h i s i l lustrates 
the p r o b l e m i n v o l v e d i n the proper selection of parameter combinat ions 
to describe adequate ly b i o l o g i c a l response i n different systems. 

A n o t h e r potent ia l use of this l inear free-energy re lated m e t h o d i n 
custom ta i lor ing a d r u g is parameter o p t i m i z a t i o n . O n c e a par t i cu lar 
series of data has been ana lyzed , one m a y evaluate π 0 for the series a n d 
make this the starting point i n suggesting molecules for further synthesis 
a n d testing. U s e of this a p p r o a c h also m i g h t indicate that a different 
series of compounds should be considered i f o p t i m u m parameters have 
a l ready been achieved i n the compounds tested ( 1 ). 

A s was true i n the mathemat i ca l approach , one of the foremost l i m i t a 
tions of this m e t h o d is its dependence on accurate, quant i ta t ive b i o l o g i c a l 
data. I n a d d i t i o n , the quant i ta t ive nature of the l inear free-energy re
lated m o d e l is l i m i t e d b y the accuracy of the exper imenta l p h y s i c o c h e m 
i c a l parameters as w e l l as their a p p l i c a b i l i t y i n systems somewhat distant 
to those i n w h i c h they w e r e determined. A l t h o u g h the plot of H a m m e t t 
σ values gives a dis t inct break i n l inear re lat ionship p a r a l l e l i n g a s u d d e n 
change i n m e c h a n i s m of act ion (38, 65), such a change i n b i o l o g i c a l 
m e c h a n i s m of ac t ion m a y not be r e a d i l y detected i n the H a n s c h analysis. 
A l s o , at the present t ime, there is no apparent means to determine whether 
an adminis tered d r u g or some metabol i te of this d r u g is responsible for an 

log ( I / O = * i x + k2 
(27) 

log ( I / O = * ι π + k2v + k, (28) 
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132 DRUG DISCOVERY 

e l i c i ted response f r o m congener to congener i n this approach . D e s p i t e 
these l imitat ions , however , this m e t h o d does offer a basis or start ing po in t 
for increas ing the l eve l of sophist icat ion a n d accuracy to descr ibe more 
adequate ly the complex i ty of events s u r r o u n d i n g d r u g response. 

I n a d d i t i o n to these attempts at quant i ta t ive s t r u c t u r e - a c t i v i t y m o d e l 
b u i l d i n g , a theoret ical a p p r o a c h , q u a n t u m chemistry, has been used to 
s tudy c h e m i c a l c o m p o u n d s of b i o l o g i c a l interest ( I , 3 , 66). I n this con
nect ion , one s h o u l d m e n t i o n the major contr ibut ions of the P u l l m a n s i n 
a p p l y i n g q u a n t u m chemistry to b i o l o g y since 1950 (67-71). T h e i r w o r k 
o n the possible m e c h a n i s m of c h e m i c a l carcinogenesis i n terms of q u a n 
t u m m e c h a n i c a l propert ies as w e l l as calculat ions o n the n u c l e i c a c i d 
constituents has p r o v i d e d m u c h of the f o u n d a t i o n for the increasing i n 
terest i n q u a n t u m b io logy . A t a somewhat more f u n d a m e n t a l leve l , 
L o w d i n has also been a pioneer i n the a p p l i c a t i o n of q u a n t u m mechanics 
to problems of b i o l o g i c a l interest (72). H i s theoret ica l calculat ions of 
the propert ies of the nuc le i c a c i d base pairs has l e d to a proposed mecha
n i s m of D N A repl i ca t ion . 

I n 1965 N e e l y p u b l i s h e d an example of the u t i l i t y of molecular 
o r b i t a l theory i n corre lat ion studies (73). T h i s s tudy i l lustrated the use 
of q u a n t u m c h e m i c a l calculat ions as a n a i d i n corre la t ing molecular struc
ture of selected organophosphates a n d carbamates w i t h their cholines-
terase i n h i b i t o r y potencies. K i e r has been another pioneer i n u t i l i z i n g 
q u a n t u m mechanics to postulate the nature of b i o l o g i c a l receptors 
(74-80). F r o m several types of calculat ions he has p r e d i c t e d the pre
ferred conformations of isolated molecules of b i o l o g i c a l interest a n d 
re lated their lowest energy conformations to the nature of their receptors 
(80). 

M o r e recent ly numerous investigators have m a d e w i d e use of these 
basic methods i n the p h y s i c o c h e m i c a l a p p r o a c h to d r u g design. U s i n g 
the mathemat i ca l m o d e l of F r e e a n d W i l s o n ( 3 0 ) , Beasley a n d P u r c e l l 
have g iven the first example of the successful p r e d i c t i o n of the ac t iv i ty 
of a c o m p o u n d before its synthesis (81). I n 1965 P u r c e l l repor ted the pre
d i c t e d butyrylchol inesterase i n h i b i t o r y potency of l - d e c y l - 3 - ( N - e t h y l - N -
m e t h y l c a r b a m o y l ) p i p e r i d i n e h y d r o b r o m i d e , ( I , R i = C i 0 H 2 i , R2 = 
C 2 H 5 , R 3 = C H 3 ) (31). T h r e e years later this c o m p o u n d was synthesized 
a n d evaluated b i o c h e m i c a l l y . T h e observed a n d p r e d i c t e d response values 
agreed w i t h i n exper imenta l error (81). B a n a n d F u j i t a have also a p p l i e d 
this m e t h o d to the norepinephr ine uptake i n h i b i t i o n of selected s y m 
p a t h o m i m e t i c amines (82). A g a i n , excellent correlations were obta ined 
b e t w e e n ca lcu la ted a n d exper imenta l response values. 

M o r e recent efforts have been concerned w i t h attempts to correlate 
structure w i t h act iv i ty , u t i l i z i n g m i n o r modif icat ions of the l inear free-
energy re lated models (4, 5, 6, 8, 83). A l t h o u g h the basic transport a n d 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

05



5. PURCELL AND CLAYTON Physicochemical Approaches 133 

electronic parameters are usua l ly reta ined, several parameters other t h a n 
π a n d σ have been s tudied . H a n s c h a n d co-workers ob ta ined excellent 
correlations i n a w i d e var iety of studies us ing l o g Ρ instead of the sub
stituent 7Γ parameter w h e r e Ρ is def ined as the p a r t i t i o n coefficient 
of the c o m p o u n d (84, 85). T h e in vitro p a r t i t i o n i n g system of interest 
for the in vivo s imula t ion continues to be that of octanol a n d water (86). 
A l t h o u g h other p a r t i t i o n i n g systems were s tudied [such as o l e y l a l c o h o l / 
water (87)1, very l i t t le improvement , i f any, has been s h o w n i n the 
correlations us ing other p a r t i t i o n i n g systems (86). Others have obta ined 
excellent s t r u c t u r e - a c t i v i t y correlations b y a p p r o x i m a t i n g the transport 
p h e n o m e n o n w i t h the chromatographic parameter Rm (88S3). 

M o r e extensive parameter variat ions have been repor ted i n the ap
p r o x i m a t i o n of electronic substituent parameters. I n a d d i t i o n to the 
w i d e l y used σ value , numerous workers have a p p l i e d the T a f t σ * p a r a m 
eter (58, 60) to a l iphat i c systems w i t h v a r y i n g degrees of success (2, 4, 
8, 94, 95). M c F a r l a n d has suggested the use of group d i p o l e moments 
(μ) a n d electronic p o l a r i z a b i l i t y parameters (a) i n a d d i t i o n to H a m m e t t 
σ values to expla in better the electronic interactions be tween drugs a n d 
receptors (96, 97). H e obta ined excellent results i n corre lat ing i n h i b i t o r y 
rate constants of E. colt b y c h l o r a m p h e n i c o l analogs ( E q u a t i o n 29) (96). 

log (1/C) = β χ ζ 2 + k2K + kZG + &4μ + hoc + h (29) 

M o r e recent ly he has g iven an extensive der iva t ion of the theoret ical 
basis for i n c l u d i n g b o t h the μ2 a n d a parameters (97). 

C l a y t o n a n d P u r c e l l have i l lustrated the predic t ive u t i l i t y of this 
m e t h o d w h e n a p p l i e d to selected butyrylchol inesterase inhib i tors (94). 
T h e y obta ined quant i ta t ive correlations us ing σ* values, amide group 
d i p o l e moments , a n d μ i n a d d i t i o n to h y d r o p h o b i c parameters. I n a d d i 
t ion , H a n s c h a n d co-workers have used Taf t steric parameters (Es) (60) 
a n d ρ Κ α values to obta in excellent correlations i n various systems (84). 
Es has recent ly been s h o w n to be quant i ta t ive ly re lated to v a n der W a a l ' s 
r a d i i for symmetr i ca l top- l ike substituents (98) w h i l e pKa values have 
been used as a measure of electron densi ty dis tr ibut ions (99). F u k u t o 
a n d co-workers c o m b i n e d Taft 's E8 a n d σ* parameters i n a p h y s i c o c h e m 
i c a l a p p r o a c h to the m o d e of act ion of organophosphorus insecticides (95 ). 

M o d i f i e d H a m m e t t substituent constants (100) were used b y Garre t t 
et al. to describe the bacterostatic activit ies of a series of sul fani lamides 
(101). H a n s c h also used the h o m o l y t i c substituent constants (ER) of 
Y a m a m o t o a n d O t s u (102) i n a n a l y z i n g the ac t iv i ty of selected chlor
a m p h e n i c o l derivat ives (103). T h e resul t ing correlations l e d to the h y 
pothesis of a f ree-radica l m e c h a n i s m of c h l o r a m p h e n i c o l act ion. Sub
stituent measures of π e lectron charge densi ty dis tr ibut ions (σι a n d σπ) 
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(104) were used b y Sasaki a n d S u z u k i to i l lustrate the dependence of 
p a r t i t i o n coefficients a n d b i o l o g i c a l ac t iv i ty o n molecu lar electronic con
dit ions (105) . 

I n a d d i t i o n to these, the use of several other t h e r m o d y n a m i c sub
stituent constants has been invest igated (1, 4, 106). F o r example , Os-
trenga used molar at tract ion constants (107,108), a n d T u r n e r a n d Batter-
shel l have correlated c h e m i c a l reactivit ies, vapor pressures, a n d p a r t i t i o n 
coefficients of a series of isophthalonitr i les w i t h their f u n g i c i d a l p r o p 
erties (109). 

Jones a n d co-workers used regression analyses to s tudy the eifects of 
field constants a n d resonance parameters (110) o f some carbamate de
rivat ives o n their penetrat ion a n d detoxicat ion w i t h some success (111). 
S imi lar studies have also been m a d e b y F u k u t o a n d co-workers us ing 
selected oximes a n d their anticholinesterase activit ies (112). K a k e y a 
et al. used c h e m i c a l shifts a n d valence force constants i n a d d i t i o n to other 
t h e r m o d y n a m i c parameters i n the s t ruc ture -ac t iv i ty s tudy of a series of 
sul fonamide carbonic anhydrase inhibi tors (113). 

T h e c o m b i n a t i o n of q u a n t u m m e c h a n i c a l calculat ions a n d the l inear 
free-energy re lated m o d e l has been used recently b y several investigators 
i n d r u g ac t iv i ty studies—i .e. , a var iety of indices obta ined f r o m the q u a n 
t u m c h e m i c a l calculat ions has been u t i l i z e d i n these correlations (4, 8, 
114). F o r example, N e e l y a n d co-workers obta ined excellent correlations 
be tween the energy of the highest o c c u p i e d molecular orb i ta l , a relat ive 
measure of the ab i l i ty of a molecule to donate an electron to an acceptor 
molecule , of a series of imidazol ines a n d their analgetic potencies (115). 

I n an analysis of the l inear free-energy relat ionships i n d r u g - r e c e p t o r 
interactions, C a m m a r a t a has s h o w n a theoret ical interpretat ion of sub
stituent constants i n a b i o l o g i c a l context (116, 117). H e has separated 
the free energy change o c c u r r i n g i n a react ion into its electronic, desolva-
t ion , a n d steric components , def ined each i n terms of its contr ibut ions , 
a n d approx imated these contr ibut ions w i t h q u a n t u m m e c h a n i c a l indices 
(118, 119). U s i n g atomic orb i ta l coefficients a n d total electronic charge 
on certain portions of the molecule , C a m m a r a t a obta ined excellent cor
relations be tween q u a n t u m m e c h a n i c a l indices a n d su l fan i lamide ac t iv i ty 
(120) . H e also suggested the use of π net charge, ττ-electrophilic a n d 
n u c l e o p h i l i c superdelocal izabi l i t ies , a n d energy l eve l differences to inter
pret d r u g - r e c e p t o r interactions. W h e n this a p p r o a c h was a p p l i e d to 
selected cholinesterase inhib i tors , he obta ined very good correlations 

(121) . 

H e r m a n n et al. ob ta ined good correlations be tween the relat ive sub
strate efficiencies of some acetophenones t o w a r d r a b b i t k i d n e y reductase 
a n d selected q u a n t u m m e c h a n i c a l parameters (122). T h e substituent 
indices w e r e d e r i v e d f r o m electron density calculat ions a n d energy dif -
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5. PURCELL AND CLAYTON Physicochemical Approaches 135 

ferences between g r o u n d a n d inc ip ient t ransi t ion states (122). I n the 
s tudy of the D N A interca lat ion b y ch loroquine derivat ives , Bass et ah 
(123) ca lcula ted sigma-electron charge dis tr ibut ions a n d used these i n 
a d d i t i o n to other substituent parameters to investigate a m e c h a n i s m p r o 
posed b y O ' B r i e n a n d H a h n (124) for ant imalar ia l ac t iv i ty . T h e d e r i v a 
t i o n of a n d rat ionale b e h i n d the i n c l u s i o n of this t e rm into the H a n s c h 
equat ion were also g i v e n (123). 

It m a y seem that the various structure—activity models a n d p a r a m 
eters are not t r u l y so independent as they are presented here. C e r t a i n l y 
this suspic ion is justif ied. Recent ly , S inger a n d P u r c e l l evaluated the 
interrelat ionships a m o n g the quant i ta t ive structure—activity models a n d 
i l lustrated their s imilari t ies (125). A l s o , the parameters used i n these 
models can not be total ly independent of one another. O n e mere ly at
tempts to find those parameters w h i c h alone or i n c o m b i n a t i o n best 
describe the b i o l o g i c a l ac t iv i ty . I n v i e w of this, L e o et al. have repor ted 
a compar ison of the parameters current ly used i n studies of this type (86). 

A p a r t f r o m their use i n l inear free-energy re lated equations, q u a n t u m 
m e c h a n i c a l calculat ions have been used i n other ways i n d r u g des ign 
studies. N a g y a n d N a d o r f o u n d that the centra l exc i t ing effect of am
phetamines increases w i t h a decrease of the negative charge, as deter
m i n e d b y q u a n t u m m e c h a n i c a l methods, o n the second carbon of the 
benzene r i n g (126). C o r c o d a n o ca lculated the r i n g carbon reac t iv i ty 
indices of some phenylacet ic a c i d derivat ives a n d showed that this p a r a m 
eter correlates w e l l w i t h their auxin ic activit ies (127). U s i n g the H i i c k e l 
molecular o r b i t a l method , M a i n s t e r a n d M e m o r y proposed that super-
de loca l izab i l i ty m a y be used i n character iz ing c h e m i c a l carcinogens ( 128 ). 

I n other studies, P u r c e l l a n d S u n d a r a m used the sum of the energy 
of the highest o c c u p i e d molecular orb i ta l ( H O M O ) a n d that of the lowest 
e m p t y molecular o r b i t a l ( L E M O ) as a measure of molecular electronega
t i v i t y w h e n a p p l i e d to q u i n o l i n e m e t h a n o l ant imalar ia ls (129). Sharpless 
a n d Greenblat t f o u n d electron density, L E M O , a n d p K a values to corre
late w e l l w i t h the acr id ine toxicities to various microorganisms (130). 
These correlations have l e d to their postulat ion of a m e c h a n i s m of act ion. 
I n a final example, A n d r e w s used q u a n t u m c h e m i c a l methods to calculate 
the d i p o l e moments of a series of ant iconvulsant drugs a n d related c o m 
pounds (131). These calculat ions suggest a m e c h a n i s m of act ion for 
these drugs different f r o m that w h i c h h a d been proposed p r e v i o u s l y ( 132 ). 

O n e a d d i t i o n a l area of increasing interest i n the p h y s i c o c h e m i c a l 
a p p r o a c h to d r u g design is the use of ins trumenta l methods, p a r t i c u l a r l y 
nuclear magnet ic resonance ( N M R ) . P ioneered b y Jardetzky a n d co
workers (133, 134), the use of N M R i n studies of drug—receptor inter
actions at the molecular l eve l is s h o w i n g great promise . T h i s technique 
is used p r i m a r i l y to f o l l o w the change effected i n the re laxat ion rates of 
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136 DRUG DISCOVERY 

the protons of a s m a l l molecule u p o n b i n d i n g to a macromolecule b y 
observing di f ferent ia l peak b r o a d e n i n g of its N M R spectrum. I n a d d i t i o n , 
changes i n the c h e m i c a l shift of the N M R spectrum of the smal l molecule 
have been used to investigate substrate-receptor interactions. T h u s far, 
N M R has been a p p l i e d successfully to the s tudy of enzyme-substra te i n 
teractions (135, 136), e n z y m e - c o e n z y m e interactions (137), a n d en
z y m e - i n h i b i t o r interactions (136, 138). A l t h o u g h the l i terature is be
g i n n i n g to show numerous in vitro examples of the u t i l i t y of N M R i n this 
area, one recent a p p l i c a t i o n has used the intact ce l lu lar system ( 139 ). I n 
this s tudy, F i s c h e r a n d Jost d i rec t ly observed the interact ion of e p i n e p h 
r ine w i t h its receptor site i n the mouse l iver c e l l a n d were able to postulate 
the nature of the interact ion ( 139 ). A s is the case w i t h the other phys ico -
c h e m i c a l methods, however , the potent ia l of the a p p l i c a t i o n of N M R to 
d r u g des ign is great, but m u c h development lies ahead for its rea l izat ion . 

A d v a n c e s have been a n d are b e i n g made i n the p h y s i c o c h e m i c a l ap
proaches to d r u g design. A l t h o u g h progress has been s low i n d e v e l o p i n g 
quant i ta t ive s t r u c t u r e - a c t i v i t y relat ionships because of the complex i ty 
of the b i o l o g i c a l systems u n d e r l y i n g an observable response f r o m a d r u g 
a n d there is no promise that these techniques offer a panacea i n d r u g 
design, there is great potent ia l i n "dissect ing the role of the important 
molecular forces at w o r k w h i c h y i e l d different b i o l o g i c a l responses i n the 
series of congeners" (140) a n d i n us ing p h y s i c o c h e m i c a l methods for 
selecting p r o m i s i n g molecules for synthesis a n d evaluat ion. 

A s i n v i r t u a l l y a l l areas of scientific advancement , the various areas 
of endeavor are at different levels of sophist icat ion. F o r example, one 
knows more about the molecular structure of an isolated molecule f r o m 
ins t rumenta l analyses than about the specific interact ion of this molecule 
w i t h a c o m p l i c a t e d b i o l o g i c a l system. I l lustrat ing this c o n d i t i o n i n an
other w a y , one c o u l d say that the l eve l of sophist icat ion of h a n d l i n g 
simultaneous equations is greater than the unders tanding of a parameter 
f r o m p h a r m a c o l o g i c a l testing. It is important , however , to recognize that 
cer ta in areas w i l l lag b e h i n d others as one attempts more rigorous inter
pretations i n interactions be tween molecules a n d b i o l o g i c a l systems. I n 
the authors ' o p i n i o n , this does not m e a n that w o r k s h o u l d stop i n one 
area i n order for the leve l of sophist icat ion to "catch u p " i n another area. 
Rather , the entire ac t iv i ty s h o u l d m o v e a long w i t h o u t the investigators ' 
b e c o m i n g p r e o c c u p i e d w i t h the imbalance of the levels of development of 
the areas of ac t iv i ty . F o r example, i t is most fortunate that the der iva t ion 
of the Schrodinger equat ion (141) d i d not " w a i t " for the deve lopment of 
h i g h speed d i g i t a l computers , w h i c h c o u l d give prac t i ca l a p p l i c a t i o n to its 
solut ion. T h i s analogy holds for d r u g design. T h a t is, one s h o u l d con
t inue efforts to p u t structure—activity relat ionships o n a quant i ta t ive l eve l 
even t h o u g h there are l imitat ions to the significance of certain b i o l o g i c a l 
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5. PURCELL AND CLAYTON Physicochemical Approaches 137 

act iv i ty data . A s l o n g as the investigators are aware of these l imitat ions , 
it is appropr ia te to cont inue to refine the models . 

F e w people w o u l d have p r e d i c t e d a successful " m o o n w a l k , " a n d f e w 
w o u l d t ry to predic t the t ime at w h i c h n e w d r u g molecules can be 
designed specif ical ly w i t h o u t exhaustive synthetic w o r k a n d pharmaco
log ica l screening. T h e potent ia l of p r e d i c t i n g accurately the b i o l o g i c a l 
ac t iv i ty of a molecule before its synthesis does appear to exist; o n l y 
c o n t i n u e d w o r k i n this area a n d t ime w i l l determine whether or not this 
potent ia l is real . 
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Receptor Mechanisms and Biochemical 
Rationales 

B. B E L L E A U 1 

Departments of Biochemistry and Chemistry, Faculties of Medicine and Science, 
University of Ottawa, Ottawa, Ontario, Canada 

The following biochemical aspects of receptor structure and 
function are analyzed: (a) extra-thermodynamic approaches, 
(b) kinetic approaches, (c) molecular approaches from the 
biophysical and biochemical standpoints as applied to cho
linergic and adrenergic systems, (d) receptor allosteric or 
control sites in relation to structure—action relationships and 
molecular quasi-symmetry in drugs. The following conclu
sions are drawn: additivity functions based on linear free 
energy relationships are shown to be uninformative with 
regard to binding specificities. Agonists and antagonists 
do not modulate the same physical parameters in receptors. 
The cholinergic receptor and the anionic regulatory unit of 
acetylcholinesterase would be structurally analogous or 
homologous. Neurotransmitter receptors include accessory 
control sites which reduce the diffusion times of agonists, 
and which provide additional binding sites for drugs. Be
cause of their topography, these sites would interact prefer
entially with symmetrical or quasi-symmetrical molecules. 

Τ T n t i l about 10 years ago ( I , 2 ) , n e u r o t r a n s m i t t e r - a n d d r u g - r e c e p t o r 
^ interactions h a d been treated phenomenolog ica l ly rather than i n 
terms of m o d e r n s t ructural chemistry . Since then, progress i n receptor 
chemistry has been too modest to a l l o w clear-cut predic t ions of i m m e d i a t e 
tangible va lue i n the field of d r u g design. Nonetheless, hopes are h i g h 
presently that the ra t iona l des ign of n e w therapeut ic agents m a y no longer 
be a d r e a m — a n impress ion w h i c h can m a r k e d l y affect future exper i 
menta l approaches to d r u g discovery. These hopes or expectations are 
based largely on extrapolations f r o m a var ie ty of extra - thermodynamic 

1 Present address: Department of Chemistry, McGill University, Montreal, Canada. 
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142 DRUG DISCOVERY 

relationships between substituent effects i n s m a l l molecules (or l igands) 
a n d b i n d i n g on m o d e l systems. H o w e v e r , the s t ructura l chemistry of the 
receptors of excitable membranes is as yet p o o r l y understood, a n d even 
less is k n o w n about the mechanisms u n d e r l y i n g their response to l igands. 
A t first, then, the quest ion natura l ly arises as to w h a t qual i ta t ive relevance 
have studies w i t h m o d e l systems to the structure a n d regulat ion of m e m 
brane receptors? A l l explanations of the effects of s t ructural or substituent 
changes on b i n d i n g or on c h e m i c a l reactions are a lways based o n some 
k i n d of compar i son w i t h models , w h i c h m a y be s imple or complex . I n 
the latter case, m a n y of the complexit ies are, so to speak, averaged out i n 
the comparisons, thus a l l o w i n g for the generat ion of s imple mechanist ic 
pictures . T h i s is the s i tuat ion, for instance, w h e n the h y d r o p h o b i c b o n d 
i n g theory (3 ) is used to expla in the inherent ly complex k inet ic responses 
of enzymes to organic l igands (4, 5 ) . O n the other h a n d , the use of 
s imple models , such as those for substituent effects on h y d r o p h o b i c trans
fer forces, m a y often require more complex a n d more e m p i r i c a l explana
tions because several a d d i t i o n a l s imple models ( for steric or electronic 
effects, for example ) must be considered s imultaneously to achieve corre
lations w i t h effects on a rea l system (6). I n any event, w h e n s tructural 
or substituent effects are expla ined i n terms of the same effects i n a m o d e l 
system, the parameters w h i c h are c o m p a r e d are a lways of a t h e r m o d y 
n a m i c n a t u r e — u s u a l l y free energies i n the case of l igand—protein or d r u g -
receptor in terac t ions—and so cannot te l l us a n y t h i n g about react ion paths, 
as is w e l l k n o w n . O n l y occasional ly have enthalpies a n d entropies been 
used i n such comparisons (7, 8), an unfortunate omiss ion since they can 
he lp n a r r o w the choice of possible interpretations. It is clear, then, that 
the q u a l i t y of the answers w h i c h studies w i t h m o d e l systems can s u p p l y 
depends c r i t i c a l l y on the nature of the questions w h i c h are asked of the 
m o d e l . If non-specif ic questions are asked, the parameter of specif ici ty, 
w h i c h characterizes rea l receptor systems ( a n d a l l l i fe processes, for that 
matter) can h a r d l y appear i n the answers, thus f o r c i n g the conclus ion 
that specific drugs m a y not yet be des igned ra t ional ly t h r o u g h extrapola
tions f r o m models w h i c h incorporate o n l y w h a t is c o m m o n to a l l systems. 

Extrothermodynamic Approaches 

O f t e n , s imple a d d i t i v i t y relat ionships between one t h e r m o d y n a m i c 
proper ty or the other a n d some suitable substituent propert ies are f o u n d 
(6), but these relat ionships are not part of thermodynamics per se (i.e., 
they are e x t r a - t h e r m o d y n a m i c ) . It is interest ing that m a n y l inear free 
energy relationships between affinity for m o d e l systems a n d cer ta in sub
stituent propert ies c o u l d be f o u n d (6). H e n c e , the f o r m a l interact ion 
mechanisms d e d u c e d f r o m such m o d e l studies appear to have an exact 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

06



6. BELLEAU Receptor Mechanisms 143 

counterpart i n rea l systems of very c o m m o n occurrence. A c c o r d i n g l y , the 
measured a d d i t i v e effects of l igand-subst i tuents i n rea l complex systems 
must have some f a i r l y c o m m o n p h y s i c a l dimensions w h i c h , at first ap
prox imat ion , are i d e n t i c a l to those contro l l ing the behavior of the s imple 
m o d e l systems. Par t processes of such w i d e occurrence can o n l y b e 
d r i v e n b y component forces w h i c h are c o m m o n to m a n y systems. C l e a r l y , 
o n l y external forces ( s u c h as solute—solvent interact ions) a p p l y so i n d i s 
cr iminate ly , w i t h the consequence that the l igand-subst i tuents w i l l h a p 
p e n to p e r t u r b some proper ty w h i c h is c o m m o n to a l l their m a c r o m o l e c u -
lar partners [such as p a r a l l e l changes i n the surface free energy or the 
volumes of the systems (see below)]. I n other w o r d s , non-specif ic 
perturbat ions w i l l be i n d u c e d , as is the case i n general enzyme—receptor 
i n h i b i t i o n , b y homologous series of substrate analogs (9, J O ) . L i g a n d -
i n d u c e d losses of a specific receptor or enzyme proper ty ( s u c h as cata
l y t i c ac t iv i ty ) can result f r o m m a n y k inds of u n p r o d u c t i v e perturbat ions 
of the act ive sites, so that potency i n p r e v e n t i n g an effector molecule 
f r o m in i t i a t ing a specif ic conformat iona l change has o n l y the d i m e n s i o n 
of a relative free energy change, w h i c h m a y be subject to m o d u l a t i o n 
s i m p l y b y c h a n g i n g the substituent interact ion w i t h the m e d i u m . It f o l 
lows that the observat ion of a d d i t i v i t y funct ions based o n l y o n AG 
changes cannot serve to i d e n t i f y the b i n d i n g react ion paths, w h i c h must 
d is t inguish one receptor system f r o m another, a n d even t h o u g h extrapo
lations of the funct ions m a y serve to i m p r o v e over -a l l strength of b i n d i n g , 
non-specif ic interactions w i l l t end to dominate the p ic ture . I n fact, i t is 
deviat ions f r o m a d d i t i v i t y funct ions w h i c h are ind ica t ive of specif ici ty 
effects, a measure of w h i c h is sometimes g iven b y the n u m b e r of semi-
e m p i r i c a l parameters w h i c h must be considered s imultaneously to achieve 
correlations w i t h rea l systems ( 6 ) T h e basic quest ion as to whether the 
respective effects of activators (neuroeffectors) a n d inhib i tors (antago
nists) measure the same t h e r m o d y n a m i c p r o p e r t y d i d not even attract 
attention u n t i l recent ly (10, 11; see below). O t h e r more suitable models 
a l l o w i n g an insight into the molecu lar mechanisms of receptor responses 
to neuroeff ectors are therefore needed b a d l y (see below). Before 
e laborat ing o n this subject i t w o u l d be advantageous to describe br ie f ly 
some recent advances i n k n o w l e d g e of the k inet ic behavior of the exci table 
membrane receptors as it bears on the p r o b l e m of interact ion specificities. 

Kinetic Approaches 

L i t t l e attention need be devoted here to the classical k ine t i c analyses 
of d r u g - r e c e p t o r interactions as based o n the general appearance of 
dose—response curves. T h i s a p p r o a c h to receptor mechanisms has been 
d o c u m e n t e d f u l l y , a n d no signif icant progress has been m a d e since w h i c h 
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can he lp achieve an i m p r o v e d unders tanding i n s t ructural terms. T h i s 
a p p r o a c h has served essentially to show that the response curve of certa in 
membranes to graded increases i n l i g a n d concentrations often obeys the 
L a n g m u i r i sotherm (12) a n d that s t ructural ly re lated drugs can i n d u c e 
different m a x i m a l responses ( a p h e n o m e n o n at the o r i g i n of the concept 
of " in t r ins ic a c t i v i t y " ) (12). H o w e v e r , i t has been n o t e d i n recent years 
(13) that d e p e n d i n g on the type of excitable membrane , the d o s e -
response curves can be s l ight ly S-shaped, a n d sometimes extremely sharp 
(as i n "a l l -or -noth ing responses") . These observations suggest a p r e v i 
ously unsuspected proper ty of receptors a n d associated molecules . B y 
extrapolat ing f r o m the k n o w n behavior of regulatory enzymes (14, 15), 
a m o d e l was proposed w h e r e receptor protomers w o u l d d i sp lay coopera
t ive responses t y p i c a l of h i g h l y ordered structures (16). Based on the 
assumption that the receptor can exist i n on ly t w o conformat iona l states, 
a theoret ical treatment, us ing the m o l e c u l a r field a p p r o x i m a t i o n (17) 
of the cooperat ive conformat ional transi t ion, a l l o w e d the construct ion of 
dose—response curves closely a p p r o x i m a t i n g certain rea l situations. A s i n 
the case of the theoret ical treatment of regulatory enzyme behavior (15 ) , 
the basic assumption was m a d e that the reversible conformat iona l changes 
of the protomer pre-exist l i g a n d b i n d i n g . H o w e v e r , recent exper imenta l 
evidence has a c c u m u l a t e d w h i c h casts serious d o u b t on the v a l i d i t y of 
this free e q u i l i b r i u m m o d e l (18, 19). It n o w seems more evident that 
phase-transitions i n ordered structures require nucleat ion , a step w h i c h 
was also incorpora ted i n a recent treatment of osc i l la t ing phase transitions 
as re lated to cooperat ive effects i n steady-state transport across m e m 
branes (20). Nevertheless , cooperat iv i ty of receptor units is an important 
factor i n p r o p a g a t i n g m e m b r a n e depolarizat ions a n d nerve impulses a n d 
offers a ra t iona l basis for a l l -or -noth ing processes i n general . T h e rea l i ty 
of cooperat ive phenomena at the receptor leve l of m e m b r a n e lattices 
denies the existence of s imple a d d i t i v i t y funct ions between l i g a n d affini
ties a n d substituent properties a n d fur ther suggests that those l igands 
w h i c h m a y antagonize receptors b y cooperat ive mechanisms (assuming 
that more than t w o receptor conformations can d i s p l a y cooperat iv i ty) 
s h o u l d be sought act ively . T h i s aspect of d r u g research is emphas ized 
be low. 

Molecular Approaches 

B i o p h y s i c a l Aspects . T h e nature of the molecular responses of re
ceptors to activators ( or nucleators ) a n d inhibi tors ( or antagonists ) must 
be unders tood i n molecular terms i f s t ruc ture -ac t iv i ty relat ionships are 
to be ra t iona l ized . Phenomenolog ica l ly , receptor responses are revealed 
w h e n the nature of the m e d i u m i n contact w i t h excitable membranes is 
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6. BELLEAU Receptor Mechanisms 145 

v a r i e d b y a d d i n g salts, acids, or various organic l igands, thus l e a d i n g to a 
sudden change i n the p h y s i c o c h e m i c a l propert ies of the membranes . T h i s 
sharp transit ion can best be ascr ibed to conformat iona l changes ( w h i c h 
m a y be cooperat ive ; see above) i n some spec ia l b iopolymers , f r o m a 
p h y s i c a l state w h i c h n o r m a l l y braces a s tructured matr ix of l iprote ins 
to one w h i c h spurs a cascade of b i o p h y s i c a l events u l t i m a t e l y p r o d u c i n g 
depolar iza t ion of the membrane , a n d i n several cases contract ion or 
relaxat ion of muscle fibers. T h e receptors for the neurotransmitters 
acetylchol ine ( A C h ) a n d the catecholamine hormones are the best k n o w n 
examples of such specific b iopolymers . T h e y are general ly b e l i e v e d to be 
proteins, a n d the phase transit ion f r o m the " b r a c i n g " state Β to the 
" s p u r r i n g " state S can be nuc leated b y A C h a n d related quaternary salts 
or b y norepinephr ine ( N E ) a n d some of its analogs. B y analogy w i t h 
the crystall ites a n d other h i g h l y ordered polymers , the reversible phase 
transit ion B ^± S can give rise to s imple s igmoids, whose steepness of 
slope depends on the degree of cooperat iv i ty between the receptors (see 
above ). T h e pr inc ip les at w o r k m a y be i l lus tra ted b y the classical m o d e l 
of the he l ix - co i l t ransi t ion i n polypept ides a n d proteins (21). H o w e v e r , 
for the case at h a n d , it is best to imagine that the receptor transi t ion 
involves a change f r o m one ordered state to another s tructured one, 
rather than a r a n d o m c o i l w h i c h w o u l d h a r d l y a l l o w for ready reversi 
b i l i t y . O b v i o u s l y , nucleators of the transit ion m a y b i n d on b o t h the Β 
and S states, a n d reversal of the transit ion ( S —» Β ) m a y requi re nuc lea-
t ion b y other effectors w h i c h m a y be released i n the S state of the 
receptors. W e n o w come to the case where large groups of l igands or 
drugs combine w i t h the receptor w h i l e b e i n g unable to nucleate the 
transit ion f r o m the Β to the S state. M a n y of these l igands or drugs 
prevent the act ion of nucleators b y a process w h i c h often fo l lows the l a w 
of compet i t ive kinetics (12), so that the observed t h e r m o d y n a m i c p r o p 
erty measured b y these m u t u a l exclusion effects has the d imens ion of a 
relat ive A G change ( i n the absence of c o o p e r a t i v i t y ) , w h i c h b e i n g sub
stituent sensitive m a y a l l o w the generation of extra - thermodynamic re la
t ionships (see above). 

H o w e v e r , the t r u l y impor tant quest ion for the future i s : w h a t thermo
d y n a m i c proper ty is measured b y the observed effects of nucleators or 
agonists? In other words , do nucleators a n d antagonists m o d u l a t e the 
same p h y s i c a l variables? A negative answer appears most l i k e l y f o r the 
f o l l o w i n g reason. T h e seasoned m e d i c i n a l chemist has f requent ly ob
served that an increase i n the size or h y d r o p h o b i c b u l k of agonist sub-
stituents w i l l often transform t h e m into antagonists (10, 12), thus sug
gesting strongly that an excess of apolar b u l k a l lows the p a r t i c i p a t i o n of 
p h y s i c a l variables w h i c h are not n o r m a l l y d i s t u r b e d b y the nucleators 
themselves. A c c o r d i n g l y , agonists a n d antagonists must p r o d u c e their 
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146 DRUG DISCOVERY 

effects b y w a y of different p h y s i c a l interact ion mechanisms. H e n c e , i f 
the measured t h e r m o d y n a m i c proper ty for antagonist effects is a relat ive 
AG change, this m a y not be true for nucleators. I n other w o r d s , agonist 
potencies cannot be a s imple func t ion of affinity for the receptors, as is 
f requent ly i m p l i e d (12). Rather , assuming that Β a n d S states attain 
e q u i l i b r i u m , relat ive nucleator potencies s h o u l d be a direct f u n c t i o n of 
the posi t ion of the conformat ional e q u i l i b r i u m , so that potency w o u l d 
have the d imens ion of a conformat ional free energy change. It is clear, 
then, that agonist affinities for receptors or m o d e l systems [such as acetyl
cholinesterase (-22)] have no bear ing on the degree of conformat iona l 
shift i n d u c e d b y nucleators. M u c h confus ion w o u l d be e l iminated i f 
these considerations were p r o p e r l y w e i g h t e d . I n contrast to the i n h i b i t e d 
p h y s i c a l state of the receptor for w h i c h m a n y re la t ive ly chaotic , u n p r o 
duct ive conformations are possible, i t seems probable that the s p u r r e d 
p h y s i c a l state s h o u l d possess exclusive characteristics u n i q u e l y a l l o w i n g 
for cooperative behavior (16). Ideal ly , then, nucleators should a l l m o d u 
late qua l i ta t ive ly s imi lar p h y s i c a l variables since otherwise more than 
one spurred state w o u l d have to be postulated. O n e key factor w h i c h 
m a y contr ibute i m p o r t a n t l y to the magnif icat ion of the uni tary molecular 
response to nucelators is cooperat iv i ty between receptor promoters (see 
above), a n d if w e assume that besides the Β a n d S states, a d d i t i o n a l but 
u n p r o d u c t i v e states can also d isp lay cooperat ivi ty , h i g h l y specific a n d 
potent therapeutic agents w o u l d become accessible. T h e rea l i ty of this 
poss ib i l i ty appears to be conf irmed, at least i n p r i n c i p l e , b y the manner 
in w h i c h the c o l i c i n class of antibiotics produce their effects (16, 23). 

O t h e r models can be constructed w h i c h lead to s imi lar conclusions 
r e g a r d i n g the divergence of interact ion mechanisms for agonists and 
antagonists. It becomes of considerable interest, then, to discover w h i c h 
measurable p h y s i c a l parameter ( s ) m a y have direct relevance to nucleator 
potencies at the receptor level . A t membrane surfaces macromolecular 
structures such as receptors occur at an aqueous interface. H e n c e , s o l u t e -
solvent interactions i n b o t h the i n i t i a l a n d final states of the b i n d i n g 
partners w i l l contr ibute to the relat ive t h e r m o d y n a m i c s tabi l i ty of the 
a d d i t i o n complex. F o r a t ight ly p a c k e d g lobular l ipoprote in , such as is 
postulated for the receptor, the uptake of a l i g a n d w i l l necessarily pro 
duce a v o l u m e change w h i c h m a y be posi t ive or negative. T h e v o l u m e 
change w i l l result i n a p a r a l l e l change i n the h y d r o p h o b i c or h y d r o p h i l i c 
area of the receptor " m i c e l l e " w h i c h is exposed to the solvent a n d adjacent 
macromolecules . T h e r e c e p t o r - w a t e r in ter fac ia l tension w i l l therefore 
be changed b y the l i g a n d , a n d it fo l lows that the surface free energy of 
the receptor prote in must a lways be changed b y the l igands. These 
l i g a n d - i n d u c e d v o l u m e changes m a y as w e l l be loosely re ferred to as 
conformat ional perturbations. F o r convenience, w e can easily conceive 
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that antagonists or inhib i tors penetrate the surface of the receptor mice l le , 
causing a v o l u m e increase, whereas nucleators or agonists m a y cause, b y 
w a y of desolvat ion, a v o l u m e contract ion w h i c h must have a m i n i m u m 
value i n order that the des ired macroscopic effects m a y be observed. 
T h i s m o d e l also predicts that different p h y s i c a l variables w o u l d c o n t r o l 
the s tabi l i ty of the " contrac ted" (or spurred) a n d the " e x p a n d e d " ( u n 
p r o d u c t i v e ) states respect ively. N o w , the change f r o m the i n i t i a l 
" b r a c e d " state to a u n i q u e l y spurred state must occur b y w a y of a 
stereotyped b o n d - b r e a k i n g a n d b o n d - m a k i n g process i n w h i c h the aque
ous interface must part ic ipate act ively . T h i s suggests that the enthalpies 
a n d entropies of b i n d i n g s h o u l d be m a r k e d l y sensitive to s t ructura l effects 
i n the nucleators b u t not the free-energies since the postulated uniqueness 
of the p h y s i c a l m e c h a n i s m u n d e r l y i n g the v o l u m e contractions w i l l l e a d 
to compensated fluctuations i n the enthalpies a n d entropies of b i n d i n g . 

These predict ions have recently been exper imenta l ly ver i f i ed t h r o u g h 
extensive t h e r m o d y n a m i c studies of quaternary salt b i n d i n g on the en
z y m e acetylcholinesterase ( A C h E ) as a m o d e l ( 7 ) . O f considerable 
interest was the a d d i t i o n a l finding of a correlat ion between the enthalpies 
of salt b i n d i n g ( b u t not the free energies) a n d the degree of conforma
t ional response of the enzyme (11). It was also noted that p h y s i c a l 
changes at the aqueous interface appeared to dominate the p ic ture , a n d 
evidence was a d d u c e d that i n d e e d different p h y s i c a l variables m a y be 
m o d u l a t e d b y receptor nucleators a n d antagonists respect ively, as re
q u i r e d b y theory (10). A s i t turns out, agonist potencies appear to be a 
func t ion of m o d u l a t i o n intensity (or degree of conformat iona l s tabi l iza
t ion of the S-state), whereas antagonist potencies are s imple funct ions of 
the t h e r m o d y n a m i c s tabi l i ty of the u n p r o d u c t i v e a d d i t i o n complexes. 
P a r a l l e l studies w i t h intact m e m b r a n e preparat ions w i l l u n d o u b t e d l y 
prove f r u i t f u l . 

L o o k i n g ahead, i t w o u l d seem that drugs capable of i n d u c i n g re
ceptor rearrangements b y cooperat ive mechanisms w o u l d have m u c h 
greater value i n therapeutics . T o achieve this, increased attention m a y 
have to be p a i d to pro te in topography i f d r u g structures are to b e de
s igned w h i c h are compat ib le w i t h l o w energy receptor conformations 
d i s p l a y i n g cooperat ivi ty . I n this connect ion, it is not inconce ivable that 
one of the reasons w h y so m a n y h i g h l y act ive drugs are f o u n d a m o n g 
the natura l products ( such as the a lkaloids , for instance ) m a y be re la ted 
to the fact that as the e n d products of p r o t e i n actions themselves, 
they are necessarily e n d o w e d w i t h " b u i l t - i n k n o w l e d g e " about p r o t e i n 
topography. It m a y be w o r t h w h i l e , then, to use the a c c u m u l a t e d k n o w l 
edge about the three-dimensional structures of proteins as a start ing 
point for d r u g design. 
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148 DRUG DISCOVERY 

B i o c h e m i c a l Aspects . A l t h o u g h serious efforts have been m a d e over 
the past f e w years to isolate a n d character ize the neurotransmitter recep
tors b y the m e t h o d of affinity l a b e l l i n g (24, 25), the results h a v e thus far 
been general ly d i s a p p o i n t i n g a n d ambiguous . T h e isolat ion of a musca-
rone b i n d i n g prote in f rac t ion f r o m electroplax tissue a n d thought to be 
dist inct f r o m acetylcholinesterase ( A C h E ) has been repor ted (26), b u t 
i t is too early to assess the possible signif icance of these observations. 
Nevertheless , s ignif icant advances i n the in situ s t ructural chemistry of 
b o t h the chol inerg ic a n d adrenergic systems have been m a d e i n recent 
years, a n d the observations m a y suggest n e w avenues to d r u g research. 

CHOLINERGIC SYSTEMS: DIRECT AND M O D E L OBSERVATIONS. Since the 
b a c k g r o u n d of this subject has recent ly been covered elsewhere (27), 
o n l y some of the impor tant n e w highl ights are discussed here. These 
concern the A C h receptor of electroplax tissue, of the mouse d i a p h r a g m 
a n d the f r o g toe muscle , especial ly i n re lat ion to A C h E as a m o d e l 
receptor. 

N e w approaches to the chemistry of the eel electroplax receptor 
have been des igned b y K a r l i n (24, 28). It was s h o w n that d i th io thre i to l 
( D T T ) reduces a disul f ide b o n d at or near the A C h - r e c e p t o r l eve l , a n d 
one of the l ibera ted thiols can be i r revers ib ly a l k y l a t e d b y appropr ia te 
t h i o l reagents c a r r y i n g a quaternary moiety . T h e poss ib i l i ty is therefore 
avai lable of a c h i e v i n g selective affinity l a b e l l i n g of the D D T - g e n e r a t e d 
t h i o l group, a n d p r e l i m i n a r y experiments a long this l ine have a lready 
been carr ied out (-29). O f considerable interest was the observat ion that 
the D T T - t r e a t e d electroplax is act ivated b y h e x a m e t h o n i u m instead of 
b e i n g b l o c k e d . T h e r e d u c e d receptor can be reconst i tuted f u n c t i o n a l l y 
b y ox idat ion w i t h EUman's reagent. A p p a r e n t l y , these t h i o l reagents were 
w i t h o u t effect on s o l u b i l i z e d A C h E (see below, h o w e v e r ) . It thus appears 
possible that nucleat ion of phase transitions b y agonists m a y n o r m a l l y be 
transmit ted f r o m the receptor to the other m e m b r a n e components b y 
w a y of disul f ide bonds ac t ing as pul lers . T h i s suggests that n e w usefu l 
drugs m a y be des igned w h i c h w o u l d be e n d o w e d w i t h specific in t r ins ic 
p o w e r to affect disul f ide l inks or to engage i n disul f ide interchange reac
tions at the receptor l e v e l of excitable membranes . T h i s area of m e d i c i n a l 
chemistry has h a r d l y been explored, except i n the field of radioprotec t ive 
agents whose mechanisms of act ion are s t i l l p o o r l y understood. 

I n recent years, m u c h attention has been p a i d to the ro le of c a l c i u m 
i n receptor phenomena , besides its better k n o w n involvement i n enzyme 
act ivat ion a n d contract ion of muscle fibers. E a r l i e r observations b y C s i l l i k 
a n d Savay (30) a n d N a k a m u r a et al. (31) l e d T a z i e f f - D e p i e r r e a n d 
co-workers (32) to s tudy c a l c i u m release at the motor e n d plates of 
mouse d i a p h r a g m i n re la t ion to receptor ac t ivat ion a n d i n h i b i t i o n . O f 
considerable interest was the observat ion that whereas m e m b r a n e de-
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6. BELLEAU Receptor Mechanisms 149 

polar izers ( carbachol , succ iny ld icho l ine , etc) l iberate c a l c i u m o n the 
motor e n d plates, non-depolar izers such as d- tubocurar ine f a i l to do so. 
It appeared that the greater the d e p o l a r i z i n g potency of the effector, the 
larger was the amount of c a l c i u m l iberated . T h i s suggests a n e w a p p r o a c h 
to the evaluat ion of relat ive potencies t h r o u g h direc t c h e m i c a l methods 
rather than classical p h a r m a c o l o g i c a l procedures . It was also s h o w n that 
c a l c i u m l ibera t ion leads to act ivat ion of v i c i n a l m e m b r a n e - b o u n d A C h E , 
whereas certa in v e n o m toxins a n d potass ium ions i n d u c e c a l c i u m release 
at the muscle fiber l eve l a n d not o n the motor e n d plates. H e n c e : i n 
accord w i t h earl ier concepts ( see below ), c a l c i u m appears to be cr i t i ca l ly 
i n v o l v e d i n the s tabi l izat ion of receptor conformat ion , a n d its l ibera t ion 
b y nucleators w o u l d serve the d u a l purpose of s t a b i l i z i n g the s p u r r e d 
p h y s i c a l state a n d of ac t ivat ing enzymes cont ro l l ing glycogenolysis a n d 
the contract ion of the muscle fibers. It w o u l d be of interest, therefore, 
to des ign drugs (or prote in reagents) w h i c h can speci f ical ly inf luence 
c a l c i u m interactions w i t h receptors. U p to n o w , only non-specif ic chelat
i n g agents have been used, a n d these most ly as analyt ica l tools. Interest
ing ly , the proposa l was recent ly a d v a n c e d (33) that cer ta in receptor 
inhib i tors of the a l k y l a t i n g var ie ty (quaternary a z i r i d i n i u m salts) m a y 
b l o c k a c a l c i u m b i n d i n g site (see below), thus creat ing a potent ia l ly 
va luable precedent i n the field. 

In our o w n laboratories, the w o r k i n g hypothesis that the anionic 
s i te-r ich c h a i n of A C h E m a y be conformat ional ly homologous to the 
A C h receptor (34, 35, 37) has n o w been explored sufficiently to a l l o w a 
par t ia l resolut ion of the long s tanding controversies r e g a r d i n g the re la t ion 
of the enzyme to the receptor. T h e f o l l o w i n g h ighl ights m a y b e w o r t h 
b e a r i n g i n m i n d . T h e enzyme includes t w o p h y s i c a l l y different regions, 
one w h i c h carries unspecif ic esteratic act iv i ty , a n d another w h i c h carries 
at least four ( a n d p r o b a b l y m o r e ) anionic sites, t w o of w h i c h can be 
covalent ly masked b y the a l k y l a t i n g agent N , N - d i m e t h y l - 2 - p h e n y l a z i r i -
d i n i u m ch lor ide ( D P A ) (36, 37). T h e D P A - m o d i f i e d enzyme has i n 
creased esteratic ac t iv i ty t o w a r d neutra l substrates (38, 39)—such as 
i n d o p h e n y l acetate or I P A — b u t none whatsoever t o w a r d A C h . T w o 
moles of 1 4 C - D P A react per active subunit , a n d one of the covalent ly-
b o u n d D P A molecules is r e a d i l y r e m o v e d at p H 9-9.5, thus l e a d i n g to a 
m o n o - D P A enzyme species w h i c h has s t i l l h igher ac t iv i ty t o w a r d I P A 
but none at a l l t o w a r d A C h (36). T h e b i s - D P A enzyme is conforma
t ional ly unresponsive to d e c a m e t h o n i u m a n d d- tubocurar ine ( I P A assay) , 
but the m o n o - D P A species is as responsive as the nat ive enzyme to the 
latter d r u g , w h i l e b e i n g unaffected b y the former ( 3 6 ) . H e n c e , depolar
i z i n g a n d n o n - d e p o l a r i z i n g drugs interact w i t h different anionic sites o n 
the anionic cha in of A C h E , a t o p o g r a p h i c a l d is t inc t ion w h i c h c o n c e i v a b l y 
underl ies their different modes of act ion o n the motor e n d plate receptors 
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150 DRUG DISCOVERY 

( F i g u r e 1 ). T h e postulate that depolar izers a n d non-depolar izers i n d u c e 
divergent conformat iona l responses at the receptor l e v e l was conf i rmed 
us ing the conformat ional responsiveness of the anionic c h a i n of A C h E 
as a m o d e l . W h e n A C h E is exposed to methanesul fonyl fluoride ( M S F ) , 
the esteratic site undergoes i rrevers ible sul fonylat ion , the rate of w h i c h 
is m a r k e d l y sensitive to quaternary i o n interactions w i t h the anionic 
cha in (40). These k inet ic effects are thus indica t ive of conformat iona l 
changes in i t ia ted i n the anionic c h a i n (41), a n d of considerable interest 
was the finding that whereas a l k y l monoquaternary (34) a n d bisquater-
nary depolar izers strongly st imulate the rate of the M S F react ion (42), 
non-depolar izers such as d- tubocurar ine a n d ga l lamine i n h i b i t the reac
t ion b y a non-compet i t ive m e c h a n i s m (42). M o r e o v e r , the strongest 
k ine t i c effects were obta ined w i t h the best depolar izers of the motor e n d 
plate membrane . These m o d e l studies prove b e y o n d quest ion that re lat ive 
affinities as such for A C h E (as measured b y the A C h assay) are i rre levant 
w h e n the purpose is to establish the existence of s imilar i t ies or differences 
between the anionic c h a i n of the enzyme a n d the A C h receptors. It is 
true affinity a n d the degree as w e l l as nature of the response w h i c h have 
a bear ing on d r u g - r e c e p t o r interactions, as was p o i n t e d out above. 
Recent ly , conclusive s tructural evidence for our anionic c h a i n hypothesis 
was p r o v i d e d b y L e u z i n g e r (43), w h o s h o w e d that his crystal l ine A C h E 
preparat ion (44) (65,000 daltons per act ive subuni t ) is ac tual ly m a d e u p 
of t w o different chains of e q u a l molecular weights a n d c h e m i c a l l y dis-

Figure 1. Schematic of the probable physical structure of acetyl
cholinesterase. One physical region carries the esteratic site, 
which is proximal to one anionic site (Site I); the other region 
would carry at least four anionic sites, and would be homologous 
to the acetylcholine receptor of the motor end plate excitable 
membrane. Sites I and II are masked by DP A, but Site II can 
be regenerated at alkaline pH. Decamethonium (C10) would in
teract at least with Sites I and II whereas curare would bind at 
III and IV, and perhaps at II and III. Most quaternary salt suh-
stituents bind on the anionic chain [exo-binding (26, 36, 42, 

3 5 ) ] , thus projecting away from the esteratic region. 
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6. BELLEAU Receptor Mechanisms 151 

sociatable b y exposure to mercaptoethanol i n urea solut ion. I n agreement 
w i t h hypothesis , o n l y one of the separated chains carries l a b e l e d phos
phorus after treatment of the nat ive enzyme w i t h radioact ive d i i s o p r o p y l 
f luorophosphonate ( D F P ) . These n e w observations thus conf i rm our 
hypothesis that A C h E is a non-specif ic esterase o n w h i c h a c o n f o r m a -
t iona l ly responsive anionic cha in act ing as an A C h - p r o t o r e c e p t o r has been 
graf ted (27), ( F i g u r e 1 ) . Indeed , a somewhat analogous conformat iona l 
responsiveness of the A C h receptor has been c h e m i c a l l y demonstrated 
b y R a n g a n d Ri t ter (45). I n a d d i t i o n , b o t h the enzyme a n d the receptor 
are m o d i f i e d b y t h i o l reagents (43, 46), contrary to earl ier impressions. 

