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Ln t roduc t ion  - Many o l d  d rugs  have. i n l i i b i t o r y  p r o p c - r t i o s  on one' or  <inotIii>r 
clnzyme, bu t  on ly  a fcw wcyre conccxivc\d w i t l i  t h a t  g o a l  i n  mind. ' l ' h c .  knowIc>dgcb 
of tile structurcb and mechanism of < i c t  i o n  of c~nzyinc~s h a s  pr0grc)ssc.d trcbmc,n- 
dous ly  ovctr t h e  p a s t  t w o  dc,cadc)s so t h a t  thcs scarcli  of spcsc i f i c  csnzymc, i n -  
h i b i t o r s  a s  p o t e n t i a l  ncnw d rugs  bctcame more a t t r a c t i v c ,  and promising.  In 
theo ry ,  i€ thcs pr imary and t c , r t i a r y  s t r u c t u r e -  of a n  c>nzynicl i s  known, For 
instance.  by X-ray c r y s t a l l o g r a p h y ,  it should b c \  p o s s i b l e  t o  dc,sign coni- 
pounds hav ing  op t ima l  b ind ing  propcLrtic,s. Th i s  1iowcvc.r i s  o n l y  rdrcsly the  
c a s e  so  t h a t  oncs h a s  t o  rc>ly on c m p i r i c a l  methods t o  f i n d  s t r u c t u r a l  r e ' -  
qu i r emen t s  f o r  n good b ind ing ,  and t h i s  mcbthod has yieldc,d s o m e '  good corn- 
pet i t ivcx i n l i i b i t o r s .  ' Tltis typc, of i n h i b i t o r s  i s  n o t  always s a t i s f a c t o r y  
bc,causcl thciy a r e  s h o r t - a c t i n g  and h i g h  doses  arc oftcm ncscbdc%d. The s p c c i -  
L i c i t y  of competitive, i n h i b i t o r s  depvnds o n l y  on thc, r c c o g n i t i o n  by a n  cm- 
zyme , so t h a t  d i f f e r c m t  cmzymc's performing d i f  fcsrent rcsactions on t h e  same1 
s u b s t r a t e  might be, inhibi tc id  by such a compound. A d d i t i o n a l  scslcLctivity can 
b e ,  ga incd  i f  one t a k e s  i n t o  account  w l i a t  happc,ns t o  t h c  substrates aftcbr 
b ind ing ,  and t h i s  has 1c.d t o  two c l a s s e s  of more potcmt and selcxctivc. i n -  
h i b i t o r s :  t h e  t r a n s i t i o n  s t a t e  ana logs '  and the ,  cmzyme a c t i v a t e d  irrcvcsrs- 
i b l e  i n h i b i t o r s ,  a l s o  c a l l e d  k c a t  o r  c a t a l y t i c  i n h i b i t o r s 3  o r  s u i c i d e  en- 
zyme i n a c t i v a t o r s .  'hhc~ f i r s t  c.xamplc5 of an csnzyme a c t i v a t e d  i r r c v c r s i b l e  
i n h i b i t o r  was providcbd hy K. I3loch' s d i s c o v e r y  of t h e  in t ch rac t ion  of ( 5 -  

hydroxydc~anoy  1 t h i o e s  t e r  dcshydr ase w i t h  t h e  I 3  , y - unsa t u r a  t cd s u b s  t ra t c h  ana- 
log  CH,- (CH,) ,-CrC-CH,-CO-SCoA. Naturc, h a s  o f t c n  devcbloped p o t e n t  and 
spc . c i f i c  enzymc i n h i b i t o r s  and the, systcamatic scrc,cming of e x t r a c t s  from 
mammalian t i s s u e ,  b a c t e r i a l  o r  fungus c u l t u r e  h a s  y i e l d e d  t'nzyme i n h i b i t o r s  
of v a r i o u s  typcs  of  a c t i o n .  J S c l e c t i v c  examples of t h e  d i f  fc , rent  k i n d s  of 
cazymc' i n h i b i t o r s  which have 1c.d o r  a r c  l i k e l y  t o  l ead  t o  b i o l o g i c a l  a p p l i -  
c a t i o n s  , arcs prescmtcxd. The review i s  d i v i d e d  i n t o  s e c t i o n s  dcbaling w i t h  
c l a s s e s  of enzymes m c t a b o l i c a l l y  1inkc.d o r  performing s i m i l a r  f u n c t i o n s .  

Enzymes Involved i n  Amino Acid Metabolism 

O r n i t h i n e  deca rboxy lase :  
a c i d , '  [i,Y-dehydro-ornithinc), l o  a r c  p o t e n t  c o m p e t i t i v e  i n h i b i t o r s  of o r n i -  
t h i n e  deca rboxy lasc ,  t h e  r a t e - l i m i t i n g  enzyme of polyamine b i o s y n t h e s i s .  
These compounds have becbn found t o  i n h i b i t  t h e  p r o l i f e r a t  i o n  o r  d i f  f e r e n t a -  
t i o n  of s e v e r a l  c e l l  l i n e s  i n  cu l tu rcasY,  l o ,  l l .  Thca i n h i b i t i o n  has  becn a t -  
t r i b u t e d  t o  t h e  d e p l e t i o n  of  spermidinca. Thc, compc, t i t ive i n h i b i t o r s  have 
t h e  d i s a d v a n t a g e  of i n c r c a s i n g  t h e  amount of o r n i t h i n e  dcca rhoxy lase ,  prob- 
a b l y  by s lowing down i t s  d e g r a d a t i o n ,  which r e s u l t s  i n  a n  i n c r e a s e d  a b i l i t y  
t o  produce polyamincs a f t e r  t h e  i n h i b i t o r  has  d i sappea red .  Two i r r e v c , r s i b l e  
i n h i b i t o r s ,  i i -dif  l u o r o m e t h y l o r n i t h