F r o m the po int of v i e w of d r u g research, these n e w advances are of 
prac t i ca l s ignif icance i n a n u m b e r of w a y s : the receptor surface for A C h 
includes several an ionic sites, a l l of w h i c h appear to be i n v o l v e d i n the 
cooperat ive nucleat ion of the s p u r r e d p h y s i c a l state of the receptor. 
C l e a r l y these sites must be dis t inguishable b y their stereoelectronic re
quirements so that m a n y structures bear ing o n l y a f o r m a l resemblance to 
A C h m a y be accommodated , w h i c h accounts for the w i d e d ivers i ty of 
d r u g structures w h i c h are capable of i n d u c i n g curar iza t ion or d e p o l a r i z a 
t ion. T h e a l k a l o i d d- tubocurar ine is cer ta inly a distant re lat ive of A C h , 
a n d it is d o u b t f u l that i t c o u l d have been des igned ra t ional ly us ing the 
A C h structure as a m o d e l . A s it turns out, i n fact, the m o d e l of the A C h 
interact ion w i t h the esteratic c h a i n of the enzyme, on w h i c h several inter
pretations of s t ruc ture -ac t iv i ty relat ionships are s t i l l based (48) is 
erroneous since most A C h analogs interact m a i n l y w i t h the an ionic c h a i n 
( e x o - b i n d i n g ) (37, 41, 42) ( F i g u r e 1 ) , the topography of w h i c h has o n l y 
b e g u n to be explored (36, 45). U n t i l the de ta i l ed topographies a n d speci
ficities of such large b i n d i n g surfaces are understood, n o v e l effector or 
i n h i b i t o r prototypes e n d o w e d w i t h specif ic i ty w i l l r e m a i n essentially 
unpredic tab le . It seems clear that the classical concept, w h i c h requires 
antagonist molecules to o c c u p y the agonist b i n d i n g sites proper , s h o u l d 
be used w i t h extreme caut ion i n v i e w of the m u l t i p l i c i t y of b i n d i n g sites 
a n d the w i d e occurrence of e x o - b i n d i n g at the act ive site l e v e l (11). 

W e have recent ly establ ished ( B . B e l l e a u , A . Paturet , a n d M . Saucier , 
i n prepara t ion) that e ry throcyte -bound A C h E behaves as a genuine a l lo-
steric enzyme d i s p l a y i n g "explos ive" cooperat ive behavior w h i c h suggests 
that i t p r o b a b l y plays a role i n the contro l of m e m b r a n e conf igurat ion. 
A phase transi t ion must be first nuc leated b y appropr ia te effectors before 
the esteratic center can accept the substrate A C h . W e conc lude that the 
regulatory units of m e m b r a n e - b o u n d A C h E possess the b i o p h y s i c a l q u a l i 
fications for a receptor- l ike ro le o n excitable membranes . 

ADRENERGIC SYSTEMS. O v e r the past f e w years, s ignif icant advances 
i n our unders tanding of the in-situ chemistry of b o t h the a- a n d β-recep-
tors for catecholamines have been made. W e shal l examine br ie f ly some 
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152 DRUG DISCOVERY 

of the highl ights as they per ta in to the s t ructura l a n d conformat iona l 
propert ies of these receptors. 

The α-Receptor. It appears more a n d more l i k e l y that cer ta in classes 
of C N S drugs m a y act p a r t l y b y in f luenc ing the α-receptors ( 4 9 ) . H e n c e , 
the need to achieve better comprehens ion of d r u g act ion at this leve l . 
Because m e m b r a n e - b o u n d A T P a s e s are somehow i n v o l v e d i n act ive trans
por t across membranes ( s u c h as the N a + , K + - a c t i v a t e d A T P a s e ) m u c h 
speculat ion o n the possible invo lvement of A T P a n d A T P a s e s as c o m 
ponents of the α-receptor system has been m a d e (2, 41, 5 0 ) . T h e tempta
t i o n to v isual ize A T P as f o r m i n g part of the b i n d i n g sites for catechola
mines has no d o u b t been re in forced b y the k n o w n role of A T P i n the 
b i n d i n g of catecholamines i n the storage granules ( 5 1 ) , as w e l l as its 
invo lvement as substrate for the hormone-sensit ive adenylcyclases a n d 
the contract i le proteins. A tentative connect ion be tween catecholamine 
stereochemistry a n d receptor -bound A T P was envisaged several years 
ago ( 2 ) , b u t the first de ta i led molecular theory of catecholamine act ion 
as based o n the " A T P - r e c e p t o r " p ic ture was a d v a n c e d b y B l o o m a n d 
G o l d m a n (50) . A s far as the w r i t e r is aware, they were the first to 
present cogent arguments for the central role of c a l c i u m as a l i n k be tween 
receptor responses a n d metabol ic events, an idea w h i c h has since l e d 
others to suggest that c a l c i u m m a y i n d e e d act as a second universa l 
messenger (besides c y c l i c A M P ) of m e m b r a n e events ( 5 2 ) . 

I n spite of the elegance of B l o o m a n d G o l d m a n ' s proposal , various 
aspects of their models m a y be quest ioned. F o r instance, the assumed 
centra l role of A T P as a p r i m a r y react ion site for catecholamines denies 
a p r i m a r y invo lvement of the receptor pro te in itself. A s far as is k n o w n , 
e n z y m e inhib i tors a n d activators ( w i t h the exception of meta l i o n chelat
i n g agents ) act on prote in b i n d i n g sites rather than their cofactors. T h e 
d r u g N - e t h o x y c a r b o n y l - 2 - e t h o x y - l , 2 - d i h y d r o q u i n o l i n e ( E E D Q ) ( 5 3 ) , a 
selective prote in reagent d e v o i d of c h e m i c a l affinity for nucleotides (54), 
i n fact behaves as a selective i rrevers ible i n h i b i t o r of the α-receptors 
( 5 5 ) . P a r t l y for these reasons w e have conce ived an alternative m o d e l 
where both c a l c i u m a n d p r o t e i n groups w o u l d serve as b i n d i n g sites for 
catecholamines a n d inhibi tors (56 ) . It was proposed that the c a l c i u m 
site w o u l d be essential o n l y for catecholamine b i n d i n g a n d not for an
tagonists. Recent exper imenta l evidence was obta ined w h i c h supports 
this hypothesis ( 5 7 ) . H o w e v e r , our m o d e l also specif ied that the receptor 
m i g h t be a c a l c i u m - m a g n e s i u m dependent A T P a s e o n w h i c h the t e r m i n a l 
phosphate of A T P w o u l d come i n contact w i t h the a m m o n i u m f u n c t i o n 
of catecholamines so that catalysis of A T P cleavage w o u l d be somehow 
i n v o l v e d i n the nucleat ion of a phase transi t ion as w e l l as c a l c i u m trans
locat ion at the m e m b r a n e leve l . [ T h i s par t of the m o d e l m a y appear 
unnecessary, a n d perhaps too speculat ive, because the nuc lea t ion of a 
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6. BELLEAU Receptor Mechanisms 153 

phase transit ion need not be an A T P - r e q u i r i n g process.] I n contrast, 
r a p i d repolar iza t ion m a y d e p e n d on energy supplies i n the membrane , 
but this can h a r d l y concern the catecholamine receptors per se. W h a t 
m a y appear w o r t h re ta ining, however , is the m o d e l of the c a l c i u m - p r o t e i n 
complex i n catecholamine nuc leat ion of phase transitions i n v i e w of the 
n e w l y established par t i c ipa t ion of c a l c i u m i n the depolar iza t ion of the 
motor end plate receptors. Indeed , it c o u l d be s h o w n that c a l c i u m is 
r e q u i r e d for norepinephr ine ( N E ) to nucleate the s p u r r e d state of the 
receptor, a p h y s i c a l f o r m w h i c h is chemica l ly less reactive than the rest ing 
conformat ion t o w a r d phenoxybenzamine ( a n a l k y l a t i n g agent) ( 5 7 ) . 
M o r e o v e r , i n the absence of c a l c i u m , N E c o u l d not protect against inac t i -
vat ion of the receptor b y the latter a l k y l a t i n g d r u g , i n accord w i t h the 
m o d e l ( 5 7 ) . 

T h e reverse s i tuation, where the spurred state w o u l d be chemica l ly 
more reactive than the braced rest ing state, thus becomes equa l ly p l a u s i 
ble since the react iv i ty of a b i n d i n g site m a y as easily be increased b y a 
change of conformat ion . In fact, this has been observed for A C h E as 
w e l l as the motor e n d plate receptor. Therefore , evidence c o u l d be 
obta ined w h i c h c lear ly confirms this expectat ion as regards the adrenergic 
α-receptor. Ka lsner d iscovered that E E D Q , w h i c h induces the format ion 
of an extremely stable amide b o n d at the active site l eve l of the receptor 
(55), has its potency m a r k e d l y enhanced b y l o w concentrations of var ious 
phenethylamines i n c l u d i n g N E , as w e l l as serotonin a n d even his tamine 
(58 ) . It seems evident that as for the A C h E protoreceptor cha in a n d the 
motor e n d plate receptor, some a d d i t i o n a l anionic b i n d i n g sites for 
agonist structures must be present on the α-receptor surface so that inter
actions w i t h these sites strongly enhance the react iv i ty of the E E D Q 
target site b y w a y of an i n d u c e d conformat ional change i n the receptor 
( F i g u r e 2 ) . Independent evidence for the presence of at least t w o 
anionic sites on the α-receptor was p r o v i d e d b y the f o l l o w i n g observa
t ions: (a ) the b i s a l k y l a t i n g agent I was recently s h o w n to act as a very 
potent i rrevers ible b locker of the α-receptor (59), this b e i n g the first t ime 
that a b isquaternary "curare a n a l o g " is f o u n d to d i sp lay h i g h affinity for 
this receptor system, a n d ( b ) very l o w concentrations of the a l k y l a t i n g 
agent D P A , w h i c h have no influence on the tissue response to N E , w i l l 
nevertheless m a r k e d l y alter the c h e m i c a l characteristics of phenoxy
benzamine act ion, receptor recovery b e i n g strongly accelerated w h e n 
D P A is i n i t i a l l y present on the surface (33). T h i s also suggests that D P A 
alkylates an accessory anionic site a n d as a result, the receptor conforma
t ion is a l tered i n a manner w h i c h renders the phenoxybenzamine—receptor 
b o n d m u c h more habi le (a l ternat ively , the D P A receptor species m a y 
expose a different act ive site to phenoxybenzamine ). It is of considerable 
significance then that l ike the A C h E protoreceptor c h a i n a n d the e n d 
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154 DRUG DISCOVERY 

plate receptor, the adrenergic α-receptor s h o u l d also possess more than 
one anionic site capable of in teract ing w i t h adrenergic amines a n d other 
modifiers so that conformat ional changes m a y be i n d u c e d as can be 
readi ly revealed b y the c h e m i c a l accessibi l i ty a n d react iv i ty of other 
specific sites. O n e is t empted to conc lude that these three receptor sys
tems are b i o p h y s i c a l l y re lated. T h i s conclus ion m a y be m o r e sensible 
than i t appears since i t accounts rather w e l l for the p u z z l i n g fact that 
drugs ( most ly receptor antagonists ) do not d iscr iminate too w e l l be tween 
the A C h - a n d the catecholamine α-receptors. These n e w advances cer
ta in ly offer more real ist ic guidel ines than the o lder models i n the general 
area of s t ruc ture -ac t iv i ty relat ionships ( see below ). 

The β-receptor. T h a t the enzyme a d e n y l cyclase is in t imate ly asso
c iated w i t h b iogenic amine a n d pept ide hormone act ion on ^-receptors is 
n o w firmly established, a n d there is no doubt that c y c l i c A M P is the 
mediator responsible for the adapt ive responses of a var ie ty of target cells 
(60, 61). E v i d e n c e has also a c c u m u l a t e d that cyclase is under the i n f l u 
ence of regulatory subunits or discr iminators e n d o w e d w i t h tissue-
dependent specificities (60,62). A role for c a l c i u m , poss ib ly as a second 
messenger of s ignal reception, at the membrane l eve l has been d e m o n 
strated (52). W e have recent ly s h o w n that b r a i n adenylcyclase m a y be 
c a l c i u m dependent , a l though it suffers i n h i b i t i o n at h i g h concentrations 
(63). H e n c e , it appears that c a l c i u m is p r o b a b l y an essential component 
of a l l the receptor systems for neurotransmitters . I n the l ight of these n e w 
developments , i t becomes more a n d more evident that the earlier v i s u a l i 
zations of a direct interact ion of catecholamines w i t h cyc lase-bound A T P 
as a m o d e l for β-receptor ac t ivat ion (2, 50, 64) m a y not be appl i cab le 
since regulatory subunits p r o b a b l y constitute the sites of b i n d i n g a n d 
presumably the receptors themselves. Consequent ly , s t ruc ture -ac t iv i ty 
relat ionships a m o n g β-receptor antagonists are no longer r e a d i l y inter
prétable i n terms of the o lder models a l though i t remains to b e p r o v e d 
that antagonists interact w i t h the agonist b i n d i n g sites themselves. I n 
v i e w of our finding that exo-b inding predominates i n other systems, i t 
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ι π 

Figure 2. The receptor surface for norepinephrine (NE) is shown to include 
two anionic sites (A); phenethylamines and related structures (including hista
mine) interact at Site II and thus induce a conformation change (B) favoring 
NE binding at Site I, which in turn leads by way of another conformation 
change to the active, spurred state of the receptor (C). In the Β state, the reac
tion at Site I with EEDQ is facilitated by the increased proximity of a surface 
nucleophile (-NH2) to the mixed anhydride intermediate (D E). Carbamyla-
tion of this nucleophile as in Ε leads to irreversible inactivation of the receptor. 

appears l i k e l y that the same conce ivably applies to β-receptor antagonists; 
otherwise Fisher 's lock-and-key fit p r i n c i p l e w o u l d be meaningless since 
b o t h agonists a n d antagonists w o u l d have to share i d e n t i c a l b i n d i n g sites. 
Because β-receptors are m a i n l y concerned w i t h act ivat ion a n d i n h i b i t i o n 
of adapt ive metabol ic responses rather than w i t h the direc t generat ion of 
act ion potentials , i t is probable that those b i o p h y s i c a l parameters w h i c h 
intervene u n i q u e l y i n neurotransmitter actions on excitable membranes 
m a y not be a p p l i c a b l e to the β-receptors. T h i s c o u l d account for the fact 
that most n o n - d i s c r i m i n a t i n g drugs w h i c h are k n o w n to i n h i b i t the re
sponses of excitable membranes have l i t t le , i f any, effect on the β-recep-
tors. Recent ly , however , i t has been c l a i m e d that certain antidepressants 
( w h i c h are potentiators of adrenergic amines ) influence the u r i n a r y levels 
of c y c l i c A M P b y a m e c h a n i s m p r e s u m a b l y i n v o l v i n g c y c l i c A M P - p h o s -
phodiesterase i n h i b i t i o n (65, 66). H o w e v e r , i t is dif f icult to see h o w the 
accumula ted b r a i n c y c l i c A M P c o u l d traverse the c e l l membranes , the 
b l o o d - b r a i n barr ier , the l iver a n d k idneys a m o n g other tissues, a n d 
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156 DRUG DISCOVERY 

appear i n the ur ine as b r a i n c y c l i c A M P w h i c h has escaped the act ion of 
phosphodiesterase as a result of antidepressant i n h i b i t i o n of the latter. 

T h e firm conc lus ion is reached that the catecholamine b i n d i n g sur
faces of the a- a n d /^-receptors are different since most antagonists of the 
former do not i n h i b i t the latter. It w i l l be interest ing to see whether 
molecular manipula t ions of the c y c l i c A M P structure w i l l l e a d to n e w 
usefu l drugs. T h e prospects m a y appear good since c y c l i c A M P is i n 
v o l v e d i n glycogenolysis , l ipolys is , steroidogenesis, membrane permea
b i l i t y , translat ion, t ranscr ipt ion , a n d as an act ivator of specific pro te in 
kinases (67). T h i s latter p r o p e r t y suggests that i t m a y be i n v o l v e d at 
some metabol ic stage i n the p h e n o m e n o n of m e m o r y fixation. I n v i e w of 
the sensit ivity of var ious /^-receptors to pept ide hormones, m u c h more 
attention m a y have to be devoted to the synthesis of pept ide agonists a n d 
antagonists since i m p r o v e d specif ic i ty of act ion m a y be expected. 

The Theory of Sequential Control Sites 

I n a pro jected paper , a comprehensive discussion of the nature a n d 
role of w h a t w e tentat ively define as sequential contro l sites o n receptor 
surfaces ( a n d some regulatory enzymes ) w i l l be presented. W e sha l l here 
be concerned only w i t h those general aspects w h i c h are especial ly rele
vant to the p r o b l e m of s t r u c t u r e - a c t i v i t y relat ionships a m o n g drugs. 

Recent evidence s u m m a r i z e d a n d integrated above makes i t clear 
that at least three receptor systems for cat ionic neurotransmitters i n c l u d e 
on their exposed surfaces several anionic b i n d i n g sites w h e r e conforma
t i o n a l changes m a y be in i t ia ted or b l o c k e d . These findings are at var iance 
w i t h the previous idea that o n l y one act ive center is responsible for the 
observed effects i n d u c e d b y neurotransmitters . T h e systems s tudied i n 
c lude the motor e n d plate receptor a n d the putat ive protoreceptor c h a i n 
of A C h E , w h i c h b o t h carry at least four d r u g - b i n d i n g anionic sites per 
act ive unit , a n d the N E receptor, w h i c h carries at least t w o ( a n d p r o b a b l y 
more such sites, i n v i e w of its apparent b i o p h y s i c a l k i n s h i p to the other 
t w o systems) . I n any event, the exact n u m b e r of anionic sites is not 
c r i t i ca l w i t h r e g a r d to the basic mechanis t ic impl ica t ions . T h e first 
quest ion w h i c h comes to m i n d is : w h y should there be several topo
g r a p h i c a l l y dis t inct anionic sites for neurotransmitters w h e n o n l y one 
s h o u l d be necessary to nucleate the s p u r r e d p h y s i c a l state of these re
ceptors? Considerat ions of a b i o p h y s i c a l nature m a y p r o v i d e the basis of 
an answer to this quest ion. F i r s t , i t can be agreed that the ve loc i ty of 
nerve i m p u l s e transmission across the synapt ic gap s h o u l d occur at the 
m a x i m u m speed attainable, w h i c h i d e a l l y w o u l d require the transmitter 
to t rave l at a rate a p p r o a c h i n g that of d i f fus ion-control led processes. 
H e n c e , the transmitter s h o u l d be m i n i m a l l y h i n d e r e d b y the n a t u r a l di f -
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fus ion barriers to its key sites of act ion on the post-synaptic receptor 
surface. N e a r the receptor surface the p r o b l e m of t i m i n g a n d efficiency 
of p r o d u c t i v e captures can be h a n d l e d s i m p l y b y r e d u c i n g the d i m e n 
sional i ty i n w h i c h di f fus ion takes place , f r o m three-dimensional to t w o -
d imens iona l surface di f fus ion, a f u n d a m e n t a l process w h i c h has been 
g iven a so l id quant i tat ive theoret ica l basis b y A d a m a n d D e l b r i i c k (68). 
These authors p o i n t e d out that " i n the intermediate range of distances 
of a f e w microns a n e w p r i n c i p l e m a y be i n v o l v e d i n that the d i f fus ing 
molecules reach their dest inat ion area not d i rec t ly b y free di f fus ion i n 
three-dimensional space b u t b y s u b d i v i d i n g the di f fus ion process into 
successive stages of lower spat ia l d i m e n s i o n a l i t y . " A c c o r d i n g l y , i f the 
effector molecule sticks loosely to some sites, d i f fus ion a long the surface 
w i l l be favored ( F i g u r e 3 ) so that the catch at some other key sites w i l l 
be s ignif icantly i m p r o v e d , a consequence of considerable evolut ionary 
advantage for synaptic m e m b r a n e surfaces a n d their receptors since 
shorter react ion times a n d economic use of l o w transmitter concentrations 
are ensured. B u c h e r (60) has p o i n t e d out that surface di f fus ion m a y w e l l 
contr ibute to the h i g h turnover numbers of m e m b r a n e - b o u n d enzymes, 
a n d the concept was i n d e e d a p p l i e d even earl ier b y T r u r n i t (70) to the 
system A C h E - A C h . It is apparent then that a n e t w o r k c o m p r i s i n g several 
anionic sites on the protoreceptor cha in of A C h E m a y contr ibute enor
m o u s l y to the h i g h rate of catch at any one site, p r o v i d e d that the cat ionic 
molecules d o not interact too strongly w i t h certa in anionic sites as they 
occur on the rest ing state of the receptor surface. F o r this to h a p p e n , a 
lower degree of complementar i ty of the n a t u r a l effector or substrate w i t h 
certain sites may be necessary; otherwise surface displacements m i g h t 
become too s luggish. It m a y be convenient then to speak of sequent ia l 
contro l sites as a na tura l means of h a n d l i n g the p r o b l e m of t i m i n g a n d 
efficiency i n the p r o d u c t i v e catch of nucleators on the surface ( F i g u r e 3 ). 

Θ 

2-Dimensional Diffusion 

3-Dimensional Diffusion 

a a 
Figure 3. Schematic of the efficiency of effector ( + ) capture by a 
surface carrying multiple anionic sites. Transfer from one site to the 
other involves two-dimensional translocations, thus leading to a much 

improved efficiency and timing of catch at any given site. 
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158 DRUG DISCOVERY 

W e l l - d e v e l o p e d sequential contro l sites, where conformat iona l changes 
can be i n d u c e d , s h o u l d be especial ly prevalent a m o n g receptor surfaces 
for neurotransmitters i n v i e w of the r a p i d i t y w i t h w h i c h in terneuronal 
communicat ions must be established i n the C N S as an example. 

I n p r i n c i p l e , for effective nucleat ion a n d o p t i m u m stabi l izat ion of 
the s p u r r e d state of the receptors, on ly one strategic anionic site m a y 
need interact w i t h the nucleator , but i t seems m u c h more p r o b a b l e that 
weaker interactions w i t h some control sites m a y contr ibute i n a coopera
tive manner to the s tabi l i ty of the s p u r r e d state. T h e i m m e d i a t e envi ron
ment of the anionic sites w i l l obv ious ly differ f r o m one site to another, 
a n d their respective c h e m i c a l react iv i ty w i l l be a l tered b y conformat ional 
changes, thus p r o v i d i n g an explanat ion for the recent observations ( sum
m a r i z e d above) w i t h E E D Q (58 ) , c u r a r i z i n g agents (42), a n d adrenergic 
α-blockers of the a l k y l a t i n g var ie ty (33). I n addi t ion , a n d most i m p o r 
tant ly , the sequent ia l contro l site m o d e l a l lows the p r e d i c t i o n that h i g h 
concentrations of nucleators m a y saturate some u n o c c u p i e d sites as they 
occur i n the s p u r r e d state of the receptor. T h i s w o u l d cause the latter 
to suffer conformat iona l b lockade or f reez ing ( F i g u r e 4 ) , as w o u l d be 
reflected, for instance, i n the phenomena of desensit ization, tachyphylaxis , 
etc. Indeed, an excess of A C h w i l l i n d u c e " c u r a r i z a t i o n " of the e n d plate 
membrane , as w o u l d be expected i f a d d i t i o n a l A C h molecules saturate 
the contro l sites of the receptor w h e n i n the spurred or act ivated state. 

Θ Θ Θ , 

Resting State Active State Locked 

Active State 

Figure 4. Schematic of a formal conformational equilibrium between the 
resting and active state of the excitable membrane receptor of the motor end 
plate. In the latter state two strategic sites are occupied, and two control sites 
are free; when saturation of the latter is enforced by an excess of effector mole
cules, the active state is changed to a more stable "frozen" conformation, leading 

to prolonged depolarization of the membrane. 

Topographical Symmetry vs. Molecular Quasi-Symmetry. T h e m i 
croscopic environment of each sequential contro l site w i l l obv ious ly have 
its o w n characteristics, a n d i n v i e w of the postulated lower c o m p l e m e n 
tari ty of the neurotransmitter for these sequential contro l sites, the struc
tura l requirements for antagonist b i n d i n g m a y be m u c h less r igorous t h a n 
at strategic sites, a n d strong b i n d i n g s h o u l d be f a v o r e d w h e n the d r u g 
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6. BELLE AU Receptor Mechanisms 159 

structure is stereoelectronical ly compat ib le w i t h the microenvi ronment of 
any one of the contro l sites. H e n c e , m a n y structures b e a r i n g only a m o d 
est analogy ( i f any at a l l ) to the neurotransmitters m a y pre ferab ly 
interact strongly w i t h the contro l sites rather than the strategic ones w h e r e 
the neurotransmitter achieves a " lock-and-key fit." Consequent ly , the 
antagonists w i l l p e r t u r b the receptor conformat ion , a n d i f cooperat iv i ty 
is also achieved, very h i g h potencies m a y occasional ly b e observed. 
A s s u m i n g that a d r u g can interact w i t h more than one contro l area at a 
t ime, the receptor conformat ion m a y be changed or s tab i l i zed more 
effectively since a greater degree of over -a l l complementar i ty w o u l d be 
achieved. O f the m u l t i t u d e of orientations w h i c h an effector such as 
A C h can assume at any t w o v i c i n a l sequent ia l sites, there exist t w o w h e r e 
the molecules w i l l be arranged i n ta i l - to- ta i l fashion ( F i g u r e 5 ) . T h i s is 
w h a t w o u l d obta in , for instance, i f d isplacement f r o m one site to another 
n e i g h b o r i n g site is a c c o m p l i s h e d t h r o u g h a 180° rotat ional m o t i o n . F o r 
this to happen , the t w o adjacent contro l areas w h e r e the molecules are 
interact ing m i g h t be t o p o g r a p h i c a l l y enant iomeric or possess o p p o s i n g 
p h y s i c a l chiral i t ies . A c c o r d i n g l y , effector molecules possessing suitable 

Figure 5. Schematic of sequential control sites on the surfaces of the 
motor end plate receptor and the protoreceptor chain of acetylcholin
esterase. Each circle encompasses an area sufficiently large to accom
modate one molecule of acetylcholine. The arrows represent the short
est possible paths of surface displacements from one site to the other. 
In two positions of the effector, a tail-to-tail arrangement is possible 
when two molecules are bound on two vicinal binding areas. This 
raises the possibility that the two adjacent areas might possess suitable 
elements of topographical symmetry or dissymmetry (the planes being 
represented by dotted lines). The prediction may then be allowed that 
symmetrical, doubly charged effectors (such as succinyldicholine) might 
display complementarity with two areas at a time. Hence, each half 
of the effector molecule could hear a mirror image relationship to the 
other (meso configurations) for optimal interaction with two adjacent 

areas at a time (see text and Figure 6). 
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160 DRUG DISCOVERY 

elements of symmetry m i g h t a l l o w for s imultaneous quas i - complementa l 
interactions w i t h t w o control areas. T h i s m a y encourage t ighter a n d more 
selective b i n d i n g , as w e l l as increased potency i f the contro l sites act 
cooperat ively i n the s tab i l iza t ion of a g iven receptor conformat ion . T h e 
f o l l o w i n g observations offer substantial support for this t o p o g r a p h i c a l 
theory. S u c c i n y l d i c h o l i n e , a s y m m e t r i c a l molecule resul t ing f r o m the 
ta i l - to- ta i l fus ion of t w o A C h molecules , is one of the most potent a n d 
best k n o w n depolar izers of the motor e n d plate m e m b r a n e as w e l l as the 
most effective conformat ion modif ier of the anionic protoreceptor c h a i n 
of A C h E . T h e postulated topographica l ly enant iomeric re la t ion be tween 
the adjacent contro l areas ( F i g u r e 6) i n v o l v e d i n the b i n d i n g of this 

Figure 6. Interaction of βηοοίηι^Ι-β,β'-άΐηιβ^ΙαιοΗοΙίηβ with two neighboring 
anionic areas. If the latter display a topographical plane of symmetry or dis
symmetry (dotted line), the meso isomer should interact optimally, but not the 

or Ό,Ό-enantiomers. This model agrees with experiment (see text). 

effector is suppor ted b y the fact that, whereas the D,D- a n d L ,L - succ inyl -
β,β'-dimethyldocholine are essentially inact ive i n b o t h systems, the meso 
isomer is f a i r l y act ive ( about one- th i rd the ac t iv i ty of succ iny ld icho l ine ) 
both at the receptor a n d enzyme levels ( u n p u b l i s h e d results ) ( F i g u r e 6 ). 
M o r e o v e r , an impress ive n u m b e r of potent c u r a r i z i n g agents are either 
s y m m e t r i c a l or quas i - symmetr i ca l molecules ( such as the toxiferins, tubo
c u r a r i n , e t c ) . H o w e v e r , as noted above, some of the c o n f o r m a t i o n a l ^ 
sensitive contro l sites m a y be less d e m a n d i n g than the strategic s i te(s) 
f r o m the stereoelectronic standpoint , a n d , accordingly , i o n - i o n inter
actions [ w h i c h s u p p l y most of the b i n d i n g energy ( 7 ) ] w i t h molecules 
d i s p l a y i n g lower degrees of symmetry w i l l also be a l l o w e d , w h i c h ex
plains w h y such a vast n u m b e r of b isquaternary ions are k n o w n to possess 
c u r a r i z i n g ac t iv i ty to some degree. A corol lary of considerable i m p o r 
tance is that any receptor system w h i c h , l ike the motor e n d plate receptor 
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6. BELLEAU Receptor Mechanisms 161 

or the protoreceptor cha in of A C h E , is capable of interact ing w i t h s i m i 
la r ly diverse d r u g structures m a y also possess sequential control b i n d i n g 
sites w h e r e conformat ional perturbat ions of one k i n d or another m a y be 
i n d u c e d . A c c o r d i n g l y , at least t w o other receptor systems w o u l d also 
i n c l u d e such sites : the adrenergic α-receptor, for w h i c h concrete evidence 
was a l ready g iven for the presence of accessory sites on its surface, a n d 
the analgesic receptor, w h i c h is k n o w n to respond to as w i d e a var ie ty 
of s t ructural types as the curare receptor. 

F o r the neurotransmitter norepinephr ine , s y m m e t r y considerations 
s imi lar to those a p p l i e d above to the succ iny ld icho l ine b i n d i n g sites a l l o w 
the p r e d i c t i o n that quas i - symmetr ica l ly disposed b i n d i n g areas for aro
mat ic rings m a y be present on the receptor surface ( F i g u r e 7 ) , a n d i f 
the conformat iona l a n d electronic properties of the d r u g are compat ib le 
w i t h the deta i led topography, u n p r o d u c t i v e p h y s i c a l states m a y be r e a d i l y 
i n d u c e d i n the receptor. T h e sequent ia l contro l areas b e i n g quas i -sym
metr i ca l ly disposed, the basis of an explanat ion for the wel l -es tabl i shed 

Figure 7. Schematic of the receptor sur
face for norepinephrine (NE). Site II is 
selective for phenethylamine patterns (in
cluding histamine and serotonin), and Site 
I for catecholamines. Hence, the vicinal 
control areas include aromatic binding 
sites, possibly separated by a plane of 
topographical dissymmetry. Interactions 
at Site II cause a conformational change 
ichich enhances the EEDQ reaction at 
Site I (see Figure 2). The spatial arrange
ment of the aromatic ring binding areas 
could well fit the structural pattern of the 
quasi-symmetrical "diphenylmethane" se

ries of drugs (dotted lines). 
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162 DRUG DISCOVERY 

Figure 8. General structure-type, based on the 
"magic" diphenylmethane pattern of symmetrical 
skeleton as found in many drugs affecting cholin

ergic, adrenergic, and histaminergic receptors 

recurrence of the " m a g i c " d i p h e n y l m e t h a n e pat tern i n a w i d e var ie ty of 
drugs m a y be at h a n d ( F i g u r e 8 ) . A m o n g drugs current ly i n use w h i c h 
are based on the d iphenylmethane pattern, one finds antidepressants, 
antihistamines, neuroleptics , st imulants , sympatholyt ics , parasympatho
lyt ics , analgesics, etc. Because of the less specific nature of some of the 
contro l sites, m a n y of these drugs are not receptor specific. Speci f ic i ty 
m a y be achieved o n l y b y c a p i t a l i z i n g on the subtle conformat iona l a n d 
topographica l differences w h i c h must d is t inguish one receptor surface 
f r o m the other. Concre te m o d e l evidence for this v i e w w i l l be p u b l i s h e d 
elsewhere. Suffice i t to say that this is w h a t is most p r o b a b l y accom
p l i s h e d w h e n the m e d i c i n a l chemist introduces conformat iona l restric
tions ( such as b r i d g i n g ) i n the d iphenylmethane skeleton or w h e n he 
s l ight ly alters symmetry b y i n c o r p o r a t i n g r i n g substituents ( F i g u r e 7 ) . 
O n e area of research w h i c h appears not to have been explored w o u l d be 
the des igning of n o v e l s y m m e t r i c a l or quas i - symmetr i ca l molecules based 
on the fus ion of catecholamine-hke r ings i n various ta i l - to- ta i l patterns 
i n the manner successfully a p p l i e d to c u r a r i z i n g agents. Indeed, w e have 
a l ready a p p l i e d the p r i n c i p l e successfully i n the case of the potent s y m 
metr i ca l b i sa lky la t ing adrenergic b locker ( I ) (59) descr ibed above. 

F i n a l l y , one of the most perverse concatenations of receptor proper 
ties is f o u n d i n the area of narcot ic analgesics a n d their antagonists. N o 
theory of s t ruc ture -ac t iv i ty relat ionships has s u r v i v e d v e r y l o n g i n this 
field, a l t h o u g h recent ly some interest ing studies of the subtle configura-
t ional specif ic i ty of the receptor have been in i t ia ted b y Portoghese (71). 
T h e o n l y point w h i c h m a y be w o r t h e m p h a s i z i n g at this t ime is that the 
extreme conformat iona l d ivers i ty of drugs act ing at this l eve l is s trongly 
reminiscent of the b r o a d adaptab i l i ty of the motor e n d plate receptor. 
T h i s para l l e l i sm suggests that the analgesic receptor m a y s i m i l a r l y i n c l u d e 
several sequential contro l sites on its surface where the p r i n c i p l e of topo-
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6. BELLE AU Receptor Mechanisms 163 

g r a p h i c a l quas i - symmetry m a y be operat ive ( i n d e e d , several strong anal 
gesics be long to the d i p h e n y l m e t h a n e pat tern of s y m m e t r i c a l ske le ton) . 
Some p r a c t i c a l impl ica t ions of this concept i n the des ign of n o v e l classes 
of potent ia l analgesics are rather obvious . W i t h r e g a r d to the molecu lar 
basis of narcotic-analgesic a n d narcotic-antagonist actions, the poss ib i l i ty 
of an analogy w i t h depolar izer a n d non-depolar izer actions on the motor 
e n d plate receptor m a y deserve considerat ion. A t the moment , i t m a y be 
w o r t h w h i l e cons ider ing the hypothesis that narcot ic analgesics m i g h t 
p r o d u c e a p r o l o n g e d , perhaps cooperat ive per turbat ion or dis tor t ion of 
the spurred p h y s i c a l state of receptors i n the manner w h i c h characterizes 
depolar izers of the e n d plate m e m b r a n e whereas narcot ic antagonists 
m a y stabi l ize the rest ing p h y s i c a l state of the receptor, b y analogy w i t h 
tubocurar ine- l ike agents w h i c h b l o c k their receptor w i t h o u t m e m b r a n e 
depolar iza t ion . T h i s c o u l d account for the fact that certa in narcot ic 
antagonists can also d i sp lay analgesic ac t iv i ty since the receptor w o u l d 
also be b l o c k e d , albeit b y a different molecular m e c h a n i s m conduc ive to 
a different membrane configurat ion. If this were true, p h y s i c a l d e p e n d 
ence on m o r p h i n o i d s m i g h t be l i n k e d to m e m b r a n e collapse b y w a y of a 
p r o l o n g e d " d e p o l a r i z a t i o n " type of receptor conformat iona l change. I n 
any event, the sequent ia l contro l site theory for neurotransmitters r e a d i l y 
accounts for the occurrence of m o r p h i n e - l i k e ac t iv i ty i n several types of 
loosely re lated classes of structures. F i n a l l y , i t m a y b e w o r t h w h i l e con
s ider ing the poss ib i l i ty that certa in m e n t a l deficiencies or aberrations 
m a y be l i n k e d , not necessarily to alterations i n neurotransmitter avai la 
b i l i ty , but to i n b o r n or a c q u i r e d defects i n the sequent ia l contro l sites. 
T h i s w o u l d obvious ly be reflected i n a less effective rate of catch b y the 
sensitive membranes a n d decreased effectiveness of in terneuronal 
communicat ions . 
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7 

The Biological Knowledge Gap 

J. J. BURNS 

Hoffmann-La Roche Inc., Nutley, N. J. 07110 

New drug development—so rapid during the past 20 years— 
has slowed because advances in biological science have 
failed to keep pace with those in medicinal chemistry. De-
spite successes cited in psychotherapeutic and anti-inflam
matory drug development, further progress in these areas 
is hampered by inadequate knowledge of fundamental 
disease processes and of the mechanism of action of existing 
drugs. Where more adequate knowledge exists, as in gout 
and Parkinson's disease, important new drugs have been 
developed recently. Others can be expected from basic 
research in drug metabolism and molecular biology now 
under way in the pharmaceutical industry. However, to 
avoid unnecessary delay in introducing future drugs, univer
sities, government, and industry must cooperate in formu
lating criteria for evaluating drug safety and efficacy. 

' " p h e last 20 years have seen the r a p i d deve lopment of n e w drugs, 
A largely because of the advances i n m e d i c i n a l chemistry discussed i n 

this v o l u m e . F u t u r e development , however , w i l l be more dif f icult . W h i l e 
m e d i c i n a l chemistry has a d v a n c e d b y finding n e w methods for synthesiz
i n g c o m p l i c a t e d molecules a n d isolat ing a n d i d e n t i f y i n g the act ive sub
stances f r o m plants , bacter ia , a n d mammals , our b io log ic k n o w l e d g e has 
f a i l e d to keep pace. W e lack basic k n o w l e d g e of d r u g act ion a n d of 
disease processes i n m a n , a n d this lack is certain to de lay future advances, 
especial ly i n treat ing diseases such as cancer, congeni ta l disease, a n d 
v i r a l infections. E v e n w h e n n e w drugs are deve loped, their i n t r o d u c t i o n 
is often d e l a y e d because m e d i c a l opinions differ on w h a t constitutes v a l i d 
safety a n d efficacy data. I n short, w e are confronted b y a w i d e n i n g 
b i o l o g i c a l k n o w l e d g e gap. 

Progress in Developing Psychotherapeutic Agents 

T h e r a p i d development of psychotherapeut ic agents a n d their suc
cess i n treat ing menta l a n d emot ional disorders was one of the more sig-
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7. BURNS The Biological Knowledge Gap 167 

nif icant achievements of the pharmaceut i ca l indust ry i n the last t w o 
decades. S ince c l in ic ians first recognized neurolept ic , antidepressant, a n d 
t r a n q u i l i z i n g effects of cer ta in drugs, laboratory scientists have sought 
to unders tand their p s y c h o p h a r m a c o l o g y a n d to deve lop techniques for 
d iscover ing i m p r o v e d drugs. These scientists devised behaviora l , electro
phys io log ica l , a n d b i o c h e m i c a l concepts a n d techniques a n d , i n d e e d , have 
obta ined a w e a l t h of i n f o r m a t i o n on h o w such drugs interact w i t h b i o 
log ica l systems. B e h a v i o r a l p h a r m a c o l o g y techniques have a d v a n c e d to 
the p o i n t w h e r e they n o w f o r m the h a r d core of the p h a r m a c o l o g i c a l 
profi le of neuroleptics a n d t ranqui l izers . S t i l l , w e lack m u c h important 
in format ion i n this area. 

O n e of the most cha l lenging problems has been the search for w a y s 
to recognize drugs use fu l i n depression. Since attempts to deve lop a n i m a l 
models of depression b y us ing drugs to depress the centra l nervous sys
tem have p r o v e d less than successful, other approaches have been t r i e d ; 
for example, e m p i r i c a l techniques have been used to evaluate the a b i l i t y 
of potent ia l antidepressant agents to antagonize tetrabenazine a n d re
serpine, to potentiate amphetamine or cocaine, a n d to b lock the uptake 
of norepinephr ine , yet the l imitat ions of such techniques have become 
increasingly obvious. T h e y are useful for p r e d i c t i n g ac t iv i ty i n closely 
analogous compounds w i t h i n a chemica l class k n o w n to be c l i n i c a l l y 
effective, but they are m u c h less use fu l i n p r e d i c t i n g such ac t iv i ty i n a 
n e w c h e m i c a l class. A d m i t t e d l y , the evidence that some antidepressants 
decrease norepinephr ine uptake is conceptua l ly appea l ing , but whether 
this can predic t antidepressant ac t iv i ty has yet to be demonstrated. 

W e have been more successful i n i d e n t i f y i n g a n d d e v e l o p i n g effective 
neuroleptics ( ch loropromazine - l ike drugs) or t ranqui l izers ( m e p r o b a -
mate- l ike , a n d ch lordiazepoxide- l ike drugs ). O u r success has been largely 
the result of n e w techniques i n behav iora l pharmacology . F o r example, 
i n h i b i t i o n of c o n d i t i o n e d avoidance behavior is general ly accepted as a 
good predic tor of ch lorpromazine - or ha loper ido l - l ike ant ipsychot ic ac
t iv i ty . H o w e v e r , once again, compounds different f r o m the established, 
c l i n i c a l l y effective c h e m i c a l series have fa i l ed to p r o d u c e the effects pre
d i c t e d on the basis of this test. O b v i o u s l y , w e w i l l need greater under 
s tanding if w e are to i d e n t i f y n e w a n d unrelated chemicals w i t h i m p r o v e d 
therapeutic properties. 

There is a great dea l of enthusiasm a n d increasing confidence i n the 
value of anticonfl ict properties of t ranqui l izers i n animals for p r e d i c t i n g 
anti -anxiety properties i n m a n . T o date, the correlat ion is i n d e e d i m 
pressive a n d appears re l iable . Ant i -aggress ive ac t iv i ty , a p r e d o m i n a n t 
property of m a n y neurolept ic a n d t r a n q u i l i z i n g agents, also seems to have 
predic t ive value . 
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168 DRUG DISCOVERY 

F u r t h e r research i n psychopharmaceut ica ls is obvious ly important , 
b u t our interests s h o u l d be focused on the areas of greatest m e d i c a l need. 
O n e such area is sch izophrenia . N o matter h o w effective today's drugs 
are, more effective ones w i l l be r e q u i r e d . 

M o r e o v e r , research is needed i n n e w areas, such as l earn ing and 
memory . D r u g s to enhance the performance of patients w i t h m e n t a l re
tardat ion, senil i ty, a n d other m e n t a l deficiencies w o u l d c lear ly constitute 
a major contr ibut ion . For tunate ly , sufficient k n o w l e d g e exists to b e g i n 
m e a n i n g f u l research. W e can measure learning a n d m e m o r y performance, 
a n d certa in drugs do enhance such performance . W e also have evidence 
of the possible role of macromolecules i n l earn ing-memory funct ions. N o w 
w e need to e lucidate fur ther the re lat ionship be tween a n i m a l behavior 
a n d inte l lec tual funct ions i n m a n a n d also the relat ionships of relevant 
n e u r o b i o c h e m i c a l a n d neurophys io log ica l funct ions . T h e task of invest i 
gat ing drugs that m a y enhance such funct ions is f o r m i d a b l e because 
c l i n i c a l l y effective standards do not exist. These are the challenges w e 
face. 

Animal Models for Evaluating Anti-Inflammatory Drugs 

I n m a n , arthrit is produces p a i n , s w e l l i n g , redness, a n d increased 
temperature of joints. I n animals , the same symptoms can be p r o d u c e d 
as part of an inf lammatory process i n w h i c h m e m b r a n e permeabi l i ty i n 
creases l eading to ce l lu lar destruct ion. T h i s in f lammat ion , i n d u c e d b y 
such substances as p h e n y l q u i n o n e , carrageenin, a n d yeast, can be par
t ia l ly prevented b y ant i - inf lammatory drugs, such as asp i r in a n d p h e n y l 
butazone. Screening w i t h these tests, scientists were able to select 
i n d o m e t h a c i n a n d mefanamic a c i d f r o m large groups of compounds . 
H o w e v e r , w i t h these same tests they ident i f ied m a n y other compounds , 
w h i c h they later h a d to d i scard as false positives or producers of toxic 
effects, p a r t i c u l a r l y u lcerogenic effects. 

A more recent m o d e l of in f lammat ion is the k i l l e d M y c o b a c t e r i u m 
adjuvant arthrit is test. Besides an acute inf lammatory phase, i t produces 
a secondary phase character ized b y i n d u c t i o n of an inf lammatory lesion 
at sites distant f r o m the i n i t i a l lesion a n d also b y the deve lopment of 
b i o c h e m i c a l alterations measured b y changes i n b l o o d fibrinogen, muco
polysaccharides a n d α-globulin. These distant changes m a y be m e d i a t e d 
b y the k i n i n systems, such as b r a d y k i n i n . T h i s n e w m o d e l is affected b y 
most drugs act ive i n the h u m a n arthrit is a n d promises better predic t ive 
value than earl ier models , w h i c h measured p r i m a r i l y the acute phases. It 
permits measur ing i n m a n a n d animals such b i o c h e m i c a l parameters as 
in f lammat ion units re lated to the α-globulins. S u c h measurements m a y 
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7. BURNS The Biological Knowledge Gap 169 

increase our unders tanding of the ar thr i t ic process a n d give better pre
d i c t a b i l i t y for n e w classes of compounds . 

A f t e r p r o m i s i n g compounds are ident i f ied i n animals , f o r m i d a b l e 
problems of d r u g absorpt ion, b l o o d levels, u lcerogenic ac t iv i ty , a n d l iver 
toxic i ty must be solved. A huge effort has been m o u n t e d b y major phar
maceut i ca l houses i n the synthesis of ant i - inf lammatory compounds , eval 
uat ion b y current a n i m a l models , extended p h a r m a c o l o g i c a l examinat ion, 
toxic i ty studies, p h a r m a c o d y n a m i c studies, a n d the subjective screening 
i n ar thr i t ic patients. So far, this costly effort has not been very p r o d u c 
t ive ; no d r u g has been f o u n d to be superior to aspir in i n efficacy a n d 
safety for long- term use, yet there is r o o m for m u c h improvement . N o 
d r u g cures arthrit is . N o d r u g affects the i m m u n o l i g i c aspects of the h u m a n 
disease, a n d m e a n i n g f u l a n i m a l models are almost nonexistent. T h e fact 
that m a n y screening tests are unre l iab le indicators of d r u g efficacy i n m a n 
presents a p r o b l e m i n interpretat ion. Screening results must be cons id
ered care fu l ly before d e c i d i n g to b e g i n the vast effort r e q u i r e d to complete 
the development of a n e w d r u g . If a pharmacologist s h o u l d discover an 
active c o m p o u n d tomorrow, six years or more m i g h t elapse before it c o u l d 
be i n t r o d u c e d to the m e d i c a l profession. 

Deficient Knowledge of Drug Action and Disease Processes 

T h e search for n e w drugs w o u l d be greatly fac i l i ta ted if w e k n e w 
more about current ly used drugs. In fact, w e k n o w surpr is ingly l i t t le 
about the mechanism of act ion of such w i d e l y used drugs as aspi r in , 
barbiturates , the phenothiazines , m o r p h i n e , a n d ant i - inf lammatory agents 
— p h e n y l b u t a z o n e a n d indomethac in . If, for example, w e k n e w h o w 
phenylbutazone exerts its therapeutic effect i n r h e u m a t o i d arthrit is , w e 
c o u l d develop a more ra t ional screening program. 

W e also need to k n o w more about the disease to be treated. Just 
h a v i n g suitable a n i m a l models of h u m a n disease helps b y f u r n i s h i n g more 
re l iable screening tests. L a c k of such models has h i n d e r e d arthrit is re
search, a n d the a v a i l a b i l i t y of a n i m a l models has contr ibuted to our 
l i m i t e d success i n hypertens ion a n d h y p e r l i p e m i a research. 

A n example of the value of unders tanding the nature of the disease 
is the considerable progress made i n gout therapy. G o u t is character ized 
b y an o v e r p r o d u c t i o n of ur ic a c i d , w h i c h accumulates i n the b o d y , result
i n g i n a p a i n f u l ar thr i t ic condi t ion . D r u g s , such as p r o b e n e c i d a n d sulf in
pyrazone , reduce ur i c a c i d levels b y p r o m o t i n g its excretion i n the ur ine . 
H o w e v e r , these drugs are less effective i n gouty patients w i t h i m p a i r e d 
renal func t ion . F o r such patients the development of a l l o p u r i n o l , w h i c h 
inhibi ts the synthesis of u r i c a c i d , has offered an effective n e w therapy. 
A l l o p u r i n o l acts b y i n h i b i t i n g xanthine oxidase, the key enzyme for con-
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170 DRUG DISCOVERY 

v e r t i n g xanthine through hypoxanth ine to ur ic a c i d . T h e xanthine pre
cursors are excreted more r a p i d l y than ur i c ac id , a n d thus they do not 
accumulate ( 1 ). 

A n o t h e r example is l evodopa , a p r o m i s i n g d r u g for Parkinson's dis
ease. It was made possible because of our considerable k n o w l e d g e of 
the metabo l i sm a n d b i o l o g i c a l act ion of l evodopa a n d catecholamines i n 
general . P a r k i n s o n i s m patients have l o w e r e d levels of d o p a m i n e i n spe
cific areas of the b r a i n . B u t since d o p a m i n e does not penetrate into the 
b r a i n to any apprec iab le extent, it was necessary to administer its pre
cursor, l evodopa , to correct the deficiency. Subsequently , Cotz ias (2) 
cont r ibuted to the successful treatment of Park insonism b y s h o w i n g that 
large doses of l e v o d o p a were most effective. 

Advances in Drug Metabolism and Molecular Biology 

D r u g metabol i sm studies have g r o w n increas ingly important . A c o m 
m o n a p p r o a c h i n m a n y laboratories is to ask whether a n e w d r u g is active 
i n its o w n r ight or whether it owes its ac t iv i ty a n d side effects to one or 
more metabolites . T h i s a p p r o a c h has resulted i n i m p r o v e d drugs for the 
treatment of r h e u m a t o i d arthrit is , gout, menta l depression, a n d schisto
somiasis. A l s o , increased k n o w l e d g e of d r u g metabo l i sm has f u r n i s h e d 
clues to the synthesis of compounds w i t h more desirable absorpt ion, 
excretion, metabol i sm, a n d tissue d i s t r ibut ion characteristics. 

D r u g metabol i sm studies have been r e v o l u t i o n i z e d b y p h y s i c a l chem
i c a l techniques such as mass spectrometry a n d nuclear magnet ic reso
nance. T h e y make possible metabol i sm studies i n a f e w weeks that 
prev ious ly w o u l d have taken months or years. P h a r m a c e u t i c a l laboratories 
have set u p extensive programs i n d r u g metabol i sm research, w h i c h should 
establish a basis for the future d r u g development . 

T h e past decade w i l l surely be remembered for the notable advances 
i n molecular b io logy . M u c h in format ion is n o w b e c o m i n g ava i lab le : the 
steps i n the expression of genetic in format ion , the intr icate details of 
t ranscr ipt ion a n d translat ion, a n d the mechanisms w h e r e b y D N A directs 
prote in synthesis. A l l this w i l l surely he lp solve some of our current 
problems, but w e need m u c h more in format ion . O n l y b y unders tanding 
b i o c h e m i c a l changes a c c o m p a n y i n g v i r a l in fec t ion can w e ra t ional ly 
search for a n t i v i r a l drugs. O n l y b y unders tanding h o w k n o w l e d g e is 
stored a n d reca l led i n the central nervous system a n d whether macro-
molecules are i n v o l v e d i n the m e m o r y process can w e systematical ly seek 
drugs to alter learning a n d m e m o r y . In the foreseeable future , s t r ik ing 
advances can be expected i n treat ing those genetic defects i n w h i c h 
specific proteins are miss ing or so altered as to produce a metabol ic lesion. 
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7. BURNS The Biological Knowledge Gap 171 

T o achieve these advances, p h a r m a c e u t i c a l firms have increas ingly 
emphas ized research i n molecular b io logy. H o f f m a n n - L a R o c h e has set 
u p the R o c h e Institute of M o l e c u l a r B i o l o g y w i t h a staff of 200, i n c l u d i n g 
70 at the doctorate l eve l (3, 4). These scientists have f r e e d o m to select 
basic research problems based solely on scientific merit . T h e y have access 
to a l l the firm's m o d e r n faci l i t ies a n d can col laborate i f they w i s h w i t h 
c o m p a n y scientists on problems that might be imposs ible to solve w i t h 
the l i m i t e d faci l i t ies a n d staff of the usual academic inst i tut ion. 

The Need for Safety and Efficacy Criteria 

A n important gap exists i n our k n o w l e d g e of the best means to eval 
uate the safety a n d efficacy of drugs. O f t e n w e discover a c o m p o u n d 
w i t h potent ia l ly va luable therapeutic effects i n animals o n l y to have its 
use i n h u m a n disease l i m i t e d b y toxic i ty . O r perhaps the d r u g must be 
abandoned because the c l i n i c a l investigator cannot establish its efficacy 
i n m a n . Species differ great ly : a d r u g m a y act one w a y i n the dog , an
other w a y i n the rat, a n d s t i l l another w a y i n m a n . H o w then can w e 
extrapolate p h a r m a c o l o g i c a l a n d toxicologica l data f r o m a n i m a l to man? 
Recent studies show that metabol ic différencies expla in m a n y of the v a r i 
ations i n species response. T h u s , us ing d r u g metabol i sm data w e can, 
w i t h more certainty, infer d r u g act ion i n m a n f r o m pharmacologica l - tox i -
co log ica l studies i n animals . 

T o evaluate the safety of a c o m p o u n d , it must be g iven to animals 
for extended per iods—per iods as l o n g as one to t w o years i n rodents a n d , 
i n some instances, even longer i n dogs. Recent research shows that the 
metabol i sm of m a n y drugs is accelerated m a r k e d l y after repeated a d m i n 
istrat ion, a n d this m a y lead to less toxic i ty w i t h cont inued dosage. S u c h 
i n f o r m a t i o n bears i m p o r t a n t l y o n the interpretat ion a n d design of chronic 
toxic i ty tests. 

D e t e r m i n i n g the significance of malformat ions p r o d u c e d i n animals 
w i t h h i g h doses of a n e w d r u g poses dif f icult problems ( 5 ) . A n over-
react ion to the t h a l i d o m i d e disaster has fostered an attempt to ensure 
complete safety b y a n i m a l experimentat ion. T h i s a d m i t t e d l y is an i m 
possible goal ; under certain circumstances, even such c o m m o n l y used 
drugs as asp i r in cause malformat ions i n rats a n d other animals . C l e a r l y , 
more research is necessary to establish better protocols for these studies 
a n d their interpretat ion. 

I n recent years people have become concerned about the poss ib i l i ty 
of genetic damage caused b y drugs as w e l l as pesticides, f o o d ingredients 
a n d addit ives , i n d u s t r i a l chemicals , a n d other substances i n the envi ron
ment (6, 7 ) . A t present, no one can predic t the risk to future h u m a n 
generations based on c h e m i c a l mutagenic tests i n bacter ia , molds , f r u i t 
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172 DRUG DISCOVERY 

flies, a n d h u m a n cells i n tissue cul ture . A conference o n " E v a l u a t i o n of 
M u t a g e n i c Effects of C h e m i c a l s " h e l d N o v . 4 - 6 , 1970 i n W a s h i n g t o n , 
D . C , was sponsored b y the D r u g Research B o a r d of the N a t i o n a l A c a d 
e m y of S c i e n c e s - N a t i o n a l Research C o u n c i l , together w i t h the E n v i r o n 
m e n t a l M u t a g e n Society, the N a t i o n a l Institute of G e n e r a l M e d i c a l 
Sciences, F o o d a n d D r u g A d m i n i s t r a t i o n , a n d the P h a r m a c e u t i c a l M a n u 
facturers Assoc ia t ion F o u n d a t i o n . T h e part ic ipants i n this conference 
evaluated v a r y i n g approaches to mutagenic testing a n d considered n e w 
areas of research ( S ) . 

P u b l i c concern has focused o n the possible carc inogenic effects of 
drugs a n d other chemicals . L o n g - t e r m chronic toxic i ty studies i n a v a 
r iety of species have been started i n the hope of m i n i m i z i n g potent ia l 
r isk of cancer i n m a n . H o w e v e r , the results of such studies are dif f icult , 
sometimes imposs ible , to interpret . Yet their economic i m p a c t can be 
enormous, as s h o w n b y the w i t h d r a w a l of cyclamates w h e n b l a d d e r can
cer was observed i n a l i m i t e d n u m b e r of rodents. Inevi tab ly drugs w i l l 
be affected too; a l ready the safety of certa in ora l contraceptives has been 
quest ioned because of possible carc inogenic effects i n the breasts of dogs 
after extended use. 

I m m u n o l o g i c effects of drugs r e m a i n u n p r e d i c t a b l e based o n a n i m a l 
test data , despite intensive research effort. T h e pharmaceut i ca l indust ry 
has reason for concern; the rare occurrence of b l o o d dyscrasia , even w i t h 
a needed d r u g , can seriously l i m i t its use. Years of w o r k o n c h l o r a m 
p h e n i c o l , for example, have f a i l e d to discover w h y it depresses the bone 
m a r r o w i n some i n d i v i d u a l s . N o r have scientists learned to pred ic t such 
severe sk in reactions as exfol iat ive dermati t is f r o m exper imenta l studies. 
For tunate ly , progress i n p r e d i c t i n g p e n i c i l l i n sensit ivity justifies a degree 
of o p t i m i s m that s imi lar progress can be m a d e w i t h other drugs. 

N o discussion of the b i o l o g i c a l k n o w l e d g e gap w o u l d be complete 
w i t h o u t m e n t i o n i n g d r u g abuse. T h i s is one of the most c r i t i ca l problems 
of our t ime, yet our u n d e r s t a n d i n g of the pharmaco logy of abuse is a l 
most tota l ly deficient. W h y do some i n d i v i d u a l s abuse narcotics, L S D , 
mari juana, or amphetamines? H o w can w e predict , based on a n i m a l tests, 
the abuse potent ia l of a n e w c o m p o u n d ? R i g h t n o w w e can o n l y infer 
abuse potent ia l for c o m p o u n d s re lated c h e m i c a l l y or p h a r m a c o l o g i c a l l y 
to drugs w i t h k n o w n abuse potent ia l . W h a t is the m e c h a n i s m of toler
ance a n d addic t ion? Perhaps there is an i m m u n o l o g i c a l basis for m o r p h i n e 
a n d hero in tolerence. Perhaps i n d u c t i o n of d r u g m e t a b o l i z i n g enzymes i n 
l iver microsomes m a y expla in tolerance to some barbiturates . M o r e re
search is r e q u i r e d to answer these questions. 

A major p r o b l e m i n therapy is i n d i v i d u a l differences i n d r u g response 
apparent ly contro l led b y genetic factors ( 9 ) . W h a t is a safe dose for 
one pat ient m a y be either ineffective or toxic i n another because of faster 
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7. BURNS The Biological Knowledge Gap 173 

or s lower metabol i c t ransformation. Patients m a y receive several drugs 
s imultaneously w h i c h poses the quest ion of d r u g interactions (10). A 
var iety of d r u g interactions have been reported, i n c l u d i n g the a b i l i t y of 
one d r u g to st imulate or i n h i b i t the metabol i sm of another, interference 
w i t h rena l mechanisms, displacement of drugs that b i n d to p l a s m a pro
teins, a n d interference w i t h intest inal absorpt ion. A l m o s t certa inly , i n 
vest igat ion of genetic factors a n d d r u g interact ion w i l l he lp exp la in 
adverse reactions a n d lead to i m p r o v e d d r u g safety. 

The Work of Government and Industry Groups 

I n recent years the W o r l d H e a l t h O r g a n i z a t i o n has p u b l i s h e d several 
reports o n the pr inc ip les of safety evaluat ion (11) as has the C o m m i t t e e 
on Problems of D r u g Safety of the N a t i o n a l A c a d e m y of S c i e n c e s - N a 
t iona l Research C o u n c i l (12). T h e committee has s tudied the quest ion 
of h o w m u c h metabol ic data is useful at each stage i n the invest igat ion of 
a n e w d r u g a n d surveyed the status a n d future needs for d r u g safety 
research. It has also a t tempted to fami l ia r ize pharmacologists , b i o c h e m 
ists, a n d m e d i c i n a l chemists w i t h the theoret ical a n d p r a c t i c a l aspects of 
d r u g metabol i sm studies. It has h e l d symposiums to r e v i e w advances i n 
deve lopmenta l pharmacology , i m m u n o p h a r m a c o l o g y , m e c h a n i s m of d r u g 
oxidat ion , c h e m i c a l mutagenesis, adverse d r u g reactions repor t ing systems, 
a n d an a p p l i c a t i o n of newer p h y s i c a l techniques for d r u g metabo l i sm 
study. 

T h r o u g h p r o g r a m project a n d center grants a n d t h r o u g h contracts 
w i t h p h a r m a c e u t i c a l firms, the P h a r m a c o l o g y - T o x i c o l o g y P r o g r a m of the 
N a t i o n a l Institute of G e n e r a l M e d i c a l Sciences has invest igated m a n y 
questions concerned w i t h d r u g safety. These p r o g r a m a n d center grants 
speed the study of d r u g safety i n m a n b y g r o u p i n g together first-rate 
scientists i n pharmacology, m e d i c i n a l chemistry a n d the basic sciences. 
T h e P h a r m a c e u t i c a l M a n u f a c t u r e r s Assoc ia t ion F o u n d a t i o n has also fur 
n ished grants to m a n y universit ies to s tudy mechanisms of d r u g toxic i ty . 

G o v e r n m e n t a n d industry organizations have considered w h a t con
stitutes adequate c l i n i c a l efficacy as w e l l as safety—especia l ly the diff icult 
p r o b l e m of efficacy data for ant iconvulsant , analgesic, a n d p s y c h o p h a r m a -
cologic agents. P a r t i c u l a r l y noteworthy is the effort of a c o m b i n e d Task 
F o r c e of the A m e r i c a n C o l l e g e of N e u r o p s y c h o p h a r m a c o l o g y a n d the 
N a t i o n a l Institute of M e n t a l H e a l t h to establish pr inc iples for eva luat ing 
psychotropic drugs. Recent ly , the P h a r m a c e u t i c a l M a n u f a c t u r e r s Asso
c ia t ion set u p panels to formulate efficacy guidel ines for several thera
peut ic classes. T h e D r u g Ef f i cacy S tudy of the N a t i o n a l A c a d e m y of 
Sciences has p i n p o i n t e d m a n y of the problems i n this field, f u r t h e r i n g 
future c l i n i c a l d r u g investigations. 
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174 DRUG DISCOVERY 

Conclusion 

O b v i o u s l y m a n y constraints are operat ing against the development 
of n e w drugs. A m o n g the most important is deficient basic k n o w l e d g e of 
d r u g act ion a n d of disease processes. T o help remedy these deficiencies, 
p h a r m a c e u t i c a l firms have begun basic research into cancer, v i r a l diseases, 
organ transplants, a n d a host of degenerative condit ions . H o w e v e r , basic 
research w i l l require ever- increasing financial commitments over long 
periods before impor tant n e w drugs w i l l become avai lable to the m e d i c a l 
profession. 

In t roduct ion of n e w drugs is often de layed b y differences of o p i n i o n 
on w h a t constitutes v a l i d safety a n d efficacy data . I n m a n y instances, 
confus ion is caused b y difficulties i n interpret ing a n i m a l toxic i ty findings 
a n d inadequate cr i ter ia for safety a n d efficacy of a n e w d r u g i n m a n . 
T o prevent unnecessari ly de layed d r u g introduct ions , the academic com
m u n i t y together w i t h the F o o d a n d D r u g A d m i n i s t r a t i o n a n d the phar
maceut i ca l i n d u s t r y should w o r k together to establish v a l i d guidel ines . 
Such cooperat ion w i l l be p a r t i c u l a r l y r e q u i r e d w h e n current basic research 
yie lds potent n e w drugs for evaluat ion. 

Scientists have become concerned about the cutbacks i n research 
grant programs of the N a t i o n a l Institutes of H e a l t h a n d the N a t i o n a l 
Science F o u n d a t i o n . E q u a l l y important is a c o n t i n u i n g generous support 
for predoctora l a n d postdoctoral t ra in ing programs, as w e l l as t ra in ing 
programs for pharmacology , m e d i c i n a l chemistry, a n d related disc ipl ines . 
Otherwise , advances i n the p h a r m a c e u t i c a l sciences m a y be seriously 
i m p a i r e d b y the lack of appropr ia te ly t ra ined researchers. 
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The Rate of Contemporary Drug Discovery 

BARRY M . B L O O M 

Medical Research Laboratories, Pfizer Pharmaceuticals, Groton, Conn. 06340 

While the rate at which new single entity drug products 
received regulatory approval and were introduced in the 
United States during the period 1941-1970 increased con
tinually until the early 1960's, it has declined sharply since. 
An analysis by drug category, comparing periods immedi
ately preceding and following passage of the 1962 Drug 
Law Amendments, identifies some reasons for the decline 
that appear to be attributable to the evolving U.S. regula
tory climate. One particularly vexing observation is that 
while certain types of drugs, notably central nervous system 
agents, antibiotics, and cancer drugs continue to gain 
regulatory approval, vitally needed types of agents for other 
important medical problems of our time, such as cardio
vascular and pulmonary diseases, are notably absent among 
newly introduced drug products. 

T n t r y i n g to unders tand the m e c h a n i s m of a process, chemists often find 
A i t en l ightening to analyze the rates i n v o l v e d . I n l ike fashion, n e w 
insights into the nature of contemporary d r u g discovery m i g h t be obta ined 
i f w e c o u l d learn about the rate at w h i c h that process has o c c u r r e d i n 
recent years. There has been m u c h discussion recent ly about a decl ine 
i n the rate at w h i c h n e w drugs are b e i n g discovered a n d made avai lable 
for m e d i c a l use. T h i s paper assesses the rate of n e w d r u g p r o d u c t intro
d u c t i o n over the last 30 years, a p e r i o d w h i c h corresponds essentially to 
the entire m o d e r n era of d r u g research. 

T h e a p p r o a c h is to analyze a list of the basic n e w agents i n t r o d u c e d 
to m e d i c a l pract ice i n the U . S . since 1941, us ing the D e H a e n " N e w P r o d 
uct S u r v e y " a n d " N o n - P r o p r i e t a r y N a m e Index" as p r i m a r y source mate
rials ( J ) . T h e D e H a e n lists, w h i c h contain m a n y k i n d s of n e w d r u g 
products , have been c u l l e d a c c o r d i n g to a set of exclusion rules w e have 
devised to make them a more m e a n i n g f u l index of the rate of bona fide 
d r u g discovery. 

176 
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8. B L O O M Contemporary Drug Discovery 177 

A c c o r d i n g to these rules, a d r u g p r o d u c t was i n c l u d e d i n our edi ted 
list o n l y i f i t was, at the t ime of market in t roduct ion , a new, single c h e m i 
ca l ent i ty in tended for h u m a n therapeut ic use, that d i d not f a l l into any 
of the f o l l o w i n g , e x c l u d e d categories: b iologicals such as vaccines; d i a g 
nostic aids; hospi ta l solutions; non-absorbed h i g h molecular w e i g h t com
pounds ; i m p u r e extracts of na tura l o r i g i n ; n e w uses and/or formulat ions 
of prev ious ly marketed drugs ; n e w single components i n c l u d e d i n p r e v i 
ously marketed mixtures; a n d n e w salts of previous ly marketed drugs. 
A l t h o u g h n e w salts have been exc luded, our edi ted list does i n c l u d e n e w 
esters a n d other covalent ly b o n d e d derivatives of previous ly marke ted 
drugs. 

T h e inherent l imitat ions of this a p p r o a c h are readi ly apparent. Be
cause i t is the only f o r m i n w h i c h comprehensive data are avai lable to us, 
w e have h a d to use dates of U . S . n e w p r o d u c t introduct ions as an index 
of the rate at w h i c h n e w drugs are b e i n g discovered throughout the w o r l d . 
T h e justif ication for assuming that there is a correlat ion between the 
t ime w h e n a d r u g is first d iscovered and the date w h e n it is i n t r o d u c e d 
i n the U . S . market derives f r o m the considerat ion that, i n a l l l i k e l i h o o d , 
the sponsors of any significant n e w d r u g today w i l l be strongly mot iva ted 
to make it avai lable c o m m e r c i a l l y i n the U n i t e d States as soon as possible . 
R e c o g n i z i n g that the t ime p e r i o d f r o m discovery to U . S . market intro
d u c t i o n is l i k e l y to differ s ignif icantly f r o m case to case, w e have sought 
to m i n i m i z e this potent ia l source of error b y restr ic t ing the analyses to 
comparisons i n v o l v i n g periods of no less than five years. 

A n y effort to determine w h i c h d r u g products deserve to be on a list 
restr icted to new, single chemica l entities is b o u n d to lead to a few ques
t ionable judgments , a n d the s imple exclusion rules w e used are no excep
t ion. H o w e v e r , the n u m b e r of debatable cases i n this study is too smal l to 
cause any serious concern. 

W e have not at tempted to dis t inguish the di f fer ing degrees of inno
vat ion that i n d i v i d u a l discoveries represent. W e treat an u n i m p o s i n g 
molecular modi f i ca t ion of a wel l -es tabl ished therapeutic p r i n c i p l e as i f i t 
were ent irely equivalent to the discovery of p e n i c i l l i n G or cortisone. 
At tempts to assess comparat ive degrees of innovat ion a n d m e d i c a l s ig
nif icance objectively are so diff icult that despite the potent ia l value of 
such judgments i n a s tudy l ike this one, efforts to do so must r e m a i n 
outside the scope of this paper. 

Analyses of Data 

W e have ana lyzed our ed i ted l ist to see i f i t supports the w i d e l y h e l d 
conclus ion that the rate of n e w p r o d u c t i n t r o d u c t i o n has s l o w e d s ignif i 
cant ly of late. T a b l e I gives clear evidence that this is true. W e have 
carr ied our analysis t h r o u g h A u g u s t 1970 a n d b r o k e n the 30-year p e r i o d 
under s tudy into five-year segments. 
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178 D R U G D I S C O V E R Y 

Table I. Rate of New Product Introductions By Category 

A v e r a g e N u m b e r of 
F i v e - Y e a r P e r i o d B a s i c N e w A g e n t s 

I n t r o d u c e d P e r Y e a r 

1941-45 10 
1946-50 18 
1951-55 31 
1956-60 39 
1961-65 20 
1966-70 ( through August ) 12 

T h e rate that p r e v a i l e d d u r i n g the w a r years (1941-45) increased 
steadily to a m a x i m u m d u r i n g the last hal f of the 1950's, w h e n n e w 
entities were b e i n g i n t r o d u c e d at an average rate of almost 40 per year. 
T h e r e was a sharp decl ine i n 1962, c o i n c i d i n g w i t h the passage of the 
K e f a u v e r - H a r r i s A m e n d m e n t s to the F o o d a n d D r u g s A c t late that year. 
T h e net effect was a decrease b y hal f of the rate of n e w p r o d u c t intro
ductions d u r i n g the p e r i o d 1961-65 i n compar ison w i t h the previous 
p e r i o d . T h e rate d e c l i n e d further , b y almost hal f again , i n the present 
five-year p e r i o d , reach ing a l o w i n 1969, w h e n o n l y seven compounds 
appear on the list. ( O n the other h a n d , 11 basic n e w agents ga ined 
U . S . regulatory a p p r o v a l d u r i n g the first eight months of 1970). 

Next , w e c o m p a r e d the p r o d u c t i v i t y of each five-year p e r i o d to deter
m i n e whether any factors that m i g h t be responsible for i n d u c i n g i m p o r 
tant changes i n the rate of emergence of n e w products were discernible . 
A l t h o u g h the conclusions w i l l h a r d l y prove surpr is ing , they do offer a 
means of enhanc ing our perspect ive on the evolut ion of the m o d e r n d r u g 
discovery effort. 

G o i n g back to the first five-year period—1941-45—the over -a l l l eve l 
of research ac t iv i ty was s ignif icant ly l o w e r than that of today. M u c h of 
the technology r e q u i r e d to support operations of the efficiency a n d sophis
t icat ion that are n o w commonplace was not yet avai lable . T h e N e w D r u g 
A p p l i c a t i o n h a d a lready come into existence a f e w years earlier, i n 1938, 
f o l l o w i n g the el ix ir of su l fan i lamide tragedy, a n d cert i f icat ion h a d b e g u n 
—first , w i t h i n s u l i n i n 1941 a n d subsequently w i t h p e n i c i l l i n i n 1945. I n 
a d d i t i o n , there were the m a n y compl icat ions that the w a r itself in t ro
d u c e d . Despi te a l l of this, the research effort of the p e r i o d p r o v e d re
m a r k a b l y p r o d u c t i v e . These were the exc i t ing years w h e n A m e r i c a n 
medic ine first ga ined the use of antibiot ics l ike p e n i c i l l i n a n d strepto
m y c i n , a n d the first of the i m p r o v e d sul fa drugs. 

Research at this t ime was h i g h l y eclectic . Chemis t s were a p p l y i n g 
an unprecedented effort to p r o b i n g , emula t ing , a n d explo i t ing nature. 
Research on vi tamins , amino acids, a n d other n u t r i t i o n a l factors was 
h i g h l y p r o d u c t i v e . Efforts to i m p r o v e u p o n such hormones as e p i n e p h -
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8. B L O O M Contemporary Drug Discovery 179 

rine, estradiol , a n d testosterone were b e g i n n i n g to bear f ru i t . M o l e c u l a r 
modif ica t ion , w h i c h some consider a re lat ively n e w f o r m of research 
endeavor, was a l ready a w e l l - p r a c t i c e d art, a n d the p r e v a i l i n g s tandard 
of therapy that scientists sought to supersede was often pret ty l o w . E v e n 
at this ear ly t ime, i m p r o v e d analogs of more than a d o z e n different major 
classes of drugs were b e g i n n i n g to be d e v e l o p e d a n d m a r k e t e d , i n c l u d i n g 
the barbi turate hypnot ics , analgesics, ant ipyret ics , l o c a l anesthetics, mus
cle relaxants, pressor amines, m e r c u r i a l diuret ics , xanthines, p a r a s y m 
p a t h o m i m e t i c drugs, sex hormones, su l fonamide antibacterials , a n d 
ant imalar ia ls . 

T h i s k i n d of p r o d u c t i v i t y brought about g r o w t h i n d r u g research 
organizations, a n d the increased l e v e l of research ac t iv i ty was almost 
certa inly a contr ibut ing factor d u r i n g the ensuing p e r i o d (1946-50) , 
w h e n major breakthroughs o c c u r r e d i n an almost constant stream. 
W i d e s p r e a d screening of fermentat ion broths, p r o m p t e d b y the dramat i c 
success of p e n i c i l l i n G , p r o d u c e d , i n r a p i d succession, the first three 
broad-spectrum antibiot ics ( chlortetracycl ine , c h l o r a m p h e n i c o l , a n d oxy-
tetracycl ine ). H o r m o n e research, explo i t ing a g r o w i n g base of k n o w l e d g e 
about s teroid chemistry, suddenly y i e l d e d r i c h d i v i d e n d s w i t h the d e m o n 
stration of the m e d i c a l importance of cortisone. T h e r e were notable 
successes i n b o t h the search for i m p r o v e d analogs of establ ished m e d i c i -
nals a n d the discovery of ent ire ly n e w d r u g classes a n d prototypes. T h e 
first antihistamines appeared, as d i d the first synthetic ant ichol inergic 
drugs. Isoproterenol was made avai lable to m e d i c a l pract ice , as w e r e the 
forebears of n i t ro furan antibacterials , n i t rogen mustards, adrenergic , a n d 
gangl ionic b l o c k i n g agents, a m o n g others. 

E a c h n e w research t r i u m p h f o l l o w e d close u p o n the heels of the last. 
T h e n u m b e r of important goals for discovery research recognizable to 
m e d i c i n a l chemists a n d pharmacologists v i r t u a l l y d o u b l e d w i t h i n a f e w 
short years, a n d it is h a r d l y di f f icul t to appreciate , i n retrospect, h o w 
these exhi larat ing achievements set the stage for the peak rate of p r o d u c t 
i n t r o d u c t i o n that o c c u r r e d about a decade later. 

T h e next five-year p e r i o d (1951-55) saw a c o n t i n u i n g parade of 
important n e w antibiot ics p r o d u c e d d i rec t ly b y fermentat ion, such as 
p e n i c i l l i n V , n e o m y c i n , p o l y m y x i n , a n d the m e d i u m - s p e c t r u m macrol ides . 
T h e massive c h e m i c a l effort m o u n t e d i n the cort icosteroid field, f o l l o w i n g 
recogni t ion of the m e d i c a l impor tance of cortisone, q u i c k l y l e d to great ly 
i m p r o v e d compounds , as first hydrocort isone a n d then prednisolone , a 
t r i u m p h of analog research, became avai lable i n c o m m e r c i a l quantit ies , 
h e l p e d b y a major in fus ion of n e w technology, the deve lopment of prac 
t i c a l m i c r o b i o l o g i c a l methods for effecting 11-oxygenation of the steroid 
nucleus. C o m p e l l i n g evidence that one c o u l d create va luable synthetic 
modif icat ions i n the ant ib iot ic field also appeared w i t h the synthesis of 
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180 DRUG DISCOVERY 

tetracycl ine b y hydrogenolys is of chlortetracycl ine . Perhaps w e tend, 
n o w , to take some of these achievements for granted, b u t the p a t h to 
successful d iscovery i n these fields was a n y t h i n g b u t clear at the t ime. 
H o w m a n y scientists w o u l d have accurately p r e d i c t e d i n the ear ly 1950's 
that k n o w l e d g e of the re la t ive ly s imple structure of the ant ib iot ic , Chloro
m y c e t i n , w o u l d not l ead to the discovery of a single significant analog, 
w h i l e d e c i p h e r i n g the nature of oxytetracycl ine w o u l d u l t imate ly a l l o w 
c h e m i c a l modi f i ca t ion of that complex, m u l t i f u n c t i o n a l molecule to afford 
a n u m b e r of m e d i c a l l y useful n e w drugs? 

M e a n w h i l e , the era of t ranqui l izer therapy was d a w n i n g as success
f u l i solat ion of crysta l l ine reserpine fac i l i ta ted the discovery of its u n i q u e 
effects on m e n t a l func t ion , w h i l e more or less concurrent ly , astute c l i n i c a l 
research revealed the then u n i q u e psychotherapeut ic propert ies of 
c h l o r p r o m a z i n e . 

S t i l l other important a n d innovat ive n e w drugs were i n t r o d u c e d d u r 
i n g the same p e r i o d , i n c l u d i n g the ant ihypertensive h y d r a l a z i n e , the 
ant i - inf lammatory d r u g phenylbutazone , the carbonic anhydrase i n h i b i 
tor/diure t i c acetazolamide, a n d i s o n i a z i d for the treatment of tuberculosis . 

H o w e v e r , the p e r i o d of peak p r o d u c t i v i t y ( 1955-60 ) s t i l l l ay ahead. 
In retrospect, i t is apparent that b r e a k t h r o u g h discoveries, capable of 
creat ing entirely n e w fields of research, were no longer o c c u r r i n g fre
quent ly , a l though i n t r o d u c t i o n of the first ora l contracept ive was yet to 
come (1957) . Instead, a m o n g the n e w products i n t r o d u c e d d u r i n g this 
prol i f i c p e r i o d an unusua l ly h i g h percentage of drugs represented major 
improvements over the then exist ing standards of therapy. V a l u a b l e n e w 
antibiot ics , b o t h direct fermentat ion products , a n d important synthetic 
modif icat ions l ike the m a c r o l i d e esters a n d the first penici l l inase-resistant 
penic i l l ins appeared . I n a d d i t i o n to "the p i l l , " s teroid research p r o v i d e d 
a specif ic antagonist to the hormone, aldosterone, a n d superior n e w t o p i c a l 
corticosteroids. U s e f u l n e w tranqui l izers , i n c l u d i n g ch lord iazepox ide , 
appeared, a long w i t h a pro fus ion of drugs for treat ing m e n t a l depress ion: 
i m i p r a m i n e a n d various monoamine oxidase inhib i tors . Research t o w a r d 
n o v e l su l fonamide derivat ives , a process that h a d b e g u n 20 years earl ier , 
r eached its c u l m i n a t i o n w i t h the i n t r o d u c t i o n of two impor tant n e w proto
type drugs : the d iure t i c ch lor th iaz ide a n d the h y p o g l y c e m i c d r u g t o l 
b u t a m i d e ; a host of other innovat ive products also appeared at this t ime, 
i n c l u d i n g the ant ihypertensive d r u g guanethidine a n d the ant idiabet ic 
agent p h e n f o r m i n . 

T h e n the t r e n d shi f ted rather a b r u p t l y . D u r i n g the succeeding 
p e r i o d (1961-65) the average year ly rate of n e w p r o d u c t introduct ions 
d r o p p e d b y half . W h a t h a p p e n e d i n the midst of a p e r i o d of unprece
dented p r o d u c t i v i t y to b r i n g about such a sharp decl ine? T h e dec l ine 
set i n at just about the t ime of the t h a l i d o m i d e t ragedy a n d the passage 
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8. B L O O M Contemporary Drug Discovery 181 

of legis lat ion r e q u i r i n g that p r o d u c t efficacy, as w e l l as safety, be d e m o n 
strated to the satisfaction of F D A . 

B u t w h a t ac tual ly happened? W e set about to t r y to answer this 
quest ion b y c o m p a r i n g the rate of n e w p r o d u c t introduct ions b y d r u g 
category, for the five-year per iods i m m e d i a t e l y p r e c e d i n g (195S-62) a n d 
f o l l o w i n g (1963-67) establ ishment of the n e w F D A regulat ions. I t is 
r e a d i l y demonstrable , as s h o w n b y T a b l e I I , that i n various wel l -estab
l i shed d r u g categories, where a n u m b e r of adequate ly useful agents 
a lready existed, the development of n e w products to the po in t of o b t a i n i n g 
F D A m a r k e t i n g a p p r o v a l ei ther ceased altogether or d e c l i n e d s h a r p l y 
f o l l o w i n g i n t r o d u c t i o n of the n e w regulations. 

Table II. Pre- and Post-1962 D r u g Law Amendments 

P r o d u c t C a t e g o r y P e r i o d 

1957-62 1963-67 

A n t i h i s t a m i n e s 9 0 
A n t i t u s s i v e s 4 0 
A n t i s p a s m o d i c s 7 2 
M u s c l e re laxants/ant iparkinson drugs 8 0 
T h i a z i d e - t y p e diuret ics 10 2 
Sul fonamide ant ibacter ia ls 5 0 
A n t i o b e s i t y drugs 4 1 
Vort icosteroids (systemic a n d topical) 14 3 
Ant in a usea n ts 3 1 

T o t a l s 64 9 

Since the same p h e n o m e n o n o c c u r r e d i n a n u m b e r of other, m i n o r 
classifications that w e have not at tempted to tabulate, a p p r e c i a b l y m o r e 
than hal f of the decl ine i n the rate of n e w p r o d u c t introduct ions that 
occurred after passage of the 1962 amendments , came about i n this 
manner . 

T h e t rend i n three other, major d r u g categories was somewhat di f 
ferent, however ( T a b l e I I I ) . I n the var iegated category, then re la t ive ly 

Table III. Pre- and Post-1962 D r u g Law Amendments 

P r o d u c t C a t e g o r y P e r i o d 

1957-62 1963-67 

Psychotherapeut ic drugs 25 11 
tranqui l izers 16 7 
psychost imulants 9 4 

A n t i b i o t i c s (ant ibacter ia l , ant i fungal) 13 10 
Cancer chemotherapy 5 5 

T o t a l s 43 26 
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182 DRUG DISCOVERY 

new, c o m p r i s i n g the different types of psychotherapeut ic drugs, there 
was a f a l l off i n n e w p r o d u c t introduct ions , but not near ly to the extent 
observed w i t h the more exhaustively researched classes of drugs tabulated 
above. 

There was v i r t u a l l y no decl ine i n the i n t r o d u c t i o n of n e w antibiot ics . 
T h i s was p a r t l y caused b y the emergence of a n u m b e r of important n e w 
semisynthetic β-lactam a n d tetracycl ine compounds . Research i n the 
p e n i c i l l i n a n d cephalospor in fields h a d been p r o f o u n d l y s t imulated b y 
the development a f e w years earl ier of the first p r a c t i c a l m e t h o d for 
p r e p a r i n g large quantit ies of 6 -aminopenic i l lan ic a c i d , a n d this techno
l o g i c a l breakthrough, a long w i t h some b r i l l i a n t n e w cephalospor in c h e m 
istry, affected the 1962-66 p e r i o d to a degree that h e l p e d offset any 
constra ining influence the n e w regulations m i g h t have h a d . I n fact, the 
in t roduct ion of important semisynthetic β-lactam products l ike a m p i c i l l i n 
a n d cephalo th in i n 1963-64 has u n d o u b t e d l y s t imulated a h i g h leve l of 
research act iv i ty i n those fields throughout the decade a n d on into the 
1970's. 

W i t h the cancer chemotherapeut ic agents, w e are p r o b a b l y seeing 
the cumula t ive effect of a joint effort on the part of government, un ivers i 
ties, a n d the p h a r m a c e u t i c a l indust ry to c u r b this d r e a d disease. Because 
drugs of this type tend, unfortunate ly , to have a rather n a r r o w range 
of usefulness, a large n u m b e r of them are deve loped. T h e t rend t o w a r d 
i n t r o d u c i n g more n e w products i n this category has cont inued to the 
present, a n d d u r i n g 1969 no less than three of the seven n e w drugs 
marketed i n the U . S . were for treat ing various forms of cancer. 

A s i d e f r o m a f e w situations l ike these, the rate of n e w p r o d u c t intro
d u c t i o n i n this country has d e c l i n e d substantial ly d u r i n g the 1960's. A n 
analysis of the list of n e w drugs i n t r o d u c e d i n the U . S . be tween 1966 a n d 
the present certa inly underscores this conclus ion. O f the 58 basic n e w 
agents made avai lable d u r i n g this most recent five-year p e r i o d , no less 
than 41 ( 7 1 % ) were for treat ing central nervous system indicat ions (20 ) , 
infect ious diseases (12) or cancer ( 9 ) . M o r e s t r ik ing s t i l l , a n d certainly 
more vexing , is the fact that d u r i n g this most recent hal f -decade a total 
of on ly seven n e w drugs were in t roduced for treat ing the host of other 
important chronic diseases that p lague m o d e r n m a n , diseases l ike hyper 
tension, angina pectoris , atherosclerosis, diabetes, emphysema, a n d 
r h e u m a t o i d arthrit is . A l t h o u g h the p e r i o d d i d see the i n t r o d u c t i o n of 
two noteworthy l i p i d - r e g u l a t i n g drugs, t w o va luable diuret ics , a β-
adrenergic b l o c k i n g agent a p p r o v e d for t reat ing cardiac arrhythmias , and 
a n o v e l agent for the treatment of gout, not one n e w d r u g for t reat ing h i g h 
b l o o d pressure obta ined U . S . regulatory clearance. N o r has one (other 
than some diuret ics ) since 1963. N o t one n e w single enti ty broncho-
di la tor p r o d u c t has come onto the U . S . market since 1961. ( A m u c o l y t i c 
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8. B L O O M Contemporary Drug Discovery 183 

agent i n t r o d u c e d i n 1963 is the on ly recent s ingle enti ty p u l m o n a r y d r u g . ) 
N o t one n e w non-steroidal agent for the treatment of r h e u m a t o i d arthrit is 
has been m a d e avai lable since 1965. 

Prospects for the Future 

O n e c o u l d reach the rather quest ionable conc lus ion that the process 
of d iscovery of significant n e w agents i n these classes has g r o u n d to a 
halt, but a perusal of the current w o r l d m e d i c a l l i terature reveals that 
potent ia l ly impor tant n e w drugs have been d iscovered recent ly i n each 
of these classes, a n d several of these n e w drugs are a l ready avai lable to 
physic ians elsewhere i n the w o r l d . T h i s makes a l l b u t u n a v o i d a b l e the 
strong inference that current U . S . regulatory attitudes govern ing the 
demonstrat ion of c l i n i c a l efficacy a n d safety r e q u i r e d for N D A a p p r o v a l 
have p r o v e d so inordinate ly d e m a n d i n g a n d burdensome as to seriously 
i m p e d e d r u g deve lopment a n d stifle p r o d u c t i v i t y . 

C a r l Djerassi , w h o h e l p e d pioneer ora l contracept ive drugs, has re
peatedly stated i n the most c o n v i n c i n g terms that this is prec ise ly w h a t 
has a l ready h a p p e n e d i n the field of fe r t i l i ty contro l research ( 2 ) . 

T h e present analysis offers other evidence that regulatory factors are 
c o n t r i b u t i n g i m p o r t a n t l y to the s l o w d o w n . C a n i t be ent ire ly fortuitous 
that n e w antibiot ics , t ranqui l izers , and cancer drugs cont inue to ga in 
F D A a p p r o v a l w i t h some regular i ty , w h i l e n e w products for the treatment 
of important , chronic metabol i c diseases are conspicuous only b y their 
absence? Those f a m i l i a r w i t h c l i n i c a l p h a r m a c o l o g y are w e l l aware that 
the di f f icul ty of establ ishing efficacy a n d safety of a n e w ant ibacter ia l 
d r u g is i n no w a y comparable w i t h the corresponding task i n v o l v i n g an 
agent for the treatment of a disease l ike angina pectoris , for example . 
P r o p r a n o l o l , the o n l y n e w single enti ty cardiovascular d r u g to reach the 
U . S . market d u r i n g the last three years, has yet to be a p p r o v e d for use 
in the treatment of angina , its m a i n a p p l i c a t i o n for several years n o w i n 
other m e d i c a l l y sophist icated countries l ike the U n i t e d K i n g d o m . Perhaps 
w h a t recent events suggest is that burdensome regulat ions m a y be re la 
t ive ly tolerable i n the technica l ly easier fields, b u t prove to be the "s t raw 
that breaks the camel's b a c k " i n the more d e m a n d i n g fields. 

W e c lear ly have m u c h to w o r r y about w i t h regard to the effect of the 
present regulatory c l imate on the process of t ranslat ing n e w d r u g dis
coveries into products that can be made avai lable to our hea l th care 
system. H o w e v e r , i t is appropr ia te to ask also about the l i k e l y i m p a c t of 
the current regulations u p o n the process of d iscovery itself. T h i s is a n 
issue that defies r igorous analysis, but one can reasonably speculate that 
i n a se l f -s t imulat ing process of the sort this s tudy c lear ly suggests d r u g 
discovery research to be, any factor, such as restrict ive regulat ions, w h i c h 
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184 DRUG DISCOVERY 

decreases the rate at w h i c h v i t a l n e w i n f o r m a t i o n flows f r o m the c l i n i c 
back to the laboratory w i l l have a p r o f o u n d depressant effect on the rate 
of discovery. Since w e do not k n o w h o w l o n g it s h o u l d take for an i m p o r 
tant negative influence of this sort to exert its f u l l effect on s l o w i n g d o w n 
the rate of discovery of innovat ive n e w drugs, one can o n l y hope ( a n d 
p r a y ) that w e have a l ready seen the worst of it . 

James Shannon, former h e a d of N I H , has r e m i n d e d us recent ly that 
the great a n d substantial d r u g innovations of the 1940s a n d 1950s were 
made under a more "laissez f a i r e " att i tude of regulatory l a w ( 3 ) . A n 
analysis of the sort under taken i n this paper helps one appreciate h o w 
r a p i d l y benefits of dramat i c m a g n i t u d e accrued to society f r o m d r u g 
research d u r i n g that p e r i o d . A t the same t ime, i t generates a cer ta in 
pess imism about the future , b y m a k i n g so c lear ly evident the p r o f o u n d 
negative i m p a c t o n research p r o d u c t i v i t y that restr ict ive regulatory att i
tudes have a l ready h a d i n this country d u r i n g the br ie f p e r i o d since 1962. 
Joseph C o o p e r of A m e r i c a n U n i v e r s i t y , w r i t i n g on " T h e Socio logy of 
Innovat ion i n M e d i c i n e , " points out that " a l l progress tends to be i n h i b i t e d 
b y spontaneously ar is ing negative forces w h i c h . . . eventual ly offset or 
k i l l the progress w i t h w h i c h they are associated" ( 4 ) . O n e can o n l y hope 
that society w i l l real ize q u i c k l y that i t is to its o w n great detr iment to 
f a i l to place into proper perspect ive the problems of benefit a n d r isk 
inev i tab ly associated w i t h the development a n d use of n e w drugs. A s 
this s tudy so c lear ly reveals, recent progress i n m a k i n g n e w drugs a v a i l 
able for treat ing the impor tant chronic diseases of m a n k i n d has been 
p i t i f u l l y s low. Society can i l l afford to legislate a w a y one of the most 
important sources of its o w n w e l l be ing . 
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Discussion 

Leland Chinn (to S. Morris Kupchan) : T h e development of chemo-
therapeutic agents f r o m plant sources i n the past was based m a i n l y on 
fo lk lore a n d general screening programs. C o u l d this a p p r o a c h be m a d e 
more efficient a n d inte l lec tual ly more a p p e a l i n g b y d e v o t i n g a greater 
effort to unders tanding the func t ion w h i c h these agents serve i n the 
plants themselves? F o r example, w h a t role does reserpine p l a y in the 
p lant that w o u l d correlate w i t h its ant ihypertensive effect i n animals? 
W h a t is the fun c t ion of digi ta l is i n the plant that w o u l d justify its use 
as a cardiotonic agent? 

D r . Kupchan: I th ink it would be fascinat ing, just as a s tudy in basic 
science, to k n o w w h a t reserpine does i n rauwol f ia a n d digi ta l is does i n 
foxglove, but I 'm not sure just h o w m u c h this w o u l d carry over to the 
role these agents p l a y i n a n i m a l tissues. W e have h a d some experience 
i n this regard, in col laborat ive efforts w i t h plant physiologists a n d p lant 
pathologists to answer the quest ion as to w h a t some complex n a t u r a l 
products may be d o i n g i n the plant . In general , i t appears that p lant 
biologists are somewhat less advanced than a n i m a l biologists i n experi 
menta l approaches to mechanism of act ion. So, in response to y o u r ques
t ion, it w o u l d be most interest ing to learn more about the func t ion of 
complex p l a n t - d e r i v e d compounds , but I doubt that this a p p r o a c h w o u l d 
constitute a more effective p a t h w a y to discovery of n e w natura l products 
w i t h noteworthy b i o l o g i c a l ac t iv i ty i n animals . 

Glenn Ullyot (to D r . Kupchan) : T h e logistics of s u p p l y of adequate 
quantit ies of p lant mater ia l is a major factor i n seeking drugs f r o m p lant 
sources. T i m e delays, expense of col lect ing, a n d problems of ident i f ica
t ion must be faced. W h a t has been your experience w i t h these p r a c t i c a l 
considerations? 

D r . Kupchan: A c t u a l l y , we 've been very fortunate. W e have enjoyed 
the close co l laborat ion w i t h the group under Robert E . Perdue , Jr., at 
the U n i t e d States D e p a r t m e n t of A g r i c u l t u r e . W h i l e there cer ta inly have 
been delays a n d the logistics problems have been considerable , they've 
not been o v e r w h e l m i n g , b y any means. Indeed, the p lant k i n g d o m offers 
a re lat ively accessible source of compounds . C e r t a i n l y , p l a n t - d e r i v e d 
compounds are less accessible than synthetic products , but they are vast ly 
more accessible than, for instance, products f r o m mar ine sources. 
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186 DRUG DISCOVERY 

H . C . Caldwell (to Lloyd Conover) : Please discuss p e n i c i l l i n al lergic-
type reactions i n the cephalosporins. Is there a crossover, a n d w h a t is 
the prognosis for al lergy-free cephalosporins? 

D r . Conover: I 'd l ike to introduce m y comments w i t h the in t roductory 
phrase, "It is m y impress ion that . . . ," rather than c l a i m to speak f r o m 
the fullness of precise k n o w l e d g e . There m a y be someone here w h o can 
a m p l i f y w h a t I say or poss ibly correct me. It's m y impress ion that the 
a l lergic effects w h i c h f o l l o w adminis t ra t ion of ^ - lac tam antibiot ics are 
caused by the format ion of a covalent b o n d between the ant ib iot ic or 
its degradat ion p r o d u c t a n d serum prote in or tissue prote in . T h i s p e n i -
c i l l o y l or cephalosporoyl prote in is recognized b y the b o d y as fore ign 
(i.e., an t igen ic ) , a n d antibodies are f o r m e d . 

There are rea l ly t w o factors to be considered. F i rs t , the capab i l i ty 
of a part icular d r u g to cause the event w h i c h I just descr ibed, a n d sec
o n d l y the capab i l i ty of a d r u g adminis tered to a person i n w h i c h this 
process has taken place to be i m m e d i a t e l y recognized as ant igenic a n d 
to e l ic i t an anaphylac t ic react ion. A n u m b e r of different c h e m i c a l reac
tions have been associated w i t h this phenomenon. O n e of them is s imple 
acylat ion of prote in b y the ^- lac tam. Inasmuch as the m e c h a n i s m of 
act ion of bo th the penic i l l ins a n d cephalosporins is also thought to i n v o l v e 
acylat ion b y the ^- lac tam, I th ink that it is very u n l i k e l y that there w i l l 
ever be a β-lactam ant ib iot ic w h i c h is active and w h i c h w i l l not i n some 
patients f o r m antigenic mater ia l b y this same mechanism. It is m y 
impress ion that cephalosporins have a lesser tendency to sensitize than 
some penic i l l ins and that not a l l penic i l l in-sensi t ive people react to a 
g iven cephalospor in . T h e differences are p r o b a b l y quant i ta t ive a n d w i l l 
never be qual i ta t ive . 

Barry M . Bloom: I s h o u l d l ike to address a quest ion to D r . B i e l . 
John, as the spokesman for organic synthesis o n our pane l , y o u gave several 
examples of rationales that have g u i d e d synthesis efforts to successful d r u g 
discovery, but I r eca l l re la t ive ly l i t t le comment about tota l unabashedly 
e m p i r i c a l approaches to explo i t ing the fruits of the organic chemist's labor . 
T h i s quest ion is real ly a request to te l l i t l ike it is. W h a t percentage of 
successful d r u g discoveries among synthetic compounds do y o u suppose is 
a t t r ibutable to people w h e are just synthes iz ing interest ing structures a n d 
m a k i n g t h e m avai lable for b i o l o g i c a l eva luat ion i n various screening pro
grams w i t h o u t any p a r t i c u l a r l y significant u n d e r l y i n g rationale? 

John Biel: A very good statistical analysis was done d u r i n g the days 
of the A r m y p r o g r a m on incapac i ta t ing drugs, a n d those programs that 
were based on b l i n d screening of chemicals y i e l d e d about three act ive 
compounds i n 10,000 w h i l e miss ion-oriented type d r u g research pro
d u c e d p r o b a b l y 10 active compounds per 3000. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

08



DISCUSSION 187 

D r . Bloom: T h i s is real ly an interest ing quest ion to a lot of us, I 
think. M o r r i s , w o u l d y o u l ike to comment on it? 

D r . Kupchan: I w o u l d suggest modi f i ca t ion of John B i d ' s otherwise 
very b e a u t i f u l s l ide concerning " ra t iona l d r u g d e s i g n " i n the discovery 
of n e w drugs. Specif ical ly , a clear d is t inc t ion s h o u l d be d r a w n between 
the l i m i t e d past contr ibut ions of ra t ional d r u g design to the discovery of 
n e w structural prototypes, a n d , i n contrast, the extensive contr ibut ions to 
the molecular modi f i ca t ion of prototype drugs. A c r i t i c a l r e v i e w of the 
l i terature reveals that the vast major i ty of prototype drugs i n var ious 
areas have come f r o m systematic screening and/or fortuitous a n d seren
dipi tous discovery rather than f r o m rat ional design f r o m first pr inc ip les . 
W o u l d n ' t y o u agree, John, that, i n fact, ra t ional d r u g design has p l a y e d 
a far greater role i n the molecular modi f i ca t ion of prototypes than i n the 
discovery of n e w prototypes? 

D r . Biel: I th ink that serendipi ty has to be p l a n n e d . Unless y o u have 
a research person w h o is p r i m e d to make a discovery, he w i l l not m a k e a 
discovery. There are other factors that p l a y into the hands of serendipi ty ; 
that's one i tem I h a d to leave out because of the pressure of t ime, but a 
d r u g discovery is rea l ly something relative. T h e term discovery is re la
t ive i n the sense that other disc ipl ines have to be ready to recognize the 
discovery. 

I th ink L i b r i u m a n d V a l i u m are prefect examples of that thesis; h a d 
they been discovered 20 to 30 years earlier, neither the m e d i c a l , c u l t u r a l , 
nor soc iological c l imate w o u l d have been ready to stamp this finding as 
a major discovery. T h e concept of t reat ing anxiety became rea l ly fashion
able after the w o r l d war . It was the acceptance b y the m e d i c a l profession 
a n d the admiss ion b y the pat ient that he is anxious that contr ibuted to 
the discovery of anti-anxiety drugs. 

So i n answer to D r . K u p c h a n ' s question, I t h i n k there are m a n y 
factors that need to be integrated for a person to become intui t ive . 
You're not just in tu i t ive because you're b o r n that w a y , b u t i t does require 
a k n o w l e d g e of a certain n u m b e r of facts that need to be integrated 
into m a k i n g a discovery. 

D r . Bloom: C h e t , do y o u have a comment o n this question? 
Chester Cavallito: A s w i t h m a n y differences of o p i n i o n , the differ

ences are more semantical ly based than issue based. W h a t do w e m e a n 
b y rat ional? I don't bel ieve y o u r quest ion has been answered satisfac
tor i ly because we're not a l l u s i n g the term ra t ional i n the same sense. 

D r . Bloom: O n the assumption that some of y o u i n the audience m a y 
feel qui te strongly on the subject, is there anyone else w h o w o u l d l i k e to 
make a br ie f comment? 

Saul Neidleman: I th ink i n one sense the t w o dis t inguished panelists 
have been c o m p a r i n g peaches a n d apples. It is one t h i n g to talk about 
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188 DRUG DISCOVERY 

10,000 p u r e c o m p o u n d s a n d qui te another t h i n g to talk about 300 fer
mentat ion broths or 300 p lant extracts w h e r e y o u rea l ly don't k n o w h o w 
m a n y compounds are i n v o l v e d . I w o u l d suggest that y o u c o u l d , b y m a k 
i n g appropr ia te mixtures of 10,000 compounds , be able to w o r k the 
statistics to y o u r advantage to make it look as t h o u g h r a n d o m screening 
is better than ra t iona l screening. I w o u l d agree that i t is more a semantic 
di f f icul ty than a n y t h i n g else. Y o u have to define prec ise ly w h a t i t is 
you're tes t ing—precise ly w h a t i t is you 're l o o k i n g a t—or else the ques
tions a n d answers have re la t ive ly l i t t le m e a n i n g . 

James McFarland (to William Purcell) : There is an air of m y s t i c i s m 
i n the use of molecu lar o r b i t a l parameters. D o y o u feel that these 
parameters relate to b i o l o g i c a l processes that w e are a l ready f a m i l i a r 
w i t h or do they perhaps relate to something w e don't yet unders tand 
about h o w drugs act? If it is the former , w o u l d y o u elaborate on h o w 
w e m i g h t interpret successful correlations w i t h such terms as "highest 
o c c u p i e d molecu lar o r b i t a l , " " lowest u n o c c u p i e d m o l e c u l a r o r b i t a l , " a n d 
" f ront ier orb i ta l "? 

D r . Purcell: A c t u a l l y , there is a b lack box a r o u n d the molecu lar 
o r b i t a l calculat ions. T h i s is w h y I purpose ly t h r e w the w h o l e t h i n g 
together this af ternoon to t ry to make i t clear that there shouldn' t b e this 
d is t inc t ion , i n m y m i n d a n y w a y , be tween a ca lcu la ted parameter a n d 
one w h i c h is measured. W i t h regard to the correlations a n d their mean
i n g , i f one suspects that e lectron-donat ing properties are important , one 
m i g h t look for correlations w i t h the energies of the highest o c c u p i e d 
molecular orbitals . A n d I don' t th ink it makes any difference whether 
y o u measure this p o l a r o g r a p h i c a l l y or whether y o u calculate it f r o m 
molecular o r b i t a l calculat ions. If the parameter is there a n d i t is s ig
nif icant a n d i t is a factor i n the b i o l o g i c a l process, I th ink i t is qu i te 
legi t imate to correlate it . Y o u have to re ly on statistics to determine 
whether there is a corre lat ion or not. 

I h a d a quest ion the other day, " Y o u k n o w w h a t I 'd l ike to do , I 'd 
l ike to see a H a n s c h analysis on a series of compounds a n d then I 'd l ike 
to see some molecu lar o r b i t a l calculat ions on the same series." T h e p o i n t 
is that y o u don't compare this type of corre lat ion w i t h that type of corre
la t ion i n this sense. Rather I th ink it is more impor tant to look at a 
par t i cu lar m o d e l a n d then use whatever techniques y o u need to get the 
parameters that go into that m o d e l , whether y o u measure the d i p o l e 
moment or whether y o u calculate it f r o m wavefunct ions or whether y o u 
take the charge densities f r o m pK measurements or w h e t h e r y o u calculate 
the charge density. It is not the H a n s c h m o d e l vs. molecular orbitals . 
T h a t makes no sense to me. Rather it is us ing molecular o r b i t a l ca lcula
tions to get at f u n d a m e n t a l propert ies of the molecules—the same w a y 
that y o u w o u l d get at them if y o u measured the i n f r a r e d absorpt ion of 
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DISCUSSION 189 

the c a r b o n y l to get at the stretch f requency a n d then use that d a t u m i f 
it has any m e a n i n g i n the m o d e l for the corre lat ion. 

D r . Bloom: I n v i e w of the w a y that w e have sol ic i ted questions for 
the pane l , i t is obvious that the audience hasn't h a d m u c h of a chance 
to s u b m i t a n y t h i n g w i t h regard to the last f e w papers, b u t let m e i n v i t e 
comments or questions f r o m the floor w i t h r e g a r d to D r . Burns's paper . 
A r e there any questions for John? 

D r . Ullyot: John, y o u ta lked about sett ing u p the insti tute i n w h i c h 
you're go ing into the invest igat ion of basic b i o l o g y . D o y o u t h i n k that i n 
itself w i l l l ay the basis for ra t ional design of drugs, or is i t a source of 
k n o w l e d g e of b i o l o g i c a l systems w h i c h w e can contro l a n d influence a n d 
use i n seeking n e w drugs? 

John J. Burns: T h e first t h i n g I should say is that the d r u g develop
ment procedure s h o u l d have proper balance. W e hear a lot about bas ic 
vs. a p p l i e d research, a n d i t is v e r y h a r d for m e to define w h a t is basic 
a n d w h a t is a p p l i e d . W h a t is basic today m a y be a p p l i e d t o m o r r o w , or 
vice-versa. It w o u l d be a serious mistake to go overboard o n any one 
specific type of approach . T h e r e are certain things w h i c h w e find most 
exci t ing, a n d the fact that w e find t h e m most exc i t ing perhaps means 
that they s h o u l d be most p r o d u c t i v e . M y o w n fee l ing on the subject is 
that i f one is go ing to have a b r o a d l y based d r u g deve lopment p r o g r a m , 
one must have a g o o d balance between basic a n d a p p l i e d research. 

T h e quest ion of r a n d o m screening came u p earl ier . W h e n I first 
went into industry I was very skept ica l about r a n d o m screening. I 
thought it a waste of t ime a n d effort to make thousands of compounds 
a n d then to screen t h e m b y thousands a n d thousands of tests. T h e r e 
must be a better w a y , or to use a better term, a more ra t iona l w a y of 
finding a n e w d r u g . B u t I th ink it w o u l d be a mistake on the part of any 
d r u g development organizat ion to do a w a y w i t h r a n d o m screening. O n e 
doesn't have to justi fy r a n d o m screening because it has cer ta inly g iven us 
leads, but to make it pay, y o u have to have good biologists , a n d they 
need a proper scientific environment to carry out their w o r k . 

I n the o l d days at the N I H they w o u l d say " n o w w h y don't w e set 
u p d r u g testing faci l i t ies for m e d i c i n a l chemists w h o h a p p e n to be syn
thes iz ing compounds under N I H grants so that w e can get together a 
lot of b i o l o g i c a l data so w e ' l l k n o w w h a t these compounds are d o i n g . " 
I a lways thought this w o u l d be a waste of t ime because to make r a n d o m 
screening w o r k , y o u must have the necessary p h a r m a c o l o g i c a l b a c k - u p . 
If a c o m p o u n d shows an interest ing p h a r m a c o l o g i c effect i n an a n i m a l , 
y o u have to have good biologists a r o u n d to s tudy it. F u r t h e r m o r e , y o u 
must have good feedback to the chemists. If y o u don't have good feed
back, biologists-to-chemists, a n d chemists-to-biologists , a n d have t h e m i n 
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190 DRUG DISCOVERY 

a pos i t ion w h e r e they can talk to each other, you're not g o i n g to have the 
proper environment . 

G e t t i n g to your quest ion about the deve lopment of an Institute, there 
are a lot of things w e don't k n o w , a n d i n order to k n o w these things, 
we're g o i n g to have to take a re lat ively l o n g range approach . I m e n t i o n e d 
i n m y presentation the quest ion of l o o k i n g for a n e w d r u g for v irus 
disease, b u t i f y o u look at the effort w h i c h has gone into v i r a l research 
over the past 20 years a n d the p r o d u c t of this effort, it's rather discour
aging . O n e of our problems is that w e don't k n o w enough about the 
quest ion of v i r a l repl icat ion , h o w chemicals m a y interfere w i t h penetra
t ion of virus into cells, etc. W h a t w e need is a p r o g r a m w h i c h a l lows a 
balance between basic research ( i n the sense of a molecular b i o l o g y 
a p p r o a c h ) a n d a p p l i e d research a long w i t h g o o d chemists a n d good 
biologists , w h o are i n a pos i t ion to do the necessary evaluat ion. 

D r . Cavallito (to D r . Burns) : W e ' v e heard a great dea l about mo
lecular b i o l o g y i n the last decade. W h e n I read the journals, I find i t 
h a r d to dis t inguish this f r o m n u c l e i c a c i d chemistry. I a m w o n d e r i n g , 
John, i f y o u c o u l d te l l us w h a t is y o u r concept of molecular b io logy , 
w h i c h perhaps is broader than nuc le ic a c i d chemistry, a n d h o w that 
differs f r o m w h a t was te rmed b iochemis t ry 15 or 20 years ago? 

D r . Burns: T h e term "molecular b i o l o g y " was c o i n e d a n u m b e r of 
years back. Institutes of molecu lar b i o l o g y have been set u p i n various 
universit ies a n d n e w departments of molecular b io lo gy i n m e d i c a l schools. 
T h e major emphasis i n molecular b i o l o g y is on n u c l e i c a c i d research, 
a l though more b r o a d l y it is the s tudy of b i o l o g i c a l processes at a m o l e c u 
lar leve l , a n d I w o u l d cer ta inly not t ry to d is t inguish that f r o m 
biochemistry . 

A . A . Larsen: I sometimes regard the issue of b i o l o g i c a l k n o w l e d g e 
as a cop-out. F r o m w h a t John B i e l has sa id earl ier , there are m a n y 
examples of drugs w h i c h were discovered before w e were f u l l y aware of 
the details of their mechanism. There is perhaps a l i n k be tween the sug
gested b i o l o g i c a l gap a n d the si tuation B a r r y just ment ioned r e g a r d i n g 
the great effort necessary to get a medicament through the F D A . I have 
k n o w n biologists , w h o i f g iven the chance, w o u l d go a w a y for 20 years 
to investigate one c h e m i c a l i n one par t i cu lar b i o l o g i c a l system. 

Question from the floor (to Bernard R. Belleau): I n connect ion w i t h 
three-dimensional molecule structure, i f one obtains data u s i n g x-ray 
crys ta l lography or some other tool , can y o u a p p l y these data d i rec t ly to 
systems where the d r u g is used i n solut ion or in vivo? D o the conforma
tions, interatomic distances, a n d b o n d angles under such condit ions 
correspond to the crystal l ine state? 

D r . Belleau: There are a n u m b e r of examples w h e r e i n the tert iary 
structure is k n o w n t h r o u g h x-ray crysta l lography, a n d i t appears that i n 
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DISCUSSION 191 

solut ion the act ive site at least seems to re ta in m a n y of the same proper 
ties. H o w e v e r , there is also opposite evidence that i n so lut ion interact ions 
w i t h the solvent w i l l m o d i f y the structure apprec iab ly . N o w the b i g 
quest ion a lways arises w h e n w o r k i n g w i t h pure enzymes or p u r e p r o 
teins as models : are y o u not fur ther f r o m rea l i ty the p u r e r y o u r substances 
are? W h e n w e are us ing an enzyme i n solut ion, w e have evidence that 
its specif ic i ty w i l l d e p e n d u p o n its state of aggregat ion. T h i s w i l l also 
differ w h e n i t is at tached say to a membrane . T h e r e are changes w h i c h 
occur that are qui te serious, a n d this is a field for future research. W e 
are just b e g i n n i n g to appreciate the m a g n i t u d e of the p r o b l e m . 

Paul Craig (to D r . Purcell) : T o cont inue a long the same l ine , is not 
w h a t w e just sa id even d o u b l y true for q u a n t u m m e c h a n i c a l calculat ions, 
w h i c h i n essence calculate a molecule i n isolat ion? 

D r . Purcell: There's no argument about that. I won ' t t ry to d e f e n d 
the w o r k that K i e r is d o i n g . I f he were here, I 'm sure h e ' d have something 
to say about it. H i s point is that i n d o i n g these calculat ions y o u have to 
start somewhere , a n d y o u start w i t h an isolated molecule , a n d y o u recog
nize that that molecule is i n qui te a different environment i n the b i o 
l o g i c a l system, b u t that's i n b o l d face type at the beginning—there 's no 
attempt to say you're d o i n g the ca lcu la t ion i n a b i o l o g i c a l environment . 

D r . Cavallito: I want to ask a quest ion of our c h a i r m a n relat ive to 
his v e r y fine c los ing presentation. B e t w e e n 1938 a n d 1962 the F D A 
off icial ly h a d the statutory basis for r e q u i r i n g evidence of safety. H o w 
ever, those i n d i v i d u a l s w h o dealt w i t h the F D A are qui te acqua in ted 
w i t h the fact that about 1960, i n other w o r d s t w o years before the 1962 
amendments , there was an i m p l i e d request for evidence of efficacy o n 
the basis of the argument that safety i n the absence of efficacy was 
meaningless. N o w let's project that into our present state. T h e '62 statute 
specif ical ly d i d not g ive the F D A author i ty to request comparat ive effi
cacy. H o w e v e r , there are some grumbl ings that perhaps w e are b e g i n n i n g 
to see the b e g i n n i n g of this k i n d of requirement . D o y o u have any c o m 
ments o n that a n d w h a t that w o u l d do to the d r u g innovat ion process? 

D r . Bloom: Y o u p u t it euphemist ica l ly , i n m y o p i n i o n . I th ink there 
are a n u m b e r of f a m i l i a r examples that are h a r d to interpret i n other 
ways than that the F D A is b e g i n n i n g to concern itself w i t h matters of 
re lat ive efficacy. 

Frank Weisenborn: I n D r . Biel 's discussion of the ra t ional approach , 
I s t i l l don't th ink anyone has rea l ly sa id h o w it is or p u t it a l l together. 
I t h i n k it is a mixture of ra t ional i ty a n d hope i n that i n m a n y fields of 
m e d i c i n a l chemistry w e look for the sophist icated organic chemist to 
b u i l d a n e w heterocyc l ic molecule because w e want to b u i l d a b r o a d 
protect ion i n terms of a patentable area, a n d then w e look for an experi 
enced m e d i c i n a l chemist to attach the appropr ia te side chains. It is a 
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192 DRUG DISCOVERY 

mixture of ra t ional i ty a n d hope, but w e do look more towards the eco
n o m i c side than was expressed b y members of the pane l . 

John Fried: It's di f f icult to a d d a n y t h i n g real ly significant to the very 
excellent thesis presented b y D r . B l o o m about the rate of contemporary 
d r u g discovery, b u t one po int m i g h t be m a d e w h i c h makes his analysis 
even more worr i some. If one considers that the rate of d r u g discovery 
has decreased b y a factor of 3 a n d expenditures have gone u p b y at least 
a factor of 2, the average cost of deve lopment of a n e w d r u g has increased 
b y approx imate ly a factor of 6. N o w if one extends this analysis, the 
t ime m a y not be too far a w a y before p h a r m a c e u t i c a l companies d e c i d e 
that their re turn on investment for funds spent i n research are such that 
those funds m i g h t very w e l l be spent elsewhere. T h i s is obv ious ly a most 
unfortunate conclus ion, b u t i t is somthing that needs to be borne i n m i n d 
w h e n w e talk about d r u g discovery. 

D r . Bloom: T h i s is cer ta in ly an important comment , a n d I 'm sure, 
John, y o u w o u l d direct people's attention i n this regard to the recent 
art ic le b y C a r l Djerassi i n Science w h i c h offers some start l ing t ime a n d 
cost projections for the deve lopment of n e w o r a l contracept ive agents. 

John Topliss: I 'd l ike to comment on your excellent presentation. 
W h i l e I cer ta inly agree w i t h the thrust of your conclusions, I w o n d e r i f 
y o u perhaps s ide-stepped one part of the analysis w h i c h a d m i t t e d l y is 
very dif f icult but w h i c h w o u l d have made y o u r conclusions a l i t t le more 
r igorous. O n e s h o u l d try to estimate the i n d i v i d u a l w o r t h of the d r u g 
discoveries w h i c h y o u m e n t i o n e d only i n terms of numbers . I n one 
p e r i o d y o u h a d , I think, 39 n e w entities, but w e a l l k n o w i n that p e r i o d 
m a n y of t h e m were re la t ive ly m i n o r modif icat ions . O n e rea l ly has to 
estimate w h a t each d r u g adds to the total value of therapy i n that area 
i n order to make a fa ir compar i son of the i m p a c t on m e d i c i n e as a w h o l e . 
Perhaps one m i g h t come u p w i t h the same sort of answers i n this more 
r igorous analysis, b u t perhaps the results m i g h t not have l o o k e d so i m 
pressive i n terms of the changes w h i c h have taken place . 

D r . Bloom: A s far as I 'm concerned y o u r comments are f a i r l y taken. 
I do think, however , that m y m a i n thesis w o u l d not be d i s p r o v e d b y an 
analysis of that sort. O u r efforts so far st imulate me to w a n t to t r y to 
do exactly the sort of t h i n g that you're t a l k i n g about, b u t I have w a t c h e d 
others try, a n d I've t r i ed a l i t t le bi t myself . So far, I just don't see a w a y 
to do the analysis object ively. It's w o r t h t h i n k i n g about, a n d I hope 
others w i l l a t tempt such an analysis themselves. 

Robert Cox: Just a comment , B a r r y , on your remarks a n d those of 
C h e t C a v a l l i t o r e g a r d i n g the present at t i tude of the F D A t o w a r d N e w 
D r u g A p p l i c a t i o n s . I cer ta inly agree that there is the i m p l i c a t i o n of 
re lat ive efficacy, not just efficacy per se i n some N A S - N R C r e c o m m e n 
dations a n d subsequent F D A decisions. I th ink that the F D A is often 
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DISCUSSION 193 

m a k i n g judgments based u p o n comparat ive therapeutic ratios a n d is 
m o v i n g t o w a r d rejection of some N D A submissions i f such cannot be 
justif ied via a more attractive therapeut ic rat io than that of products 
a lready marketed for pert inent indicat ions . 

D r . Bloom: D r . U l l y o t , do y o u want to comment o n that? 
D r . Ullyot: O n the next p a n e l w e l l have a n F D A m a n here, a n d I 

hope some of these questions w i l l be ra ised then. Perhaps i t is a l i t t le 
unfa i r to go into these questions very extensively w i t h o u t g i v i n g h i m a 
chance to hear them. I 'd rea l ly l ike to have h i m comment as a repre
sentative of the F D A . 

D r . Bloom: D r . C o n o v e r , w h a t do the results of your quest ionnaire 
or any other in format ion that y o u m a y have suggest w i t h regard to the 
present leve l of research act iv i ty d i rec ted to finding n e w antibiot ics a n d 
fermentat ion broths? H a s this k i n d of research d e c l i n e d i n the last 10 
years a n d w i l l it dec l ine i n the future? 

D r . Conover: O n e of the i l lustrat ions that I presented carr ied c u m u 
lat ive totals t h r o u g h 1965, a n d to that po in t the total n u m b e r of n e w 
antibiot ics reported for a five-year p e r i o d h a d cont inued to increase. 
D r . P e r l m a n of W i s c o n s i n has a s u m m a r y w h i c h extends, I th ink, to 
1968. T h i s makes it appear that there has been a l e v e l l i n g off, b u t at a 
m u c h higher leve l than that of the 1940's a n d 1950's. T h e to ta l n u m b e r 
of n e w ant ib iot ic entities reported has not d r o p p e d to a l eve l that is 
l o w c o m p a r e d w i t h the p e r i o d w h e n important discoveries were b e i n g 
made at a m u c h faster rate. I w o u l d l ike to th ink that b y b r o a d e n i n g 
the target, as I t r i ed to suggest i n m y talk, activit ies d i rec ted t o w a r d 
finding drugs of more different k inds f r o m m i c r o b i o l o g i c a l sources w i l l 
increase. 

D r . Bloom: W e w i l l close b y asking D r . Burns to respond to a ques
t ion f r o m D r . L a u g h l i n : " M o d e r n drugs a i m to increase the leve l of w e l l 
b e i n g of i n d i v i d u a l organisms, especial ly those w h o c o u l d not otherwise 
f u n c t i o n or survive i n their environment . Is this goal t r u l y consistent 
w i t h the best interests of future members of the species?" 

D r . Burns: Br ie f ly , I th ink w e are faced w i t h certain ethical cons id
erations. If w e are able i n the next 10, 15, or 20 years to extend l i fe for 
another 10 or 20 years, or perhaps to a l l o w people to l ive w h o n o r m a l l y 
w o u l d die n o w w i t h genetic disease, but perhaps to l ive i n a w a y that 
w o u l d be i n c o m p a t i b l e w i t h a good l i fe , are w e d o i n g something good? 
I w o u l d say that this is the type of quest ion I w o u l d rather see posed to 
a p a n e l of phi losophers , theologians, a n d m e d i c a l people . 

There is another quest ion w h i c h has come u p that relates to the 
F D A , a n d I w o u l d l ike to comment on it. W e get ourselves into t rouble 
i f w e tend to th ink that this p r o b l e m is bas ica l ly one i n gett ing a n e w 
d r u g a p p r o v e d . T h e r e is another very important issue here. W h e n w e 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

08



194 DRUG DISCOVERY 

look at the 1950's there were certain things that w e d i d i n the b i o l o g i c a l 
testing of n e w drugs i n terms of toxici ty , etc., b u t n o w w e must do m u c h 
more. It is not just that the F D A is t e l l ing us to do these things, b u t w e 
have to do them because the w h o l e l eve l of m e d i c a l science has advanced . 
T h e doctor is expect ing more in format ion on drugs. T h e m e d i c a l students 
are b e i n g taught a different k i n d of p h a r m a c o l o g y t h a n they were 10 
years ago. T h e type of in format ion w e have to s u p p l y on drugs is m u c h 
more costly, a n d it is obvious ly going to have an effect on the develop
ment process. It is not just a question of the F D A g i v i n g us problems 
i n r e q u i r i n g n e w tests, b u t the tests must be done to satisfy our o w n 
feelings on w h a t is necessary for adequate b i o l o g i c a l in format ion on a 
n e w d r u g . 

Dr. B l o o m : O n e of the m a i n thrusts, i f not the m a i n thrust, of m y 
argument is that anyth ing w h i c h serves to i m p e d e the rate at w h i c h n e w 
k n o w l e d g e is generated i n c l i n i c a l p h a r m a c o l o g y is b o u n d i n the e n d to 
suppress the w h o l e process. So rea l ly w e r e b o t h a r g u i n g for the need 
for more k n o w l e d g e . 
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Drugs—The American System 

W. C L A R K E WESCOE, M . D . 

Sterling D r u g Inc., 90 Park Ave. , N e w York, Ν. Y . , 10016 

The American system of medicines—their discovery, devel
opment and use—stems from a history rooted deeply in 
man's past. Although it shares this history with its inter
national counterparts, the American system is distinct and 
unique in many ways. Not the least of these is embodied 
in the extent to which it has become the object of renewed 
consumer scrutiny and political maneuvering. A plethora 
of regulations and controls has become the everyday lot of 
the system—yet, it remains highly creative, enormously pro
ductive, thoroughly viable. It continues to serve its public 
very well. 

Τ η this emot ional era of d iscord , discussion, dissent, a n d demagoguery , 
i n this p e r i o d of query about a l l things made a n d used a n d ingested, 

i n this age of quest for a better l i fe i n a better environment , a concern 
w i t h drugs used for spectacular therapeut ic achievement a n d abused 
w i t h devastat ing results has become an A m e r i c a n preoccupat ion . T h e 
discovery of n e w c h e m i c a l compounds w i t h important m e d i c i n a l p r o p 
erties, once h e r a l d e d w i t h a d m i r a t i o n a n d acc lamat ion, is n o w , it seems, 
more often looked u p o n as a threat to the integri ty of the h u m a n b o d y , 
if not to the structure of society. T h e w o r d d r u g itself has come to be 
used near ly a lways i n a pejorative sense; for that reason I retit le this 
presentation, to put into proper perspect ive the discussions to f o l l o w : 
" M e d i c i n e s , T h e A m e r i c a n System." 

There is need for a discussion such as this because of the p u b l i c pre
occupat ion w i t h the discovery, development , a n d ul t imate de l ivery of 
medic ines . T h e great d isappointment m a y be that ve ry f e w other than 
ourselves w i l l ever be aware that this s y m p o s i u m was h e l d . W e m a y be 
engaged i n another exercise w h e r e i n the w e l l i n f o r m e d a n d the most 
knowledgeable w i l l be t a l k i n g only to each other. Nonetheless, I proceed 
w i t h the g l i m m e r of hope that together w e might p r o d u c e a l i t t le l ight 
where presently there appears to be o n l y he ightening heat a n d gather ing 
darkness. 

195 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

09



196 DRUG DISCOVERY 

The Evolution of Medicines 

M a n i n his search for medic ines to ease his p a i n , hasten his hea l ing , 
a n d cure his disease has created a n enthra l l ing story. H i s ear ly quest 
for medic ines settled log ica l ly o n the l i v i n g plants w h i c h surro unde d 
h i m : bushes a n d trees, their roots, their leaves, their bark. B y t r i a l , error, 
a n d experience he a c c u m u l a t e d a substant ial k n o w l e d g e such that b y the 
t ime a w r i t t e n language appeared a l ist of useful products c o u l d be re
c i ted . S u c h a list of p l a n t materials is f o u n d i n the Thebes papyrus d a t i n g 
f r o m the p e r i o d of 1600 B . C . E v e n w i t h o u t c h e m i c a l techniques a certa in 
sophist icat ion was established about p lant materials , for as early as the 
f o u r t h century B . C . Theophrastus was able to w r i t e about differences i n 
potency dependent u p o n the parts of the p lant used, the age of the p lant , 
the area of its o r i g i n , a n d its manner of preservat ion. B y the first century 
A . D . the alchemists of A l e x a n d r i a were able par t ly to p u r i f y substances 
b y d i s t i l l a t ion a n d filtration, a n d Dioscor ides de ve lo pe d some crude sen
sory a n d p h y s i c a l methods for testing botanicals . 

Perhaps the earliest or igins of the pharmaceut i ca l indust ry are to be 
f o u n d i n the trade i n v o l v i n g the root gatherers a n d the m i d d l e m e n : the 
druggists a n d the alchemists, w e l l established b y Galen's day. F r o m h i m 
came a classif ication of p lant materials a n d , a d d i t i o n a l l y , a l o n g series of 
c o m p l i c a t e d plant -based prescr ipt ions for various therapeut ic indicat ions . 

T h e specif ic i ty a n d p u r i t y of products were as important then as 
they are n o w . T o assure u n i f o r m i t y , the M i d d l e Eas tern c iv i l iza t ions 
r e q u i r e d that m e d i c i n a l materials be p r o d u c e d b y druggists u n d e r the 
supervis ion of a governmenta l funct ionary . T h e concern of the reputable 
druggists , pharmacists , a n d apothecaries of the W e s t e r n w o r l d was ex
pressed b y the p u b l i c a t i o n of a f o r m u l a r y i n F lorence i n 1498. T h u s , b y 
the b e g i n n i n g of the 16th century b o t h the f r a m e w o r k a n d the pr inc ip les 
of our present system h a d been i n t r o d u c e d : commerce , p u r i t y of product , 
sel f -regulat ion, integri ty , a n d governmenta l supervis ion. 

W i t h Paracelsus i n the 16th century came the i n p u t of innovat ion , 
creat iv i ty a n d invest igat ion. T h r o u g h h i m came the i n t r o d u c t i o n into 
m e d i c i n e of o p i u m a n d the metals m e r c u r y , sul fur , ant imony, a n d i r o n . 
T h e first medic ines f r o m the N e w W o r l d , c inchona a n d ipecac, were 
i n t r o d u c e d into E u r o p e i n the early 17th century. I n the 18th century 
came the i n t r o d u c t i o n of digi ta l is therapy b y W i t h e r i n g a n d the remark
able d iscovery of the va lue of vacc ina t ion b y Jenner. 

T h e 19th century p r o d u c e d the appl i ca t io n of true scientific p r i n 
ciples to man's search for drugs. A n a l y t i c a l methods were deve loped to 
determine the c h e m i c a l a n d p h y s i c a l p u r i t y of compounds , a n d the p r i n 
ciples of b i o l o g i c a l assay were i n t r o d u c e d . W i t h the contr ibut ions of 
Pasteur a n d E h r l i c h , the foundat ions were l a i d for chemotherapy. Sem-
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9. WESCOE Drugs—The American System 197 

melweis , H o l m e s , a n d L i s t e r began contro l led c l i n i c a l exper imentat ion 
a n d i n t r o d u c e d the pr inc ip les of antisepsis. T h e general anesthet ics— 
ether a n d c h l o r o f o r m — w e r e a d o p t e d into surgica l pract ice . F i n a l l y , the 
contr ibut ions of E h r l i c h thoroughly established synthetic organic chem
istry as a r i c h source of n e w medic ines . 

T h r e e other aspects of the system as w e k n o w it today were also 
i n t r o d u c e d i n the 19th century. Regula tory legis lat ion was adopted b y 
the B r i t i s h Par l iament i n 1875. A d v e r t i s i n g , complete w i t h p r o d u c t c la ims, 
a p p e a r e d — d i r e c t e d b o t h to the p h y s i c i a n a n d the p u b l i c , but p r i m a r i l y 
to the latter. T h e r e also arose de termined complaints about the cost of 
medic ines , centered o n the discovery a n d m a r k e t i n g of Salvarsan. 

T h e developments of the 20th century defy de ta i l ing here. Suffice 
it to say that i n this century came the discoveries of barbiturates , of hor
mones ( a n d their c h e m i c a l synthesis) , of antibacterials a n d antibiot ics , 
of o r a l diuret ics , of better analgesics, a n d of a host of other compounds . 
F i n a l l y , the p h y s i c i a n was p r o v i d e d w i t h medicat ions not only for the 
treatment of symptoms but often for the u n d e r l y i n g cause of disease itself. 

It m i g h t seem that man's search for drugs has t ranscended a l l his 
other quests. C e r t a i n l y , i t has a lways been one of his intense preoccu
pations. Perhaps it is a l l best s u m m a r i z e d b y the words of Sir W i l l i a m 
Osier w h o said, i n m a n y speeches to diverse audiences, that the single 
characterist ic separat ing m a n f r o m the lower animals is his intense desire 
to take medic ines . T o w h i c h thought I m i g h t a d d , i n the l ight of history, 
m a n s determinat ion to discover n e w medic ines . 

The Origin of Pharmaceuticals 

I n the rec i tat ion of history there is a lways the risk that the s u r v i v i n g 
relatives of an i n d i v i d u a l become incensed b y the omiss ion of his name. 
T h e same r isk is r u n w h e n one attempts retrospect ively to compare the 
contr ibut ions of various countries to m o d e r n therapy. A s is the case 
w i t h i n d i v i d u a l credit , where the significant cont r ibut ion of one m a n is 
almost a lways the c u l m i n a t i o n of the works of m a n y , there is no nat iona l 
science w h i c h c lear ly stands out above others. A l l science is in ternat ional ; 
a l l science depends u p o n the col lect ive contr ibut ions of m a n y . D i s c o v e r y 
is most often the result of superb t i m i n g a n d surpassing good fortune. 
A t the risk, therefore, of prec ip i ta t ing a m i l d internat ional crisis, let m e 
attempt to assign nat ional contr ibut ions to p h a r m a c e u t i c a l progress i n 
the 10 categories into w h i c h p h a r m a c e u t i c a l research effort is most usual ly 
classified. 

I n the field of central nervous system p h a r m a c o l o g y the c o n t r i b u 
tions general ly have been E u r o p e a n . T h e m i l d analgesic agents, asp i r in 
a n d phenacet in , were synthesized i n G e r m a n y , as was the first loca l an-
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198 DRUG DISCOVERY 

esthetic agent ( p r o c a i n e ) , a n d the o r i g i n a l derivat ives of b a r b i t u r i c a c i d 
as w e l l as the a c i d itself. M e p e r i d i n e l ikewise came f r o m G e r m a n y a l 
t h o u g h its usefulness as an analgesic was deve loped i n the U n i t e d States. 
Insofar as the newer t ranqui l l izers , depressants, a n d antidepressants are 
concerned the cont r ibut ion is shared among m a n y : S w i t z e r l a n d , G e r m a n y , 
the U n i t e d States, E n g l a n d , a n d France . 

Ant i - in fec t ives a n d antibiot ics have been cont r ibuted i n large measure 
b y G e r m a n y , E n g l a n d , a n d the U n i t e d States. T h e l a n d m a r k cont r ibut ion 
of medic ines affecting neoplasms a n d the endocr ine systems can be at
t r i b u t e d p r i m a r i l y to the U n i t e d States a n d C a n a d a . M e d i c i n e s affecting 
the digest ive a n d geni tour inary systems were d e r i v e d f r o m the U n i t e d 
States a n d G e r m a n y . Respira tory agents, i n c l u d i n g antihistamines, can 
be a t t r ibuted to France , the U n i t e d States, G e r m a n y , a n d E n g l a n d . V i t a 
m i n therapy has been enhanced b y workers f r o m the Nether lands , E n g 
l a n d , a n d the U n i t e d States. C a r d i o v a s c u l a r medicines , of w h i c h there 
are many, can be a t t r ibuted to E n g l a n d , the U n i t e d States, S w i t z e r l a n d , 
a n d G e r m a n y . Dermato log ica l s a n d biologicals are di f f icul t to classify 
because of their large numbers . Diagnos t i c agents, p a r t i c u l a r l y radio
p a q u e substances, have been cont r ibuted b y the U n i t e d States, G e r m a n y , 
a n d the Scandinav ian countries. 

W h a t a resume of the last 75 years indicates is that most c o n t r i b u 
tions are l i k e l y to be d e r i v e d f r o m h i g h l y deve loped , technologica l soci
eties, possessed of superb universit ies . T h e y result, more often t h a n not, 
f r o m a complex in terplay be tween educat ion , industry , a n d institutes for 
research. H i s t o r y indicates even more c lear ly that major discoveries 
emanate f r o m those countries i n w h i c h the pharmaceut i ca l indust ry is 
h i g h l y deve loped a n d except ional ly research or iented. O n e is l e d to the 
inevi table conc lus ion that m a n y , i f not most, significant contr ibut ions w i l l 
cont inue to come f r o m the research efforts of w e l l - f u n d e d , competent ly 
staffed i n d u s t r i a l laboratories—that w i t h o u t such laboratories, progress 
w i l l be s low a n d advances fewer. 

The American System 

O u r domest ic system is s t i l l evo lv ing . It began w i t h frontier m e d i 
cine, w i t h practi t ioners of w i d e l y v a r y i n g educat ional backgrounds a n d 
professional ski l ls . T h e horse-and-buggy doctor p r o v i d e d more pastoral 
therapy than he d i d m e a n i n g f u l medica t ion . A r m e d w i t h f e w specifics, 
he l a i d on his hands, he comforted , a n d he cared as best he c o u l d for 
surgica l emergencies. 

A considerable part of the development of the A m e r i c a n system can 
be related to homeopathy, a type of pract ice w h i c h flourished i n this 
country w e l l into the 20th century. It was homeopathy that established 
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9. WESCOE Drugs—The American System 199 

the concepts of close observat ion of symptomatology, of m e d i c i n a l ther
apy for a l l ai lments, a n d of specific responses to medica t ion . It was 
homeopathy as w e l l that contr ibuted i n large measure to p o l y p h a r m a c y , 
a n d i t was p o l y p h a r m a c y that gave b i r t h to the A m e r i c a n p h a r m a c e u t i c a l 
industry . T h e indust ry has its roots i n the p r o d u c t i o n a n d d i s t r i b u t i o n 
of propr ie tary medic ines a n d nostrums b y physic ians a n d pharmacists 
possessed of business acumen. Those early founders of the indust ry are 
i m m o r t a l i z e d i n the names of m a n y of the l e a d i n g companies today. 

T h e early days of the A m e r i c a n system w e r e character ized b y over
statement of therapeut ic value, most often expressed i n unconsc ionable 
advert i s ing to the general p u b l i c . Those days m i g h t best be descr ibed as 
the era of g u l l i b i l i t y character ized b y out landish c la ims, an overtrust i n 
t h e m o n the part of the p u b l i c , a n d a lack of concern for q u a l i t y of product . 

A s a result of these excesses, Congress passed the F o o d a n d 
D r u g s A c t of 1906, the first major A m e r i c a n d r u g legis lat ion. T h a t act 
dealt p r i m a r i l y w i t h the important matters of adul terat ion a n d m i s b r a n d 
ing . T h e extent of governmenta l author i ty encompassed b y i t was ex
ceedingly l i m i t e d , b u t it presaged a c o n t i n u i n g governmenta l concern 
w i t h medic ines . 

It is of more than passing note that the l a w was w r i t t e n s imultane
ously w i t h the expression of great concern over the q u a l i t y of A m e r i c a n 
m e d i c a l educat ion. L i t e r a l l y , the development of the system proceeded 
h a n d i n h a n d w i t h the establishment of m e d i c a l educat ion as a univers i ty 
d isc ip l ine , a n d the development of m e d i c a l pract ice as a science as w e l l 
as an art. 

T h e b la tancy of p h a r m a c e u t i c a l adver t i s ing a n d the lack of effective 
products l e d to a n overreact ion to d r u g therapy : therapeut ic n i h i l i s m 
gained an ascendancy. I n the early days of this century p r i m a r y interest 
was centered i n the classif ication of disease. C l i n i c a l pathology ach ieved 
a n e w status, a n d medic ines were largely i g n o r e d save for the less than 
a dozen considered useful i n treatment b y the sophist icated p h y s i c i a n . 

A leap f o r w a r d was accompl i shed b y the system w h e n the indust ry 
t u r n e d to a research or ientat ion a n d deve lo pe d research laboratories. 
O r i g i n a l l y , the i n d u s t r i a l research laboratories were staffed w i t h di f f icul ty 
i n respect to those t ra ined i n the basic m e d i c a l sciences. T h e r e was a 
t ime w h e n membersh ip i n the A m e r i c a n Society for P h a r m a c o l o g y a n d 
E x p e r i m e n t a l Therapeut ics was d e n i e d to those e m p l o y e d b y industry 
a n d r e m o v e d f r o m those w h o left universit ies to jo in i n d u s t r i a l labora
tories. T h i s ar t i f ic ia l spl i t among scientists was healed, b u t its echoes 
are s t i l l heard occasional ly. 

T h e A m e r i c a n system, i n its finest sense, operates w i t h i n d u s t r i a l a n d 
academic laboratories ac t ing i n close cooperat ion. I n d i v i d u a l s based i n 
universit ies f requent ly serve as p a i d consultants to indus t ry a n d p e r f o r m 
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200 DRUG DISCOVERY 

research u n d e r w r i t t e n b y grants f r o m i n d i v i d u a l companies . These grants 
sometimes support specific projects b u t often p r o v i d e unrestr ic ted funds 
for basic research. I n this w a r m , symbiot i c re lat ionship rests the greatest 
strength of the A m e r i c a n system. 

'Pharmaceutical Research 

D r u g discovery begins i n the c h e m i c a l laboratory w i t h the synthesis 
of n e w compounds . These are screened i n b i o l o g i c a l m o d e l systems for 
specific pharmacolog ic ac t iv i ty ; f r o m the results of this p r e l i m i n a r y screen
ing , act ive candidates are selected for more thorough testing. W h e n 
especial ly attractive candidates are ident i f ied, investigations are enlarged 
to i n c l u d e metabol ic studies, the development of ana ly t i ca l methods, toxi
co logy i n several species, a n d finally, care ful ly contro l led c l i n i c a l studies. 
W h e n the occasional w i n n e r is p r o d u c e d , as ascertained f r o m careful 
c l i n i c a l invest igat ion, a l l of the data are brought together for submiss ion 
to the F o o d a n d D r u g A d m i n i s t r a t i o n i n support of a request for a N e w 
D r u g A p p l i c a t i o n ( N D A ) . F i n a l l y , agreement is reached w i t h the F o o d 
a n d D r u g A d m i n i s t r a t i o n w i t h respect to labe l ing , therapeutic c laims, 
precautions, adverse reactions that m i g h t be ant ic ipated , dosage, a n d 
adminis t ra t ion . 

T h e actors i n v o l v e d i n this complex d r a m a are numerous. T h e y 
range f r o m chemists, biologists , technicians, pathologists , a n d c l i n i c a l 
pharmacologists i n i n d u s t r i a l laboratories to biologists, chemists, a n d p h y 
sicians i n academic laboratories a n d c l inics , to adminis trat ive biologists 
a n d physic ians i n the F e d e r a l agency a n d government research institutes, 
to c l i n i c a l pharmacologists i n non-univers i ty hospitals , to c l in ic ians i n the 
pr ivate pract ice of medic ine . If the actors are numerous, the outpourings 
of data are even more so. T h e final summar iza t ion of data for an N D A 
is encyc lopedic i n content a n d vo lume. 

It is remarkable that a system so h i g h l y divers i f ied funct ions so w e l l . 
A l t h o u g h there are creaks here a n d r u m b l i n g s there, sometimes ominous 
signs of f r i c t i o n among the m o v i n g parts, the system is manageable , a l 
t h o u g h the processes are s low. T h a t i t does f u n c t i o n so w e l l is a t r ibute 
to the dedica t ion a n d inte l l igence of those w h o p l a y the major roles—the 
scientists i n indust ry a n d universit ies a n d government w h o strive together 
to resolve differences a n d obliterate diff iculties. 

It takes l i t t le i m a g i n a t i o n to real ize that a system so divers i f ied, whose 
p r o d u c t i o n is so c o m p l i c a t e d b y necessarily r i g i d standards, must be of 
enormous d imens ion . Because of its d imens ion , i t is dif f icult to ascertain 
w i t h accuracy the ac tua l dol lar investment. E x c l u d i n g governmenta l 
funds , the closest a p p r o x i m a t i o n to ac tual expenditures can be d e r i v e d 
f r o m the data c o m p i l e d b y the P h a r m a c e u t i c a l M a n u f a c t u r e r s Assoc ia t ion 
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9. WESCOE Drugs—The American System 201 

( I ) , based u p o n figures s u p p l i e d b y 71 m e m b e r firms whose a n n u a l ex
penditures range f r o m less than $1 to more than $20 m i l l i o n . I n 1969, the 
latest year avai lable , these data reveal an indus t ry operat ing expenditure 
on research a n d development of $549 m i l l i o n . F o r 1970, budgeted ex
penditures for research were at the leve l of $624 m i l l i o n , an increase of 
nearly 1 4 % over the previous year. O f specific interest is the fact that 
98 .8% of those expenditures were financed b y the industry itself. 

O f the total operat ing expenditures i n 1969, 88 .6% was spent w i t h i n 
the industry , 9 .7% was spent outside the industry ( for consultants, re
search insti tutions, m e d i c a l schools, hospi ta l s ) , a n d 1.7% was spent on 
government contracts. 

T h e research installations of the industry i n 1969 e m p l o y e d 20,230 
personnel of w h o m 10,345 were scientific a n d professional staff a n d 9,885 
were technicians a n d suppor t ing staff. O f the total , 3,775 h e l d doctora l 
degrees. 

W i t h respect to other industries, the pharmaceut i ca l indust ry stands 
h i g h i n the amount of dol lars expended for research; w i t h respect to its 
o w n dol lars expended a n d lack of support f r o m governmental contracts 
i t stands highest. B e y o n d that, the industry's a l locat ion of 1 8 % of its 
o w n funds to innovat ive , f u n d a m e n t a l research is the highest ratio re
por ted for any indust ry i n the U n i t e d States, accord ing to the N a t i o n a l 
Science F o u n d a t i o n . 

O n e strength of the A m e r i c a n system, b e y o n d the co l laborat ion be
tween indust ry a n d academic institutions of h i g h qual i ty , rests i n the 
compet i t ion between laboratories, a h a l l m a r k of the free enterprise sys
tem. A l t h o u g h i t is dif f icult to assign ul t imate credit for discoveries, i t is 
safe to say that the indust r ia l laboratories make a significant cont r ibut ion 
to science. T h e y stand n o w as the p r i m e developers of n e w medic ina ls , 
a fact p o i n t e d out b y Sir D e r r i c k D u n l o p (2) i n a statement m a d e i n 1967: 
O f the seventy most va luable drugs i n t r o d u c e d to m e d i c i n e i n this cen
tury since the discovery of asp i r in i n 1899, sixty were discovered a n d 
deve loped b y scientists i n the laboratories of i n d u s t r y . " 

A l l systems have their u n u s u a l characteristics, a n d this one is no 
exception. O n e of these is the h i g h ratio of expenditures on research 
a n d development to sales. I n 1969 the industry expended on research 
1 1 . 1 % of the dollars generated b y sales ( I ) , approximate ly five times 
the average percentage of a l l other industry . 

T h e research or ientat ion of the pharmaceut i ca l industry , d e m o n 
strated b y its heavy investment, is d ic ta ted not on ly b y the s t r iv ing to 
b r i n g n e w a n d i m p r o v e d products to the market for the benefit of m a n , 
but also b y the fact that m e d i c i n a l products tend to r a p i d obsolescence. 
C o n c e i v a b l y , this tendency m a y lessen i n the future. T h a t it has been a 
factor i n the past cannot be denied . 
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202 DRUG DISCOVERY 

W h a t was true i n the past about discovery, however , w i l l undoubt 
e d l y cont inue into the future . T h a t t ru th is, a great m a n y compounds 
must be synthesized to find one that is safe, efficacious, a n d useful . I n 
1967, for instance, almost 176,000 compounds were tested b y p h a r m a 
ceut ica l laboratories. O f those, only 1,375 were act ive enough a n d suffi
c ient ly safe to warrant testing i n humans. F o r each c o m p o u n d reaching 
the market , 7,000 were screened a n d u n d e r w e n t p r e l i m i n a r y testing ( 3 ) . 

T o p u t this another w a y , a n d i n a more g loba l context, i n the decade 
1958-1968 there were 300 n e w basic d r u g entities i n t r o d u c e d to p h y s i 
cians. I n that same decade expenditures made for research a n d develop
ment exceeded $3 b i l l i o n (4). O n the average, then, an expenditure of 
$10 m i l l i o n was r e q u i r e d per enti ty before $1 was generated i n sales. 
A l t h o u g h it is not statistically fair to make such a compar ison , note that 
$549 m i l l i o n were expended on research a n d development i n 1969, a n d 
only nine n e w c h e m i c a l entities were released to the market ( 5 ) . 

T h i s pecul iar i ty of r i s ing research expenditures a n d d e c l i n i n g intro
duct ions of medic ines serves to point out that deve lopmenta l research 
w i l l cont inue to be increas ingly more costly. I n v o l v e d i n these costs are 
the re lat ively n e w r e q u i r e d investigations re la t ing to b io -ava i lab i l i ty , me
tabol ism, d r u g interactions, a n d ana ly t i ca l procedures . A l l of this i n d i 
cates that the l i k e l i h o o d of the pr ice of prescr ipt ion drugs f a l l i n g signif i 
cant ly is remote at best i f the pharmaceut i ca l industry is to survive as 
an economica l ly v iab le enterprise. Indeed, any other industry w o u l d be 
cons ider ing substantial pr ice increases i n s imilar circumstances. 

Yet , despite these facts, the " h i g h cost" of medic ines , often confused 
w i t h other heal th care costs, continues to be a matter of great concern 
to the p u b l i c . W h a t the p u b l i c does not c o m p r e h e n d is the remarkable 
s tabi l i ty of m e d i c i n a l prices i n a h i g h l y inf lat ionary economy. T h e B u r e a u 
of L a b o r Statistics' data have been largely i g n o r e d : they show o n a base 
of 1957-1959 as 100, a rise i n the cost of l i v i n g index b y 1969 to near ly 
128 a n d a concomitant dec l ine i n the reta i l cost of prescr ipt ion drugs to 
an index of on ly 89 (6). N o prices are c o m p l a i n e d about as m u c h as are 
those for medic ines , yet no greater benefit is d e r i v e d f r o m any other 
products . 

F o r perspective, i n 1969 the average charge for a prescr ipt ion was 
$3.68 ( 7 ), cons iderably less than the pr ice of a carton of cigarettes, or an 
evening m e a l i n an average restaurant. 

Generics, Patents, and Advertising 

Pert inent to this discussion are the matters of generic prescr ib ing 
a n d the compulsory l i cens ing of patents, w h e r e b y the results of one com
pany's costly research c o u l d be shared b y others w h o h a d made no invest-
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9. WESCOE Drugs—The American System 203 

ment. I t appears n o w that the i n e q u i t y of this s i tuat ion is b e c o m i n g 
w e l l apprec iated. F u r t h e r , scientific evaluat ion has i n d i c a t e d the pi t fa l l s 
inherent i n the use of generic drugs. Pr i ce cannot be the o n l y considera
t ion . T h e words of John R u s k i n p u t the matter of pr ice i n proper context : 
"It's u n w i s e to p a y too m u c h , b u t it's worse to p a y too l i t t le . W h e n y o u 
p a y too m u c h , y o u lose a l i t t le money. W h e n y o u p a y too l i t t le , y o u 
sometimes lose everything , because the t h i n g y o u bought was incapable 
of d o i n g the t h i n g i t was bought to do. T h e c o m m o n l a w of business 
balance prohibi ts p a y i n g a l i t t le a n d gett ing a l o t — i t can't be done . " 

F i n a l l y , as a characterist ic of the system, w e dea l w i t h an u n i q u e 
s i tuat ion i n w h i c h the sales effort is d i rec ted not t o w a r d the consumer 
but t o w a r d a professional w h o makes a choice for h i m . A great d e a l of 
controversy has centered about the p r o m o t i o n of e thica l medic ines . T h e r e 
are those w h o bel ieve that l i t t le advert is ing of e th ica l medic ines s h o u l d be 
done; there are those w h o bel ieve that there s h o u l d be none. Some 
physic ians request a n d appreciate direct m a i l materials w h i l e others ask 
to be removed f r o m m a i l i n g lists. E t h i c a l m e d i c a l adver t i s ing s h o u l d be 
looked u p o n as educat ional mater ia l , as i n d e e d I look u p o n it . It is foo l 
h a r d y to bel ieve that busy physic ians w i l l r ead enough of the scientif ic 
l i terature or attend sufficient postgraduate courses to keep alert to a d 
vances i n therapeutics. E t h i c a l advert i s ing is restrained to the point of 
dullness ; i t is p r i m a r i l y in format iona l . W i t h o u t it , the benefits of some 
m e d i c a t i o n might be denied to some patients. It is true that " f u l l m a n y 
a rose is b o r n to b l u s h unseen"; there is no reason for a significant me
d i c i n a l d iscovery to be kept secret or mere ly to hope that a p h y s i c i a n 
w i l l s tumble u p o n i t as he reads the l i terature. T o do that w o u l d be 
foo lhardy on the part of the i n d u s t r y a n d i n i m i c a l to the best interests 
of m e d i c i n e a n d patients al ike. 

The Impact of a Changing Society 

R e m a r k a b l e changes i n society i n the past 10 years have h a d great 
i m p a c t u p o n the system; perhaps the greatest has been w r o u g h t b y a 
tremendous improvement i n the mechanisms of communicat ions . F r o m 
a society re la t ive ly u n i n v o l v e d i n w o r l d affairs because i t felt remote f r o m 
them, w e have t u r n e d into a society deeply i n v o l v e d because w e are 
catapul ted into the m i d s t of events b y the mirac le of instant c o m m u n i c a 
tions w i t h pictures. W e see a w a r b e i n g fought h a l f - w a y r o u n d the 
w o r l d as w e sit i n our lounge chairs ; w e observe riots i n distant cities 
of our o w n a n d other lands w h i l e they are s t i l l i n progress. 

Instant c o m m u n i c a t i o n leads to instant involvement a n d instant con
cern. It also leads to lack of contempla t ion a n d lack of thought ; rather, i t 
leads to emot ional responses a n d a desire for instant react ion. I n a fast 
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204 DRUG DISCOVERY 

m o v i n g w o r l d it is log ica l to th ink that a l l processes s h o u l d be speeded 
u p a n d a l l things s h o u l d be i m p r o v e d i n a matter of hours. It looks a n d 
seems so s imple that the l o g i c a l tendency is to forget that complexit ies 
exist. 

I n an exceedingly complex w o r l d w e see a y e a r n i n g for a r e t u r n to 
the s imple l i fe , a w i t h d r a w a l on the part of some of our y o u n g f r o m the 
realit ies of l i fe . F o r m a n y of the y o u n g , a s imple , u n c o m p l i c a t e d , u n 
regulated existence seems the idea l . A t the same t ime, w e have entered 
into a decade of concern that prompts n e w complexit ies , more regulat ion, 
a n d more governmenta l supervis ion. 

A l l of this leads to a society character ized b y contentiousness. There 
is today, i n m a n y instances, no thought for reasoned discussion; there is, 
instead, the presentat ion of non-negotiable demands, the m o u t h i n g of 
convenient catchphrases. T h i s is a t ime w h e n m a n y p l e a d for the federa l 
government to step i n w i t h centra l ized regulatory author i ty over b r o a d 
n e w areas—the environment , consumer products , h e a l t h — a n d a t ime 
w h e n there is a de termined thrust for the decentra l izat ion of m u c h other 
authori ty . T h e r e are those w h o bel ieve that par t i c ipa tory democracy can 
w o r k for large social structures as it once w o r k e d i n the smal l t o w n meet
i n g . T h i s is the d a y of " p o w e r to the p e o p l e " even i f the people do not 
f u l l y unders tand the ramificat ions of problems. " R i g h t o n " is the thrust 
even if " o n to w h e r e " has not been def ined. W e exist a n d w e persist i n 
a p le thora of paradoxes. F r u s t r a t i o n is the m o d e of the day. 

F i n a l l y , w e l ive i n a society w h e r e the p r o d u c e r of any m e d i c a l 
p r o d u c t has become subject to enormous l i a b i l i t y . Fears are ra ised de
l iberate ly i n the minds of m a n y b y sensational, one-s ided repor t ing , to 
the po int where one hesitates to take any medic ine . T h e basic tenet of 
pharmacology , that any m e d i c i n e is inherent ly a toxin , is forgotten. I n a 
society raised to the highest peak b y science, i n a society w h i c h is the best 
educated i n a l l of history, the present tendency appears to be t o w a r d 
non-science a n d i rrat ional i ty . M a n appears to be descending f r o m the 
cerebral to the m i d - b r a i n level , contro l led b y his gut feelings rather 
than b y his intel lect . 

T h e r e is l i t t le w o n d e r then that w e have a drug-conscious society 
w h e r e medic ines deve loped for therapeut ic advances are abused a n d 
where drugs for w h i c h there is no ra t iona l or therapeut ic use are taken 
i n ever increas ing quanti t ies b y the weak, the p o o r l y i n f o r m e d , the m e n 
t a l l y d i s turbed , a n d the const i tut ional ly inadequate . Inevi tab ly , the phar
maceut i ca l indust ry is b l a m e d for these shortcomings of society because 
i t happens to be the most v i s ib le target i n an era w h e n m a n y ( p u b l i c a n d 
p o l i t i c a l ) refuse to d iscr iminate between m e d i c a l use a n d d r u g abuse. 

T h e p h a r m a c e u t i c a l i n d u s t r y has experienced this "target" phenome
n o n before. T h e extent of governmenta l author i ty was b r o a d l y increased 
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9. WESCOE Drugs—The American System 205 

w i t h the enactment of the F o o d , D r u g a n d C o s m e t i c A c t of 1938 w h i c h 
p r o v i d e d the important governmenta l p o w e r to ru le u p o n the safety of 
medic ines before they were a l l o w e d to reach the market . Tremendous 
advances were made i n the 1940's a n d 1950's i n the i n t r o d u c t i o n of n e w , 
safe a n d effective medic ines , a n d the industry experienced remarkable 
g r o w t h . It m i g h t be sa id , however , that the industry became carr ied 
a w a y b y its o w n g r o w t h a n d successes. W i t h o u t quest ion it resorted, i n 
m a n y instances, more to salesmanship than to a concern for w h a t was 
best for the patient a n d the pract ice of medic ine . A s a consequence, i t 
entered (even engendered) an era of distrust, w h i c h , retrospect ively, 
s ignal led the rea l b e g i n n i n g of the n e w times of d i s c o r d a n d dissent i n 
w h i c h w e l ive . 

D u r i n g the Congress ional hearings on the F o o d , D r u g , a n d Cosmet i c 
A c t , the pharmaceut i ca l indust ry was unfor tunate ly u n e q u a l to the task 
of present ing its story of magnif icent achievement. Rather than a pos i 
t ive approach , i t adopted a defensive stance. A s a result of the hearings, 
the act was a m e n d e d substantial ly ; the amendments extended govern
menta l author i ty to m a n u f a c t u r i n g practices, a n d more important , to the 
establishment of efficacy before a n e w p r o d u c t c o u l d be marketed. 

N o one c o u l d c o m p l a i n about these purposes. T h e regret to be v o i c e d 
is that these developments resulted f r o m one-sided, acr imonious hearings 
f r o m w h i c h the industry has never f u l l y recovered i n the matter of p u b l i c 
confidence. Grea t accomplishments were d o w n - g r a d e d ; r i d i c u l e was the 
order of the day. 

The Drug Evaluation Study 

Just n o w w e are b e g i n n i n g to see the ul t imate results of some of 
these changes as the F o o d a n d D r u g A d m i n i s t r a t i o n begins to implement 
the findings of panels a p p o i n t e d b y the D r u g Research B o a r d of the 
N a t i o n a l A c a d e m y of S c i e n c e s - N a t i o n a l Research C o u n c i l to pass u p o n 
the efficacy of marketed drugs. A s the findings of these panels are re
vealed, the impress ion is most often g iven that a substantial group of 
a l l - k n o w i n g men , w i t h b r o a d c l i n i c a l experience, have s tudied i n d e p t h 
a l l the data per ta in ing to the drugs i n quest ion a n d have reached f r o m 
those studies a rat ional , scientific decis ion. L e t me dissent f r o m that 
impress ion, at the risk of p r o v o k i n g anger f r o m some, b u t h o p e f u l l y , 
considered thought on the part of others. 

I have great respect for scientists. I have l i v e d w i t h t h e m a l l m y 
adul t l i fe . I consider myself to be one of them. M y experience indicates 
that none of them is a l l - k n o w i n g , that each of them is subject to as m a n y 
biases a n d prejudices as is the l a y m a n . T h e impress ion g iven that the 
N a t i o n a l A c a d e m y ( inc identa l ly , a very n a r r o w l y d r a w n group ) has made 
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206 DRUG DISCOVERY 

decisions is erroneous; rather, smal l groups of a p p o i n t e d academic experts 
have p r e p a r e d reports. F e w if any of them, were A c a d e m y members 
themselves. T h e A c a d e m y itself d i d not r e v i e w their findings, a n d , cer
ta inly , the A c a d e m y released no reports. D o m i n a n t c h a i r m e n c o u l d exert 
great influence on the conclusions of these reports. 

A s one reads the ac tua l reports, one cannot f a i l to conc lude that i n 
m a n y instances the panels were r e c o m m e n d i n g changes i n in format ion 
p r o v i d e d to physic ians a n d not consider ing ( or r e c o m m e n d i n g ) that their 
comments w o u l d remove medic ines f r o m the market place. Yet the latter 
is exactly w h a t has h a p p e n e d . F u r t h e r , one gains the impress ion that 
often their o p i n i o n , rather than fact, r u l e d the d a y — a n o p i n i o n that was 
substi tuted, w i t h o u t debate, for the cumulat ive , years- long o p i n i o n of 
m a n y c l inic ians . N o one w o u l d desire the discont inuat ion of ineffective 
medic ines more than I w o u l d , but I quest ion arb i t rary d i s d a i n for lengthy 
c l i n i c a l experience, a n d I fear w h a t appears to be the present thrust : the 
establishment of a single p r o d u c t for a single therapeutic i n d i c a t i o n . I 
bel ieve choice s h o u l d a n d must be a l l o w e d the c l i n i c i a n i n selecting 
medic ines for his patient . 

T h e w i t h h o l d i n g of a m e d i c a t i o n that has achieved c l i n i c a l accept
ance on the basis of c l i n i c a l observations over m a n y years is as important 
an act ion as the i n t r o d u c t i o n of a n e w c o m p o u n d . I n the current actions 
f o l l o w i n g u p o n the d r u g evaluat ion reports, mi l l ions of c l i n i c a l observa
tions have been rejected or ignored . T h i s is i n remarkable contrast to the 
s i tuat ion as it relates to adverse reactions, where a single report , often 
unsubstantiated, is accepted w i t h finality. 

There has been i n the last decade a great preoccupat ion w i t h unto
w a r d reactions, an inevi table resultant of the use of medic ines . Package 
inserts read l ike horror studies, for every possible react ion must be i n 
c l u d e d , no matter h o w remote the occurrence m i g h t have been, or h o w 
l i t t le connect ion it m i g h t have h a d w i t h the medic ine i n quest ion. If there 
is any great need today i t is for a scientific evaluat ion of adverse reac
tions. T h e costly scientific substantiat ion of safety a n d efficacy so reason
ab ly requested stands i n stark contrast to the unscientif ic evaluat ion of 
adverse effect repor t ing ( 8 ) . 

W e have h a d a recent personal experience i n respect to pentazocine. 
A f t e r rece iv ing reports concern ing indiscr iminate use of the c o m p o u n d , 
w e made determined efforts to obta in b o d y fluid samples for analysis 
f r o m those suspected of such use. I n more than hal f the instances w h e r e 
pentazocine h a d been i m p l i c a t e d , analyses revealed neither the parent 
c o m p o u n d nor its metabolites. Rather , analyses revealed the presence 
of other compounds k n o w n to be abused. W e are certa in that i f s imi lar 
efforts were made the same w o u l d be f o u n d i n respect to other drugs. 
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9. WESCOE Drugs—The American System 207 

Medicines and the Political Arena 

O u r past decade has seen the emergence of a d d i t i o n a l p o l i t i c a l fig
ures w i t h a n intense interest i n m e d i c i n a l affairs, m a n y more than was 
once the case. Inevi tably , then, pol i t ics intrudes into the regulat ion of 
A m e r i c a n medic ina ls i n a w a y not comparable elsewhere i n the w o r l d . 

F e d e r a l administrators are subjected to the survei l lance of committees 
sometimes to the extent that i t w o u l d appear diff icult for t h e m to carry 
out their responsibi l i t ies . A considerable amount of their t ime is spent 
i n hearings, t ime that c o u l d be spent more prof i tab ly i n the adminis t ra t ion 
of their agencies. 

Congress ional hearings o n impor tant subjects are often h e l d o n short 
notice. T h e witnesses to be heard are selected b y committee members 
a n d , often, under the guise of lack of t ime, m a n y w i t h substantive pres
entations are not heard at a l l . Hear ings tend to be c o n t r i v e d a n d one
s ided ; w h a t purpor t to be democrat ic processes at times resemble the 
worst of tota l i tar ian exercises. 

A f e w members of Congress strive for the appearance of h a v i n g 
vir tue entirely o n their side. T h e y have no c o m p u n c t i o n about invest i 
gat ing any subject—save that of their o w n operations. A n interest ing 
comment was quoted i n the New York Times Magazine of J u l y 19th, 1970 
i n that regard, f r o m a member of Congress w h o was e x p l a i n i n g w h y no 
p u b l i c hearings were h e l d b y the E t h i c s C o m m i t t e e : "I t h i n k the c o m 
mittee has plenty of power . I don't th ink w e s h o u l d have a setup w h e r e 
every crackpot i n the area can for p o l i t i c a l reasons or otherwise come i n 
a n d t ry to get some headlines at the expense of a Congressman. T h e y 
w o u l d do it . Y o u must k n o w that ." A p p a r e n t l y , there is recognized a 
difference i n "crackpots" a n d a difference i n ga in ing headlines at someone 
else's expense or h a v i n g them result f r o m one's o w n p u r p o r t e d actions. 

Surpr i s ing ly a n d detr imenta l ly , i n a t ime w h e n medic ines of greater 
specif icity as w e l l as potency became avai lable , there was a thrust i n 
m e d i c a l schools to shorten the c u r r i c u l u m i n pharmacology or to spread 
its teaching a m o n g m a n y people not t ra ined i n the d isc ip l ine . P h a r m a 
cologists object, b u t there is a m u c h louder voice f r o m f a m i l y pract ice , 
f r o m sociologists a n d f r o m m e d i c a l students w h o seem ready to enter 
the profession w i t h o u t a real ly basic k n o w l e d g e of w h a t a q u a l i t y pract ice 
of m e d i c i n e is a l l about. 

These m e d i c a l students come f r o m the student groups that have 
r a i l e d against "the establ ishment" u n t i l they have c o n v i n c e d themselves 
that such a group exists. T h e y should learn w h a t the so-cal led "establish
m e n t " does to those the students consider members of it . T h e y are u n 
aware, for instance, that governmenta l agencies do to corporations w h a t 
they w o u l d not dare do to i n d i v i d u a l s . T h e y are unaware that to achieve 
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208 DRUG DISCOVERY 

a hear ing , a corporat ion first has to present evidence that it can w i n 
the hear ing . T h e y are unaware that i n m a n y of our industry-government 
relations the i n d i c a t i o n is clear that the E n g l i s h p r i n c i p l e of innocent 
u n t i l p r o v e n g u i l t y has been abandoned. T h e y are unaware that pres
ent ly there are b e i n g proposed w i d e - r a n g i n g statutes that w o u l d make 
F e d e r a l agencies the lawmakers , the prosecutors, the juries a n d the judges. 

International Regulations 

Perhaps one of the most dramat ic changes i n the last decade has 
been the " in ternat iona l iza t ion" of m e d i c i n a l controls. N o longer is each 
nat ion operat ing ent irely independent ly . T h e W o r l d H e a l t h O r g a n i z a 
t i o n is b e c o m i n g a more prominent organizat ion ; a great dea l of data are 
shared between governments. A governmenta l dec is ion i n one country 
today is very l i k e l y to be repeated p r o m p t l y i n m a n y others. M u c h of 
this is for the good ; w h a t has to be assured is that nat ional prejudices 
w i l l not be subst i tuted for scientific accuracy. 

Because there is this tendency t o w a r d the r a p i d sharing of data be
tween governments a n d because some companies f r o m the U n i t e d States 
market n e w products abroad, i t is appropr ia te to describe the systems 
as they exist elsewhere. 

T h e d r u g registrat ion system i n B r i t a i n is less complex a n d m u c h 
less costly than that of the U n i t e d States a l though it is certainly no less 
effective a n d no less protect ive of the consumer. T h e B r i t i s h system is 
m u c h less f o r m a l , less bureaucrat ic , a n d operates on a leve l of m u c h more 
m u t u a l respect than ours. It is re la t ive ly n e w i n p r i n c i p l e of operat ion 
b u t appears to w o r k effectively. U n d e r that system a request is made 
of the registrat ion author i ty to carry out c l i n i c a l trials after the care ful 
laboratory studies have been made. T h e request is accompanied b y f u l l 
data on a n i m a l studies, i n c l u d i n g teratology, a n d on tolerance studies 
p e r f o r m e d on h u m a n volunteers. W h e n permiss ion is g iven, the c l i n i c a l 
trials are p e r f o r m e d a n d , w h e n complete , are submit ted to the C o m m i t t e e 
on Safety of D r u g s ( S c o w e n C o m m i t t e e ) w i t h a request for permiss ion 
to market . T h e C o m m i t t e e either approves, requests further studies, or 
disapproves. I n the event that f o r m u l a changes a n d changes i n dosage 
forms are r e q u i r e d after that t ime, these too are submit ted to the C o m 
mittee just as is the case w i t h an N D A supplement i n this country . 

T h e system i n F r a n c e is a very r i g i d one, albeit a less bureaucrat ic 
one. A visa expert must be used, usua l ly a n academic ian w h o is an ac
k n o w l e d g e d expert i n the field of disease for w h i c h the medic ine is i n 
tended. T h e c o m p a n y seeks out such a visa expert; there is apparent ly 
l i t t le concern about possible conflict of interest i n this system a n d appar
ent ly a trust i n b o t h parties b y the government authorit ies. W h e n a visa 
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9. WESCOE Drugs—The American System 209 

expert has agreed to serve, a l l the p r e l i m i n a r y data are submit ted to h i m : 
a n i m a l studies, toxicology, a n d c l i n i c a l studies. O r d i n a r i l y , he w i l l then 
p e r f o r m some a n i m a l or c h e m i c a l studies himself . A p p r o v a l can be 
sought for only one dosage f o r m at a t ime, a n d a l l tests must be per
f o r m e d o n the same batch of d r u g . If the visa expert approves, he i n d i 
cates that fact to the government, a n d market ing can proceed. F o r a n e w 
dosage f o r m , a l l w o r k must be repeated. 

A t present the Scandinav ian countries are i n the process of reconci l 
i n g their system a m o n g themselves. D e n m a r k , F i n l a n d , a n d N o r w a y 
n o w have systems l ike that of B r i t a i n . In Sweden , however , a protocol 
must be submit ted to the H e a l t h M i n i s t r y for each c l i n i c a l s tudy to be 
undertaken. S u c h a protoco l must conta in a l l a n i m a l w o r k , i n c l u d i n g 
toxicology and , specif ical ly, per inata l toxicology i n at least one species. 
T h e H e a l t h M i n i s t r y finally evaluates the evidence after the protocols 
have been comple ted a n d , i f i t approves, grants permiss ion to market . 

The Future 

T h e A m e r i c a n system has m a t u r e d t h r o u g h successive eras: g u l l i 
b i l i t y , n i h i l i s m , scientific discovery, a n d distrust. T h r o u g h the m a t u r i n g 
process great changes have occurred, a n d changes w i l l cont inue to be 
made. W h a t concerns the A m e r i c a n p u b l i c is that these changes occur 
i n an atmosphere of trust a n d m u t u a l confidence created b y statesmen 
(not demagogues) a n d indus t r ia l leaders (not tycoons) , w i t h a single-
m i n d e d concern for the p u b l i c good. There is no reason w h y industry 
a n d government cannot w o r k together t o w a r d this e n d ; indeed , p r e l i m i 
nary moves t o w a r d this end are i n progress. W h a t is r e q u i r e d is integri ty 
a n d fairness of m i n d i n a l l i n v o l v e d , such that equitable decisions can 
be reached. 

Reasonable change for the p u b l i c good should be sought. Unreason
able suggestions for change should be opposed. Single standards, e q u i 
tab ly adminis tered, should be the rule . Pedantry should not stand i n the 
w a y of efficient discovery; bureaucracy s h o u l d not stand i n the p a t h of 
therapeutic progress. O u r hope is that w e enter u p o n a n e w era—an era 
of trust—trust earned a n d deserved, an era where ra t ional i ty g u i d e d b y 
intellect serves for the p u b l i c , not the po l i t i ca l , good. 
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Research and Development in the 
Pharmaceutical Industry 

C. W . P E T T I N G A 1 

Eli Lilly & Co. , Indianapolis, Ind. 46206 

In recent years, research and development costs in the drug 
industry have increased rapidly as sophisticated chemical 
and pharmacological techniques have required expensive 
equipment and specialized training. Today, emphasis in re
search is on mechanisms of drug action, safety and toxi
cology, problems of the validity of animal testing, and 
problems in pharmaceutical and control procedures. Work
ing under increased government regulation and public 
scrutiny, the pharmaceutical industry faces increased com
plexity of new drug applications and evaluation of existing 
drugs and must rely on statistical research when the public 
demands scientifically impossible absolutes in effectiveness 
and safety. The industry, striving with all available tech
nology and thoroughness to provide the best therapeutic 
agents, must have the cooperation of the medical profession 
and patients to achieve this goal. 

T n his excellent r e v i e w ( J ) , W . C . W e s c o e has recounted some of the 
history of drugs a n d the pharmaceut i ca l indus t ry i n the U n i t e d States. 

H i s key points are: 
( 1 ) T h e development of the d r u g indust ry as w e k n o w it today has 

substantial ly occurred only i n the last 50 years. 
(2 ) T h e most r a p i d development , a c c o m p a n i e d b y the greatest n u m 

ber of c h a n g i n g circumstances, has taken place i n the last f e w years. E l i 
L i l l y & C o . , for example, is 94 years o l d ; yet, i n terms of g r o w t h , i t took 
75 years to reach the first $100 m i l l i o n sales level , 14 years to reach $200 
m i l l i o n , 4 years to attain $300 m i l l i o n , o n l y 2 years for $400 m i l l i o n , 
a n d a l i t t le more than 1 year for $500 m i l l i o n . Stated i n another w a y , 
the n u m b e r of years r e q u i r e d to advance $100 m i l l i o n i n sales d e c l i n e d 
r a p i d l y f r o m 75 to 14 to 4 to 2 to a l i t t le more than 1. 

1 Present address: Elizabeth Arden, Inc., 3 East 54th St., New York, Ν. Y. 10022. 
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212 DRUG DISCOVERY 

O t h e r business parameters c h a n g e d s w i f t l y i n a s imi lar fashion. D u r 
i n g the last 10 years, w h i l e sales g r e w 2 0 0 % , the n u m b e r of employees 
near ly d o u b l e d ; earnings per share increased more than 3 0 0 % ; R & D 
expenditures are more than 2V2 t imes w h a t they were . T h e d r u g indust ry 
as a w h o l e is g r o w i n g r a p i d l y a n d c h a n g i n g r a p i d l y . I n recent years 
increased sales have p r o v i d e d the financial base for ever- increasing re
search a n d deve lopment ( R & D ) expenditures. A r e these expenditures 
generat ing the n e w technology a n d products that can p r o v i d e a broader 
base for pro ject ing increas ing sales dol lars d u r i n g the next decade? 

T h e quest ion is not answered easily. H o w e v e r , at this t ime, there is 
l i t t le or no evidence that the d r u g indus t ry plans to c u r t a i l research a n d 
development spending i n the 1970's. I n fact, the present l eve l of recruit 
i n g supports the general bel ief that 1971 R & D expenditures aga in w i l l 
increase for the total pharmaceut i ca l industry . 

It is a w e l l recognized fact that the so-cal led research p r o d u c t i v i t y 
w i t h i n the d r u g industry is changing . E a c h year the Pharmaceut i ca l 
M a n u f a c t u r e r s ' Assoc ia t ion publ ishes the total do l lar expenditures for 
R & D submi t ted b y its m e m b e r firms ( 2 ) . If this total figure is d i v i d e d 
b y the n u m b e r of n e w products i n t r o d u c e d d u r i n g that year, one can 
arr ive at the average cost for R & D per product . D u r i n g the last 10 years 
this cost has r isen about 20- or 30- fold ( a va lue w h i c h m a y v a r y w i t h i n 
that range since there are different ways of def in ing a n e w p r o d u c t ). T h e 
average cost of researching a n d d e v e l o p i n g a signif icant n e w p r o d u c t is 
n o w r a p i d l y a p p r o a c h i n g $50 m i l l i o n dollars . 

These escalat ing expenditures are a factor of p r i m e significance not 
o n l y for R & D management but also for total c o m p a n y management . It 
is a matter that s h o u l d concern the p u b l i c at large a n d especial ly those 
w h o have research experience a n d technica l t ra in ing . 

It w i l l h e l p us to unders tand the reasons for the r a p i d increase i n 
R & D costs per p r o d u c t enti ty i f w e go back to D r . Wescoe's h is tor ica l 
v i e w p o i n t . Sophis t icated broad-scale research is re lat ively new, but its 
beginnings are rooted i n a n u m b e r of d i sc ip l ines : botan ica l science, phar
macognosy, ana ly t i ca l chemistry , a n d other basic pharmaceut i ca l sciences. 
O r g a n i c chemistry, b iochemistry , a n d pharmaco logy were not i n t r o d u c e d 
to the indus t ry u n t i l the 1920's a n d 1930's. E v e n at that t ime chemistry 
was rather unsophist icated, a n d p h a r m a c o l o g i c a l techniques were r u d i 
mentary. N o t u n t i l the 1940's a n d 1950's d i d w e see the in t roduct ion of 
m o d e r n pharmaco logy w i t h its complex in t rumenta t ion a n d electronic 
sensing. O n l y i n the last 10 or 20 years has organic chemistry b r o a d l y 
a p p l i e d such devices as in f ra - red spectrometry, nuclear magnet ic reso
nance, mass spectrometry, a n d x-ray di f f ract ion apparatus. Previous ly , 
the ident i f icat ion of the structure of an ant ib iot ic often r e q u i r e d 10 to 
20 man-years of w o r k . C o m p a r e this commitment of t ime a n d effort w i t h 
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10. PETTINGA The Pharmaceutical Industry 213 

the achievements of the late 1960's, w h e n it was possible to e lucidate 
f u l l y the structure of an ant ib iot ic b y x-ray di f f ract ion sometimes i n as 
short a p e r i o d as 30 d a y s — l / 1 2 t h of a m a n year. 

H o w e v e r , m o d e r n e q u i p m e n t a n d m o d e r n technology, a l though they 
speed progress, are extremely expensive. T h e investment of a quarter of 
a m i l l i o n dollars i n equipment alone for one p h y s i c a l chemistry lab is not 
at a l l unusua l . 

T h e insta l lat ion, use, a n d maintenance of such e q u i p m e n t require 
scientists w i t h an unusua l degree of spec ia l ized t ra in ing . M o d e r n d r u g 
metabol i sm procedures enable us to select for p h a r m a c o l o g y a n d toxi
co logy studies those species of animals whose metabol ic patterns most 
near ly resemble those of h u m a n beings. A f t e r a l l , our k n o w l e d g e of the 
safety a n d efficacy of a d r u g substance is of paramount importance for 
m a n . T h e appropr ia te selection of a species for p h a r m a c o l o g y testing 
a n d for safety evaluat ion can be done c r i t i ca l ly only i f w e have a m o d e l 
system w h i c h is v a l i d . W e must be able to extrapolate k n o w l e d g e ga ined 
i n animals to the area of c l i n i c a l p h a r m a c o l o g y a n d c l i n i c a l medic ine i f 
our lengthy a n i m a l experiments are to have any rea l m e a n i n g . 

It is often said that d r u g research is more diff icult today than it was 
25 years ago because of the greater complex i ty of the m e d i c a l problems 
b e i n g s tudied. I n part this is true; i n part it is false. F o r example, i n the 
early 1920s the usefulness of i n s u l i n i n treat ing diabetes was discovered 
b y B a n t i n g a n d Best. F o r nearly 50 years diabetics have been able to 
lead act ive a n d useful lives of re lat ively n o r m a l d u r a t i o n as a result of 
this discovery. If one c r i t i ca l ly reviews the l i terature of diabetes today, 
l o o k i n g for an explanat ion of the mechanism of act ion of i n s u l i n , one 
cannot he lp but be astonished that after 50 years w e have rea l ly ach ieved 
very l i t t le i n a true unders tanding of the disease itself, b u t w e do k n o w 
a great d e a l more about insulin's role i n carbohydrate a n d l i p i d metabo
l i sm. W e do not k n o w w h y certa in inher i ted characteristics can lead to a 
predispos i t ion to the disease. W e cannot expla in w h y some diabet ics 
appear to have adequate stores of i n s u l i n i n their pancreas. T h e interre
lat ionships of i n s u l i n , g lucagon, other hormones, a n d the centra l nervous 
system are p o o r l y understood. N o one has expla ined satisfactorily the 
regula t ion of i n s u l i n synthesis w i t h i n the islet cells or its release into the 
b l o o d stream w h e n f o o d is ingested. A l t h o u g h useful c l i n i c a l entities 
for the treatment of diabetes have been f o u n d , the ways i n w h i c h these 
d r u g substances act are s t i l l largely unexpla ined . 

M u c h the same can be sa id for antibiot ics . A l t h o u g h some 30 differ
ent ant ib iot ic substances are avai lable for the treatment a n d prophylax is 
of infect ious bac ter ia l disease, the role of na tura l factors a n d their inter
re lat ionship w i t h the ant ibacter ia l act ion of antibiot ics are not complete ly 
understood. O n l y smal l beginnings have been made i n the true under-
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214 DRUG DISCOVERY 

s tanding of the relat ionships be tween infectious agents a n d h o w this 
re lat ionship can be m o d i f i e d favorab ly b y the use of antibiot ics . I n no 
w a y do I w i s h to m i n i m i z e the importance of present drugs i n m a i n t a i n i n g 
heal th i n treat ing disease, a n d i n a l lev ia t ing p a i n . Today 's m o d e r n p h y 
sic ian has m a n y p o w e r f u l p h y s i o l o g i c a l substances w i t h o u t w h i c h his 
pract ice w o u l d be severely h a m p e r e d . W e can pred ic t w i t h certainty 
that 10 to 20 years f r o m n o w m a n y other useful agents w i l l be a d d e d to 
the physician's a r m a m e n t a r i u m against disease a n d suffering. T h e phys
i o l o g i c a l systems i n w h i c h these drugs operate a n d the w a y i n w h i c h they 
exert their influence w i l l i n a l l l i k e l i h o o d r e m a i n the subject of consider
able s tudy for decades to come. T o d a y , more than at any t ime d u r i n g 
the last 50 years scientists are engaged i n carbohydrate a n d l i p i d research. 
F r o m this research s h o u l d come n e w k n o w l e d g e l eading to better therapy 
a n d , h o p e f u l l y , prevent ion of diabetes. 

W e have a l ready a l l u d e d to the increased d e m a n d for the k n o w l e d g e 
of safety a n d toxic i ty factors a n d of the mechanisms of d r u g actions. A s 
n e w technology becomes avai lable to pharmacologists , biochemists , a n d 
biologists , their na tura l curios i ty , plus the demands of the physic ians 
to k n o w h o w drugs operate a n d exert their influence, have l e d to further 
studies of the mechanisms of d r u g actions. I n a d d i t i o n , m a n y studies are 
a i m e d at demonstrat ing the safety of b o t h n e w a n d o l d m e d i c i n a l sub
stances. T h e discovery that t h a l i d o m i d e , an extremely useful d r u g , was 
dangerous because it caused a b n o r m a l development of the fetus w h e n 
taken i n the early part of pregnancy d i d more than any other single 
factor to st imulate renewed interest i n a n i m a l toxicology studies. I a m 
c o n v i n c e d that the demonstrat ion b y L e n z i n G e r m a n y (3) a n d others 
that t h a l i d o m i d e caused phocomel ia , was the p r i m e mover i n get t ing 
Congress to pass the 1962 A m e n d m e n t s to the F o o d a n d D r u g s A c t . 

Inserts i n the packages of m a n y w i d e l y used drugs carry statements 
such as: " N o t r e c o m m e n d e d i n pregnancy , " " I n w o m e n of ch i ld -bear ing 
age w e i g h potent ia l benefits against possible fetal hazards , " or, " T h e 
safety of ' X ' for use i n pregnancy has not been established; therefore, this 
d r u g s h o u l d be used i n pregnant patients on ly w h e n , i n the judgment 
of the p h y s i c i a n , its use is d e e m e d essential to the wel fare of the pat ient . " 

T o d a y a l l n e w drugs are subjected to teratology studies to indicate 
their safety i n pregnant females. H o w e v e r , w h e n our studies on a n e w 
d r u g are complete , w e can be reasonably certain o n l y that the inc idence 
of a b n o r m a l mice , rats, rabbits , or other a n i m a l species is not increased 
above the n o r m a l inc idence , even t h o u g h the d r u g is adminis tered i n 
h i g h doses to the a n i m a l mother before, as w e l l as after, concept ion, a n d 
d u r i n g the f u l l - t e r m of pregnancy. W e can l ikewise be quite certain 
about the lack of effects on the n e w b o r n w h e n the d r u g is adminis tered 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

10



10. PETTING A The Pharmaceutical Industry 215 

to the lactat ing female, but , w e cannot say w i t h certainty that the d r u g 
w i l l be safe i n h u m a n beings w h e n adminis tered d u r i n g pregnancy. 

It is impera t ive that scientists, physic ians , a n d the lay p u b l i c , as w e l l 
as our legislative bodies, be m a d e aware that no amount of testing i n 
animals can guarantee the safety of a m e d i c i n e i n a l l h u m a n beings. A 
complete lack of side effects i n animals does not prove safety i n m a n . 
S i m i l a r l y , the appearance of a b n o r m a l of fspring i n the litters of animals 
g iven drugs d u r i n g pregnancy does not necessarily m e a n that these 
substances w i l l be unsafe w h e n taken b y pregnant w o m e n . H o w e v e r , no 
one can ever r e c o m m e n d that pregnant w o m e n make the heroic experi 
ment of testing substances that produce p h o c o m e l i a i n animals . 

I n a d d i t i o n to the g r o w t h i n scope a n d complex i ty of the p h y s i c a l , 
chemica l , a n d b i o l o g i c a l sciences i n i n d u s t r i a l p h a r m a c e u t i c a l research 
w e have seen a r e n e w e d interest i n p h a r m a c e u t i c a l research, i n c l u d i n g 
p r o d u c t formula t ion , efficacy standards, n e w regulations governing good 
m a n u f a c t u r i n g practices, a n d better contro l procedures to ensure the 
q u a l i t y of drugs for domestic a n d fore ign markets. 

It is inappropr ia te to d w e l l at l ength o n the n e w standards for 
detect ing bacteria i n parenteral products a n d products des igned for ora l 
or top ica l medica t ion . M o r e people than ever before are at w o r k i n 
A m e r i c a n industries , government laboratories, a n d academic circles re
v i e w i n g d r u g standards. U n d e r s tudy are such subjects as b i o - a v a i l a b i l i t y 
of drugs a n d methods for detect ing not on ly the amount of act ive i n 
gredients present i n p h a r m a c e u t i c a l preparat ions but also the presence 
of trace impuri t ies . T h e latter m a y either negate the desired d r u g act ion 
or m a y cause u n w a n t e d side effects. 

Government Regulation 

Perhaps the greatest single change that has occurred w i t h i n o u r 
indus t ry has been i n the area of government regulat ion a n d p u b l i c scru
t iny of our total operations. F o r years the p h a r m a c e u t i c a l indust ry felt 
that its ob l iga t ion consisted solely of re la t ing to the professional members 
of the hea l th professions: physic ians , dentists, pharmacists , a n d nurses. 
L i t t l e or no at tempt was made to m a k e our indus t ry unders tood b y the 
m a n i n the street, b y the legislator i n the state capi to l , or b y the C o n 
gressman i n W a s h i n g t o n . B y a n d large, w e felt w e h a d o n l y one p u b l i c — 
the physic ians a n d m e d i c a l personnel w h o used our products to treat 
patients. A l t h o u g h a f e w articles appeared i n the p o p u l a r press i n a v e i n 
s imi lar to P a u l D e K r u i f s " M i c r o b e H u n t e r s " (4), there was l i t t le under
s tanding of the d r u g industry . People d i d not k n o w h o w d r u g research 
was carr ied out; they h a d l i t t le idea h o w drugs were d i s t r ibuted or h o w 
they were made avai lable t h r o u g h the c h a i n of d i s t r i b u t i o n , i n c l u d i n g 
wholesalers , d r u g stores, a n d hospi ta l pharmacists . 
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216 DRUG DISCOVERY 

T h e K e f a u v e r hearings i n 1960 d i d m u c h to change this tota l situa
t ion . T h e p h a r m a c e u t i c a l indust ry a n d the safety a n d efficacy of drugs 
have been, a n d w i l l cont inue to be, the subject of conversat ion over b r i d g e 
tables, b y news commentators , a n d i n the d a i l y press. Senators a n d con
gressmen w i l l cont inue to h o l d hearings because the p u b l i c is interested i n 
hea l th a n d people are concerned w i t h the safety a n d efficacy of the d r u g 
substances prescr ibed b y their physic ians . T h e F o o d a n d D r u g A d m i n 
is trat ion has f o r m u l a t e d its requirements for the safety a n d effectiveness 
of n e w d r u g substances ( 5 ) , w h i c h have greatly increased the complex i ty 
a n d scope of the investigations n o w r e q u i r e d for a n e w d r u g appl i ca t ion . 
F o r example, i n the mid-1950's less than 100 patients were needed for 
c l i n i c a l test ing to secure F D A a p p r o v a l of a n e w ant ibiot ic . T o d a y , h o w 
ever, no d r u g manufac turer w o u l d submit a n e w d r u g a p p l i c a t i o n to the 
F D A unless several hundreds or even thousands of cases were s tudied 
i n deta i l , a n d a l l the results were careful ly correlated. T h i s does not 
necessarily m e a n that i n a l l cases the F D A receives better in format ion 
today than i t d i d 15 years ago. T w e n t y - f i v e w e l l documented , t h o r o u g h l y 
s t u d i e d cases m a y give almost as f u l l an unders tanding of the c l i n i c a l 
effectiveness a n d safety of a n ant ib iot ic as several h u n d r e d cases that 
appear to be less w e l l s tudied a n d repi t i t ious . H o w e v e r , the facts of the 
matter are such that volumes of in format ion must be col lected, correlated, 
a n d indexed . 

Several hundreds of pounds of documents cover ing the c h e m i c a l a n d 
p h y s i c a l propert ies of a n exper imental substance a n d its behavior i n ani 
mals must be p r e p a r e d for submiss ion to W a s h i n g t o n . C l i n i c a l p h a r m a 
cology a n d c l i n i c a l experience obta ined w i t h a n e w d r u g substance i n 
m a n y centers of research must be correlated, r e v i e w e d , a n d s u m m a r i z e d . 
T h i s i n f o r m a t i o n is r e v i e w e d not on ly b y the sponsoring company's sci
entists b u t also b y outside investigators. It is finally r e v i e w e d exhaust ively 
b y the F D A . F o l l o w i n g a p p r o v a l , the companies must cont inue at regular 
intervals to submit a d d i t i o n a l reports to the F D A on a l l experiments i n 
animals a n d i n h u m a n beings to support the cont inuat ion of F D A ap
p r o v a l to d is t r ibute a p r o d u c t i n interstate commerce . T h e indus t ry a n d 
I bel ieve that m o d e r n technology a n d our m o d e r n society d e m a n d that 
as m u c h i n f o r m a t i o n as possible to m a d e avai lable not on ly to the F D A 
but to m e d i c a l investigators a n d to physic ians r e g a r d i n g the safety a n d 
efficacy of therapeutic agents so ld i n the U n i t e d States today. W e support 
comple te ly the general purpose a n d objectives of the F D A . 

H o w e v e r , w e must remember that i n the b i o l o g i c a l sciences a n d i n 
the m e d i c a l sciences, especial ly w i t h i n the general area of b i o l o g i c a l 
sciences, there are very f e w absolutes. Biologists a l l te l l us that var ia t ion 
is the usua l event rather than the u n u s u a l event. T h i s is w h y statistical 
research a n d the use of statistics is so important i n a l l b i o l o g i c a l science. 
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10. P E T T i N G A The Pharmaceutical Industry 217 

F o r this reason the microbiologists use mi l l ions of organisms i n a m i c r o 
b i o l o g i c a l assay. It is the reason w h y precise measurements of the g r o w t h 
response of a n e w nutr i t iona l agent must be measured i n more than one 
h o g or i n more than one beef a n i m a l . 

T h e presence of certain u n u s u a l genetic characteristics w i t h i n the 
h u m a n race, the concommitant use of other drugs, a n d a l l of the factors 
w h i c h make each patient an i n d i v i d u a l require that m e d i c i n e be prac t i ced 
b y m e n w i t h professional judgment . I k n o w of no drugs that are abso
lute ly safe or absolutely effective. F o r example, combinat ions of estrogens 
a n d progestins, as f o u n d i n m o d e r n b i r t h contro l products , are v i r t u a l l y 
1 0 0 % effective. H o w e v e r , i f these agents are g iven to 100 n o r m a l m a r r i e d 
w o m e n w h o are ferti le , about one pregnancy w i l l occur each year that 
these 100 w o m e n are o n therapy. There has been m u c h p u b l i c i t y a n d 
m u c h attention p a i d to the concept ion rate i n w o m e n w h o are on the p i l l . 
N o t e d m e d i c a l research m e n have argued w i t h the pregnancy r a t e — 
0.6/100 w o m a n years; 1.0; or 1.3. These s m a l l differences t u r n out to be 
of l i t t le consequence to the biologists w h o prefer to v i e w the numbers 
as 98.7; 99.0; or 99 .4% effective. 

O f course, i t is l i t t le comfort to the w o m a n w h o w a n t e d to a v o i d 
pregnancy w h e n her doctor tells her she is the 1 i n 100 w h o has con
ce ived . T h e p u b l i c has been l e d to bel ieve that m o d e r n m e d i c a l science 
a n d effective d r u g regulat ion, c o u p l e d w i t h the good pract ice of m e d i c i n e , 
w i l l guarantee absolute effectiveness a n d absolute safety. T h i s cannot 
be true. 

Recent ly , the N a t i o n a l A c a d e m y of S c i e n c e s - N a t i o n a l Research C o u n 
c i l reports (6 ) on the effectiveness a n d safety of certain d r u g substances 
have been d e m a n d i n g considerable a t tent ion—and w o r k — w i t h i n the 
F D A , w i t h i n the industry , a n d w i t h i n m e d i c a l circles. C e r t a i n products 
have been f o u n d to be of quest ionable value, even though they have l o n g 
h a d a t ime-honored place i n A m e r i c a n medic ine . A s an i n d i v i d u a l , a n d 
as a scientist I can general ly agree w i t h most i f not a l l of the conclusions 
conta ined i n the presently p u b l i s h e d reports rendered b y those scientists 
a n d m e d i c a l people w h o made u p the ad hoc committees a p p o i n t e d b y 
the N A S - N R C . M a n y of the ant ib iot ic combinat ions w h i c h the F D A 
has n o w f o u n d to be of lesser importance i n the physic ians ' armamentar
i u m are i n d e e d products whose func t ion can be p e r f o r m e d perhaps even 
better b y newer, safer, more effective products . H o w e v e r , the c o m b i n a 
t ion of p e n i c i l l i n a n d procaine p e n i c i l l i n , w h i c h does p r o v i d e a long ac t ing 
dosage f o r m of this t ime-honored d r u g , a n d is s t i l l very effective a n d very 
safe, i n m y o p i n i o n ought not to have been quest ioned b y the F D A . I 
a p p l a u d , however , the F D A ' s recent decis ion to ask industry to s u p p l y 
n e w a d d i t i o n a l evidence i n one year. 
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218 DRUG DISCOVERY 

Q u i t e f r a n k l y , I do fear the tendency w i t h i n A m e r i c a n s is to look for 
a qu ick , ready, pat answer to a l l of our problems. A s scientists, w e k n o w 
that our biggest job is c r i t i c a l l y to define the p r o b l e m before w e b e g i n 
to seek answers. O n e must be certain of his facts before judgment is 
rendered, a n d even then one must be prepared to alter his dec is ion if 
n e w facts emerge. F o r example, a f e w years ago it was d e c i d e d that the 
instal lat ion a n d subsequent use of seat belts i n automobiles w o u l d sig
ni f icant ly reduce deaths a n d personal injuries i n accidents. La ter , i t was 
d e c i d e d that shoulder harnesses w o u l d further reduce the to l l . H e n c e , 
these safety devices are n o w mandatory i n automobiles so ld i n the U n i t e d 
States. A l t h o u g h m y sample is smal l , I have statistics on the drivers 
w h o wear a n d those w h o do not wear shoulder harnesses i n a l l cars that 
are e q u i p p e d w i t h head rests ( w h i c h became m a n d a t o r y about a year 
after shoulder harnesses were r e q u i r e d ) . O n a recent t r ip I asked m y 
c h i l d r e n to conduct this survey because m y personal observations i n d i 
cated less than 1 0 % of the drivers I observed were w e a r i n g shoulder 
harnesses. T h i s survey was also carr ied out on a t r ip f r o m Indianapol is 
to C h i c a g o . W e f o u n d that about 7 % of the drivers were ac tual ly w e a r i n g 
shoulder harnesses; no shoulder harnesses were w o r n i n the r e m a i n i n g 
9 3 % of the cars. I a m neither c r i t i ca l of the l a w nor of shoulder harnesses. 
T h e point is that w h i l e regulations can force the instal lat ion of shoulder 
harnesses, they cannot ensure their acceptance b y drivers . 

So, too, w i t h drugs. W e can do extensive research; w e can exhaus
t ive ly s tudy the behavior of phys io log ica l ly active compounds under a 
var ie ty of c ircumstances, i n a n u m b e r of different a n i m a l species. W e can 
extensively s tudy the c l i n i c a l behavior of these substances i n research 
hospitals a n d i n academic insti tutions where m e d i c i n a l skills are very 
h i g h , a n d w h e r e intensive laboratory nurs ing a n d other aids are avai lable . 
If, however , the p h y s i c i a n does not careful ly use the i n f o r m a t i o n pre
sented to h i m , i f he misuses the product , or i f the patient fails to f o l l o w 
direct ions, w e can expect inordinate increases i n p r o d u c t fai lures a n d i n 
side effects. It is very important that w e , as scientists, as members of the 
industry , as physic ians engaged i n m e d i c a l research a n d m e d i c a l pract ice , 
a n d as responsible regulatory officials, look careful ly at the total p r o b l e m , 
that w e attempt to use our best capabi l i t ies to w e i g h f u l l y the balance 
of r isk vs. benefit, a n d that w e do not i n d u l g e i n either capric ious regula
t i o n or i rresponsible m a r k e t i n g a n d merchandis ing practices. I w i l l 
q u i c k l y grant that there m a y have been examples w h e r e d r u g companies 
have behaved i n a fashion of w h i c h none of us can be p r o u d . T h e m a i n 
objectives of the p h a r m a c e u t i c a l indust ry w i t h i n the U n i t e d States are 
i d e n t i c a l to those of the m e d i c a l profession a n d of the p u b l i c servants 
w h o dea l w i t h regulatory problems at the F D A . W e are a l l anxious to 
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10. PETTING A The Pharmaceutical Industry 219 

p r o v i d e the best possible therapeutic agents wherever they are needed 
b y physic ians a n d patients al ike. 

If w e exercise good judgment , i f w e make use of a l l the technology 
that is avai lable , w e can achieve our joint objectives. A l t h o u g h m a n y 
problems l ie ahead of us, these problems are not obstacles to progress b u t 
offer us greater opportunit ies to serve. 
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Basic Biomedical Research: Its Impact 
on Drug Discovery 

B R I A N F. H O F F M A N , M . D . 

Department of Pharmacology, College of Physicians and Surgeons, 
Columbia University, 630 West 168th St., New York, Ν. Y. 

The interdependence of discovery in biological research and 
advance in drug development is clear; this fact does not 
argue, however, for the predictable success of "goal-oriented" 
research except in special cases. In the past, basic biomedi
cal research and drug development have made contributions 
of great value to the well being of mankind. If similar con
tributions are to continue, there must be a national commit
ment to support both training and research in the biomedical 
sciences since university resources are no longer sufficient to 
meet this need. Although government must provide the 
major financial support for these activities, there are major 
opportunities for the pharmaceutical industry to contribute 
to innovative programs and to collaborate with universities 
in developing ways to evaluate the ultimate consequences of 
possible developments in biomedical science and therapy. 

A T a n y of the advances i n our unders tanding of b io logy a n d disease have 
l e d to the discovery of n e w drugs, a n d further the a v a i l a b i l i t y of 

n e w , b i o l o g i c a l l y act ive substances most of ten has resul ted i n the a c q u i 
s i t ion of n e w unders tanding of n o r m a l a n d a b n o r m a l b io logy . T h e best 
examples are f a m i l i a r to a l l ; I prefer to a v o i d assuming a necessary a n d 
u n i q u e cause-effect re lat ionship be tween sequent ia l events. Indeed, I a m 
m u c h more impressed b y the uncerta inty of a t t r ibut ing cause to effect 
a n d b y the apparent role of chance i n m a n y important discoveries. 

T h i s does not m e a n that I have doubts concerning the m u t u a l inde
pendence of basic b i o l o g i c a l research a n d d r u g development . It does 
mean , however , that I w o u l d quest ion seriously any p l a n or system under 
w h i c h a major part of our research a n d t r a i n i n g effort was direc ted cate
gor ica l ly towards certain stated objectives such as the solut ion of a p r o b -

220 
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11. H O F F M A N Basic Biomedical Research 221 

l e m i n c l i n i c a l medic ine . I w o u l d be equa l ly concerned b y any t r e n d i n 
d r u g deve lopment w h i c h m i g h t seriously l i m i t the discovery of n e w 
compounds because they d i d not have an i m m e d i a t e prac t i ca l a p p l i c a t i o n . 

D i s c o v e r y , b o t h i n b i o l o g i c a l science a n d d r u g development , most 
often results f r o m a complex react ion. T h i s react ion requires more t h a n 
the ident i f i cat ion of a p r o b l e m a n d the acquis i t ion of b i o l o g i c a l data w h i c h 
describe it . T h e react ion also requires a r e a s o n — w h i c h m a y be a m b i t i o n , 
curiosi ty , or a social or economic pressure—a reason to do something 
about the p r o b l e m . It also requires the technica l a b i l i t y to do w h a t seems 
to be i n d i c a t e d or at least the means b y w h i c h the necessary techniques 
can be deve loped. W h e t h e r or not necessary n e w techniques mater ia l ize 
depends not just on the d r i v i n g force for the react ion b u t o n other c o m 
plex interactions w h i c h i n c l u d e the state of k n o w l e d g e i n a var iety of 
fields a n d the adequacy of i n f o r m a t i o n exchange between them. 

W h i l e these ingredients m a y constitute the major reactants a n d the 
energy source for discovery, the react ion almost cer ta inly w i l l proceed 
s l o w l y i f at a l l i n the absence of an essential catalyst. T h i s catalyst is the 
adequate ly p r e p a r e d m i n d or, more ofen, the conjoint ac t ion of more 
than one such m i n d . 

I w i l l describe o n l y one example of the complex c h a i n of events that 
results i n d i s c o v e r y — d i s c o v e r y i n d r u g development , i n b i o l o g i c a l science, 
a n d a p p l i e d therapeutics—to demonstrate b o t h the interdependence of 
discoveries i n b i o l o g y a n d d r u g development a n d the prac t i ca l benefit to 
society w h i c h results f r o m the t radi t iona l m o d e of operat ion of our sci
entific c o m m u n i t y . 

I soniaz id , one of the most act ive of the tuberculostat ic drugs, was 
discovered because it h a d been s h o w n that n i co t inamide exerted some 
tuberculostat ic ac t ion ( I ) . A del iberate search for more effective b u t 
re lated chemicals revealed that m a n y p y r i d i n e derivat ives , i n c l u d i n g con
geners of isonicot inic a c i d , also were active. F u r t h e r , i t was k n o w n that 
the thiosemicarbazones c o u l d i n h i b i t the g r o w t h of M . tuberculosis . A n 
attempt to synthesize the thiosemicarbazone of i sonicot ina ldehyde pro
v i d e d , as the first intermediate c o m p o u n d , i son ico t iny lhydraz ine , or 
i son iaz id . 

T h i s is an example of the direct interdependence of d r u g develop
ment o n basic b i o m e d i c a l research. K n o w l e d g e gained f r o m studies on 
m i c r o b i a l metabol i sm a n d k n o w l e d g e of organic chemistry were used to 
develop an effective therapeut ic agent. Nevertheless , chance also p l a y e d 
a role i n the sense that the ac t iv i ty of i son iaz id was discovered a n d not 
over looked. H o w e v e r , the sequence of discoveries d i d not stop here. 

W h e n i son iaz id a n d its i s o p r o p y l der ivat ive , i p r o n i a z i d , were a d m i n 
istered to patients w i t h tubeculosis , b o t h agents caused a m a r k e d i m 
provement i n m o o d or sense of w e l l - b e i n g . Because there were p r o p e r l y 
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222 DRUG DISCOVERY 

t r a i n e d c l i n i c a l investigators co l laborat ing w i t h basic scientists, i t soon 
was de termined that this effect on m o o d d i d not result solely f r o m ame
l iora t ion of the basic disease but rather reflected a direct effect of the 
drugs e m p l o y e d ( 2 ) . T h i s finding l e d to the use of these agents i n treat ing 
depressed psychia t r i c patients a n d a concomitant search for the mecha
n i s m b y w h i c h they m o d i f i e d b r a i n funct ion . Soon i t was f o u n d that 
i p r o n i a z i d , but not i s o n i a z i d , i n h i b i t e d monoamine oxidases ( 3 ) . T h i s 
d iscovery l e d to the synthesis of other inhibi tors of M A O a n d , as an 
i n c i d e n t a l result , to the in t roduct ion into the therapeutic a r m a m e n t a r i u m 
of several ant ihypertensive agents. 

Because of a var iety of undesirable effects, the- M A O inhibi tors ac
tua l ly are of on ly l i m i t e d value i n treatment of either psychia t r i c patients 
or hypertensives. A l s o , as w e k n o w n o w , it is l i k e l y that m a n y effects of 
these drugs result f r o m actions qui te independent of their ab i l i ty to i n 
h i b i t M A O . T h e mechanism b y w h i c h they m o d i f y menta l f u n c t i o n st i l l 
is unclear . Nevertheless , the finding that a d r u g w h i c h c o u l d i n h i b i t 
M A O also m o d i f i e d b r a i n f u n c t i o n was qui te important since it p r o v i d e d 
one of the m a n y bits of in format ion necessary to foster cont inued interest 
i n the role of monoamines i n the transfer of i n f o r m a t i o n i n the centra l 
nervous system, a n d p r o v i d e d one of m a n y tools necessary for studies on 
this p r o b l e m ( 4 ) . T h e d o g m a of e lectr ical transmission across central 
synapses was almost unquest ioned u n t i l neurophysiologists succeeded i n 
reco rd in g postsynaptic potentials f r o m single neurones through intra
ce l lu lar microelectrodes ( 5 ) — a n experiment that c o u l d h a r d l y be de
scr ibed as goal or iented i n the sense w e n o w use this term. 

T h i s interest i n the nature of c h e m i c a l transmission i n the central 
nervous system continues to bear frui t . F o r example, studies on nerve 
terminals of postgangl ionic adrenergic fibers (6 ) a n d on the adrenal 
m e d u l l a h a d , over a p e r i o d of m a n y years, p r o v i d e d a fa i r ly clear p ic ture 
of the biosynthesis, release, reuptake, a n d destruct ion of the adrenergic 
transmitter norepinephr ine . O t h e r studies h a d s h o w n that i n patients 
w i t h classical Parkinson's disease parts of the b r a i n — t h e substantia n igra 
a n d corpus s t r ia tum—conta ined less d o p a m i n e than d i d n o r m a l brains 
( 7 ) . D o p a m i n e is one of the intermediates i n the biosynthesis of norepi 
nephr ine f r o m phenyla lanine . 

E v e n t h o u g h the precise role of monoamines i n b r a i n f u n c t i o n s t i l l 
is unclear because of m a n y suggestions that they are responsible for cer
ta in types of in format ion transfer be tween cells, the finding of a l o w 
d o p a m i n e content was d e e m e d significant. Since d o p a m i n e does not enter 
the b r a i n f r o m the b l o o d stream, treatment of Parkinson's disease was 
at tempted w i t h L - d o p a - L - d i h i d r o x y p h e n y l a n i n e — t h e n o r m a l b i o l o g i c a l 
precursor of dopamine . T h e result of this experiment was gra t i fy ing i n 
that L - d o p a p r o v e d to be an extremely va luable therapeutic agent, far 
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11. H O F F M A N Basic Biomedical Research 223 

surpassing others f o r m e r l y avai lable . H a d means not been avai lable to 
p r o v i d e L - d o p a i n suitable amounts a n d h a d the p h a r m a c e u t i c a l indus t ry 
been u n w i l l i n g to invest i n the synthesis a n d exper imenta l use of this 
c o m p o u n d , the c l i n i c a l hypothesis resul t ing f r o m the b i o l o g i c a l data 
p r o b a b l y s t i l l w o u l d awai t adequate test. 

Studies on the metabol i sm of a m i c r o o r g a n i s m — M . t u b e r c u l o s i s — 
not on ly c o n t r ib uted to the treatment of psychia tr ic disorders a n d hyper 
tension but also p l a y e d a role i n p r o v i d i n g a t r u l y dramat ic i m p r o v e m e n t 
i n the treatment of an extremely impor tant disease of the centra l nervous 
system, a disease w h i c h afflicts m a n y people a n d severely l imits their 
ab i l i ty to func t ion . There are m a n y l inks i n this c h a i n of events, a n d 
some can be ident i f ied as chemists, b i o l o g i c a l scientists, or c l in ic ians . U n 
seen l inks are the universit ies , the donors w h o supported research, the 
administrators i n the p h a r m a c e u t i c a l industry , a n d the patients w h o v o l 
unteered to take n e w , u n t r i e d drugs. 

Role of Government 

H o w were these l inks forged, a n d h o w d i d they come to f o r m such 
a chain? W h a t changes m i g h t decrease the l i k e l i h o o d that n e w discov
eries w i l l result f r o m s imi lar sequences? O f paramount importance i n 
this regard is the role of government a n d government support of research 
a n d t ra in ing . O v e r the past 25 years governmenta l support has g r o w n i n 
m a g n i t u d e a n d therefore i n importance . 

F o r this reason m a n y are distressed b y recent changes w h i c h have 
inf luenced a n d w i l l cont inue to influence b o t h basic b i o l o g i c a l research 
a n d d r u g development . Some of these changes m a y be descr ibed as 
changes i n nat iona l po l i cy . M a n y , quite obvious ly , are the inevi table a n d 
usual ly r a n d o m by-products of the l i fe processes of bureaucrat ic a n d 
p o l i t i c a l entities a n d the interactions be tween them. T h e most important , 
however , are changes i n the attitudes of government a n d of society. 

O n e often reads that the t ime has come for government to c u r t a i l its 
support of " p u r e " research i n the b i o l o g i c a l sciences a n d emphasize the 
support of "goal -or iented" projects. A r g u m e n t s affirm that enough basic 
b io logic in format ion is avai lable to solve m a n y current ly pressing m e d i c a l 
problems i f on ly i t were or c o u l d be a p p l i e d . T h i s argument often i n 
cludes the statement that not o n l y s h o u l d support of basic research be 
cur ta i l ed but there should be a change i n the pat tern of t r a i n i n g i n the 
b i o l o g i c a l sciences a n d medic ine . T h i s change w o u l d result i n the t ra in
i n g of more technologists, w h o w o u l d find the means to a p p l y exist ing 
k n o w l e d g e to h u m a n problems, a n d the t r a i n i n g of more physic ians , w h o 
w o u l d i m m e d i a t e l y make n e w remedies avai lab le to those i n need of 
them. There are as m a n y impl ica t ions to these statements as there are 
untested assumptions u n d e r l y i n g them. 
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224 DRUG DISCOVERY 

It is true that government support of basic research a n d t r a i n i n g has 
been almost u n b e l i e v a b l y generous a n d effective since the e n d of W o r l d 
W a r II . It also is true that d u r i n g this p e r i o d , a n d largely as a result of 
this same support , our k n o w l e d g e of b i o l o g y a n d disease has increased at 
a p h e n o m e n a l rate. W h a t is not true is that society has f a i l e d to benefit 
f r o m these activit ies a n d f r o m the expenditure of tax dollars m a d e i n 
their support . Parenthet ica l ly , w h a t is qui te u n f a i r is to neglect the 
concomitant contr ibut ions m a d e b y the p h a r m a c e u t i c a l indus t ry a n d 

Table I. Additions to the Therapeutic Armamentarium 0 

Therapeutic Use Drug or Class 

A n t i a r r h y t h m i c s Procaine amide, 
L i d o c a i n e 

D i p h e n y l h y d a n t o i n 
P r o p r a n o l o l 

Arteriosclerosis , 
H y p e r l i p i d e m i a 

D i u r e t i c s 

A n t i n e o p l a s t i c 
Agents 

N i c o t i n i c ac id 
Clof ibra te 
Chol es tyramine 

C a r b o n i c A n h y d r a s e 
inh ib i tors 

Benzothiadiaz ines 
E t h a c r i n i c ac id 
F u r o s a m i d e 
Aldosterone antagonists 

A l k y l a t i n g agents 
A n t i m e t a b o l i t e s 
A n t i p r o l i f e r a t i v e agents 

A n t i b i o t i c s P e n i c i l l i n 
S t r e p t o m y c i n 
C h l o r a m p h e n i c o l 
E r y t h r o m y c i n 
N y s t a t i n 
A m p h o t e r i c i n 
G r i s e o f u l v i n 
B a c i t r a c i n 
P o l y m y c i n 
Tet racyc l ines 
N e o m y c i n 
K a n a m y c i n 
T y r o t h r i c i n 
Cephalospor in 
G e n t a m y c i n 
N o v o b i o c i n 
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11. H O F F M A N Basic Biomedical Research 225 

Table I. Continued 

Therapeutic Use 

Tuberculostat ics 

A n t i m a l a r i a l s 

Drug or Class 

A m i n o s a l i c y l i c ac id 
Isoniazid 
Cycloser ine 
V i o m y c i n 
S t r e p t o m y c i n 

C h l o r a q u i n e 
P r i m a q u i n 

H e a v y metals 
antagonists 

Chloraguanide 
P y r i m e t h a m i n e 
T r i m e t h o p r i m 

P s y c h i a t r i c 
disorders 

C o n v u l s i v e 
disorders 

D i m e r c a p r o l 
E t h y l e n e d i a m i n e 

tetraacetic ac id 
Penac i l lamine 
Deferoxamine 

Phenothiazines 
Buterophenones 
R a u w o l f i a a lka lo ids 
Benzodiazepines 
M A O inhib i tors 
I m i p r a m i n e 
A m i t r i p t y l i n e 
L i t h i u m salts 

Acety lureas 
Oxazol idinediones 
Succ inimides 

a A part ial listing 

m a n y other components of the pr ivate sector of our economy. A s imple 
means of eva luat ing one aspect of the prac t i ca l benefits to society of the 
research a n d research t ra in ing d u r i n g this p e r i o d is to compare the drugs 
l i s ted under selected headings i n a l e a d i n g textbook of p h a r m a c o l o g y 
p u b l i s h e d i n 1940 (8) to the same listings i n a current text ( 9 ) . S u c h a 
list is p r o v i d e d i n T a b l e I. T h e p e r i o d i n quest ion was one d u r i n g w h i c h 
b i o l o g i c a l scientists a n d the p h a r m a c e u t i c a l indust ry p r o v i d e d more n e w 
a n d effective remedies for important illnesses than d u r i n g any other 
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226 DRUG DISCOVERY 

p e r i o d i n history. A l s o , d u r i n g this t ime there was an almost p a r a l l e l 
i m p r o v e m e n t i n the means avai lable for r e c o g n i z i n g a n d diagnos ing dis
eases a n d i n techniques for treatment w h i c h d i d not d e p e n d on d r u g 
adminis t ra t ion . T o say or i m p l y that there has been a fa i lure to translate 
the n e w discoveries of b i o l o g i c a l science into social ly useful means for 
the prevent ion a n d treatment of disease is s i m p l y to ignore fact. U n 
d o u b t e d l y , there is a need for the de l ivery of i m p r o v e d heal th care to a 
greater n u m b e r of people . H o w e v e r , i n m a n y ways , this p r o b l e m is 
almost ent irely unre lated to the nature a n d effectiveness of past govern
menta l support of basic b i o m e d i c a l research. 

E q u a l l y fal lacious is the assumption that the system of government 
support of b i o l o g i c a l research w o u l d become more effective i f the support 
became more "goa l or ien ted . " U n d e r this system, I assume, problems 
w o u l d be ident i f ied a n d rated i n terms of relat ive importance . A l s o , 
support w o u l d be al located to solve those problems w h i c h appeared to 
be most important a n d w i t h i n the current scope of scientific a n d technica l 
competence. A l l i e d w i t h this change i n the support of research w o u l d be 
the inevi table shift i n a l locat ion of funds for research t ra in ing . Exper ience 
has s h o w n that w h i l e this idea is not necessarily incorrect , most often i t 
is not appl i cab le to the rea l w o r l d of b i o l o g i c a l invest igat ion. T h i s is so 
because i n most instances w e s i m p l y do not have enough basic i n f o r m a 
t ion to ident i fy the problems to be solved. If w e are unable to i d e n t i f y 
the p r o b l e m clearly, even the most profic ient manager cannot m a k e the 
other necessary decisions. 

T h e past provides so m a n y examples w h i c h support this statement 
that it is dif f icult to k n o w w h i c h ones to select. H o w e v e r , I w i l l ment ion 
a few. O n e m i g h t qui te reasonably dec ide that death due to m y o c a r d i a l 
in farc t ion consti tuted a socia l ly important p r o b l e m . F u r t h e r , one m i g h t 
assume, as m a n y d i d several years ago, that i n h i b i t i o n on some aspect of 
the b l o o d c lo t t ing m e c h a n i s m w o u l d prevent or m o d i f y the inc idence of 
coronary artery occ lus ion a n d thus decrease morta l i ty f r o m m y o c a r d i a l 
infarc t ion . W e a l l are f a m i l i a r w i t h the tremendous amount of t ime a n d 
effort devoted to the use of anticoagulants i n attempts to m o d i f y the 
course of coronary artery disease a n d w i t h the neg l ig ib le results w h i c h 
came f r o m this "goa l -or iented" p r o g r a m . A l l are f a m i l i a r w i t h the i n i t i a l 
enthusiasm for such things as cancer chemotherapy, ar t i f ic ia l hearts and, 
most recently, heart transplants. E a c h p r o g r a m provides good evidence 
to support the content ion that ident i f icat ion of a p r o b l e m usua l ly has 
been made i n terms of superficial i t ies. F o r example, the " p r o b l e m " i n 
terms of cardiac transplantat ion, was not a quest ion of the surg ica l feasi
b i l i t y of the transplantat ion procedure , the ava i lab i l i ty of agents w h i c h 
w o u l d suppress the i m m u n e response of the pat ient or even the ava i l 
ab i l i ty for techniques for tissue t y p i n g . T h e p r o b l e m was m u c h larger, 
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11. H O F F M A N Basic Biomedical Research 227 

m u c h more subtle and , to me, s t i l l o n l y i l l def ined. H a d i t not been for 
the apparent effectiveness of the first successful cardiac transplantat ion 
( again the role of chance i n discovery ) I feel qui te certain that the same 
people w h o p l a n n e d for a massive p r o g r a m of cardiac t ransplantat ion i n 
this country w o u l d have come to qui te a different decis ion. 

O b v i o u s l y , sometimes, "goa l -or iented" research can be a n d has been 
effective. T h i s happens w h e n b o t h the in format ion necessary to i d e n t i f y 
the p r o b l e m a n d the techniques necessary for its solut ion not o n l y are 
avai lable but are k n o w n to the p r o p e r people . W h e n this happens, the 
goal often is achieved reasonably expedi t ious ly as was the case i n the 
synthesis of B A L as an antidote to lewisi te (10) or the deve lopment of 
Ρ A M as an antidote for the organophosphorous compounds (11). H o w 
ever, the success of attempts to solve l i m i t e d a n d clear ly def ined problems 
does not argue that s imi lar success can be ant ic ipated w h e n large, p o o r l y 
understood, and often i l lde f ined problems are set as goals. 

H e r e I w i l l ment ion o n l y one example. Dis turbances of cardiac 
r h y t h m are an important m e d i c a l p r o b l e m . Q u i n i d i n e , the d-isomer of 
quin ine , is one of the most effective agents avai lable for the treatment of 
cardiac arrhythmias . T h e discovery that qu in ine , a n d subsequent ly q u i n i 
dine , c o u l d be used to treat certa in arrhythmias must be a t t r ibuted to 
luck. A patient of W e n c k e b a c h , a famous Viennese p h y s i c i a n , noted i n 
1912 that w h e n he took q u i n i n e for his m a l a r i a i t also caused his r a p i d , 
i r regular pulse to become slower a n d more regular . I n 1918 F r e y c o m 
p a r e d several c inchana a lkaloids a n d f o u n d that q u i n i d i n e was more 
effective i n treat ing a t r ia l fibrillation than q u i n i n e . Subsequently , q u i n i 
d ine was f o u n d to be effective against m a n y other cardiac arrhythmias . 

Since q u i n i d i n e has m a n y effects on l i v i n g systems, its use as a thera
peut ic agent is associated w i t h m a n y toxic or undesirable actions. F o r 
years the search for a better agent has cont inued. Bas i c scientists i d e n t i 
fied the actions of q u i n i d i n e on the heart, a n d m a n y representatives of 
the p h a r m a c e u t i c a l indust ry synthesized a n d evaluated a host of c h e m i 
cals w i t h s imi lar actions. H o w e v e r , to m y k n o w l e d g e , no c l i n i c a l l y supe
r ior d r u g ever resulted. O n l y recently have w e b e g u n to unders tand w h y . 

It was inappropr ia te to at tempt to i m p r o v e on q u i n i d i n e as an ant i 
a r r h y t h m i c d r u g u n t i l there was some re l iable i n f o r m a t i o n on its m e c h a 
n i s m of act ion. T h i s c o u l d not be obta ined u n t i l there was an unders tand
i n g of the mechanisms responsible for the p r o d u c t i o n of arrhythmias i n 
diseased hearts, a n d the techniques a n d informat ion necessary for this 
unders tanding s t i l l are insufficient. T o be more specific, i t was incorrect 
to i d e n t i f y the need to treat cardiac arrhythmias or even a specific dis
turbance of r h y t h m as a " p r o b l e m " a n d e q u a l l y incorrect to set the search 
for a c o m p o u n d exert ing some but not a l l of the actions of q u i n i d i n e as 
a " g o a l . " 
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228 DRUG DISCOVERY 

A l t h o u g h I have strong reservations concern ing the a b i l i t y of govern
ment to i d e n t i f y problems a n d set goals for b i o m e d i c a l research, I do 
recognize the fact that government must r e m a i n i n v o l v e d i n support of 
these activit ies . I n d e e d the need for c o n t i n u i n g governmenta l support is 
greater n o w than at any t ime i n the past. W h i l e at one t ime i t was 
reasonable for universit ies to support some f rac t ion of research a n d 
research t ra in ing , changes b o t h i n the cost of research a n d the financial 
resources of the universit ies are such that w e have become complete ly 
dependent o n c o n t i n u i n g a n d increas ing government par t i c ipa t ion . T h e 
cost of b i o m e d i c a l research increases as a f u n c t i o n of its complex i ty , a n d 
this complex i ty usua l ly increases i n p r o p o r t i o n to the amount of i n f o r m a 
t ion avai lable on the p r o b l e m under study. A larger a n d longer f rac t ion 
of the d w i n d l i n g financial resources of the universit ies w i l l have to be 
a l located to meet the ever-pressing need to increase the size of classes 
a n d increase the amount of t ime facul ty members devote to teaching. A t 
the same t ime the income avai lable to the universit ies is decreasing i n 
re lat ion to necessary expenses. A s a result, the a b i l i t y of the universit ies 
to support predoc tora l candidates, postdoctoral trainees, a n d establ ished 
investigators w i l l decrease u n t i l , i n the absence of adequate government 
f u n d i n g , i n m a n y areas these activit ies sooner or later w i l l cease to exist. 

T h e r e are other reasons w h y government support of basic b i o m e d i c a l 
research a n d t r a i n i n g not o n l y s h o u l d cont inue b u t s h o u l d be a na t iona l 
commitment . T h e best people w i l l not enter the l o n g a n d dif f icult t r a i n i n g 
programs i n b i o m e d i c a l science unless they are reasonably cer ta in that 
u p o n c o m p l e t i o n of their t r a i n i n g they w i l l have an o p p o r t u n i t y to use 
their skil ls a n d k n o w l e d g e effectively a n d p r o d u c t i v e l y . E v e n i f i t were 
possible for the universit ies to cont inue t ra in ing programs, i n the absence 
of d irec t support of research h i g h l y competent investigators w o u l d be 
f o r c e d to turn to other activit ies . Some m i g h t t u r n to teaching, b u t i t is 
not a lways correct to assume that the best laboratory scientist w i l l be the 
best teacher. W h a t is essential to attract the best people a n d to ensure 
c o n t i n u i n g scholar ly ac t iv i ty i n b i o m e d i c a l science is a reasonable guar
antee that the t r u l y competent investigator w i l l be able to devote his l i fe 
to the studies w h i c h seem to h i m most important , most interest ing, a n d 
most exc i t ing. 

It is not sufficient to guarantee direct governmenta l support of re
search i n basic b i o m e d i c a l science. T h e r e also must be c o n t i n u i n g support 
of t r a i n i n g a n d c o n t i n u i n g salary support of qua l i f i ed investigators. 

If one concludes that there w i l l be a c o n t i n u i n g n e e d for l o n g term 
support of basic b i o m e d i c a l research, then one also must ask w h a t s h o u l d 
be the nature of this support a n d h o w s h o u l d i t be al located? A l t h o u g h 
it m a y be inevi table that government agencies w i l l i d e n t i f y b r o a d areas 
i n b i o m e d i c a l research where , because of rea l or i m a g i n e d socia l pressure, 
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11. H O F F M A N Basic Biomedical Research 229 

support w i l l be more generous, funds also s h o u l d be m a d e avai lable i n 
other areas to support research o n g o o d ideas. T h e history of the N a t i o n a l 
Institutes of H e a l t h a n d the N a t i o n a l Science F o u n d a t i o n has borne out 
the lesson learned throughout the centuries b y the universit ies . A reason
able re turn on an investment is most l i k e l y i f support is granted to i n d i 
v iduals w h o have demonstrated their a b i l i t y to i d e n t i f y i m p o r t a n t p r o b 
lems a n d w o r k effectively towards their solut ion. Nevertheless, support 
also must be m a d e avai lable to the n e w a n d u n t r i e d invest igator w h o has 
h a d g o o d t ra in ing a n d w h o has a g o o d idea . O b v i o u s l y , eva luat ion of this 
sort of i d e a can be m a d e o n l y b y the best scientists, w h o s h o u l d serve not 
only on the i n i t i a l r e v i e w of appl icat ions for research support b u t also 
should part ic ipate i n a l l subsequent decisions. 

T h e ident i f icat ion of research goals must not p r e c l u d e the support 
of good ideas, w h i c h are t r u l y rare, or the support of good scientists. T h i s 
argument is based strongly on the content ion that i t usual ly is imposs ib le 
to i d e n t i f y the par t i cu lar g r o u p of discoveries w h i c h w i l l p r o v i d e the 
keystone to the solut ion of a p r o b l e m . F u r t h e r , w h e n a solut ion mate
rial izes , the benefits to society often are immeasurable . O n e o n l y n e e d 
think of the effect of adequate chemotherapeut ic agents o n tuberculosis ; 
the tremendous change i n the treatment a n d w e l l - b e i n g of the emot iona l ly 
i l l w h i c h resulted f r o m the discovery of c h l o r p r o m a z i n e a n d a host of 
other drugs w h i c h m o d i f y m o o d a n d affect or the immense benefit w h i c h 
resulted f r o m the development of effective means to i m m u n i z e against 
po l iomyel i t i s . 

W h i l e I have more or less descr ibed a p r o g r a m of government sup
port s imi lar to the very best parts of past a n d present N a t i o n a l Institutes 
of H e a l t h ( N I H ) programs, I bel ieve that some changes i n the pat tern 
of support s h o u l d be considered. O b v i o u s l y the a l locat ion of funds for 
research t ra in ing s h o u l d be complete ly free of p o l i t i c a l inf luence or 
regional , economic , or other considerations. F u n d s for the support re
search t ra in ing s h o u l d not be d i v e r t e d to other types of t ra in ing such as 
res idency programs. F u n d s a l located for research s h o u l d not be used to 
del iver hea l th services or to develop programs. T h e r e p r o b a b l y s h o u l d 
be greater f lex ib i l i ty i n the support programs at a l l levels. M o r e i m p o r 
tant, support of research t r a i n i n g p r o b a b l y s h o u l d be less categorical . 
I n m a n y instances i t w i l l p r o b a b l y be necessary to p r o v i d e the b i o l o g i c a l 
scientist of the future w i t h a more v a r i e d educat iona l experience t h a n c a n 
be d e r i v e d f r o m our present system. It m i g h t be reasonable to develop 
t ra in ing programs w h i c h w o u l d c o m b i n e offerings i n b iochemis t ry a n d 
p h a r m a c o l o g y or chemistry, pharmacology , a n d phys io logy w i t h the a d 
mixture tak ing place either at the predoctora l or postdoctoral level . P r o 
grams such as the M e d i c a l Scientist P r o g r a m , w h i c h p r o v i d e M . D . 
candidates w i t h research t r a i n i n g i n basic b i o l o g i c a l science, s h o u l d be 
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230 DRUG DISCOVERY 

strengthened. F i n a l l y , as our unders tanding of b i o l o g y a n d medic ine 
increases, there w i l l be an increas ing need for people t ra ined not o n l y i n 
the current b i o m e d i c a l disc ipl ines b u t also i n areas w h i c h w e cannot yet 
ident i fy . 

I a m not ins is t ing that our present system, or systems formerly* em
p l o y e d , are i d e a l . C l e a r l y , means should be de ve lo pe d to p r o v i d e the 
basic b i o l o g i c a l scientist w i t h an unders tanding a n d apprec ia t ion of the 
importance of a p p l y i n g the results i n his research to socia l ly impor tant 
problems. T h i s can be done i n part b y the universit ies a n d m e d i c a l 
centers, but this requirement presents an oppo r tun i ty a n d chal lenge to 
the p h a r m a c e u t i c a l industry . T h e effective transfer of i n f o r m a t i o n f r o m 
basic to a p p l i e d research depends on an unders tanding on the part of 
s tanding on the par t of the m e d i c a l pract i t ioner or the p h a r m a c e u t i c a l 
indust ry of the possibi l i t ies w h i c h have been made avai lable b y basic 
research. T h i s sort of unders tanding can result only i f the basic b i o l o g i c a l 
scientist is i n c o n t i n u i n g contact w i t h the various i n d i v i d u a l s w h o m i g h t 
a p p l y the results of his research to the solut ion of p r a c t i c a l problems. 
O b v i o u s l y , therefore, means s h o u l d be deve loped to change the attitudes 
of a l l concerned a n d to foster c o n t i n u i n g contact be tween i n d i v i d u a l s a n d 
groups w h o o r d i n a r i l y do not take advantage of the contr ibut ions m a d e i n 
disc ipl ines re lated to their o w n . 

I have no suggestions w h i c h are certain to solve these problems. I do 
have some ideas w h i c h m i g h t deserve considerat ion. I a m not concerned 
so m u c h w i t h means to change the attitudes of the basic b i o m e d i c a l sci
entist. T h e search for relevance a l ready is a major concern of the y o u n g , 
a n d this concern only w i l l increase i n the future . I a m more interested i n 
d e v e l o p i n g means to foster the exchange of ideas a n d in format ion . In 
dustry s h o u l d part ic ipate m u c h more i n the support of t r a i n i n g i n a l l the 
b i o m e d i c a l sciences a n d not emphasize so strongly areas of direct interest 
such as chemistry or c l i n i c a l pharmacology . It also s h o u l d contr ibute to 
t ra in ing at b o t h the predoc tora l a n d postdoctora l levels. T h i s c o n t r i b u 
t ion need not be o n l y direct financial support , it p r o b a b l y s h o u l d i n c l u d e 
the p a r t i c i p a t i o n of indust ry personnel a n d the use of spec ia l ized faci l i t ies 
avai lable i n industry . In pharmaco logy , for example, students c o u l d bene
fit great ly f r o m contact w i t h experts i n d r u g development or i n c l i n i c a l 
evaluat ion. Industry also s h o u l d be w i l l i n g to part ic ipate more f u l l y i n 
the support of basic research, as opposed to research w h i c h c lear ly con
tributes to the evaluat ion of potent ia l therapeutic agents. 

M e a n s s h o u l d be deve loped to further the exchange of personnel 
between industry a n d the academic institutions. T h i s c o u l d be done b y 
d e v e l o p i n g programs under w h i c h members of either group c o u l d spend 
one or t w o years w o r k i n g as a m e m b e r of the other. T h e f a c u l t y m e m b e r 
m i g h t benefit greatly f r o m an o p p o r t u n i t y to w o r k f u l l - t i m e i n a labora-
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tory w h e r e he w o u l d have access to the personnel a n d faci l i t ies d e v e l o p e d 
b y a p h a r m a c e u t i c a l c o m p a n y a n d , t h r o u g h his presence, m i g h t even 
make some contr ibut ion . A m e m b e r of an i n d u s t r i a l research gro up s i m i 
l a r l y m i g h t benefit f r o m a year or t w o i n a basic science department . 
F i n a l l y , indus t ry c o u l d t ry to make greater use of the members of the 
basic b i o m e d i c a l science departments i n our universit ies . Several m e m 
bers of such a department , care fu l ly selected because of demonstrated 
competence a n d k n o w l e d g e , m i g h t p r o v i d e inva luable advice at m a n y 
points d u r i n g the sequence of steps l e a d i n g to the i n t r o d u c t i o n of a n e w 
d r u g a n d l i k e l y w o u l d serve more effectively i n this capac i ty than the 
t radi t iona l consultant. M o r e important , however , w o u l d be the fact that, 
through such an arrangement, m a n y basic b i o m e d i c a l scientists w o u l d be 
brought into contact w i t h representatives of indust ry a n d w o u l d learn of 
n e w attitudes, problems, a n d areas of concern. 

T h e system s h o u l d i n c l u d e a f o r m a l m e c h a n i s m to s tudy the p r o b a b l e 
a n d possible l o n g range effects of any possible discovery. F o r example , 
i f means can be deve loped to i m p l a n t ar t i f ic ia l hearts i n m a n y e l d e r l y 
patients, someone s h o u l d ask i f i t is reasonable to do so i n terms of cost, 
ac tual cont r ibut ion to the w e l l - b e i n g of the patients a n d possible conse
quences. If a large f rac t ion of research support is to be al located to studies 
on genetic engineering, some part of that support should be m a d e a v a i l 
able to evaluate the ul t imate psychologica l , social , a n d economic effects 
of success. A s w e a p p r o a c h the t ime w h e n more a n d more becomes 
possible, the ident i f icat ion of research goals becomes less impor tant than 
a serious considerat ion of the consequences of discovery. I n this area an 
effective joint act ion b y industry a n d academia w o u l d be most impor tant 
a n d perhaps w o u l d contr ibute to the solut ion of m a n y of the other 
problems. 
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The Role of the NIH in Health Research 

ROBERT W. BERLINER, M.D. 

Deputy Director for Science, National Institutes of Health, U. S. Department 
of Health, Education, and Welfare, Bethesda, M d . 20014 

The National Institutes of Health contains 10 research insti
tutes and six research and service divisions. It has also been 
responsible since 1968 for national development of health 
manpower and communications. National support for medi
cal research and development rose from about $160 million 
in fiscal 1950 to almost $2.7 billion in 1970. The Federal 
share for those years was $73 million and $1.7 billion, of 
which NIH contributed $28 million (38%) and $872 million 
(53%). The 1971 budget for the institutes and research 
divisions, as presented to the Senate, represents an increase 
of $87 million (9%) over 1970. Departments of chemistry 
and biochemistry received 1656 NIH research grants totaling 
$59 million in fiscal 1970. In addition, contracts supported 
target research programs in cancer chemotherapy ($18 
million), pharmacology-toxicology, chemistry communica
tions, and contraceptive development. 

p a s s a g e of the N a t i o n a l C a n c e r A c t i n 1937 m a r k e d the b e g i n n i n g of 
the N a t i o n a l Institutes of H e a l t h ( N I H ) as it exists today. I n creat ing 

the N a t i o n a l C a n c e r Institute, Congress established a pat tern for a cate
gor ica l a p p r o a c h to b i o m e d i c a l science. S imi lar actions b y Congress i n 
the postwar p e r i o d l e d to the establishment of w h a t are n o w 10 research 
institutes w i t h i n N I H ( F i g u r e 1 ) . 

M o s t of these are or iented t o w a r d groups of diseases—allergic a n d 
infectious, ar thr i t ic a n d metabol ic , cardiovascular a n d p u l m o n a r y , neuro
logica l , e t c . — w h i c h are major causes of death or d i sab i l i ty i n the U n i t e d 
States. Three of the institutes, h o w e v e r — t h e Institute of G e n e r a l M e d i c a l 
Sciences, of C h i l d H e a l t h a n d H u m a n D e v e l o p m e n t , a n d of E n v i r o n 
menta l H e a l t h Sciences—have roles that cut across categorical l ines. 

T h r o u g h a reorganizat ion of the P u b l i c H e a l t h Service i n 1968, N I H 
is n o w responsible for d e v e l o p i n g heal th m a n p o w e r a n d c o m m u n i c a t i n g 
b i o m e d i c a l i n f o r m a t i o n as w e l l as for m e d i c a l research a n d t ra in ing . 
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12. BERLINER The NIH in Health Research 235 

W o r l d W a r I I p r o v i d e d the impetus for a heavy nat ional investment 
i n research. Before the w a r , m e d i c a l research represented a very smal l 
segment of the budget of academic insti tutions. Object ives were modest, 
a n d the goals were largely those of the i n d i v i d u a l investigator. T o t a l 
m e d i c a l research expenditures for the nat ion came to about $45 m i l l i o n . 
O n l y a s m a l l part of this, some $3 m i l l i o n , came f r o m the federal gov
ernment. Industry accounted for the b u l k , some $25 m i l l i o n , w h i l e f o u n 
dations a n d vo luntary heal th agencies s u p p l i e d $12 m i l l i o n , a n d another 
$5 m i l l i o n came f r o m endowment sources. 

L a r g e l y because of the success of research i n a t tacking major p r o b 
lems re lated to the w a r effort, p u b l i c attitudes t o w a r d federa l investments 
i n science a n d technology underwent a change f o l l o w i n g the w a r . Re
search activit ies i n a l l sectors began to expand, a n d sponsorship patterns 
began to change. T o t a l support for b i o m e d i c a l research a n d development 
rose f r o m about $160 m i l l i o n i n fiscal 1950 to almost $2.7 b i l l i o n i n 1970. 
A s a p r o p o r t i o n of a l l the nation's R & D , m e d i c a l research funds increased 
over this p e r i o d f r o m about 5 .6% to 1 0 % . 

T h e nature of this change is reflected i n F i g u r e 2. B e t w e e n 1947 a n d 
1950 federa l support h a d more than d o u b l e d , r i s ing f r o m $27 m i l l i o n to 
$73 m i l l i o n . B y 1955 federa l support h a d exceeded non-federal , though 
the latter cont inued to increase. T h e a n n u a l federa l expendi ture is n o w 
about $1.7 b i l l i o n , representing some 6 2 % of the total . G r o w t h rates for 
the funds contr ibuted b y industry a n d state governments ( the latter not 
s h o w n separately i n the figure ) have been r o u g h l y equivalent to those of 
the federa l government , but the contr ibut ions of pr ivate i n d i v i d u a l s a n d 
foundat ions have been increas ing less r a p i d l y . 

W h e n w e examine the b r e a k d o w n of federa l sponsorship ( F i g u r e 3 ) , 
w e find that the major supporter of b i o m e d i c a l research is the D e p a r t m e n t 
of H e a l t h , E d u c a t i o n a n d W e l f a r e . T w e n t y years ago the A t o m i c E n e r g y 
C o m m i s s i o n and the D e p a r t m e n t of Defense p l a y e d major roles, con
t r i b u t i n g respect ively 25 a n d 1 4 % of the total federa l support . A t pres
ent, each of these t w o agencies, a n d the Space A g e n c y , accounts for 6 or 
7 % of the federa l sponsorship. T h e D e p a r t m e n t of H e a l t h , E d u c a t i o n 
a n d Welfare 's share is m a i n l y at tr ibutable to N I H , a n d a considerable part 
of the n o n - N I H p o r t i o n is represented b y the N a t i o n a l Institute of M e n t a l 
H e a l t h . [ T h e N a t i o n a l Institute of M e n t a l H e a l t h was i n c l u d e d i n N I H 
u n t i l it became a separate b u r e a u i n 1967.] 

T o d a y N I H accounts for about a t h i r d of a l l support for b i o m e d i c a l 
R & D i n the U n i t e d States. Its role is greater i f the focus is p u t o n aca
d e m i c research since l i t t le of the i n d u s t r i a l investment goes to academic 
insti tutions. If, i n a d d i t i o n , contr ibut ions to research t ra in ing , a n d of 
research t ra in ing to the conduct of research, are taken into considerat ion, 
the N I H role is even larger. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

12



236 DRUG DISCOVERY 

Figure 2. National support for medical research and 
R ù D, no training or construction. Non-federal data 

as coverage has 

T h e current level of f u n d i n g b y N I H is i l lustrated i n Tables I, II , 
a n d III . T a b l e I presents, b y organizat ional component , the est imated 
obl igat ions for fiscal year 1970 a n d the adminis t ra t ion budget as presented 
to the Senate A p p r o p r i a t i o n s C o m m i t t e e . T h e latter figures constitute 
an increase over the o r i g i n a l budget , m a d e i n response to the actions of 
the H o u s e of Representatives. T h i s revised adminis t ra t ion request w o u l d 
p r o v i d e a net increase of $123 m i l l i o n , or a l i t t le less than 9 % . O f this, 
$87 m i l l i o n is for the institutes a n d research divis ions , i n c l u d i n g major 
increases for certain research programs, as ind ica ted i n T a b l e I I : 

( a ) T h e N a t i o n a l C a n c e r Institute, for studies o n the re lat ionship 
be tween viruses a n d cancer 

( b ) T h e N a t i o n a l H e a r t a n d L u n g Institute, for investigations re
la ted to atherosclerosis 

( c ) T h e N a t i o n a l Institute of D e n t a l Research, for w o r k o n the pre
vent ion of caries 

( d ) T h e N a t i o n a l Institute of C h i l d H e a l t h a n d H u m a n D e v e l o p 
ment, for a p r o g r a m o n p o p u l a t i o n a n d f a m i l y p l a n n i n g 

M o d e s t increases are also proposed for the n e w programs of the E y e 
Institute a n d the Institute of E n v i r o n m e n t a l H e a l t h Sciences. T h e other 
institutes w o u l d rise a l i t t le above their 1970 levels, w h i c h are general ly 
b e l o w their 1969 levels. T a b l e I I I shows the d i s t r ibut ion of the increases 
b y act iv i ty . $25 m i l l i o n of the increase is for the regular research grant 
programs. Increases are also proposed for the spec ia l ized research centers 
a n d , to a lesser extent, for the categorical a n d general c l i n i c a l research 
centers. 
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12. BERLINER The NIH in Health Research 237 

development (1950-1970). Covers only medical and health-related 
since 1964 are not strictly comparable with those for prior years, 
been improved. 

C o l l a b o r a t i v e reseach a n d development is a category of w o r k gen
eral ly car r ied out t h r o u g h research contracts. T h e substant ial increase i n 
this category represents emphasis on research i n v i r a l oncology a n d i n 
f a m i l y p l a n n i n g a n d contracept ive technology. 

It is appropr ia te at this point to digress br ief ly to discuss the goals 
of N I H ' s involvement i n the support a n d conduct of research because 
these goals are sometimes misunderstood. I n fact, m e d i c i n a l chemistry 
is one field i n w h i c h something less than i d e a l c o m m u n i c a t i o n concern ing 
goals has resulted i n some distrust a n d dissatisfact ion on the part of 
advisory groups a n d investigators w h o have a p p l i e d for N I H support . 

Research is an act iv i ty p u r s u e d w i t h m a n y motives a n d purposes. 
I n fact, a par t i cu lar effort m a y be p u r s u e d w i t h different objectives b y 
the investigator, b y his inst i tut ion, a n d b y the suppor t ing agency: 

( a ) A n invest igator m a y be m o t i v a t e d b y his desire to achieve u n 
ders tanding a n d conceptua l mastery; b y the pleasure he gets f r o m success 
i n so lv ing problems; b y his aspirations for recogni t ion ; b y the grat i f icat ion 
he m a y der ive f r o m k n o w l e d g e that contributes to progress against disease. 

( b ) A n academic ins t i tut ion fosters research because scholarship 
requires creat ion of n e w k n o w l e d g e as w e l l as transmission of exist ing 
k n o w l e d g e . 

( c ) N I H supports research not, as i n the case of the N a t i o n a l Science 
F o u n d a t i o n , for its c o n t r i b u t i o n to science itself. N I H is not a science 
agency; i t is a heal th agency. Science is the means, heal th the objective. 
Congress appropriates funds for N I H to conduct , support , a n d coordinate 
research, to the extent that these activit ies are relevant to the maintenance 
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238 DRUG DISCOVERY 

Figure 3. Trends in federal support of biomedical R ir Ό for fiscal years 
1950-1970 (obligations in millions of dollars). Covers biomedical research 

projects, resources, and general support but not training or construction. 

of the hea l th of the A m e r i c a n people a n d to the causes, diagnosis , treat
ment, a n d prevent ion of disease. 

Consequent ly , N I H seeks to support , i n a b r o a d context, research 
that w i l l advance its miss ion. T h i s objective is not necessarily the one 
p u r s u e d b y the invest igator or his inst i tut ion. T h e basic role of the 
N a t i o n a l A d v i s o r y C o u n c i l s , w h i c h b y l a w must r e c o m m e n d support of 
a project before i t can receive grant funds , is to ensure the relevance of 
the scienti f ical ly meri tor ious projects suppor ted to the miss ion of the 
inst i tute a n d to the purpose for w h i c h the funds are p r o v i d e d . 

Table I. N I H Budget Totals (in millions), F Y 1970-71 

Program 
1970 

Estimate 

1971 
Rev. Adm, 

Request 
Increase 
1971/70 

Obl igat ions 
under 
new budget 
a u t h o r i t y 

T o t a l N I H 
I / D 
B E M T 
N L M 
O D and bldgs, 

$1417 
974 
414 

19 
10 

$1540 
1061 

451 
20 

$123 
87 
37 

1 
- 2 8 
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12. BERLINER The NIH in Health Research 239 

O f course, w e recognize that progress i n hea l th is ut ter ly dependent 
u p o n science a n d that u l t imate ly a l l science, at least a l l " n a t u r a l science," 
springs f r o m a c o m m o n base. N o research is so f u n d a m e n t a l that w e c a n 
say that i t does not have a n d never w i l l have relevance to heal th . N e v e r 
theless, w e must recognize a leve l sufficiently remote f r o m b i o m e d i c a l 
research that its present contr ibut ions can have l i t t le i f any i m p o r t for 
the foreseeable future . F o r example , current w o r k i n subatomic par t i c le 
physics is u n l i k e l y to have a n early inf luence, despite the tremendous 
importance i n b i o m e d i c a l research of the atomic physics of a generat ion 
ago. F e w people w o u l d expect the N I H to support w o r k i n present-day 
atomic physics . 

O n the other h a n d , as w e go u p the tree of science w e reach branches 
that often diverge f r o m that of b iomedic ine . T h e farther w e go out o n 
such pathways , the less l i k e l y i t is that the findings w i l l contr ibute sig
ni f icant ly to the progress of m e d i c a l science. T h u s i t is far more l i k e l y 
that w o r k i n f u n d a m e n t a l organic chemistry w i l l y i e l d results relevant 
to the miss ion of N I H than, say, w o r k o n the chemistry of p lant hormones, 
interest ing t h o u g h the latter m a y be i n its o w n r ight . 

Table II. N I H Budget by Organizational Component 
(in millions), F Y 1970-71 

1970 1971 
NIH Est Rev. Adm. Increase 

Component Oblig. Request 1971/70 

T o t a l N I H $1417 $1540 $123 
T o t a l I / D 974 1061 87 

N C I 181 207 26 
N H L I 161 178 17 
N I D R 29 35 6 
N I A M D 132 136 4 
N I N D S 96 100 4 
N I A I D 98 101 3 
N I G M S 148 152 4 
N I C H D 75 94 19 
N E I 24 26 2 
N I E H S 18 20 2 
D B S 8 9 1 
F I C 3 3 0 

R e t u r n i n g n o w to some of the specifics of the N I H role , the data 
presented indicate that research has become, i n the postwar era, a major 
component of the academic scene. T h e support of research a n d the t r a i n 
i n g of scientists influence the stabi l i ty of m a n y insti tutions of h igher 
l earn ing across the b r o a d range of their activit ies. 
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240 DRUG DISCOVERY 

Table III. N I H Budget by Program Activities 
(in millions), F Y 1970-71 

Program Activity 

T o t a l N I H 
R e g u l a r research grant p r o g r a m 

noncompet ing 
compet ing 

Spec ia l research grant programs 
general research support 
special ized research centers 
c a t e g o r c a l c l i n i c a l research centers 
gênerai c l i n i c a l research centers 
other 

C o l l a b o r a t i v e R & D 
Research t r a i n i n g programs 

fel lowships 
t r a i n i n g grants 

A l l other programs 

1971 
1970 Est. Rev. Adm. Increase 

Oblig. Request 1971/70 

$1417 $1540 $123 
435 460 25 
313 318 5 
122 142 20 
157 171 14 

50 53 3 
14 21 7 
10 11 1 
35 38 3 
48 48 0 

127 166 39 
179 177 - 2 

47 45 - 2 
132 132 0 
519 566 47 

M u c h research today requires access to large-scale resources, tech
n i c a l skil ls , a n d cooperat ive scientific relat ionships avai lable o n l y i n an 
inst i tut ion adequate ly staffed a n d adminis tered. T o he lp meet these 
problems n e w support programs were devised b y N I H i n the early 1960's, 
programs w h i c h f u n d e d general faci l i t ies such as pr imate centers, general 
a n d categorical c l i n i c a l research centers, a n d various special resources. 
O t h e r ins t i tut ional programs i n c l u d e general research support grants, 
w h i c h enable inst i tut ions to strengthen their research capabi l i t ies . T o d a y 
the tota l f u n d i n g of such specia l resources a n d general research support 
amounts to $157 m i l l i o n . 

C h e m i s t r y has l o n g h e l d an important place i n a l l N I H programs. 
D a t a c o m p i l e d for fiscal 1968 show that almost $30 m i l l i o n , or 8 % of a l l 
N I H grant funds a w a r d e d for i n d i v i d u a l research projects, was al located 
to the support of chemistry, w h i l e near ly $39 m i l l i o n , or 1 1 % , w e n t to 
b iochemis t ry ( e x c l u d i n g grants a w a r d e d b y the B u r e a u of H e a l t h Pro 
fessions E d u c a t i o n a n d M a n p o w e r T r a i n i n g a n d the N a t i o n a l L i b r a r y 
of M e d i c i n e ) . These figures are inferred f r o m the d i s c i p l i n a r y character 
of the p r i m a r y r e v i e w groups that r e c o m m e n d e d grant support ; they are 
the amounts a w a r d e d for appl icat ions r e v i e w e d b y the S t u d y Sections 
for B iophys ics a n d B i o p h y s i c a l C h e m i s t r y ( A a n d B ) , B iochemis t ry , 
M e d i c i n a l C h e m i s t r y ( A a n d B ) , a n d P h y s i o l o g i c a l C h e m i s t r y . 

A n o t h e r estimate has been made b y s u m m a t i n g N I H project grants 
to departments of chemistry a n d b iochemis try for the years 1967 through 
1970. T a b l e I V shows that there were about 1900 awards i n fiscal 1967, 
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12. BERLINER The NIH in Health Research 241 

d r o p p i n g to 1656 i n 1970, w h i l e the dol lar amounts rose f r o m $60.4 m i l l i o n 
to $63.2 (1969) a n d then d r o p p e d to $59.3. These figures c lear ly y i e l d 
an underest imate of the support of chemistry since it is obvious that 
neither a l l chemistry nor a l l b iochemis try are conf ined to univers i ty de
partments that carry those names. I n a d d i t i o n , they do not i n c l u d e a 
considerable amount of chemistry supported b y the contract mechanism. 

I n recent years, several large targeted programs have deve loped . T h e 
first was i n cancer chemotherapy, w h i c h was organized i n 1955 w h e n 
Congress asked the N a t i o n a l C a n c e r Institute to undertake a large-scale 
attempt to find n e w a n d better ant i tumor drugs. 

D u r i n g the first decade, the Institute organized a p r o g r a m that p r o 
v i d e d sources of n e w drugs f r o m synthetic a n d natura l products , a n i m a l 
tumor systems for screening the chemicals , extensive a n i m a l studies for 
toxic i ty a n d safety of drugs, resources for the s tudy of the act ion of drugs 
i n animals a n d m a n , f o r m u l a t i o n of d r u g products , a n d finally c l i n i c a l 
t r i a l s — a l l the f a m i l i a r activit ies of any organizat ion for pharmaceut i ca l 
development . 

T h e w o r k i n this field is not compet i t ive w i t h the pharmaceut i ca l 
industry . M u c h of the support , i n fact, goes to i n d u s t r i a l contractors. 
Rather , the p r o g r a m is an attempt to carry out a coordinated a n d targeted 
effort i n a field i n w h i c h the necessarily h i g h risk a n d heavy investment 
makes large-scale venture unattract ive to industry . 

S trong congressional interest i n the cancer chemotherapy p r o g r a m 
l e d to its r a p i d expansion. B e t w e e n 1956 a n d 1961, contracts increased 
f r o m about $800,000 to $24 m i l l i o n . F i s c a l 1965, i n w h i c h $29 m i l l i o n 
was a w a r d e d , m a r k e d the h i g h point , a n d subsequent f u n d i n g has been 
a r o u n d $20 m i l l i o n a year. If direct operations a n d grants as w e l l as 
contracts are taken into account, the current leve l of the p r o g r a m is about 
$50 m i l l i o n . 

T h e systematic search for ant i tumor drugs involves a var iety of efforts. 
E m p i r i c a l testing of natura l a n d synthetic products continues, but scien
tific selection of materials for screening is p l a y i n g a larger a n d larger 
role. A v a i l a b i l i t y of numerous chemicals that cause regression of c l i n i c a l 
cancer is b e g i n n i n g to make possible s tudy of the re lat ion of c h e m i c a l 

Table IV. N I H Project Grants to Departments of Chemistry and 
Biochemistry, F Y 1967-1970 (Dollars in millions) 

F i s c a l 
Y e a r 

T o t a l C h e m i s t r y B i o c h e m i s t r y 

A w a r d s A m o u n t A w a r d s A m o u n t A w a r d s A m o u n t 

1967 
1968 
1969 
1970 

1901 
1826 
1860 
1656 

$60.4 
63.5 
63.2 
59.3 

839 
816 
836 
730 

$25.0 
26.2 
26.2 
24.4 

1062 
1010 
1024 

926 

$35.3 
37.4 
37.0 
34.9 
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242 DRUG DISCOVERY 

structure to anticancer ac t iv i ty . It is to be h o p e d that the choice of 
compounds for i n t r o d u c t i o n into the screen w i l l be increasingly deter
m i n e d b y s t r u c t u r e - f u n c t i o n considerations, so that d i rec ted synthesis 
m a y gra dua l ly displace , or at least heav i ly supplement , m u c h of the 
e m p i r i c a l screening. 

M a j o r successes i n d r u g contro l have been m a i n l y i n the area of 
r a p i d l y g r o w i n g tumors , such as acute l y m p h o c y t i c l eukemia , B u r k i t t s 
l y m p h o m a , chor iocarc inoma, W i l m ' s T u m o r , a n d H o d g k i n ' s disease; m a n y 
of the most h i g h l y active anti-cancer drugs, such as methotrexate a n d 
vincr is t ine , affect cells on ly d u r i n g the d i v i s i o n cycle . T h e types that are 
p o o r l y responsive to drugs, such as cancers of the l u n g , breast a n d colon, 
are s low g r o w i n g . It is hypothes ized that suscept ib i l i ty to cancer drugs 
m a y be de termined b y the f rac t ion of cells d i v i d i n g at any one t ime. 
At tempts are b e i n g made to extend to the slower g r o w i n g tumors w h a t 
has been learned f r o m successful chemotherapy i n m a n . 

A n ac t iv i ty h i g h l y relevant to the subject of this book is the phar
m a c o l o g y - t o x i c o l o g y p r o g r a m of the N a t i o n a l Institute of G e n e r a l M e d i 
ca l Sciences. T h i s p r o g r a m provides support for m u l t i d i s c i p l i n a r y research 
a n d research t r a i n i n g o n problems related to the use a n d misuse of drugs. 
L a s t year, 64 predoctora l trainees i n pharmaco logy a n d toxicology earned 
P h . D . degrees. T h i s represents about hal f of the tota l a n n u a l p r o d u c t i o n 
of pharmacologists i n the nat ion. 

T h e program's effectiveness i n p r o v i d i n g pharmacologists a n d toxi-
cologists for academic , indus t r ia l , a n d government positions is i n d i c a t e d 
i n the placement of institute trainees w h o comple ted their t ra in ing i n the 
p e r i o d 1964-66. O f 186 trainees w h o finished this p r o g r a m , 108 jo ined 
facult ies of universit ies a n d colleges, i n c l u d i n g 89 on m e d i c a l school 
facult ies. T w e n t y entered government service, 45 entered pr ivate indus
try, a n d 14 went o n to a d d i t i o n a l t ra in ing . 

T h e inst i tute is n o w f u n d i n g 10 research centers a n d 10 p r o g r a m 
projects, m u l t i d i s c i p l i n a r y i n nature a n d cover ing a c o n t i n u u m of research 
f r o m molecu lar p h a r m a c o l o g y to direct a p p l i c a t i o n i n m a n . A b o u t hal f 
of the institute's a n n u a l investment i n p h a r m a c o l o g y - t o x i c o l o g y , w h i c h 
totals $17 m i l l i o n , is represented b y research grants. Research t ra in ing 
grants account for a t h i r d of the total p r o g r a m , w i t h the remainder d i 
v i d e d between fe l lowships , research contracts, a n d a smal l research 
associates program. 

A t Tuf ts U n i v e r s i t y School of M e d i c i n e , the institute supports a 
co l laborat ive d r u g survei l lance p r o g r a m as a m o d e l for repor t ing adverse 
d r u g reactions. T h i s project is in tended to ident i fy a n d characterize u n 
t o w a r d d r u g reactions i n m a n b y prospect ive s tudy a n d to evaluate d r u g 
efficacy i n a large patient p o p u l a t i o n . T h e computer-or iented project 
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12. BERLINER The NIH in Health Research 243 

encompasses a ne twork of 10 hospitals i n v o l v i n g 6000 hospi ta l ized patients 
a n d more than 60,000 d r u g orders. 

Several activit ies of the N a t i o n a l L i b r a r y of M e d i c i n e relate spe
c i f ica l ly to drugs a n d chemicals . I n 1965, N I H , the D e p a r t m e n t of D e 
fense, a n d the N a t i o n a l Science F o u n d a t i o n in i t ia ted a p r o g r a m w i t h the 
C h e m i c a l Abstracts Service for development of a na t iona l registrat ion 
system for chemicals . T h e p r o g r a m was des igned to serve as an author i 
tative source of i n f o r m a t i o n o n chemicals a n d drugs. D u r i n g the next 
several years, more than one m i l l i o n compounds were entered into the 
system. In format ion on b o t h structure a n d nomenclature , as w e l l as 
b i b l i o g r a p h i c data, have been i n c l u d e d i n the service. T h e registry en
ables one to determine whether a g iven structure or name is on file a n d 
to i d e n t i f y other synonyms as w e l l . A n e w registry n u m b e r is assigned 
whenever a n e w structure is uncovered . 

Shor t ly after this ac t iv i ty was in i t ia ted , the N a t i o n a l L i b r a r y of M e d 
ic ine ( N L M ) a n d the F o o d a n d D r u g A d m i n i s t r a t i o n ( F D A ) were g iven 
responsibi l i ty for p r o v i d i n g more specific access to health-related infor
m a t i o n about drugs a n d chemicals . It was d e c i d e d at that t ime to b u i l d 
a data base f r o m the c h e m i c a l registry system w h i c h w o u l d fit the specific 
requirements of N L M a n d F D A . A subsidiary project was established 
w i t h C h e m i c a l Abstracts Service as part of the c h e m i c a l registry contract, 
w h i c h is adminis tered b y the N a t i o n a l Science F o u n d a t i o n . T h e data 
base was b u i l t f r o m i n f o r m a t i o n avai lable i n the files of N L M a n d F D A 
a n d f r o m approximate ly 40 s tandard reference sources o n drugs a n d 
chemicals . 

These sources i n c l u d e d , a m o n g others, the " U . S. P h a r m a c o p o e i a " 
a n d the " M e r c k Index . " T h u s , the c o m m o n data base w o u l d conta in c o m 
pounds k n o w n to be of interest to people i n the heal th field, i n c l u d i n g 
drugs, antibiot ics , hazardous materials , pesticides, nutrients , a n d f o o d 
addit ives as w e l l as " iner t " compounds i n such substances. C h e m i c a l 
Abstracts Service processed these sources against its registry system a n d 
a d d e d registrations as w e l l as synonyms as they were f o u n d i n these 
s tandard references. T h e data were de l ivered to F D A a n d N L M i n a 
f o r m suitable for processing i n their mach ine systems. 

I n a d d i t i o n to the registry numbers , the mater ia l i n the c o m m o n 
data base includes i n f o r m a t i o n on molecular structure, off icial " U . S. P h a r 
m a c o p o e i a " a n d other names, k n o w n synonyms, a n d codes i n d i c a t i n g the 
sources of in format ion . T h e data have been w o r k e d in to the computer 
systems of b o t h F D A a n d N L M a n d have been r e p r o d u c e d i n a s ix-volume 
D e s k t o p A n a l y s i s T o o l , w h i c h is avai lable f r o m the Clear inghouse for 
F e d e r a l Scientif ic a n d T e c h n i c a l In format ion ( Spr ingf ie ld , V a . ). T h e first 
output of the data base consisted of approximate ly 30,000 c h e m i c a l sub
stances a n d approximate ly 150,000 names a n d synonyms. 
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T h e N a t i o n a l L i b r a r y of M e d i c i n e is u s i n g this file as a n a i d i n i n 
d e x i n g i n f o r m a t i o n o n drugs f r o m the wor ld ' s b i o m e d i c a l l i terature. T h e 
L i b r a r y ' s M e d i c a l L i t e r a t u r e A n a l y s i s a n d R e t r i e v a l System ( M E D L A R S ) 
uses a cont ro l l ed v o c a b u l a r y to ga in consistency i n i n d e x i n g . I n the past, 
the n u m b e r of specific drugs a n d chemicals that c o u l d be expl i c i t ly i d e n t i 
fied b y this v o c a b u l a r y was l i m i t e d to somewhat less t h a n 1000. A l l other 
materials have been i n d e x e d u n d e r m o r e generic c h e m i c a l class terms 
a n d c o u l d general ly not be l is ted i n Index Medicus or retr ieved f r o m 
M E D L A R S expl i c i t ly . 

I n a second generat ion of M E D L A R S , w h i c h is p l a n n e d for i m p l e 
menta t ion this f a l l , i t w i l l be possible, w i t h the a i d of the data base 
establ ished t h r o u g h the C h e m i c a l Abstracts registry system, to index b i o 
m e d i c a l publ i ca t ions w i t h m a n y more specific terms a n d chemicals than 
has been possible u n d e r M E D L A R S I. W h i l e it is not projected that this 
extensive l i s t ing of c h e m i c a l compounds be i n c l u d e d i n Index Medicus, 
i t w i l l be possible to p r o v i d e such listings i n other M E D L A R S products . 
T h u s a current p u b l i c a t i o n of the L i b r a r y , the " T o x i c o l o g y B i b l i o g r a p h y , " 
w i l l l ist the b i o m e d i c a l l i terature b y any desired c h e m i c a l classif ication. 

A n e w a n d r a p i d l y e x p a n d i n g p r o g r a m w i t h a heavy involvement of 
chemis try is i n the field of contracept ive development . T h i s p r o g r a m 
is adminis tered b y the C e n t e r for P o p u l a t i o n Research i n the N a t i o n a l 
Institute of C h i l d H e a l t h a n d H u m a n D e v e l o p m e n t . T h e b u d g e t cur
rent ly b e i n g considered b y Congress inc ludes , i n a d d i t i o n to funds for 
grants, some $6.5 m i l l i o n for contracts i n the contraceptive development 
p r o g r a m , an increase of more than 6 0 % over funds obl igated for this 
purpose i n 1970. T h e urgency of the p r o b l e m of p o p u l a t i o n g r o w t h a n d 
the strong pressures for i m p r o v e d technology for its solut ion indica te 
that support i n this area w i l l p r o b a b l y cont inue to increase i n the next 
f e w years. 

F o u r possible points of attack on the reproduct ive process have been 
ident i f ied for par t i cu lar s t u d y : 

( a ) M a t u r a t i o n a n d f e r t i l i z i n g capac i ty of spermatozoa 
( b ) O v i d u c t f u n c t i o n a n d gamete transport 
( c ) B i o l o g y of the o v u m 
( d ) C o r p u s l u t e u m f u n c t i o n a n d i m p l a n t a t i o n 
Research i n these areas m a y lead to agents that alter n o r m a l sperm 

deve lopment or interfere w i t h mechanisms contro l l ing transport of sperm 
or ova i n the o v i d u c t or w i t h the n o r m a l composi t ion of o v i d u c t a l f luids . 
It m a y be possible to prevent o v u l a t i o n , to interfere w i t h o v u m develop
ment, or to cause early cessation of f u n c t i o n of the corpus l u t e u m . 

Patentable inventions are f requent ly among the products of the 
expendi ture of p u b l i c funds t h r o u g h N I H grants. T h e a i m of the D e 
partment's p o l i c y is that the results of research suppor ted b y grants of 
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12. BERLINER The NIH in Health Research 245 

p u b l i c funds be u t i l i z e d i n the manner that w i l l best advance the p u b l i c 
interest. T o quote f r o m the official regulations a n d procedures : 

T h e p u b l i c interest w i l l i n general be best served i f invent ive a d 
vances resul t ing therefrom are m a d e freely avai lable to the G o v e r n m e n t , 
to science, to indust ry , a n d to the general p u b l i c . 

O n the other h a n d , i n some cases it m a y be advisable to permi t a 
u t i l i z a t i o n of the patent process i n order to foster a n adequate commer
c i a l deve lopment to make a n e w i n v e n t i o n w i d e l y avai lable . M o r e o v e r , 
i t is r ecognized that invent ions f requent ly arise i n the course of research 
activit ies w h i c h also receive substant ial support f r o m other sources, as 
w e l l as f r o m the F e d e r a l grant. . . . I n a l l these cases the D e p a r t m e n t has 
a responsib i l i ty to see that the p u b l i c use of the fruits of the research 
w i l l not be u n d u l y restr icted or denied . 

T h e Assistant Secretary for H e a l t h a n d Scientif ic Af fa i rs has the 
p o w e r of de terminat ion i n the d ispos i t ion of the r ights to patentable dis
coveries ar is ing d u r i n g w o r k suppor ted b y either grants or contracts. It 
is the intent to see that the involvement of government funds i n the 
discovery does not i m p e d e p u b l i c use of the fruits of the research. R e c o g 
n i z i n g that c o m m e r c i a l deve lopment m a y be desirable , the G o v e r n m e n t 
can a n d does on occasion assign exclusive r ights to certa in inventions to 
encourage their deve lopment a n d a p p l i c a t i o n . 

A n u m b e r of possible options are avai lable for h a n d l i n g the r ights 
to patentable invent ions , a n d there are a n u m b e r of models avai lable i n 
the practices of various government agencies. I n the chemotherapy p r o 
g r a m of the N a t i o n a l C a n c e r Institute, there is p r o v i s i o n for contractors 
to o b t a i n patents on drugs d e v e l o p e d i n the p r o g r a m , p r o v i d e d they are 
marke ted at a reasonable pr ice , i n sufficient quant i ty , a n d w i t h i n a rea
sonable p e r i o d of t ime. A n o t h e r procedure was used b y the D e p a r t m e n t 
of Transpor ta t ion i n re lat ion to development of the supersonic transport 
( S S T ) . T h i s p r o v i d e d for the contractor to bear some 1 0 % of the deve l 
o p m e n t a l costs a n d for the government to recover its investment f r o m 
the profits that w o u l d subsequently der ive f r o m the development . 

W h i l e possible arrangements other than those w e n o w use m a y be 
w o r k e d out for future programs, such as that i n the area of contracept ive 
development , such agreements should encourage industry—government 
cooperat ion a n d at the same t ime further the p u b l i c interest. Perhaps 
shar ing of b o t h costs a n d profits w i l l be the most equi table m o d e l . 

C l e a r l y , the p e r i o d of r a p i d g r o w t h has passed, a n d indeed , it w o u l d 
have been unreal is t ic to have expected it to cont inue, even i f w e h a d not 
come into a p e r i o d of severe fiscal restraints. It is also u n l i k e l y that w e 
w i l l ever re turn to g r o w t h rates for m e d i c a l research as a w h o l e c o m 
parable w i t h those that p r e v a i l e d between 1955 a n d 1965. O v e r the last 
three or four years, as funds have r e m a i n e d re la t ive ly stable w h i l e re
search costs have increased cont inual ly , there has been a considerable 
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246 DRUG DISCOVERY 

decrease i n the effort that N I H funds have been able to support . I a m 
c o n v i n c e d that this represents ent irely the pressures of fiscal problems 
a n d not any dec is ion to a b a n d o n research o n heal th problems. I n fact, 
the department has stated that its p o l i c y is to m a i n t a i n at least the pres
ent l eve l of effort, a l t h o u g h this has r e q u i r e d some modi f i ca t ion i n the 
face of fiscal realit ies. A t the same t ime, the Congress , i n its ac t ion o n 
last y e a r s budget a n d more emphat i ca l ly i n its actions to date o n this 
y e a r s , has i n d i c a t e d its strong support for a cont inued attack o n heal th 
problems through research. 

D e s p i t e the general dissatisfact ion w i t h the de l ivery of hea l th care 
a n d the m a n p o w e r avai lab le to effect this de l ivery , neither the m a n 
p o w e r nor the resources devoted to hea l th research is large enough to 
affect seriously heal th care de l ivery , even i f they were d iver ted ent ire ly 
to that purpose . A t the same t ime i t must be recognized that the on ly 
prospect for a n i m p r o v e d p r o d u c t for de l ivery b y an i m p r o v e d de l ivery 
system lies i n c o n t i n u e d g r o w t h of k n o w l e d g e t h r o u g h science. 

RECEIVED November 5, 1970. 
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Government Regulations and Drug 
Development: FDA 

J O H N JENNINGS, M . D . 

Associate Commissioner for Medica l Affairs, Food and D r u g Administration, 
Public Health Service, Parklawn Bui lding, 5600 Fishers Lane, 
Rockville, Md. 20852 

The Food and Drug Administration (FDA), accused of pro
moting regulations which stifle research and keep good 
drugs off the market, replies that the regulations reflect prac
tices that have evolved in the pharmaceutical sciences, and 
represent FDA efforts to improve the quality and expedite 
the processing of submissions and the introduction of really 
new drugs. Studies cited suggest that the cause of decline in 
the introduction of new drugs is that research and develop
ment by the drug industry have been primarily the im
provement of products or processes rather than the dis
covery of new chemical entities. Industry's approach may 
be counter-productive in that scientific expertise has been 
devoted to imitative rather than innovative research. An 
appeal is made to examine this proposition and to promote 
vigorous, imaginative programs of drug research in an effort 
to return to the innovative stage. 

^^phe F o o d a n d D r u g A d m i n i s t r a t i o n is k e e p i n g g o o d drugs off the mar-
ket. T h e i r regulations are st i f l ing research. T h e dear th of n e w drugs 

is a direct result of the 1962 efficacy amendments . 
These charges ( re ferr ing to A m e n d m e n t s to the F o o d , D r u g a n d 

C o s m e t i c A c t ) are a l l too f a m i l i a r to those concerned w i t h the discovery 
a n d deve lopment of n e w drugs. T h i s chapter examines the basis of such 
charges a n d offers a suggestion r e g a r d i n g research a n d development . 

History of the Food and Drug Administration 

Since 1906, the year the F o o d a n d D r u g s A c t was passed, the 
p r i m a r y concern of the F D A has been consumer protect ion. I n the area 
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248 DRUG DISCOVERY 

of drugs, i t has meant that propr ie tary or patent medic ines w i t h danger
ous h a b i t - f o r m i n g ingredients a n d adul terated medic ines , a great threat 
at the t u r n of the century, were taken off the market . 

I n the ear ly days, the F D A was restr icted to ac t ion after in jury h a d 
o c c u r r e d a n d the agency h a d to prove not o n l y cause a n d effect b u t also 
intent. T h e n , just as better laws are of ten b o r n out of t ragedy, i n 1938 
the Congress saw the need for the n e w F o o d , D r u g a n d C o s m e t i c A c t 
after more than 100 persons h a d d i e d of t a k i n g an untested e l ix ir of 
s u l f a n i l a m i d e m a d e w i t h a toxic solvent. T h e n e w l a w r e q u i r e d for the 
first t ime that drugs be p r o v e d safe before b e i n g a l l o w e d o n the market . 
F o r m a l evidence of efficacy was not r e q u i r e d , a l though, as w e a l l k n o w , 
the t w o factors of safety a n d efficacy cannot rea l ly b e separated. 

I n 1962 the A c t was further a m e n d e d to require substantial proof of 
efficacy before a d r u g c o u l d be marketed . T h e hearings l e a d i n g to the 
1962 amendments were first f r a m e d i n the context of economic considera
tions. H o w e v e r , the t h a l i d o m i d e tragedy re la t ing to the safety of drugs 
cha n ged the c o m p l e x i o n of the del iberat ions a n d l e d almost i r o n i c a l l y 
to the amendments w h i c h r e q u i r e d a proof of efficacy. O f course, at the 
same t ime, further regulat ions concerned w i t h safety, i n c l u d i n g those 
g o v e r n i n g the invest igat ional use of n e w drugs a n d those w h i c h p r o v i d e d 
for cont inued survei l lance of m a r k e t e d drugs, were p r o m u l g a t e d . 

H e n c e , w e are k e e p i n g some drugs off the market , b u t at the same 
t ime, w e are h e l p i n g to speed safe a n d effective drugs to the market . 
F u r t h e r m o r e , w e have recent ly reorganized our agency so that our sc i 
entists can p e r f o r m the most efficient service possible for the A m e r i c a n 
people . 

T o d a y , the profess ional personnel of the F D A inc ludes approx imate ly 
200 physic ians , 80 pharmacologists , 100 pharmacists , 900 chemists, a n d 
100 microbiologis ts . T h e staff also inc ludes 650 inspectors a n d s u p p o r t i n g 
adminis t ra t ive a n d c le r i ca l personnel . T h e most recent reorganizat ion of 
the agency provides for three separate bureaus a n d the Office of the 
C o m m i s s i o n e r , const i tut ing the W a s h i n g t o n headquarters , a n d 17 distr ic t 
offices. E a c h of the bureaus, the B u r e a u of D r u g s , the B u r e a u of F o o d s , 
Pesticides, a n d P r o d u c t Safety, a n d the B u r e a u of V e t e r i n a r y M e d i c i n e , 
is sufficient i n scientific a n d regulatory capabi l i t ies . I n the future , as 
more funds a n d personnel are avai lable , certain subunits of these bureaus 
m a y be e levated i n stature to carry out more efficiently the intent of the 
l a w a n d to p r o v i d e better consumer protect ion. 

T o take the B u r e a u of D r u g s as an example, there is an Office of 
Scientif ic E v a l u a t i o n w i t h divis ions f o r m e d a long p h a r m a c o l o g i c lines 
such as the D i v i s i o n of N e u r o p h a r m a c o l o g i c a l D r u g s , the D i v i s i o n of 
C a r d i o p u l m o n a r y - R e n a l D r u g s , a n d the D i v i s i o n of M e t a b o l i c a n d E n d o 
cr ine D r u g s ; an Office of C o m p l i a n c e ; an Office of P h a r m a c e u t i c a l R e -
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13. JENNINGS Government Regulations 249 

search a n d Tes t ing , w i t h divis ions such as D r u g B i o l o g y a n d D r u g 
C h e m i s t r y , a n d an Office of Scientif ic C o o r d i n a t i o n w i t h divis ions of 
B i o m e t r y a n d E p i d e m i o l o g y , E x t r a m u r a l a n d C l i n i c a l Research, a n d the 
Center for D r u g Informat ion . 

T h e reorganizat ion of the F D A into bureaus on p r o d u c t l ines i n 
creases its efficiency b y de l ineat ing c lear ly the responsibi l i t ies of the v a r i 
ous units a n d b y c o o r d i n a t i n g the scientific a n d regulatory activit ies 
re la t ing to the major p r o d u c t categories. 

Discuss ion of F D A responsibi l i t ies l ead to the ques t ion : w h a t par t 
does the F o o d a n d D r u g A d m i n i s t r a t i o n p l a y i n the discovery a n d deve l 
opment of drugs? T h e F D A is bas ica l ly a regulatory agency whose 
p r i m a r y considerat ion is consumer protect ion. It administrates several 
specific acts of Congress—the one of interest here b e i n g the F o o d , 
D r u g a n d Cosmet i c A c t , as amended . Its basic requirements are re la 
t ive ly s imple a n d m i g h t w e l l serve as a m o d e l for future legis lat ion 
r e g a r d i n g a l l products . Before a d r u g is i n t r o d u c e d into the market , i t 
must be s h o w n to be safe a n d p r o v e d to be effective. T h e language of 
the A c t states that the proof of efficacy of a d r u g must consist of sub
stantial evidence d e r i v e d f r o m adequate, w e l l - c o n t r o l l e d investigations, 
i n c l u d i n g c l i n i c a l investigations, conducted b y qua l i f i ed experts. T h i s 
requirement , w h i c h seems so obvious a n d s imple , after eight years has 
not yet been complete ly accepted b y a l l concerned a n d is the foca l p o i n t 
of the cr i t ic isms of the F D A as a barr ier to d r u g discovery a n d 
development . 

T h e decisions r e q u i r e d of F D A scientists f a l l into t w o b r o a d cate
gories. O n e of these concerns is the safety a n d efficacy of the d r u g sub
stance as a therapeut ic entity. A l t h o u g h the dec is ion that a d r u g is safe 
a n d efficacious is a dif f icult one a n d f raught w i t h danger, on the one 
h a n d , of premature ly releasing a d r u g w h i c h later proves to be h a r m f u l , 
or on the other h a n d , of u n d u l y d e l a y i n g because of excessive caut ion a n 
agent w h i c h w o u l d be of benefit i n a serious condi t ion , i t is nevertheless 
a dec is ion w h i c h is usual ly made w i t h i n a reasonable l ength of t ime. F o r 
one th ing , the d r u g that is t r u l y effective usua l ly attracts supporters a n d 
becomes k n o w n to investigators a n d practi t ioners t h r o u g h scientific jour
nals, a n d the agency's dec i s ion-making process is usua l ly carr ied o n i n 
the l ight of these p u b l i c discussions. F o r another, as scientists a n d con
sumers, w e i n the agency are eager to speed to physic ians a n d patients 
drugs that are t r u l y safe a n d effective. T h e p r i m a r y cause of the m u c h 
touted de lay i n F D A dec i s ion-making is b e y o n d a l l quest ion the poor 
q u a l i t y of the data , p a r t i c u l a r l y those of the c l i n i c a l investigations, sub
m i t t e d to us. A l t h o u g h the q u a l i t y of the data has i m p r o v e d over recent 
years, some sponsors s t i l l do not recognize that a f e w careful ly conducted 
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250 DRUG DISCOVERY 

studies are m u c h more persuasive than a mass of p o o r l y d o c u m e n t e d case 
studies or even careful ly d o c u m e n t e d r a n d o m c l i n i c a l reports. 

T h e second type of decis ion that the F o o d a n d D r u g A d m i n i s t r a t i o n 
must make is one that is at least as impor tant a n d — u n l i k e the decisions 
r e g a r d i n g safety a n d eff icacy—must be made repeatedly. T h i s is the 
survei l lance of the q u a l i t y of d r u g products on the market . I n its ap
p r o v a l of a n e w d r u g appl i ca t ion the F D A approves not a d r u g substance 
b u t a finished dosage f o r m . Indeed, the c l i n i c a l trials w h i c h demonstrate 
safety a n d efficacy of the d r u g must be carr ied out w i t h the m a r k e t e d 
dosage f o r m or w i t h a dosage f o r m that can be established as thera
peut i ca l ly equivalent . T h u s , q u a l i t y contro l enters ear ly into the a p p r o v a l 
of a d r u g for m a r k e t i n g a n d continues to be of considerable importance 
u n t i l the d r u g is r e m o v e d or rep laced b y newer products . 

Arrangements were m a d e w i t h the N a t i o n a l A c a d e m y of Science 
( N A S ) through its N a t i o n a l Research C o u n c i l ( N R C ) to undertake 
responsibi l i ty for evaluat ing drugs m a r k e t e d between 1938 a n d 1962, 
years i n w h i c h important A m e n d m e n t s to the F o o d , D r u g a n d C o s m e t i c 
A c t were enacted. Par t of the implementa t ion of the A c a d e m y ' s findings 
is the a p p r o v a l of abbrevia ted N D A ' s ( n e w d r u g appl ica t ions) o n the 
basis of l a b e l i n g w h i c h conforms to p u b l i s h e d requirements , adherence 
to g o o d m a n u f a c t u r i n g practices, a n d demonstrat ion of b i o a v a i l a b i l i t y , or 
another adequate demonstrat ion of d r u g act ivi ty . T h i s is the first step 
t o w a r d assuring the p h y s i c i a n a n d the consumer that c h e m i c a l l y i d e n t i c a l 
drugs w i t h i d e n t i c a l l a b e l i n g are therapeutic equivalents . 

F r o m t ime to t ime the agency has f o u n d it necessary to propose 
changes i n , a n d addit ions to, the regulations. F o r the most par t they are 
a i m e d at c l a r i f y i n g the requirements of the A c t as w e interpret i t , pro 
v i d i n g consumer protect ion, d e a l i n g w i t h c l i n i c a l investigations, a n d 
expedi t ing the processing of submissions. A t the agency, w e have not 
conce ived of these funct ions as const i tut ing any n e w restr ict ion on the 
discovery, development , or invest igat ion of drugs. F o r example , our n e w 
requirement of a 30-day delay before b e g i n n i n g c l i n i c a l trials , after the 
receipt of an appl i ca t ion for t r i a l of a n e w d r u g ( i n the f o r m of an I N D 
or notice of c l a i m e d exemption f r o m the restr ic t ion o n interstate ship
ment ), provides the agency a chance to evaluate the proposed use of the 
d r u g i n the h u m a n subject a n d to determine whether there are adequate 
safety data f r o m experiments i n animals to warrant the commencement 
of h u m a n studies. U n d e r previous regulations, the investigator c o u l d 
b e g i n c l i n i c a l trials i n humans as soon as he h a d m a i l e d his notice . F r e 
quent ly enough to cause rea l concern, w e have f o u n d that data f r o m 
studies i n animals were not adequate to support the type of studies that 
h a d been under taken i n h u m a n beings. W e bel ieve that this 30-day 
delay, w i t h its w a i v e r p r o v i s i o n for extraordinary circumstances, const i -
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tutes a m i n o r res t r i c t ion—if a n y — c o m p a r e d w i t h the potent ia l benefits 
i n the protect ion of subjects. 

A n o t h e r regulat ion that has s t i rred considerable controversy is that 
w h i c h sets f o r t h our cr i ter ia for an adequate, w e l l - c o n t r o l l e d c l i n i c a l t r i a l . 
W e are c o n v i n c e d that this regula t ion mere ly reflects the practices that 
have become w i d e l y accepted d u r i n g the evolut ion of the science of 
c l i n i c a l pharmacology . W e see i n this regula t ion no restr ic t ion b e y o n d 
that i m p o s e d b y Congress i n its 1962 A m e n d m e n t s to the A c t , a n d b y 
setting f o r t h c lear ly w h a t is expected, w e hope that the data submi t ted 
w i l l be i m p r o v e d thus speeding the processing of appl icat ions . O u r 
recent approvals of certain n e w drugs w i t h a smal ler v o l u m e of data 
than has often been the case, I bel ieve, show that w e are p r e p a r e d to 
a p p l y these scientific pr inc ip les i n a reasonable fashion. 

Role of the National Research Council 

S h o u l d the N a t i o n a l Research C o u n c i l be requested to r e v i e w p e n d 
i n g n e w d r u g appl icat ions? T h e fact that the l a w fixes the responsib i l i ty 
for r e v i e w a n d a p p r o v a l of n e w d r u g appl icat ions on the F o o d a n d D r u g 
A d m i n i s t r a t i o n ( t h r o u g h delegat ion f r o m the Secretary of D e p a r t m e n t 
of H e a l t h , E d u c a t i o n , a n d W e l f a r e ) is something that n e e d not be con
s idered as insurmountable since laws can be am e nde d . H o w e v e r , unless 
the l a w were a m e n d e d r a d i c a l l y to change the substant ial evidence re
quirement , it is di f f icult to unders tand h o w experts of the A c a d e m y c o u l d , 
i n satisfaction of the A c t , require less r igorous proof than that n o w de
m a n d e d b y the F D A . W e have used consultants f r o m t ime to t ime, 
i n c l u d i n g panels of the N a t i o n a l A c a d e m y of S c i e n c e - N a t i o n a l Research 
C o u n c i l ( N A S - N R C ) w h e n confronted b y especial ly knotty problems of 
safety a n d efficacy, b u t w h e n these experts were f u l l y aware of the re
quirements of the F o o d , D r u g a n d Cosmet i c A c t , i n every case they 
a p p l i e d standards a n d cr i ter ia that were every b i t as strict as those of the 
F D A ' s o w n r e v i e w i n g officers. 

If the proposals for r e v i e w of n e w d r u g appl icat ions b y the N a t i o n a l 
A c a d e m y of S c i e n c e s - N a t i o n a l Research C o u n c i l , the N a t i o n a l Institutes 
of H e a l t h , or other scientific bodies are a d v a n c e d w i t h the i d e a of p r o 
v i d i n g more expertise than resides i n the F D A , our use of outside experts 
makes this a p p r o a c h unnecessary—regardless of the requirements for a 
change i n the l a w . 

If these proposals are advanced to separate the a p p r o v i n g f u n c t i o n 
f r o m the regulatory func t ion , the t w o are inseparable f r o m a prac t i ca l 
po int of v i e w . O u r regulatory actions must be based on scientific dec i 
sions, a n d our scientists must be f u l l y aware of our regulatory responsi
bi l i t ies . 
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252 DRUG DISCOVERY 

P r e s u m a b l y , any s u c h arrangement w o u l d leave w i t h i n the t runcated 
F D A the responsib i l i ty for the dec is ion r e l a t i n g to the c o n t i n u e d q u a l i t y 
of the m a r k e t e d product . T i m e after t ime changes i n the status of the 
m a r k e t e d p r o d u c t have r e q u i r e d the focus ing of expertise f r o m a l l of 
the disc ipl ines current ly represented i n the F D A . T o remove f r o m the 
A g e n c y the basic m e d i c a l expertise ( a n d s u c h an arrangement w o u l d re
sult i n near ly tota l r e m o v a l ) w o u l d seriously i m p a i r consumer protect ion . 

F i n a l l y , I firmly be l ieve that rather than d i s m e m b e r i n g the agency 
w e s h o u l d cont inue our efforts, i d e a l l y w i t h the suppor t of everyone con
cerned, to b r o a d e n a n d deepen the expertise resident i n the agency, a n d 
to m a k e even m o r e effective our e m p l o y m e n t of scientif ic expertise 
w h e r e v e r i t m a y reside. 

Appearance of New Drugs 

" W h y do w e see so f e w t r u l y n e w drugs?" O n e answer offered fre
quent ly b y i n d u s t r y is represented i n the test imony i n 1969 b y the Pres i 
dent of the P h a r m a c e u t i c a l M a n u f a c t u r e r s Assoc iat ion , C . Joseph Stetler. 
H e t o l d the Subcommit tee o n P u b l i c H e a l t h , E d u c a t i o n , a n d W e l f a r e of 
the H o u s e Interstate a n d F o r e i g n C o m m e r c e C o m m i t t e e : " W i t h o u t at
t e m p t i n g to i d e n t i f y the cause, i t is a fact that the n u m b e r of n e w drugs, 
p a r t i c u l a r l y n e w single c h e m i c a l entities m a r k e t e d each year, has drast i 
c a l l y decreased since the passage of the 1962 amendments . T h e i m p a c t 
of that legis lat ion has been fel t throughout the industry , p a r t i c u l a r l y i n 
research a n d deve lopment areas." M r . Stetler w e n t o n to cite figures for 
1959 a n d 1968 s h o w i n g the dec l ine of 7 2 % i n n e w prescr ip t ion drugs 
m a r k e t e d a n d a dec l ine of 8 3 % for n e w single c h e m i c a l entities. W h i l e 
d i s c l a i m i n g any attempt to " i d e n t i f y the cause," M r . Stetler i m p l i e d that 
i t arises f r o m "adminis t ra t ive encumbrances" a n d " impor tant differences 
i n the procedure that must be f o l l o w e d i n d e v e l o p i n g present n e w d r u g 
appl i ca t ions . " H e said, " A n o t h e r cause of delay is the general lack of 
q u a l i f i e d experts w i t h i n F D A . " 

T h e dear th of n e w drugs is often at t r ibuted to the 1962 amendments 
a n d the F o o d a n d D r u g A d m i n i s t r a t i o n , b u t i t is a fact that the post-
W o r l d W a r I I peak for a p p r o v e d n e w drugs came l o n g before the 1962 
amendments . I n 1955 357 n e w d r u g appl icat ions ( N D A ' s ) were ap
p r o v e d . E x c e p t for 1959, there has been a steady dec l ine since 1955— 
w i t h on ly 70 N D A ' s a p p r o v e d i n 1963 w h e n the K e f a u v e r - H a r r i s A m e n d 
ments became effective. T h u s , there was a sharp dec l ine of a p p r o v e d 
n e w drugs before 1963. 

F o l l o w i n g i m p l e m e n t a t i o n of the 1962 amendments , the o n l y m a r k e d 
change i n the d o w n w a r d curve of the slope was i n 1967 w h e n the n u m b e r 
of a p p r o v e d N D A ' s rose to 74, after w h i c h i t d r o p p e d to 56 i n 1968, a n d 
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13. JENNINGS Government Regufotions 253 

f e l l off to 48 i n 1969. F i f t y - o n e , however , w e r e a p p r o v e d b y the F D A 
the fiscal year 1969-70 ( close to one a w e e k ) . 

O f the 51 n e w drugs a p p r o v e d i n fiscal year 1970, about 20 c o u l d be 
cons idered " n e w entities"— i .e. , n e w chemicals not p r e v i o u s l y m a r k e t e d 
i n the U n i t e d States. H o w e v e r , m a n y of these, a l t h o u g h technica l ly n e w 
entities, represented mere ly variat ions o n f a m i l i a r themes a n d i n some 
cases n o t h i n g more than molecu lar m a n i p u l a t i o n . T h e n u m b e r of n e w 
drugs a p p r o v e d i n that p e r i o d that c o u l d be cons idered as s ignif icant 
contr ibut ions to the p h a r m a c o p o e i a is s m a l l i n d e e d . 

T h e n u m b e r of N D A ' s u n d e r r e v i e w i n the F D A at any one t i m e is 
usual ly be tween 100 a n d 150. A l t h o u g h w e hope that some of them, at 
least, w i l l represent signif icant contr ibut ions to therapeutics , a casual 
examinat ion leads to the conclus ion that the percentage w i l l be about 
the same as i n the recent past. 

A look at the drugs i n the earl ier phases of invest igat ion, the I N D 
stage, does not p r o v i d e any reason to expect i m p r o v e m e n t w i t h i n the 
near future . A b o u t 1000 I N D ' s were s u b m i t t e d i n 1963 i n response to 
the 1962 amendments . B y 1967 I N D submissions h a d d e c l i n e d to less 
than 700 b u t rose again to near ly 1000 i n 1969. H o w e v e r , about one-half 
represented m u l t i p l e submissions for a f e w spec ia l drugs, n o t a b l y l i t h i u m 
carbonate a n d L - d o p a . W e are current ly responsible for a tota l of 3430 
I N D ' s , cer ta in ly a large enough n u m b e r to conta in a respectable quant i ty 
of s ignif icant drugs. A l t h o u g h prognost icat ion is even more dangerous 
at this ear ly stage of deve lopment there are not m a n y r e a l b r e a k t h r o u g h 
drugs i n that large v o l u m e . 

T h e r e is no quest ion of the constant d o w n - t r e n d i n the innovat ive 
significance of the drugs b e i n g d e v e l o p e d today. T h e quest ion i s : " w h y 
s h o u l d this be, w h e n mi l l ions of dol lars are p o u r e d into research a n d 
development ( R & D ) each year b y our d r u g i n d u s t r y ? " O u r major firms 
spend vast amounts of m a n p o w e r a n d t ime b u d g e t e d for research a n d 
development . W h y is it u n r e w a r d i n g i n terms of ac tual m e d i c a l progress 
— w h y is i t u n r e w a r d i n g for the consumer, for the patient? 

A s scientists w e must accept the results of scientific studies even 
w h e n they upset cher ished beliefs. V i r t u a l l y every type of s tudy o n the 
R & D effectiveness of the large laboratories i n major industries points to 
the fact that for several reasons the largest companies w i l l not be the 
largest contr ibutors i n terms of o r i g i n a l research a n d development . 
W h e t h e r w e look at a b r o a d , h o r i z o n t a l s tudy of indust ry i n general 
over a considerable p e r i o d of t ime, or a n a r r o w ver t i ca l s tudy of any one 
company, the results are the same. 

I n a b r o a d s tudy based o n extensive research, D . H a m b e r g ( 1 ), of 
the U n i v e r s i t y of Buffa lo , has f o u n d that " w i t h f e w exceptions, the large 
i n d u s t r i a l laboratories are l i k e l y to be m i n o r sources of major invent ions . " 
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254 DRUG DISCOVERY 

H e points out that the larger firms are p r i m a r i l y i n v o l v e d w i t h i m p r o v e 
ment i n v e n t i o n s — d e v o t i n g m u c h research t o w a r d bet ter ing the products 
they a lready t u r n out or t o w a r d i m p r o v i n g the processes of p r o d u c t i o n . 
T h i s is not to gainsay such improvements or to quest ion the n e e d for such 
research. T h e discovery of p e n i c i l l i n w o u l d have benefi ted h u m a n i t y b u t 
l i t t le i f r a p i d improvements i n technology h a d not m a d e i t avai lable o n a 
massive scale, b u t i f w e are l o o k i n g for o r i g i n a l c o n t r i b u t i o n s — i n other 
w o r d s , n e w drugs a n d numbers of n e w drugs, such as p r o d u c e d the 
" G o l d e n A g e of the W o n d e r D r u g " f o l l o w i n g W o r l d W a r I I — apparent ly 
w e must look to other than the R & D programs of the large d r u g firms. 

Studies f r o m the t u r n of the century show the major laboratories 
contr ibute a v e r y s m a l l percentage of our n e w impor tant inventions. F o r 
instance, W . M . Grosvenor (2) i n 1929 f o u n d that of 72 major inventions 
— s u c h as the submarine , the d i a l telephone, the diesel engine, a n d c a l 
c i u m c a r b i d e — p r o d u c e d between 1889 a n d 1929, o n l y 12 (or 1 7 % ) 
or ig inated i n corporate laboratories. 

A s tudy headed b y Jewkes (3) a n d p u b l i s h e d i n 1958, f o u n d that of 
61 major inventions after 1930 only 2 0 % emanated f r o m the laboratories 
of large corporations. S u c h inventions as a i r - condi t ion ing , automat ic 
transmissions, a n d the jet engine were the w o r k of independent inventors . 
I n 1962 W . F . M u e l l e r (4 ) at D u P o n t , f o u n d that be tween 1920 a n d 1950 
o n l y 2 8 % of their 18 n e w products or ig inated f r o m their o w n research. 
T w o of the company's three most c o m m e r c i a l l y i m p o r t a n t products w e r e 
comple ted b y their research laboratories b y the ear ly 1930s, w h e n their 
research budget averaged $5 m i l l i o n a year—far less than i t is today. 

A s tudy i n 1965 b y W i l l i a m S. C o m a n o r ( 5 ) , deals w i t h research a n d 
technica l change solely w i t h i n the p h a r m a c e u t i c a l industry . Comanor ' s 
analysis provides "some evidence that i n the p h a r m a c e u t i c a l indus t ry 
there are substantial diseconomies of scale i n R & D w h i c h are associated 
w i t h large firm size; a n d that these disadvantages are encountered even 
b y moderate ly s ized firms." 

S tudy after s tudy points out w h a t has a n d has not come out of 
massive research efforts, but there is one interest ing paper p r e p a r e d i n 
1958 b y M c G r a w - H i l l (6 ) that shows w h a t the companies expect f r o m 
their research. I n the survey almost every large c o m p a n y i n U . S . indust ry 
a n d commerce was asked: " h o w soon do y o u expect y o u r expenditures on 
R & D to p a y off?" N i n e t y - o n e percent sa id w i t h i n five years, but the 
history of major inventions shows that most have taken m u c h more t ime 
before they were even r e a d y for market ing . So i t w o u l d seem that major 
laborator ies—al though h e a v i l y f u n d e d a n d stocked w i t h expertise—are 
not so m u c h l o o k i n g to o r i g i n a l products as they are to i m p r o v e d products 
a l ready i n the l ine , w h i c h w o u l d require a shorter p e r i o d of development . 
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13. JENNINGS Government Regulations 255 

T o d a y w e have fewer s m a l l firms t h a n w e h a d 10 years ago; some of 
t h e m have passed out of existence, b u t others have been absorbed into 
the larger laboratories ; hence, w e have more talent c o m i n g u n d e r the 
u m b r e l l a of the large firms—subject to their goals a n d d i rec t ion . 

W h a t has corporate talent p r o d u c e d ? If w e re turn to r e v i e w some 
recent ly a p p r o v e d drugs a n d confine our attention to a par t i cu lar cate
gory, neuropharmacology , there are three drugs of some c l i n i c a l i m p o r 
tance. T w o of these, l i t h i u m carbonate a n d L - d o p a , were not the products 
of the type of research that characterizes the d r u g indus t ry today. 
K e t a m i n e , the on ly other d r u g i n this category of more t h a n pass ing 
interest, apparent ly was the result of a massive screening p r o g r a m w h i c h 
c o u l d p r o b a b l y be car r ied out o n l y i n a laboratory of the t y p e w e h a v e 
been discussing. C o m m e r c i a l considerations aside, the efficiency of this 
a p p r o a c h must be quest ioned i n the l ight of the fa i lure of this t echnique 
to p r o d u c e a n y t h i n g of rea l significance i n cancer therapy. 

T h e a p p r o a c h to research i n indust ry t o d a y — t h e massive f r o n t a l 
assault on research p r o b l e m s — s i m p l y is not p r o v i n g , a n d m a y never 
prove , to be as effective as the foray of the independent researcher. 

T h e a p p r o a c h taken to research i n indus t ry today is ac tual ly counter
p r o d u c t i v e to the goals. V a s t resources—in t ime, i n money, i n e x p e r t i s e — 
are b e i n g t ied u p o n projects of quest ionable or l i t t le s ignif icance to ac tual 
m e d i c a l progress. 

E v e n today a s tudy b y M u e l l e r a n d T i l t o n (7) does not change the 
impress ion that m u c h of our scientific expertise i n the field of drugs is 
b e i n g used solely for economic g o a l s — w i t h the occasional h a p p y c o i n c i 
dence of m e d i c a l progress. 

A c c o r d i n g to these authors : 
T h e b u l k of the e m p i r i c a l evidence o n the o r i g i n of major inventions 

suggest that the R & D laboratories of large corporations have not been an 
impor tant source of major invent ions . . . . T h e same c o m m u n i c a t i o n gap 
w h i c h m a y keep large firms f r o m financing R & D ac t iv i ty d i rec ted t o w a r d 
major inventions m a y i n h i b i t t h e m f r o m f u n d i n g the deve lopment needed 
to convert a major invent ion into a c o m m e r c i a l l y successful p r o d u c t or 
process innovat ion . T h i s is p a r t i c u l a r l y l i k e l y w h e n the invent ion is m a d e 
b y s m a l l firms or i n d i v i d u a l s outside the c o m p a n y . 

W e are confronted w i t h a p r o b l e m of tremendous importance to us 
as scientists a n d as cit izens : the steady decl ine i n the discovery a n d d e v e l 
opment of signif icant n e w drugs . A n y t h i n g that m i g h t h e l p to resolve 
that p r o b l e m deserves serious attention. T h e propos i t ion set f o r t h here, 
o b v i o u s l y not an o r i g i n a l one, s h o u l d be examined. T h e studies c i t e d 
s h o u l d be either accepted or p r o v e d i n v a l i d . If they are v a l i d , then isn't 
it t ime to consider n e w approaches to p r o d u c t i v e , creative research? 
Isn't i t t ime to consider t u r n i n g to some of the more research-oriented 
schools a n d universit ies a n d f u n d i n g some of their operations i n d e p e n d -
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256 DRUG DISCOVERY 

ent ly or sett ing u p s m a l l satellite laboratories to c o n d u c t basic research 
autonomous f r o m but f u n d e d b y the large parent c o m p a n y ? Isn't i t 
t ime to re turn to the innovat ive rather than the imi ta t ive stage of research 
a n d deve lopment i n the d r u g field? 

O b v i o u s l y no one k n o w s f u l l y w h y w e see so f e w n e w a n d signif icant 
drugs . Scientists must examine the p r o b l e m scienti f ical ly a n d not settle 
for easy answers that m a y p u t the m i n d at rest b u t b r i n g us no closer to 
a true solut ion. 
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Changing the Economic Image of the 
Pharmaceutical Industry 

FRANCIS J. B L E E 

Beach, Widmann & Co., T w o Decker Square, Ba la-Cynwyd, Pa . 19004 

The key economic characteristic distinguishing the drug 
industry from other industries is the heavy dependence on 
innovation and the high level of expenditures on research 
and development. Research and development should be 
viewed as an investment and capitalized by the industry in 
all published figures. If research expenditures are capital
ized, the return on shareholders' equity of the industry is 
reduced from 19% to 15%. Comparison with electric utili
ties demonstrates that a 6-9% reduction in drug industry 
prices would reduce the industry's return on investment to a 
level equal to the electric utility industry. 

T n discussing the economic image of the p h a r m a c e u t i c a l i n d u s t r y there 
A is a lack of good economic data on the p h a r m a c e u t i c a l i n d u s t r y i n 
general a n d on the economics of p h a r m a c e u t i c a l innovat ion specif ical ly . 
T h i s is a f r u i t f u l area, however , a n d deserves greater economic research 
efforts. 

T h e d r u g indust ry can be v i e w e d as the creator a n d del iverer of 
a n innovat ive service, the most signif icant of w h i c h is discovery. T h e 
actual p r o d u c t i o n , market ing , a n d dis t r ibut ion of drugs, w h i l e a v a l u a b l e 
a n d h i g h l y efficient operat ion, is not m u c h different f r o m propr ie tary 
drugs or several other consumer industries. H e n c e , the p r o d u c t i o n , mar 
ket ing , a n d dis t r ibut ion cycle c o u l d be p e r f o r m e d b y m a n y other indus
tries l a c k i n g i n the creat iv i ty w h i c h is so essential to the p h a r m a c e u t i c a l 
industry . I bel ieve that the industry has misunders tood its o w n role , 
overemphas iz ing p r o d u c t i o n a n d dis t r ibut ion a n d u n d e r p l a y i n g its most 
dis t inct ive economic characteristic— i .e . , the creative process of discov
er ing a n d d e v e l o p i n g n e w p h a r m a c e u t i c a l products . 

257 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

14



258 DRUG DISCOVERY 

Pharmaceutical Research 

T h e economics of an innovat ive p h a r m a c e u t i c a l industry have been 
c h a n g i n g d r a m a t i c a l l y over the last several decades. I n the 1950's, 
a l though precise measurements are not avai lable , p h a r m a c e u t i c a l re
search was h i g h l y p r o d u c t i v e a n d apparent ly qui te prof i table . B r o a d 
general izations can be made , center ing a r o u n d the fact that large n u m 
bers of n e w chemicals entities, c o m b i n a t i o n products , a n d dupl i ca te 
products were i n t r o d u c e d i n the decade of the 1950's o n research budgets 
w h i c h b y today's standards appear to be qui te modest. F o r example , i n 
the seven-year p e r i o d 1956-1962, p r i o r to the n e w d r u g regulat ions of 
1962, the indust ry i n t r o d u c e d an average of 44 n e w c h e m i c a l entities per 
year. T h i s was i n an era w h e n one or t w o years seemed l ike a l o n g t ime 
for deve lopment of a n e w d r u g product . T h e t ime span for d e v e l o p i n g a 
n e w d r u g p r o d u c t has increased t remendously since the early 1960s w i t h 
estimates current ly r a n g i n g f r o m 7-10 years or more . M o r e o v e r , o w i n g 
to the increas ing scientific complex i ty of d iscover ing a n d d e v e l o p i n g n e w 
d r u g compounds a n d a more stringent regulatory c l imate , the n u m b e r of 
n e w c h e m i c a l entities i n t r o d u c e d b y the industry i n the seven-year 
p e r i o d i m m e d i a t e l y f o l l o w i n g the n e w d r u g regulations of 1962 f e l l to 
an average of 16 n e w c h e m i c a l entities per year. T h e other part of the 
equat ion is the amount expended on research i n these comparable per iods . 
B e t w e e n 1956 a n d 1962 the industry spent approx imate ly $1.3 b i l l i o n o n 
research, whereas i n the 1963-69 p e r i o d research a n d development 
( R & D ) expenditures were approx imate ly $2.6 b i l l i o n . T h e c h a n g i n g 
economic c l imate ref lect ing r i s i n g research costs a n d fewer n e w products 
is obvious . U s i n g a very s imple f o r m u l a of d i v i d i n g the n u m b e r of n e w 
entities into the research costs for each of these seven-year per iods p r o 
duces a cost per n e w c h e m i c a l enti ty of approx imate ly $4 m i l l i o n i n the 
1956-62 p e r i o d a n d $23 m i l l i o n i n the 1963-69 t ime span ( T a b l e I ) . 

Table I. Average R & D Investment per New Chemical Entity" 

Total R&D Average 
R&D Number Investment Number of 

Investment, of New per Entity, Entities 
Period Millions Entities0 Millions per Year 

1956-62 $1,270 311 $ 4.1 44 
1963-69 2,605 113 23.1 16 

° Source: R & D investment: Pharmaceutical Manufacturers Association. 
New chemical entities: (9). 

T h i s compar ison is subject to overs impl i f i ca t ion ; for example , h o w 
m u c h of the R & D is i n d e e d a quest for complete ly n e w c o m p o u n d s , 
a n d is a n e w c h e m i c a l enti ty ac tual ly a reasonable barometer of R & D 
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14. B L E E Economic Image 259 

p r o d u c t i v i t y ? W i t h o u t a t tempt ing to just i fy these figures or debate the 
accuracy of specific numbers , i t is obvious that there has been t remen
dous increase i n the cost of d i scover ing a n d d e v e l o p i n g a n e w d r u g 
p r o d u c t ( I , 2 ) . It is also obvious that the n ine n e w c h e m i c a l entities 
i n t r o d u c e d b y the indust ry i n 1969 w i l l have to achieve t r u l y signif icant 
sales levels to justi fy a l eve l of approximate ly $500 m i l l i o n a n n u a l l y b e i n g 
spent o n h u m a n e th ica l research a n d deve lopment i n the 1968-69 p e r i o d 
( 3 ) . 

Erroneous conclusions often seem to have been d r a w n r e g a r d i n g 
the industry 's true prof i tabi l i ty . It is true that the d r u g indust ry has 
general ly r a n k e d h i g h a m o n g A m e r i c a n industries i n terms of r e t u r n o n 
sales a n d re turn on investment. H o w e v e r , I bel ieve that the investment 
as stated i n the a n n u a l report of the t y p i c a l d r u g c o m p a n y understates 
the actual investment since research a n d deve lopment costs have sys
temat ica l ly been w r i t t e n off against profi t a n d do not appear i n the 
investment p o r t i o n of the balance sheet. T h e technique of a n n u a l l y 
a m o r t i z i n g research a n d development expenditures m a y be relevant for 
other industr ies a n d is also consistent w i t h conservative account ing prac 
tices. H o w e v e r , the resultant balance sheet investment fai ls to recognize 
the t r u l y u n i q u e dependence of the p h a r m a c e u t i c a l indust ry on research 
a n d development a n d the fact that as a percentage of sales the industry 's 
research investment is larger than any major industry . F o r example , 
since indust ry figures on c a p i t a l expenditures are not avai lable , w e c a n 
cite an industry leader, M e r c k , a n d po in t out that i n the three year p e r i o d 
1967-69 M e r c k spent $163 m i l l i o n on research a n d development c o m 
p a r e d w i t h $118 m i l l i o n on c a p i t a l expenditures for p lant a n d equipment . 
I suggest that it is a t r u l y u n i q u e re lat ionship for a firm i n any indus t ry 
to have spent 3 8 % more on research a n d deve lopment than on p l a n t a n d 
e q u i p m e n t expenditures, a n d I suggest that this is f a i r l y t y p i c a l for most 
research or iented firms i n the d r u g industry . A c c o r d i n g to U . S . govern
ment figures, the p h a r m a c e u t i c a l indus t ry i n 1969 h a d a re turn on invest
ment of approx imate ly 1 9 % . T h e significance of c a p i t a l i z i n g research 
a n d deve lopment can be i l lustrated b y the fact that the industry's r e t u r n 
on investment can be r e d u c e d to 1 5 % us ing an arbi t rary 5-year amort iza 
t ion of R & D expenditures ( T a b l e I I ) ( 4 ). 

H a v i n g discussed re turn on investment, I s h o u l d consider the risks 
associated w i t h the ant ic ipated re turn on p h a r m a c e u t i c a l investment. 
A g a i n because of a lack of avai lable data, w e must subject ively observe 
that the research investment b e i n g made b y the i n d u s t r y carries a h i g h 
degree of r isk o w i n g to the degree of uncer ta inty i n v o l v e d i n n e w p r o d u c t 
research. I bel ieve a l l w o u l d agree that n e w p r o d u c t research is inher 
ently more r i s k y than the process i m p r o v e m e n t or cost r e d u c t i o n type 
research indica t ive of m a n y other industries. At tempts have been m a d e 
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260 DRUG DISCOVERY 

Table II." D r u g Industry Return on Shareholder's Equity 
Assuming Capitalization of R & D 

Year 

Begin
ning 

Equity 

R&D 
Invest
ment 

R&D 
Write-

Off 
Ending 
Equity 

Profit 
Before 
R&D 

R&D 
Write

off 

Profit 
After 

R&D 

% 
Return 

On 
Equity 

A $49.62 $4.50 $ 0 $49.62 $14.10 $4.50 $ 9.60 19 .3% 

1 49.62 4.50 0 54.12 14.10 0 14.10 26.1 
2 54.12 4.50 .90 57.72 14.10 .90 13.20 22.9 
3 57.72 4.50 1.80 60.42 14.10 1.80 12.30 20.4 
4 60.42 4.50 2.70 62.22 14.10 2.70 11.40 18.3 
5 62.22 4.50 3.60 63.12 14.10 3.60 10.50 16.6 

Β $63.12 $4.50 $4.50 $63.12 $14.10 $4.50 $ 9.60 15.2% 

Assumptions 

(1) Sales are $100.00 per year 
(2) P r e - t a x R & D = 9 % of g lobal sales 
(3) 5 0 % tax rate, after tax 

R & D = 4 . 5 % of sales 
(4) P r o f i t after tax = 9 .6% of sales 
(5) U n a d j u s t e d equi ty = 49 .6% of sales 
(6) F i v e year wri te-off of R & D 

αSource of ratios: (10, 1 1 ) . 

to measure the r isk of the industry , w i t h no apparent conclus ion h a v i n g 
been reached (5,6,7). T h e quest ion is whether or not the r isk is increas
i n g . A s the previous figures i n d i c a t e d , more dollars must be invested i n 
each research project w i t h a consequent larger loss i f the project does 
not come to f r u i t i o n . I n a d d i t i o n , the degree of certainty i n a c h i e v i n g a 
marketable p r o d u c t w o u l d also appear to be less than i n the past because 
the scientific obstacles have become more f o r m i d a b l e . Since w e are 
d e a l i n g w i t h research i n v o l v i n g the h i g h l y var iable h u m a n b e i n g , there 
are obvious ly a tremendous n u m b e r of u n k n o w n s i n v o l v e d i n the react ion 
to various drugs. Perhaps the reason that attempts to measure r isk have 
been unsuccessful is the fact that w e m a y be d e a l i n g w i t h uncer ta inty 
rather than risk, a n d the concept of uncerta inty m a y not be susceptible 
to statistical measurement. It is true that as measured b y cont inued 
prof i tab i l i ty one w o u l d have to say that the risks of research have not 
yet been reflected i n great ly r e d u c e d prof i tab i l i ty or p r o d u c e d any finan
c i a l crises l ike that of P e n n C e n t r a l . Nevertheless , w e see other i n d i c a 
tions of intensif ied r isk; for example , the effects of increasing R & D 
uncerta inty m a y have cont r ibuted t o w a r d the proposed c o m b i n a t i o n of 
Scher ing a n d P l o u g h . 
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14. B L E E Economic Image 261 

Role of Patents 

T o offset the dearth of n e w p r o d u c t introduct ions , the indust ry has 
general ly been compensated t h r o u g h greater longevi ty of products 
a lready o n the market . A l s o , the a b i l i t y to in t roduce n e w products abroad 
i n advance of U . S . clearance has enabled the indus t ry to sustain a faster 
g r o w t h rate i n fore ign countries than here. 

H o w e v e r , d u r i n g the 1970's, as patents expire on the " w o n d e r d r u g s " 
of the 1950's, the prof i tab i l i ty of the indust ry w i l l be under increas ing 
pressure. H e n c e , w e must conc lude that d r u g indust ry r isk w i l l increase 
further i n the future because of (1 ) patent expirations, (2 ) generic 
compet i t ion , a n d (3 ) the greater threat of p r o d u c t w i t h d r a w a l s inherent 
i n a c l imate of stringent enforcement b y the F D A a n d consumer p r o 
tect ion b y a l l governmenta l bodies . 

A n essential par t of the economics of i nnovat ion i n the U n i t e d States 
has been the patent system. Patents have been v i e w e d t rad i t iona l ly as 
a r e w a r d for creat ivi ty . Recent ly , d r u g patents i n the U n i t e d States have 
come under fire as representing a m e c h a n i s m w h i c h tends to create a n 
art i f ic ia l ly h i g h p r i c i n g structure b y r e d u c i n g compet i t ion ( 8 ) . I n de
fense of the patent system w i t h regard to pharmaceut i ca l products , w e 
can cite the U . S. d r u g industry 's h i g h leve l of innovat ion over the last 
several decades, whereas i n other areas of the w o r l d w h e r e patents have 
not existed (the I ron C u r t a i n countries a n d I ta ly ) innovat ion has gen
eral ly not been at a very h i g h level i n the d r u g field. T h e lack of data 
makes i t dif f icult to analyze prec ise ly the effect of patents o n the d r u g 
industry i n the U n i t e d States except i n v e ry general a n d somewhat sub
jective terms. It w o u l d appear that a pr ivate enterprise indust ry c o u l d 
not afford to spend the sums presently b e i n g spent on p h a r m a c e u t i c a l 
research w i t h o u t some hope of r e c o u p i n g this investment a n d also earn
i n g an adequate re turn at least e q u a l to alternative forms of investment. 
It is also obvious to me that f r o m a p u b l i c p o l i c y s tandpoint the economic 
effect of e l i m i n a t i n g d r u g patents or r e d u c i n g the patent l i fe must be 
a n a l y z e d w i t h respect to expected future re turn on the present l eve l of 
research investment a n d not based on the s i tuat ion i n the late 1950's or 
early 1960's where returns m a y have been unusua l ly h i g h . 

Regardless of one's posi t ion on d r u g patents i t appears that the 
economics of the research or iented d r u g industry , w i t h resultant patent 
protect ion, has created a c l imate of p r o d u c t compet i t ion rather than 
pr ice compet i t ion . T h e relat ive r i g i d i t y of d r u g prices has perhaps en
gendered as m u c h c r i t i c i sm as the l eve l of prices. If the indust ry is to 
answer to charges of excessively h i g h prices, objective economic analysis 
i n d e p t h w i l l be r e q u i r e d . 
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262 DRUG DISCOVERY 

F u r t h e r , the effect of r i s i n g research costs a n d fewer n e w p r o d u c t 
introduct ions has general ly r e d u c e d the n u m b e r of firms w h i c h are able 
a n d w i l l i n g to enter the research or iented p h a r m a c e u t i c a l industry . It is 
not possible to determine h o w m a n y firms have been forestal led f r o m 
enter ing the industry because of the h i g h threshold of research expendi 
tures; however , i t is obvious that there have been v e r y f e w n e w entries 
into the research or iented par t of the industry i n the last decade. T h e 
di f f icul ty of entry can also be underscored b y r e m e m b e r i n g the n u m b e r 
of large c h e m i c a l companies w h i c h have unsuccessful ly at tempted to 
enter the d r u g indust ry i n the last f e w years. I n a d d i t i o n , perhaps the 
most successful s m a l l c o m p a n y i n the industry , M a r i o n L a b s , rather than 
a t tempt ing to assume the b u r d e n of a large research.operat ion has appar
ently chosen to develop research contacts t h r o u g h l icensing agreements 
rather than i n c u r r i n g the large fixed costs associated w i t h in-house 
research. 

Promotional Costs 

It seems that the industry s t i l l continues to suffer f r o m a poor eco
n o m i c image brought on b y charges of h i g h prices a n d a lack of mean
i n g f u l pr i ce compet i t ion . Perhaps the A c h i l l e s hee l of the economic story 
at the moment is the l eve l of p r o m o t i o n a l expenditures w h i c h at a p p r o x i 
mate ly 2 5 % of sales are more than twice the industry 's commitment to 
research. A l t h o u g h the indust ry must be c o n v i n c e d that this p r o m o t i o n a l 
effort is necessary, this category of expenditures is the most diff icult to 
defend. It also appears that the indust ry m a y be b u r d e n e d w i t h a some
w h a t o u t m o d e d a n d expensive d i s t r ibut ion system. A l t h o u g h w e have a l l 
heard the arguments jus t i fy ing p h a r m a c e u t i c a l p r o m o t i o n a n d the present 
d i s t r ibut ion system, it appears that this p r o b l e m must be at tacked on 
t w o fronts : (1 ) every effort must be made through cooperat ion between 
manufacturers , wholesalers, a n d retailers to lower the p r o m o t i o n a n d 
d is t r ibut ion b i l l for the d r u g industry , a n d (2) i n - d e p t h economic sup
port must be generated to demonstrate the benefits to the consumer of 
the present m a r k e t i n g - d i s t r i b u t i o n complex. 

R e t u r n i n g again to p h a r m a c e u t i c a l research, i t s h o u l d be a d d e d that 
the industry has also been w i d e l y c r i t i c i z e d on the grounds of m o l e c u l a r 
m a n i p u l a t i o n , me-tooism, a n d d u p l i c a t i v e programs. A l t h o u g h these 
charges m a y have conta ined some v a l i d i t y i n the late 1950s a n d ear ly 
1960s it seems that the p r o b l e m has been corrected b y r i s i n g research 
costs a n d the k n o w l e d g e that c l i n i c a l testing on a me-too p r o d u c t today 
is just as expensive as on a t ru ly u n i q u e c o m p o u n d . It also appears o b v i 
ous that the in t roduct ion of a satisfactory n u m b e r of u n i q u e compounds 
w i l l be necessary to justi fy the current l eve l of research expenditures. 
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T h e indust ry has h a d a fine r e c o r d f r o m the s tandpoint of n e w p r o d 
uct innovat ion a n d a rather miserable r e c o r d i n e x p l a i n i n g the economics 
of the research or iented p h a r m a c e u t i c a l firm. I n short, i t has spent 
b i l l ions o n scientific research b u t a p i t i f u l amount o n economic research, 
a n d today it suffers great ly f r o m a lack of m e a n i n g f u l economic i n f o r m a 
t ion, the type of h a r d data necessary to convince a government agency. 

Because of the general ly poor unders tanding of the industry 's eco
nomics a n d the socia l overtones r e g a r d i n g any aspect of the hea l th i n d u s 
try, i t is not surpr i s ing that voices c a l l for either the government to 
assume the entire b u r d e n of innovat ive d r u g research or for the industry 
to be treated as a p u b l i c u t i l i ty , regula ted w i t h r e g a r d to prof i tab i l i ty a n d 
re turn o n investment. 

It w o u l d appear that there are s t r ik ing economic differences be tween 
the n o r m a l concept of a p u b l i c u t i l i t y a n d the d r u g indus t ry as w e k n o w 
it today. T h e chief difference centers a r o u n d the t o p i c of this v o l u m e , 
a n d that is the fact that the discovery a n d deve lopment process is the 
most c r i t i c a l factor i n the p h a r m a c e u t i c a l indus t ry b u t plays a far less 
important role i n p u b l i c ut i l i t ies . A l s o , the m o n o p o l y va lue of a d r u g 
patent w h i c h can lose its economic value instant ly u p o n the deve lopment 
of unexpected side effects, or t h r o u g h the i n t r o d u c t i o n of a superior 
p r o d u c t b y a compet i tor , is cons iderably different f r o m the re la t ive ly 
absolute m o n o p o l y accorded the t y p i c a l p u b l i c u t i l i t y . W e must also 
w o n d e r whether cap i ta l can be attracted into the h i g h r isk game of n e w 
p r o d u c t research under condit ions of regulated prof i tab i l i ty a n d r e t u r n 
on investment. Indeed , even u n d e r present free enterprise condit ions , w e 
w o n d e r whether the h i g h costs a n d risks of d o i n g n e w p r o d u c t research 
a n d the risks of increas ing government intervent ion have not caused 
substantial sums to be a l located out of p h a r m a c e u t i c a l research a n d 
invested i n divers i f icat ion opportunit ies , such as, cosmetics, c l i n i c a l labo
ratories, a n d m e d i c a l instruments. 

Tables I I I a n d I V estimate, i n a very b r o a d sense, h o w m u c h of a 
pr ice r e d u c t i o n i t w o u l d take to lower the d r u g industry 's re turn o n 
shareholders ' e q u i t y to e q u a l the electric u t i l i ty industry . U s i n g U . S . 
government figures for the d r u g indust ry a n d the E d i s o n E l e c t r i c Institute 
data on electr ic ut i l i t ies , I have d e v e l o p e d a statistical compar i son be
tween the t w o industries . T h e financial ratios are qui te different w i t h 
respect to profi t margins a n d c a p i t a l requirements . F o r example, the 
d r u g industry , often c r i t i c i z e d for h a v i n g h i g h profi t margins , realizes 
about $19 pre-tax profi t on each $100 of sales, whereas the electr ic u t i l i t y 
indust ry realizes about $23 for each $100 of sales. O n the other h a n d , 
shareholders ' equi ty is $50 for the d r u g industry c o m p a r e d w i t h $120 for 
electric ut i l i t ies on each $100 of sales. C o m b i n i n g the profi t a n d invest
ment figures produces a re turn o n shareholders equi ty , before taxes, of 
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264 DRUG DISCOVERY 

approx imate ly 3 7 % for the d r u g indust ry a n d 1 9 % for the electric u t i l i t y 
industry . A l t h o u g h there w o u l d appear to be a considerable spread 
between the t w o rates of re turn, i f the d r u g i n d u s t r y sales l e v e l were 
r e d u c e d b y just 9 % , the resul t ing r e t u r n on investment w o u l d be e q u a l 
to the electr ic u t i l i t y industry , or approx imate ly 1 9 % before taxes (see 
T a b l e I I I ) . 

Into the investment base for the d r u g industry s h o u l d be incorpo
rated the research a n d deve lopment investment. U s i n g w h a t I consider 
to be the more real is t ic r e t u r n on shareholders ' e q u i t y for the d r u g i n d u s 
try, that is, w i t h R & D i n c l u d e d i n the investment base, i t w o u l d require 
on ly a 6 . 5 % r e d u c t i o n i n d r u g indus t ry prices to l o w e r the re turn o n 
investment to the same leve l as the electric u t i l i t y industry— i . e . , 1 9 % 
(see T a b l e I V ) . W h e n i t is rea l ized that out of the 9 % or 6 . 5 % savings, 
d e p e n d i n g u p o n one's preference, that the government takes a p p r o x i 
mate ly 5 0 - 5 2 % i n taxes, the ac tual saving to society is p r o b a b l y about 
hal f of the pre-tax reduct ion or be tween 3 a n d 4 . 5 % . A l t h o u g h these 
figures are used i n an i l lustrat ive sense, this compar i son underscores m y 
bel ief that ( 1 ) re turn on investment is the v a l i d rat io w h e n cons ider ing 
relat ive profi tabi l i t ies of various industries , ( 2 ) w i t h R & D considered as 

Table III. Adjustment of D r u g Industry Return on 
Equity to Equal Electric Utilities" 

Drug Industry Electric Utilities 

Sales $100.00 $100.00 

P r e - t a x profi t $ 18.60 $ 23.10 

Shareholder's equi ty 
per $100.00 sales $ 50.00 $120.00 

P r e - t a x return on 
shareholder's investment 37 .2% 19.3% 

Reduce d r u g indust ry 
sales b y 9 % = $9.00 
adjusted sales $ 91.00 $100.00 

A d j u s t e d pre- tax profi t $ 9.60 $ 23.10 

A d j u s t e d pre- tax 
return on equi ty 19.3% 19.3% 

Assumptions 
(1) Sales are $100.00 per year . 
(2) A l l costs r e m a i n constant ; therefore, a reduct ion in sales produces 

an equivalent reduct ion i n pre- tax profi t . 

"Source: Drug industry ratios: ( 1 0 ) . 
Electric utility ratios: ( 1 2 ) . 
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Table IV. Adjustment of D r u g Industry Return on 
Equity to Equal Electric Utilities" 

D r u g Industry Equi ty Adjusted for R and D 

Drug Industry Electric Utilities 

Sales $100.00 $100.00 

P r e - t a x prof i t $ 18.60 $ 23.10 

Shareholder's equi ty 
per $100.00 sales $ 63.00 $120.00 
( adjusted for R&D) 

P r e - t a x re turn 
on C o m m o n equi ty 30 .0% 19.3% 

Reduce drug indus t ry 
sales by 6 .5% = $6.50 

A d j u s t e d sales $ 93.50 $100.00 

A d j u s t e d pre- tax profit $ 12.10 $ 23.10 
A d j u s t e d pre-tax 

return on equi ty 19.3% 19.3% 

Assumptions 
(1) Sales are $100.00 per year . 
(2) A l l costs remain constant ; therefore, a reduct ion in sales produces 

an equivalent reduct ion i n pre-tax profi t . 
(3) D r u g indust ry net re turn on shareholder's equi ty = 15.2% = 

30 .0% pre- tax return, as adjusted for c a p i t a l i z a t i o n of R & D , per 
T a b l e I I . 

"Source: Drug industry ratios: ( 1 0 ) . 
Electric utility ratios: (12). 

part of the investment base, i t appears that on ly a modest r e d u c t i o n i n 
the d r u g industry p r i c i n g l e v e l w i l l have a rather sharp effect on re turn 
on investment, a n d (3 ) w h e n v i e w e d i n this l ight , i t appears that the 
relat ive prof i tab i l i ty of the d r u g industry is not near ly as h i g h as other 
compar ison m a y have suggested. 

Summary 

I w o u l d urge the deve lopment of h a r d economic analysis, explor ing 
i n d e p t h m a n y of the theories w h i c h are b e i n g advanced w i t h regard to 
the economics of the d r u g indust ry today. F u r t h e r , I bel ieve a sizeable 
c r e d i b i l i t y gap exists today between the industry's concept of its eco
n o m i c structure a n d the v i e w of the government a n d the general p u b l i c . 
T h e indust ry has h e l p e d to create this gap b y f a i l i n g to unders tand its 
o w n u n i q u e economic characteristics. Industry account ing practices 
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266 D R U G D I S C O V E R Y 

w h i c h i m p r o p e r l y handle the substantial research a n d development i n 
vestment have served to intensify the gap between those i n the indust ry 
a n d the v i e w f r o m outside. F u t u r e emphasis must be d i rec ted t o w a r d 
c los ing this c r e d i b i l i t y gap a n d reor ient ing economic t h i n k i n g t o w a r d 
the present a n d future economic structure of pharmaceut i ca l innovat ion , 
r e l i e v i n g society f r o m outdated concepts of the past. 
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Drugs and the Real World of 
Medical Practice 

G E O R G E E. BURKET, JR., M . D . 

Medica l Arts Center, 349 North M a i n St., Kingman, Kan. 67069 

Two worlds revolve in the field of medicine—the world of 
drugs and the world of medical practice. They both move in 
the same direction and with amazing synchronization. Com
munication between them takes many paths to many areas, 
and although it is quite complex, it is improving daily. The 
physician is indebted to the drug industry as well as to re
search, in public and private institutions, for providing so 
many new drugs for so many valid uses. Tradenames offer 
an easy, convenient, and timesaving way to prescribe new 
drugs. For the future the clinical physician confidently ex
pects more miracle drugs. Arteriosclerotic cardiovascular 
disease and cancer represent the foremost challenges to 
pharmaceutical researchers. 

Τ η discussing drugs a n d the rea l w o r l d of m e d i c a l pract ice , w e must first 
contemplate the significance of the tit le. T h e pract ice of m e d i c i n e has 

always been associated w i t h the use of drugs whether they be te rmed 
drugs, concoctions, or potions. H i s t o r y records physic ians ' c o m p o u n d i n g 
prescript ions i n an E g y p t i a n society 15 centuries before C h r i s t , a n d the 
annals of medic ine t h r o u g h more than 2000 years are filled w i t h n e w 
remedies for o l d a n d n e w diseases a n d ai lments . W h y , then, does the 
tit le of this paper suggest a dist inct separation between drugs a n d m e d i c a l 
pract ice? O n e must trace the p a t h w a y of t ime for the answer. T h r o u g h 
the ages drugs have not been the exclusive proper ty of physic ians . H i s 
tory records the use of drugs i n rel igious ceremonies, a n d c h e m i c a l w a r 
fare can be traced to the fifth century B . C . " T r u t h serums" have been 
advocated i n so lv ing crimes, a n d thousands of propr ie tary drugs are used 
w i t h o u t the advice of a phys ic ian . 

L o o k i n g elsewhere, one also finds that physic ians have no exclusive 
c l a i m to the development of drugs or to the c o m p o u n d i n g of medica t ion . 

267 
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268 DRUG DISCOVERY 

A s far back as H i p p o c r a t e s , 2500 years ago, apothecaries p r e p a r e d pre
scr ibed concoctions. U n t i l the d a w n of our present scientific era, i t was 
c o m m o n p l a c e for fr iends or relatives to prepare "appropr ia te m e d i c a t i o n " 
( u s u a l l y based o n f o l k l o r e ) . Those i n f a m i l y m e d i c i n e are aware that a 
cer ta in amount of fo lk lore m e d i c i n e s t i l l remains—e.g., honey a n d vinegar 
for arthrit is , potato poult ices for cel lul i t is , a n d spider webs to stop b leed
i n g i n a lacerat ion. W e n o w k n o w that m a n y of the crude drugs w h i c h 
were f o u n d e m p i r i c a l l y to be effective l o n g before the m o d e r n scientific 
era ac tual ly conta ined drugs w h i c h have been ident i f ied a n d are used 
today—e.g., q u i n i n e f r o m c inchona bark, digi ta l is f r o m foxglove, a n d 
o p i u m f r o m the p o p p y . I n fact, p h a r m a c e u t i c a l companies are explor ing 
botan ica l species a r o u n d the w o r l d i n search of basic n e w drugs w h i c h 
can be synthesized or a l tered for m e d i c i n a l purposes ( 1 ). 

Since the c iv i l iza t ions before C h r i s t there has been a d i v i s i o n be
tween the physic ians w h o diagnosed a n d prescr ibed drugs a n d those 
w h o discovered a n d c o m p o u n d e d them, w i t h the grey area i n betweeen 
i n w h i c h certa in physic ians p e r f o r m e d e q u a l l y w e l l . W e have then w h a t 
c o u l d be termed t w o w o r l d s of medic ine , w o r l d s w h i c h fortunate ly revolve 
i n the same d i rec t ion a n d w i t h a m a z i n g synchronizat ion . 

S ince the b e g i n n i n g of scientific medic ine , d a t i n g f r o m an indefinite 
po int i n the 18th century, these t w o areas have become increasingly 
dist inct , a n d w i t h the scientific explosion of the past 30 years, ident i f ica
t ion seems complete . M e d i c a l pract ice is n o w i n v o l v e d w i t h n e w meth
ods of diagnosis , therapeutic techniques, a n d heal th care de l ivery w h i l e 
the d r u g indus t ry is i n v o l v e d i n the development of n e w chemicals a n d 
biologicals a n d their m a n u f a c t u r e — e a c h w o r l d s t imula t ing the other a n d 
w o r k i n g r e m a r k a b l y w e l l together. O u r subject then deals w i t h h o w some 
of the products of one w o r l d are u t i l i z e d w i t h i n the other—the rea l w o r l d 
of m e d i c a l pract ice . 

I n m e d i c a l pract ice the use of drugs a n d their f u n c t i o n have a sig
nif icance v e r y different f r o m that i n the w o r l d of strict scientific research 
a n d m a n u f a c t u r i n g . T h e c l i n i c a l p h y s i c i a n must consider not o n l y the 
phys io log ic aspects of therapy but the psycho log ica l a n d social aspects 
as w e l l ( 1 ). T h e pharmaceut i ca l industry seems to be aware of this fact 
as ev idenced b y adver t i s ing i n m e d i c a l journals. F o r example one i l lus 
t ra t ion depicts a m i d d l e aged m a n w h o was able to resume m a r i t a l 
relations after t a k i n g a coronary di lator . A n o t h e r a d d e p i c t e d the c urva
ceous d o l l w h o was able to w e a r her b i k i n i after her eczema was c leared 
b y a certa in u n g u e n t u m . S t i l l another asked, " H o w l o n g can she w a i t ? " 
w h e n re ferr ing to a preparat ion for c u r i n g m o n i l i a l vagini t is . O t h e r i l lus 
trations m i g h t inc lude , "If he kisses y o u once, w i l l he kiss y o u aga in , " a n d , 
" E v e n your best f r i e n d won' t te l l y o u . " 
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15. BURKET, JR. Drugs and Medical Practice 269 

T h e c l i n i c a l p h y s i c i a n must relate to situations l ike this every day . 
S u c h situations m a y seem i d i o t i c to the science w r i t e r or to those w h o 
seek any reason to c r i t i c ize the p h a r m a c e u t i c a l a n d m e d i c a l professions, 
but they are very rea l concerns to the p h y s i c i a n a n d his patients. If cri t ics 
or skeptics th ink that the i l lustrations i n any w a y affect the judgment of 
the c l in ic ians , regardless of the p h y s i o l o g y i n v o l v e d , the therapeutic re
sults, or possible adverse effects, they are sadly mistaken. 

Development and Use of Drugs 

T h e impor tance i n m e d i c a l pract ice of f u n c t i o n re la t ing to drugs is 
best o u t l i n e d b y B a r b e r ( 1 ) i n " D r u g s a n d Society." " Ά d r u g , ' say G o o d 
m a n a n d G i l m a n (2 ) i n their s tandard textbook on therapeutic p h a r m a 
cology, m a y be b r o a d l y def ined as any c h e m i c a l agent w h i c h affects l i v i n g 
protoplasm, a n d f e w substances w o u l d escape inc lus ion b y this def in i t ion/ 
So b r o a d a def in i t ion indicates that the p r o b l e m of def ini t ion is s t i l l w i t h 
us. Indeed i t is, a n d a l l the more so since a n y t h i n g considered to be a 
d r u g takes on an important part of its significance f r o m social a n d psy
chologica l meanings at tached to it b y i n d i v i d u a l s a n d b y social systems," 

B a r b e r il lustrates w i t h a f e w examples. " A recent dispute be tween 
the F o o d a n d D r u g A d m i n i s t r a t i o n a n d a pharmaceut i ca l manufac 
turer or ig inated i n the assertion b y the F D A that the p r o d u c t Q u e l l w h i c h 
was b e i n g sold as a dietary f o o d was i n fact a m i s b r a n d e d d r u g . ' " A g a i n , 
the F D A has h e l d that the ink stain used for diagnosis i n f u n g a l infec t ion 
is a d r u g . T h i s stain, m a n u f a c t u r e d b y a c o m p a n y p r o d u c i n g ink for 
f o u n t a i n pens, is essentially no different f r o m the founta in p e n ink. D i a l 
soap, because of its ant ibacter ia l c laims is also classified as a d r u g . In 
deed, any i t e m l is ted i n the U n i t e d States P h a r m a c o p o e i a ( U . S . P . ) is 
legal ly def ined b y the F o o d , D r u g , a n d Cosmet i c A c t as a d r u g . I n c l u d e d , 
therefore, as drugs are certain gauze bandages l is ted i n the U . S. P . T h e 
social a n d psycholog ica l definit ions of materials of a l l k inds are h i g h l y 
relevant to their b e i n g n a m e d " d r u g s . " W e m i g h t even say that n o t h i n g 
is a d r u g , but n a m i n g makes it so. 

D r . Barber concludes , " A n adequate def ini t ion of a d r u g w i l l start 
w i t h the assumption that a n y t h i n g i n v o l v e d i n h u m a n behavior needs 
to be considered at the phys io log ica l level , the psychologica l level , a n d 
the social leve l , a n d p a r t i c u l a r l y needs to consider these three levels i n 
interact ion w i t h one another . . ." 

These statements i l lustrate the considerations the p h y s i c i a n must give 
to drugs i n m e d i c a l pract ice . T h e y also indicate h o w lengthy this paper 
m i g h t be i f this subject were discussed thoroughly a n d i n deta i l . Instead, 
let us d w e l l more specif ical ly o n the c l i n i c a l physician's attitudes con
cern ing subjects of more immedia te a n d m u t u a l interest. 
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270 DRUG DISCOVERY 

The Pharmaceutical Industry 

T h e pharmaceut i ca l indust ry holds the highest pos i t ion of a d m i r a t i o n 
a n d respect i n the o p i n i o n of most physic ians . T h e p h y s i c i a n v iews its 
accomplishments i n the past 30 years as something a k i n to miraculous . 
Those w h o have been i n c l i n i c a l medic ine for over 30 years remember 
too w e l l the depressing deaths f r o m p n e u m o n i a , puerpera l septicemia, 
meningi t is , inf luenza, t y p h o i d fever, bacter ia l endocardit is , tuberculosis , 
tetanus, a n d compl icat ions of syphi l i s , a n d w e easily recollect the c r i p 
p l i n g of po l iomyel i t i s , osteomyelit is , a n d rheumat ic fever. 

T o d a y a l l of these a n d hundreds of other diseases a n d ai lments are 
control led or c u r e d b y m o d e r n drugs. I n 1910 q u i n i n e , ether, m o r p h i n e , 
a lcohol , mercury , iodine , digi ta l is , d i p h t h e r i a ant i toxin , a n d arsphenamine 
were avai lable . T o d a y w e have anti infect ious agents, t r a n q u i l i z i n g agents, 
cardiovascular a n d diure t i c agents, steroids, ant idiabet ic agents, analgesics 
a n d anesthetics, antihistamines, antianemics, hormones, v i tamins , a n d 
b i o l o g i c a l products ( 3 ) . 

W h i l e w e m a y be c r i t i ca l at times of the seemingly h i g h cost of drugs 
to our patients, w e are q u i c k to recal l that the cost of medic ine consists 
of o n l y 2 0 % of the total cost of heal th care i n the U n i t e d States a n d has 
r isen l i t t le , comparat ive ly speaking, i n the past 10 years. W e also recog
nize that the d r u g industry invests approximate ly one m i l l i o n dollars a 
d a y i n the search for n e w a n d better drugs ( 7 ) . 

H o w the pharmaceut i ca l industry operates i n the eyes of the c l i n i c a l 
p h y s i c i a n is best descr ibed b y Chester Keefer (3 ) i n " T h e M e d i c a t e d 
Society." 

T h e y w o r k i n c h e m i s t r y — o n p h y s i c a l , organic a n d m e d i c i n a l chem
istry, a n d today pursue the m i c r o m o l e c u l a r fields of D N A - R N A , p o l y 
peptides a n d enzymes. T h e y seek to relate the changes i n the conf igura
t i o n of a c h e m i c a l c o m p o u n d w i t h its impac t o n the h u m a n organism, i n 
the t rad i t ion o f — b u t fortunately m u c h more k n o w l e d g e t h a n — E r l i c h 
seventy years ago as he sought the "magic b u l l e t " for target sites or 
target diseases. 

T h e y w o r k w i t h microorganisms—bacter ia , viruses, f u n g i , a n d the 
c y c l i c existence of parasites; a n d they seek vaccines, as for po l io , inf luenza , 
measles, m u m p s , a n d rube l la . 

T h e y w o r k w i t h a n i m a l s — m i c e , rats, monkeys , dogs, cats, pigs, ch ick
ens, horses—an estimated n ine m i l l i o n of t h e m a year. E a c h plays a role 
i n finding out first whether the d r u g does a n y t h i n g to the l i v i n g organism 
a n d secondly whether it has toxic effects i n the range of amounts necessary 
to achieve useful effects. 

T h e y w o r k w i t h tissues—the sections of organs a n d samples of b l o o d 
that, w h e n examined, show microscopica l ly whether damage has been 
done a n d h o w m u c h of the d r u g m a y be h a r m f u l , a n d w h a t to look for 
i f humans take too m u c h . 
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15. BURKET, JR. Drugs and Medical Practice 271 

T h e y w o r k i n the skil ls of the apothecary, car r i ed into the m o d e r n 
science of p h a r m a c y , to prepare the c h e m i c a l i n a f o r m the b o d y can a n d 
w i l l take, absorb, metabol ize , a n d excrete—the capsule, the tablet, the 
solut ion or suspension or ointment. 

T h e i r laboratory w o r k done, they t u r n to the c l inics , m e d i c a l centers, 
a n d physician's offices for the s tudy of drugs i n humans. 

A n d w h e n a l l the studies have been comple ted , they w i l l ask a p p r o v a l 
of the F e d e r a l F o o d a n d D r u g A d m i n i s t r a t i o n to market the p r o d u c t for 
the uses that have been p r o v e d out b y research. 

F r o m the basic c h e m i c a l indus t ry come r a w materials to use i n large-
scale f o r m u l a t i o n of the n e w product . F r o m the vast fermentat ion vats 
come antibiot ics . I n laboratory- l ike f o r m u l a t i o n faci l i t ies , the m i x i n g , 
b a k i n g , compressing, coat ing, a n d other p h a r m a c e u t i c a l processes take 
place , under the w a t c h f u l eye of q u a l i t y contro l inspectors. I n the space-
age-clean rooms of b i o l o g i c a l p r o d u c t i o n , v irus vaccines are g r o w n , har
vested, p u r i f i e d , a n d endlessly tested. F r o m start to finish, statistical , 
numer ica l , p r o c e d u r a l , p h y s i c a l , chemica l , a n d ana ly t i ca l contro l systems 
attempt to reduce to near-zero the potent ia l error, m i x u p , dis tort ion, or 
h a z a r d . 

C o n c u r r e n t l y , a large group of w e l l - i n f o r m e d m e n promote use fu l 
k n o w l e d g e about the n e w l y discovered drugs a n d p r o v i d e i n f o r m a t i o n to 
doctors, pharmacists , a n d hospitals. 

Communication 

W h a t a superb job D r . Keefer has done i n descr ib ing the p h a r m a 
ceut ica l indus t ry as the p h y s i c i a n knows it today. H o w e v e r , the story 
w o u l d not be complete w i t h o u t discussing the methods of c o m m u n i c a t i o n 
between the indus t ry a n d the p h y s i c i a n for here is the mechanism b y 
w h i c h benefits of the descr ibed system reach the pat ient—the i l l a n d 
the d isab led . 

T h i s educat ion a n d c o m m u n i c a t i o n m e c h a n i s m is complex a n d ex
tremely i n v o l v e d . It takes m a n y paths i n an attempt to reach a l l areas 
w i t h considerable d u p l i c a t i o n a n d over lapping . I n c l u d e d are the de ta i l 
men , advertisements i n m e d i c a l journals, direct m a i l advert i s ing , exhibits 
at m e d i c a l meetings, scientific articles i n m e d i c a l journals, scientific pro
grams at m e d i c a l meetings, therapeutic handbooks , U . S. Pharmacope ia , 
the P . D . R . , publ ica t ions such as the Medical Letter, a n d an obvious 
source, the m e d i c a l school w i t h its undergraduate ins truct ion a n d increas
i n g l y act ive postgraduate schools for p r a c t i c i n g physic ians . T h e degree 
of involvement of the pharmaceut ica l industry i n these educat ional a n d 
c o m m u n i c a t i o n mechanisms varies cons iderably i n different areas, b u t 
certainly its cont r ibut ion is a major factor. 

I n a l l of these endeavors perhaps the best representatives the indus
try has are the de ta i l men, most of w h o m the p r a c t i c i n g p h y s i c i a n has 
come to respect a n d enjoy. T h e y b r i n g i n f o r m a t i o n concern ing n e w drugs 
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272 DRUG DISCOVERY 

direc t ly to the p h y s i c i a n i n his office, c l in i c , a n d hospi ta l . These m e n are 
t r u l y the p u b l i c relations people for pharmaceut i ca l companies . T h e wise 
de ta i l m a n regards the p h y s i c i a n as the intel l igent a n d educated i n d i 
v i d u a l that he is a n d discusses on ly one or two drugs at each vis i t . H e 
care fu l ly relates adverse or side effects of the d r u g as w e l l as its thera
peut ic effect a n d advantages. T h e re lat ively n e w a n d inexper ienced m a n 
w i l l stress the therapeut ic advantages a n d tend to ignore the adverse 
effects. T h e experienced m a n w i l l present b o t h sides. T h e p h y s i c i a n 
tolerates the first a n d welcomes the latter. 

A n increasing p r o b l e m to the busy p h y s i c i a n is finding the t ime for 
postgraduate educat ion . T h e deta i l m a n is no exception. T h e n u m b e r of 
pharamaceut i ca l companies seems to be increasing, a n d more than 30 
representatives n o w visi t m y office as w e l l as m e n f r o m x-ray laboratories, 
c l i n i c a l laboratories, s u p p l y companies , surgical s u p p l y houses, etc. T i m e 
s i m p l y does not a l l o w for a session w i t h each representative at every vis i t , 
a n d I a m sure that most physic ians hope that these m e n real ize this. 

E q u a l l y h e l p f u l is the presence of the deta i l m e n w i t h their technica l 
exhibits at m e d i c a l meetings. H e r e the phys ic ian , a w a y f r o m his office, 
m a y seek the d r u g i n f o r m a t i o n he needs at his leisure. H e is at the meet
i n g intent on postgraduate educat ion a n d is " t u n e d i n " to the learning 
process. 

M o s t physic ians seek postgraduate educat ion at every oppor tun i ty 
to keep abreast of n e w k n o w l e d g e a n d techniques. T h e nearer these 
educat ional programs are to the busy physic ians , the better their at tend
ance since they can cont inue to serve their patients. T h u s , the p o p u l a r i t y 
of postgraduate educat ion has increased i n c o m m u n i t y hospitals . T h e 
pharmaceut i ca l indust ry has p e r f o r m e d a great service i n cont r ibut ing so 
generously to these loca l seminars. 

M e n t i o n was made prev ious ly to advertisements i n m e d i c a l journals 
as a means of c o m m u n i c a t i o n between the d r u g indus t ry a n d the c l i n i c a l 
p h y s i c i a n . T h i s mechanism must rate h i g h on the value scale of effective
ness i n postgraduate educat ion , a n d the observant doctor recognizes a 
d o u b l e cont r ibut ion i n this source. F i rs t , he has the oppor tuni ty to scan 
q u i c k l y for names he does not recognize a n d w h i c h he m a y w i s h to 
pursue further ; secondly, he has avai lable the benefits of the scientific 
articles i n a journal made economica l ly possible b y the advert is ing. 

Perhaps the least effective means of communicat ions is one w e l ive 
w i t h d a i l y , one w h i c h fills our wastebaskets a n d increases the l o a d on 
our jani tor ia l services—the direct mai l ings . A c c o r d i n g to D e n o a n d his 
colleagues i n 1959 (4 ) " A n eastern m e d i c a l journal recently c o m p l e t e d a 
survey w h i c h i n d i c a t e d that the p r a c t i c i n g p h y s i c i a n receives annual ly 
b y direct m a i l more than 4,000 pieces of pharmaceut i ca l l i terature ." I 
have no accurate statistics to offer for I c o u l d find none I felt w e r e v a l i d . 
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15. BURKET, JR. Drugs and Medical Practice 273 

M o s t pharmaceut i ca l companies p r o b a b l y have figures on this subject, 
but I w o n d e r about their accuracy. M y acquaintanceship w i t h physic ians 
span this l a n d , a n d f r o m personal conversations I conc lude that most 
of the direct m a i l i n g is never read. Occas iona l w o r t h w h i l e i n f o r m a t i o n 
m a y be missed, but there are just too m a n y e m p t y oyster shells to find 
the pear l . 

New Drugs 

I suppose the p h y s i c i a n is a b o r n skeptic or perhaps becomes one 
i n m e d i c a l school for a l t h o u g h he appreciates the benefits of n e w drugs , 
he does not turn to them as r a p i d l y a n d as eagerly as his crit ics w o u l d 
l ike to have others bel ieve. H e is aware of possible toxic i ty a n d adverse 
side effects of drugs. H e knows that most drugs i n proper dosage he lp his 
patients i f his diagnosis is correct a n d that overdosage produces adverse 
effects a n d can be fatal . H e is comfortable w i t h the drugs he knows w e l l 
a n d can prescribe w i t h confidence to produce the therapeutic a n d p h y s i 
ologic effect he desires. 

T h e majori ty of c l i n i c a l physic ians move s l o w l y i n us ing n e w drugs. 
T h e y must k n o w , specif ical ly, w h a t advantages a n e w m e d i c a t i o n has 
over a current one a n d h o w it w i l l fit into their armament of therapy. 
T h e y insist on h a v i n g the important facts re la t ing to phys io log ica l act ion, 
dosage range, adverse effects, a n d possible short a n d l o n g range toxic i ty . 
O n l y then w i l l most change to a n e w d r u g or a d d i t to their list for t r ia l . 

O f t e n the p h y s i c i a n must dec ide whether the benefits of a certa in 
d r u g o u t w e i g h its possible adverse effects. H o w e v e r , he has been m a k i n g 
such decisions since the days of H i p p o c r a t e s , a n d there is no i n d i c a t i o n 
that he intends to desert this responsibi l i ty n o w . Aris tot le expressed it 
w e l l ( 5 ) . "It is an easy matter to k n o w the effects of honey, w i n e , 
helebone, cautery a n d cut t ing . B u t to k n o w h o w , for w h o m , a n d w h e n 
w e s h o u l d a p p l y them—is no less an u n d e r t a k i n g than b e i n g a p h y s i c i a n . " 

T h e difference today is that there are so m a n y more scientif ical ly 
v a l i d uses for drugs a n d so m a n y n e w drugs to consider. S t i l l the wise 
p h y s i c i a n does not make decisions w i t h o u t facts. " E v e r y year , " says phar
macologist L o u i s L a s a g n a ( β ) , "300 to 400 n e w formulat ions hi t the mar
ket, each w i t h an average l i fe span of w e l l under five years. M a n y of 
these are mere ly combinat ions of o l d remedies—there are 300 ant ib iot ic 
preparations on the market , but only a dozen or so useful single ant i 
b i o t i c s — b u t i n any case the doctor is faced w i t h the o v e r w h e l m i n g task 
of evaluat ing these n e w remedies, their c l a i m e d effects a n d side effects, 
a n d integrat ing them into his pract ice . " T h e y o u n g p h y s i c i a n today 
certainly faces a l i fe t ime of learning. 

L e t us look n o w at the dispute concerning tradenames a n d generic 
names for drugs. T h e average p h y s i c i a n has v i e w e d this tug-of-war w i t h 
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274 DRUG DISCOVERY 

amusement a n d at times w i t h anger a n d a larm. M o s t w h o advocate the 
change to generic prescr ib ing a n d the d i s c a r d i n g of tradenames are not 
i n c l i n i c a l medic ine a n d the " f ront - l ine" of pat ient care. T h e y s i m p l y 
do not unders tand nor have they experienced d a i l y office pract ice . T h e y 
have not faced long office schedules a n d evenings filled w i t h emergencies. 
A n y factor w h i c h w o u l d unnecessari ly consume more t ime w o u l d place 
an o v e r w h e l m i n g b u r d e n on those w h o carry a major por t ion of the 
m e d i c a l care l o a d — t h e p r i m a r y p h y s i c i a n . T h i s includes the general 
pract i t ioner , the general internist , the general pedia t r i c ian , a n d the gen
eral surgeon. 

I have no argument w i t h the thought that the p h y s i c i a n s h o u l d k n o w 
the generic name as w e l l as the trade name of the d r u g he prescribes. 
F u r t h e r m o r e , he should k n o w the " f a m i l y " of drugs to w h i c h each belongs. 
H o w e v e r , to require h i m to wr i te the usual ly long generic name rather 
than the usual ly shorter trade name is to me unreasonable a n d absurd. 

U n d o u b t e d l y , the use of generic prescr ib ing , i g n o r i n g the q u a l i t y of 
the d r u g i n v o l v e d , w o u l d result i n some l o w e r i n g of cost to the consumer. 
H o w e v e r , the man-hours lost w o u l d most certainly result i n an increase 
i n total heal th care costs. T o the economist this m a y seem i l l o g i c a l , but 
to a busy p r i m a r y p h y s i c i a n it makes a great dea l of sense. 

I a m fami l ia r w i t h a l l of the pros a n d cons i n this controversy, h a v i n g 
f o l l o w e d it w i t h interest the past f e w years, but the s imple saving of t ime 
w i t h o u t decreasing q u a l i t y i n the de l ivery of heal th care d u r i n g this era 
of hea l th m a n p o w e r shortage is the most salient of a l l . 

Summary 

T h e w o r l d of drugs a n d the w o r l d of m e d i c a l care are r e v o l v i n g i n 
the same d i rec t ion w i t h a m a z i n g synchronizat ion . I n the w o r l d of m e d i c a l 
care the c l i n i c a l p h y s i c i a n has a great dea l of respect a n d grat i tude for 
the indust ry that has p l a c e d at his disposal more drugs for p r e v e n t i n g 
a n d treat ing h u m a n il ls than at any t ime i n history. T h e system w h i c h 
has been deve loped to p e r f o r m this task is complex but fo l lows a definite 
pattern. It has deve loped through cooperat ion between the d r u g industry , 
pr ivate a n d p u b l i c m e d i c a l inst i tutions, a n d government. T h e r e is no 
better system i n the w o r l d . It w i l l change as t ime dictates, but the p h y 
s ic ian has every confidence that it w i l l a lways serve the best interests of 
the A m e r i c a n people . 

T h e methods of c o m m u n i c a t i n g d r u g in format ion to physic ians f o l l o w 
m a n y paths to m a n y areas a n d are i m p r o v i n g d a i l y . A chief concern is 
the shortage of heal th m a n p o w e r necessary to del iver the benefits of n e w 
therapy to those i n need, but this is a p r o b l e m of the w o r l d of m e d i c a l 
care a n d not the w o r l d of drugs. 
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15. BURKET, JR. Drugs and Medical Practice 275 

A t t imes the p h y s i c i a n is annoyed b y too m a n y tradenames for the 
same or a s imi lar d r u g , but he is grateful for the tradename for its ease 
i n d e t e r m i n i n g q u a l i t y a n d i n prescr ib ing . H e disl ikes i n f o r m a t i o n w h i c h 
stresses benefits of therapy w i t h o u t stating c lear ly adverse effects, b u t this 
is changing r a p i d l y . 

W h a t does the c l i n i c i a n expect of the d r u g industry i n the future? 
H e conf ident ly expects more miracles for tomorrow. S u c h ailments as 
arteriosclerotic cardiovascular disease a n d cancer w h i c h together w i t h 
h i g h w a y accidents are today's chief ki l lers offer major challenges. T h e 
p h y s i c i a n is certain that research scientists i n industry a n d pr ivate a n d 
p u b l i c m e d i c a l inst i tutions w i l l cont inue to find n e w methods to diagnose 
a n d cure disease a n d that the system of d r u g m a n u f a c t u r i n g a n d dis t r i 
b u t i o n w i l l become even more efficient i n m a k i n g benefits avai lable to a l l . 
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Discussion 

Warren J. Close: T o open this discussion, I sha l l b r i n g u p a subject 
w h i c h has important impl ica t ions in m a n y of the papers presented today 
—i.e., the cost of research. I n d e a l i n g with this matter I fee l that w e are 
too often confus ing "research" w i t h "research a n d deve lopment . " F r e 
quent ly I see p u b l i s h e d data l a b e l i n g certain costs "research" w h e n , 
i n d e e d , the research a n d development process was b e i n g a l l u d e d to. W e 
see this in financial analyses, too, a n d w e hear corporat ion heads us ing 
the t e rm "research" w h e n i n d e e d they m e a n "research a n d deve lopment . " 
E v e n today, I noted that some of our d is t inguished panelists re ferred to 
"research" w h e n they meant "research a n d deve lopment . " 

T h e po in t I a m m a k i n g is this : the deve lopment ac t iv i ty has different 
dimensions f r o m the research act ivi ty . If one were to go to a research 
m a n a n d say, " D i s c o v e r a n e w synthesis of P e n t o t h a l , " that scientist 
w o u l d not be able to pred ic t w i t h any degree of accuracy h o w l o n g i t 
w o u l d take him to do this or h o w m u c h i t w o u l d cost. H o w e v e r , i f he 
were to succeed i n d iscover ing a n e w process a n d were to b r i n g i t to a 
development chemist a n d say, "I have a n e w w a y of m a k i n g Pentotha l ; 
h o w l o n g is i t go ing to take a n d h o w m u c h is i t g o i n g to cost to ins ta l l 
this n e w process," the deve lopment chemist can m a k e predic t ions w i t h 
an almost uncanny degree of accuracy. I th ink w e get into a bind w h e n 
w e t ry to l u m p these t w o k inds of activit ies together. I w o u l d l i k e to 
refer this comment to M r . B lee ; I w o n d e r if he accepts this thesis or 
disagrees with it. 

Frank J. Blee: D r . C l o s e raises a very interest ing quest ion. W h e n I 
say research, I guess I usual ly mean research a n d development , a n d w h a t 
I mean is the amount of m o n e y that is spent on the people i n the organi 
zat ional chart f r o m director of research a n d deve lopment on d o w n to the 
lab technic ian . I n other w o r d s , I refer to the process w h i c h is devoted 
to d iscover ing a n d d e v e l o p i n g a new d r u g product . T h i s is the creat ive 
process of c o m i n g u p w i t h that u n i q u e n e w c h e m i c a l entity. I f ee l that 
this is the major reason for existence of the Research a n d D e v e l o p m e n t 
D i v i s i o n — d e v e l o p m e n t m e a n i n g gett ing that p r o d u c t ready for the 
market . 

T h e other s i tuat ion D r . C lose mentions relates to p r o d u c t X w h i c h , 
let's say, y o u r c o m p a n y has been m a k i n g for five years a n d someone 
thinks that i t can be m a d e cheaper. T h e attempt to determine whether 
or not it can be made cheaper I w o u l d ca l l process improvement . I 

276 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

1 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
1-

01
08

.c
h0

15



DISCUSSION 277 

w o u l d n ' t rea l ly c a l l this research at a l l because y o u are not i n search of 
a n e w c o m p o u n d ; y o u are a t tempt ing to lower costs. A l s o , I m i g h t say 
q u a l i t y c o n t r o l — i n other w o r d s , the process that takes p lace i n the P r o 
d u c t i o n D i v i s i o n to insure that the p r o d u c t is u p to q u a l i t y — i s not re
search a n d development . 

W h a t the indust ry fails to real ize is that the figure w e talk about 
w h e n w e say 1 0 - 1 1 % of sales are spent o n R & D is a f a i r l y pure n u m b e r 
i n the sense that i t is devoted to d iscover ing a n d d e v e l o p i n g n e w p r o d 
ucts. N o w the average—and this is w h y I kept h a m m e r i n g a w a y o n the 
fact that the p h a r m a c e u t i c a l indus t ry is u n i q u e — t h e average for a l l U . S . 
indust ry is less than 2 % , w h i c h means that this indust ry is s p e n d i n g at 
least 5 or more times the average amount as a percentage of sales. A n 
other t h i n g is that a g o o d dea l of that 2 % of other industries is c a l l e d 
research b u t is often n o t h i n g more than process i m p r o v e m e n t or cost 
reduct ion . If i n a c h e m i c a l c o m p a n y that is m a k i n g nylons , for example , 
someone says, "Let ' s lower the cost," that's process i m p r o v e m e n t ; it's not 
research, but it m a y show u p i n the R & D budget . 

A n o t h e r point to remember , as D r . C lose said, i f y o u are faced w i t h 
essentially a p r o d u c t i o n cost account ing p r o b l e m , w h i c h is w h a t process 
i m p r o v e m e n t or cost r e d u c t i o n rea l ly is, this is m u c h more predic tab le 
than the cost of d iscover ing a n d d e v e l o p i n g a n e w c o m p o u n d . Indeed , 
i f the quest ion is asked today, " W h a t is the cost of d e v e l o p i n g a d r u g for 
Parkinson's disease," i t w o u l d be v i r t u a l l y imposs ib le to answer because 
the length of t ime a n d m a n p o w e r r e q u i r e d are unpredic tab le . 

Harry Yale (to Brian Hoffman): I w o u l d quest ion y o u r statement 
r e g a r d i n g fa i lure to find another d r u g as useful as q u i n i d i n e . T h e r e is 
g o o d c l i n i c a l evidence that procaine a m i d e is a use fu l a n d effective m e d i 
cine. F u r t h e r m o r e , the development of procaine a m i d e was a l o g i c a l 
deve lopment based o n observations concerning procaine i n h u m a n 
arrhythmias . 

D r . Hoffman: I don't disagree at a l l w i t h these statements. I w o u l d 
stick to w h a t I sa id i n m y paper , though , that the advent of procaine 
amide , later d i p h e n y l h y d a n t o i n a n d l idoca ine a n d most recently p r o 
p r a n o l o l , as ant ia r rhythmic agents was not the result of any direct or 
del iberate attempt b y industry to deve lop use fu l a n t i a r r h y t h m i c agents. 
Some chance observations b y cardiac surgeons suggested that proca ine 
m i g h t be a useful ant ia r rhythmic agent. T h e subsequent development of 
procaine a m i d e is w h a t I w o u l d c a l l a good example of goal-or iented 
research i n industry . Proca ine was useful b u t was f o u n d to have certa in 
disadvantages, p r i m a r i l y its short b i o l o g i c a l ha l f - l i fe a n d the ease w i t h 
w h i c h it penetrated the centra l nervous system. T o overcome these 
obstacles was not too m u c h of a p r o b l e m for a good chemist , a n d so a 
modi f i ca t ion of proca ine—proca ine a m i d e — w a s made. It wasn't suscep-
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278 DRUG DISCOVERY 

t ib le to r a p i d hydrolys is b y p lasma esterases a n d d i d n ' t penetrate as 
r e a d i l y into the C N S a n d thus became a good ant iar rhythmic d r u g . 
H o w e v e r , this is s i m p l y an i m p r o v e m e n t of a molecule w h i c h d i d exist 
a n d where the necessary m a n i p u l a t i o n of the molecule was rather m i n o r . 
W h a t I was t a l k i n g about this m o r n i n g was company-sponsored programs 
w h i c h h a d as a goal the in t roduct ion of n e w ant iar rhythmic drugs. I 
th ink that useful a n t i a r r h y t h m i c drugs have not come about b y searching 
for them i n the laboratory. D i l a n t i n was s h o w n b y M e r r i t t a n d P u t n a m 
i n 1938 to be useful for epi lepsy, a n d almost b y chance it was brought 
into the treatment of card iac arrhythmias . L i d o c a i n e was brought i n as 
a l o c a l anesthetic. A g a i n almost b y chance it was f o u n d to be a use fu l 
ant iar rhythmic , a n d n o w it's used very w i d e l y . So the addit ions have 
been the k i n d of t h i n g that happens w h e n somebody w h o knows a l i t t le 
b i t about p h a r m a c o l o g y a n d medic ine is us ing drugs a n d makes observa
tions that c lue h i m i n on other diseases or abnormali t ies where they 
m i g h t be effective. H o w e v e r , development of ant iarrhythmics , start ing 
f r o m scratch, I th ink has not succeeded yet. 

I th ink one c o u l d say the same t h i n g for m a n y other classes of drugs. 
A s imi lar sort of history describes the search for better ant iangina l agents 
than ni t roglycer ine . M a n y coronary vasodilators have been d e v e l o p e d 
over the years. I th ink people don't real ly feel they have m a d e rea l ly 
significant addit ions to the treatment of angina w i t h them except for 
changes i n dura t ion of act ion perhaps, a n d this p r o b a b l y is because the 
benefit that comes f r o m ni troglycer ine is not solely the result of its ab i l i ty 
to di late the coronary arteries. W e l l this i n f o r m a t i o n d idn ' t accumulate 
u n t i l about 10 years ago, so for years a n d years people t r ied to deve lop 
other coronary dilators because they assumed that this was the on ly 
manner b y w h i c h n i t roglycer ine was useful . N o w I t h i n k more companies 
are b e g i n n i n g to look for ant iangina l agents that reduce the w o r k of the 
heart a n d do other things so it m a y be successful. So I won ' t disagree 
w i t h D r . Yale , but I w i l l stick b y m y guns i n terms of w h a t I sa id . 

D r . Yale (to George E . Burket) : Y o u have stated that "the physic ians 
do not q u i c k l y p i c k u p n e w drugs u n t i l they are c o n v i n c e d of their 
meri ts . " H o w then do y o u expla in the p h e n o m e n a l g r o w t h of some of 
the recent d r u g entries, some of w h i c h have a h i g h inc idence of side 
effects, for example, indomethac in? 

D r . Burket: F i r s t , I th ink y o u real ize that I used the term "major i ty 
of phys ic ians . " W e are a l l aware that some i n d i v i d u a l s i n the m e d i c a l 
profession use drugs q u i c k l y a n d w i t h o u t careful considerat ion, b u t y o u 
k n o w w e l ike to be comfortable , and I th ink w i t h o u t k n o w i n g exactly 
the p h y s i o l o g i c a l effects of a d r u g , its adverse effects, its long t e r m — o r 
at least its short term—toxic effects, w e just don't sleep w e l l at n ight 
w h e n w e give such drugs to patients. A s an explanat ion for the specific 
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DISCUSSION 279 

quest ion I th ink the p h y s i c i a n must decide , as I stated i n m y presentation, 
whether the benefits to a par t i cu lar pat ient—the benefits that he w i l l 
r e c e i v e — o u t w e i g h possible adverse effects, a n d w e must do this w i t h a n 
increasing n u m b e r of drugs n o w . T h i s is w h y i t is so i m p o r t a n t that w e 
k n o w the adverse effects so that w e can m a k e this dec is ion p r o p e r l y . 

Dr. Close: I th ink w e ' l l t u r n back to M r . B lee again since w e have a 
f e w more questions d i rec ted to h i m . Is the fact that indus t ry p r o m o t i o n 
a n d d i s t r ibut ion costs are t w i c e those of research sufficient evidence that 
they are excessive? W h a t is the standard? H o w do other industries c o m 
pare i n cost a n d services? D o w e k n o w ? Shouldn ' t w e k n o w more before 
w e judge? 

Mr. Blee: F i r s t I d idn ' t say that they were excessive. I raised the 
question, a n d I leave i t to the industry to ponder this point . I d i d say 
that o b v i o u s l y the indus t ry must t h i n k they're necessary or they w o u l d 
not spend the money. I w o u l d say that i n general , g iven the fact that 
most other industries spend re lat ively l i t t le on research, i t is p r o b a b l y 
very c o m m o n to spend a g o o d d e a l more on adver t i s ing a n d p r o m o t i o n 
than on research. E v e n though this industry 's research budget is the 
highest i n re lat ionship to sales ( 1 0 - 1 1 % ), its adver t i s ing is a g o o d d e a l 
more. I w o u l d say, however , that this is a spec ia l k i n d of industry , a n d 
the industry has to real ize this. You're not se l l ing automobiles , you're 
not se l l ing cosmetics, you're not se l l ing cigarettes. There's a specia l p lace 
i n the economy for this industry ; there are social overtones, a n d the eco
nomics are u n i q u e a n d different. It is not enough to compare i t w i t h 
another industry . 

I w o u l d also say, as I th ink w e a l l w e l l k n o w , that there are plans 
under w a y w h i c h w o u l d r a d i c a l l y change the d i s t r ibut ion system. F o r 
example, i f drugs are ever i n c l u d e d i n the out-patient p o r t i o n of M e d i 
care, i n order to process the n u m b e r of prescr ipt ions that w i l l be i n 
v o l v e d ( w h i c h can be 200 or 300 m i l l i o n a y e a r ) , w e are g o i n g to h a v e 
to come u p w i t h an automated system to handle them. T h i s w o u l d p r o b 
ab ly invo lve slave units i n every re ta i l p h a r m a c y i n the country f e e d i n g 
back to central computers . M y fee l ing is technologica l ly this has to come 
if everyone is covered i n the nat ion, a n d i n d e e d y o u a l l w e l l k n o w they 
are t a l k i n g about a N a t i o n a l H e a l t h P l a n w h e r e e v e r y b o d y w o u l d be 
covered. Just m u l t i p l y that 200 m i l l i o n b y 5, a n d n o w y o u have a huge 
technologica l p r o b l e m w h i c h w i l l on ly be so lved b y automat ion. W h e n 
that happens, y o u can have a r a d i c a l change i n the present d i s t r ibut ion 
system. If the indust ry isn't ready for it, this can cause substant ial conse
quences. It is i n c u m b e n t u p o n industry to w o r k w i t h the p r o b l e m n o w 
because there's no quest ion that it's a very expensive system. A g a i n , I ' l l 
not say that it isn't a good system, but I w o u l d also say to y o u that the 
industry has not c o n v i n c e d the government ( a n d I don't m e a n the F D A , 
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280 DRUG DISCOVERY 

per se; I 'm t a l k i n g about H E W a n d I 'm t a l k i n g about H E W economists ) 
that they can just i fy their advert i s ing a n d p r o m o t i o n expenditures. T h e y 
haven't c o n v i n c e d Senator N e l s o n — n o t at a l l . So they've got a lot of 
w o r k to do. 

D r . Close: I w o n d e r i f our indust ry representative, D r . Wescoe , has 
any comments to make i n regard to that. 

D r . Wescoe: N o , I have no comment at this t ime. 
D r . Close: I was a l i t t le surprised that w e rece ived no questions 

d i rec ted to D r . Jennings. A f t e r his presentation, I t o l d D r . Jennings I 
thought he gave a very s t ra ight forward a n d f rank p ic ture that was at 
var iance w i t h the w a y some of us v i e w e d research i n the d r u g industry . 
I w o u l d l ike to be equa l ly f rank a n d s t ra ight forward w i t h h i m a n d pose 
a quest ion to h i m of m y o w n . 

D r . Jennings, y o u have used the phrase, "molecu lar m a n i p u l a t i o n , " 
w h i c h , of course, has something of an u n d e r h a n d e d connotat ion. M e d i c i 
n a l chemists use the term "molecular modi f i ca t ion" ; w e fee l that this t e r m 
is more suitable for a process w h i c h w e consider to be a respectable a n d 
necessary f o r m of research. W e a l l k n o w that very s m a l l modif icat ions of 
molecules can result i n qui te p r o f o u n d changes i n b i o l o g i c a l act iv i ty . T h e 
steroids are a good example of this ; i t doesn't take m u c h of a change to 
get f r o m a female hormone to a male hormone, a n d yet most of us t h i n k 
the difference is important . I w o u l d l ike to ask D r . Jennings i f he doesn't 
rea l ly bel ieve that molecular modi f i ca t ion is a necessary a n d useful par t 
of the research process? 

John J. Jennings: O f course i t is. I cer ta inly d idn ' t m e a n to d o w n 
grade it at a l l . I th ink one of the questions that has been r u n n i n g t h r o u g h 
the discussions here is research vs. development . D r . H o f f m a n p o i n t e d 
out that i t took molecular modi f i ca t ion or m a n i p u l a t i o n to make proca ine 
a use fu l an t ia r rhythmic d r u g . O f course, I th ink this falls somewhere 
be tween discovery a n d development . It is not t r u l y discovery, a n d yet 
i t is a l i t t le b i t more than cost - lowering development . 

C e r t a i n l y w e need the molecular manipulat ions that result i n i m 
p r o v e d products i n the sense of the example c i ted here b y D r . H o f f m a n . 
D o w e need molecu lar manipulat ions that a l l o w us to have m u l t i p l e 
entries into the same area so that n o w w e give 0.5 m g per dose instead 
of 50 mg? W h a t benefit is there to increasing the per m i l l i g r a m potency 
w h e n side effects are as increased per m i l l i g r a m as the therapeut ic 
benefits? 

M y w h o l e argument , a n d I offer i t s i m p l y as a proposal , is that re
sources be so d e p l o y e d that w e m i g h t be i n a better pos i t ion to p i c k u p 
the leads that have been ment ioned over a n d over today. These leads are 
t r u l y the origins of innovations. I n no w a y do I d o w n g r a d e the fine tech
no log ica l apparatus that exists i n the d r u g industry today that a l lows these 
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DISCUSSION 281 

innovations once recognized to be brought to the po in t where they are 
feasible therapeutic agents. 

W h a t I 'm t r y i n g to say is that since w e do accept the studies, the 
results of scientific studies i n other areas, w h y not i n this area? A n d le t s 
just see i f w e are not over look ing possibil i t ies for n e w discoveries. I 
w o u l d hope that the lode has not been m i n e d out. I w o u l d s incerely 
hope that there are m a n y n e w discoveries w a i t i n g to be made, a n d m y 
w h o l e argument is that w e ought to be examining the apparatus to see 
whether or not there isn't some w a y of increasing the f requency of these 
innovat ive discoveries a n d recogniz ing them a n d then p u t t i n g them into 
this m i l l . 

Dr. Close: I w o n d e r i f perhaps D r . Wescoe might have some c o m 
ments to make on this same subject. 

Dr. Wescoe: I th ink perhaps there is another w a y to look at it . I n 
part I agree w i t h D r . Jennings, a n d i n part I disagree. I agree w i t h h i m 
i n that the reduct ion i n so-cal led n e w compounds is not re la ted p r i m a r i l y 
to the 1962 amendments . I th ink w h e n w e b e g i n to date things f r o m that 
point w e rea l ly make a mistake. T h e fact of the matter is, D r . Jennings, 
that discovery has become more diff icult , that perhaps the lode has been 
m i n e d to the po int where discovery is go ing to be less r a p i d than it used 
to be. T h e per iod ic table of the elements real ly isn't changing , a n d m a n y 
of the molecules that are possible have a lready been discovered, pre
pared , or invest igated b y someone. 

T h i s means we're go ing to have to go back over some of the o l d 
g r o u n d , a n d that is research. I n fact, Ot to L o e w i w o n the N o b e l p r i z e 
on the basis of an experiment w i t h the isolated f rog heart. T h i s experi 
ment h a d been t r i ed a dozen times b y others w i t h o u t significant result. 
T h e o n l y reason it w o r k e d i n his hands is that he used the w i n t e r f r o g 
a n d not the summer f rog . H e w o n the N o b e l p r i z e because he was w i l l i n g 
to repeat something w h i c h someone else h a d already done. I n just the 
same w a y w e were w i l l i n g to repeat the w o r k w h i c h l e d to w h a t y o u 
c a l l e d a re juvenated sul fonamide . F o r that w e make no apology because 
the c o m p o u n d has saved l ives. I th ink things l ike that are important ; I 
don't th ink that research w o r k that goes back over the o l d fields a n d 
brings back something that is real ly an i m p r o v e m e n t s h o u l d be d e r i d e d . 

N o r do I th ink, as y o u i n d i c a t e d just i n passing, that the people i n 
this r o o m , a n d y o u a n d I, represent factions. W e represent the entire 
system, a system that rea l ly can w o r k together n o w i n m u t u a l trust 
through an unders tanding of the problems that each of us faces. W e 
can't a lways be on the same side of the l ine , but w e can be together f r o m 
the s tandpoint of integri ty a n d the t ruth . 

T o d a y , d iscovery is more diff icult . R e a d i n g the scientific mater ia l , 
h a v i n g l i v e d i n a univers i ty for 18 years, I a m aware that the great, the 
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282 DRUG DISCOVERY 

m o n u m e n t a l discoveries real ly are not c o m i n g t h r o u g h i n the w a y they 
d i d i n the past. W e sometimes need a significant b r e a k t h r o u g h i n another 
area before w e can m a k e one i n a field such as ours. B e y o n d that I t h i n k 
everyone s h o u l d k n o w that research institutes a n d the p h a r m a c e u t i c a l 
indust ry do not neglect innovat ive research—that there isn't a n y b o d y 
w h o w o u l d rather have a great breakthrough than w e . It is that great 
b r e a k t h r o u g h that we're l o o k i n g f o r w a r d to, but i t takes a l o n g t ime to 
come u p w i t h one. W h e n one does come u p , I can assure y o u that there 
w i l l be some sort of w o r k done b y w a y of molecular rearrangement to 
find i n some w a y a better product . 

F i n a l l y , I w o u l d l ike to repeat that I bel ieve the thrust t o w a r d one 
medica t ion for one i n d i c a t i o n is w r o n g . I thought m a y b e D r . B u r k e t 
w o u l d comment u p o n that because I th ink the c l i n i c i a n needs the choice 
of substances that might do nearly the same t h i n g because he m i g h t have 
a pat ient w h o responds to one better than he does to another. T h a t is 
one of the bases of pharmaco logy a n d w h a t someone else ment ioned this 
m o r n i n g , the infinite var ia t ion i n b io log ic response. 

D r . Close: D r . Burket , do y o u w i s h to comment on this issue? 

D r . Burket: I hesitate to put a personal interpretat ion on D r . Jen
nings ' remark, b u t I have a fee l ing that it m a y stem f r o m the fact that 
he was at one t ime i n c l i n i c a l medic ine before he assumed his present 
posi t ion. In our offices i n m e d i c i n e the de ta i l m e n use this at t i m e s — 
this sort of molecular m a n i p u l a t i o n game. T h e y b r i n g their l i t t le books 
i n w i t h them a n d open them a n d show h o w they have swi tched the 
molecules a n d made their p r o d u c t a great dea l different f r o m their 
competitor 's . W h e n w e s tudy it very careful ly , sometimes the actual 
benefits c l i n i c a l l y are not that great, a n d I just w o n d e r i f m a y b e this 
d idn ' t affect D r . Jennings ' at t i tude somewhat . I do agree w i t h D r . 
Wescoe , however , that w e do appreciate h a v i n g a choice of va luab le 
drugs that w e can use w i t h our patients because m a n y times w e r u n into 
sensitivities w i t h one d r u g , a n d w e w o u l d l ike to have one that does not 
have these adverse effects b u t s t i l l has the same therapeutic benefit. 

Question from the floor: I w o u l d l ike to ask a legal or unemot iona l 
quest ion of D r . Jennings. Y o u c i ted several parts of the mandate f r o m 
Congress to the F D A . I 'd l ike to ask whether or not i n c l u d e d i n this 
mandate is the judgment as to whether a n e w molecular modi f i ca t ion is 
not desirable even though it is efficacious a n d safe or re la t ive ly so. D o 
y o u have the mandate to dec ide whether the m e d i c a l profession has too 
m a n y diuretics or too m a n y compounds i n any other class? 

D r . Jennings: I ' l l answer the quest ion direct ly , then I 'd l ike to re turn 
to some of the discussion that went on here because I t h i n k that there's 
some confusion. W e have a f e w questions m i x e d i n together. F i r s t of a l l , 
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the l a w does not give us any author i ty to determine that there are too 
m a n y of any class of drugs. I was not speaking as a regulator w h e n I 
asked that w e consider, unemot iona l ly a n d scientif ical ly, the quest ion of 
whether w e are g o i n g about our search for n e w drugs i n the most efficient 
w a y . N o t only are w e not a l l o w e d to make a determinat ion that there 
are too m a n y of a par t i cu lar class of drugs a n d thus stop a p p r o v a l of 
further drugs i n that class, w e are not even a l l o w e d to m a k e a determina
t ion that one d r u g is not as effective as other drugs i n the same category 
and, therefore, s h o u l d not be a l l o w e d on the market . 

T h e legislat ive history of the act is qui te clear on this point , the 
so-cal led comparat ive efficacy. T h i s does not enter into the argument. 
W h a t does enter into it , of course, is the benefit-to-risk rat io of any d r u g . 
L e t me apologize i f I seemed to have spoken s l ight ing ly of m o l e c u l a r 
m a n i p u l a t i o n . I th ink i t is not o n l y desirable b u t absolutely necessary i n 
order to render the d r u g t r u l y useful . H o w e v e r , speaking not as one w h o 
must pass an appl i ca t ion , b u t as one w h o , as D r . W e s c o e p o i n t e d out, is 
a par t of this system a n d is concerned w i t h the u l t imate p r o d u c t i v i t y of 
the system, I a m concerned w i t h the u t i l i z a t i o n of resources to deve lop 
another th iaz ide that n o w can be g iven i n smaller dosages, another pheno-
thiazine, another cort icosteroid w i t h no tremendous increase i n thera
peut ic ratio, no tremendous increase i n risk-to-benefit rat io . 

M y w h o l e quest ion to y o u was s i m p l y this—are w e o v e r l o o k i n g 
something? I used a sort of m i l i t a r y analogy. W e are a t tacking the p r o b 
l e m w i t h a massive f ronta l assault—a h u m a n w a v e sort of t h i n g — w h e n 
the enemy is so elusive that perhaps w h a t w e need is more patrols out 
there, more scouts, more p r o b i n g expedit ions. 

M a y b e w e need some w a y to recognize these serendipitous findings. 
I th ink the starting po in t s h o u l d be a voyage of d iscovery b u t cer ta inly 
t o w a r d the end, or after a certain amount of this type of invest igat ion, w e 
must turn to the h e a v i l y financed, w e l l e q u i p p e d i n d u s t r i a l laboratory to 
b r i n g the p r o d u c t to a point w h e r e it w i l l be v iab le i n today's m e d i c a l a n d 
economic s i tuat ion. T h a t was m y w h o l e point . I d i d not decry the efforts. 
I a p p l a u d the efforts of i m p r o v i n g products a n d l o w e r i n g costs, a n d I 
p o i n t e d out that the tremendous, u n i q u e l y A m e r i c a n technology makes i t 
possible for these discoveries to be b r o u g h t to a po in t w h e r e they can b e 
useful . B u t o r i g i n a l discoveries have been d e c l i n i n g since the ear ly 
1950's, a n d I just suggested that part of the explanat ion m i g h t be that 
w e are not p r o v i d i n g the proper c l imate for this type of discovery. 

A n o t h e r point was brought u p , a n d I must admi t that it was the first 
t ime that I encountered it, a l though i t came u p again a n d a g a i n : the i d e a 
of a single entity for a single disease. I k n o w of no p o l i c y , I k n o w of no 
regulat ion, I k n o w of no author i ty i n our act, I k n o w of no tendency o n 
the part of the agency, to advance that concept. 
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Glenn Ullyot to D r . Jennings: I th ink w e r e a l l go ing i n the same 
di rec t ion , but there's a po int that's very m u c h missed, a l though D r . H o f f 
m a n a n d D r . W e s c o e have a l l u d e d to i t i n some ways . W e a l l w o u l d l i k e 
to get the breakthrough, b u t w h a t y o u have to s tudy is h o w some of the 
rea l breakthroughs came about. W e w o r k w i t h w h a t w e k n o w , a n d it's 
l ike g o i n g i n an e v e r - w i d e n i n g c irc le . Let 's just take one rea l example : 
i n studies o n the antihistamines, the phenothiazines came a long. It was 
observed that they p r o d u c e d a sedative effect, a n d i t was d e c i d e d that 
this m i g h t be an area to pursue. W h e n L a r g a c t i l , the l y t i c cockta i l , came 
a long, the concept that i t w o u l d be used to treat m e n t a l a n d emot iona l 
disease hadn' t deve loped yet. It just h a p p e n e d that w h e n w e eventual ly 
became i n v o l v e d ( a n d it w o u l d be an interest ing story to te l l y o u h o w 
that came about ) L a r g a c t i l (as T h o r a z i n e ) went o n the market i n this 
country for t reat ing nausea a n d v o m i t i n g . T h e t r a n q u i l i z i n g effect was 
then discovered i n the c l in i c . W e c o u l d not have p r e d i c t e d this. So one 
works w i t h the tools that w e have to proceed f r o m one p o i n t to the next, 
a n d i n this process w e m a k e these discoveries. M a n y other examples of 
h o w drugs are t ru ly discovered c o u l d be g i v e n ; these discoveries are not 
a lways as reported i n the l i terature. 

Question from the floor: W e ' v e heard the term " o r i g i n a l discoveries" 
for some t ime. I w o u l d l i k e D r . Jennings to define " o r i g i n a l discover ies" 
because w e a l l k n o w these do not come as flashes of l ight . T h e y are often 
contr ibutions of m a n y people . W h a t is y o u r def ini t ion of an " o r i g i n a l 
d iscovery"? 

D r . Jennings: I 'm not sure that I can give one that w o u l d satisfy 
everybody, b u t the examples that have been c i ted here w o u l d suffice. I 
w o u l d say that i t is the p u t t i n g together of a u n i q u e or n e w or n o v e l 
c h e m i c a l enti ty for treat ing a c l i n i c a l disease w h i c h heretofore has not 
been treated w i t h that par t i cu lar c h e m i c a l entity. I t h i n k i t boi ls d o w n 
to the o r i g i n a l l i n k i n g of a c h e m i c a l entity, since we're t a l k i n g about 
drugs, w i t h a c l i n i c a l entity. T h e finding that i soniazide h a d the effect 
on the central nervous system that it d i d is an example of this. T h e 
q u i n i d i n e a n d ant ia r rhythmia story is another example. T h e effects of 
the corticosteroids on the in f lammatory process is a further example . I n 
contrast to o r i g i n a l discovery of that sort w o u l d be the further deve lop
ment a n d refinement of the d r u g . W h e r e this stops b e i n g research a n d 
starts b e i n g deve lopment I ' l l leave to the economists. I 'm not sure that I 
p a r t i c u l a r l y care about that. M y w h o l e modest propos i t ion was that w e 
m i g h t not be d o i n g a l l w e can to make sure that w e are p r o v i d i n g a 
c l imate for o r i g i n a l discoveries of this sort a n d then the recogni t ion a n d 
development of them. 
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Dr. Close: T h a n k y o u , D r . Jennings. I bel ieve w e have covered es
sential ly a l l of the questions w h i c h w e r e submit ted to me. G l e n n , do y o u 
have f inal comments before w e close? 

Dr. Ullyot: I w a n t to thank our speakers a n d panelists for t a k i n g the 
t ime to come here a n d talk to us today. W e have r e v i e w e d i n a very 
thorough manner the system of d r u g discovery a n d development a n d the 
problems associated w i t h it. 
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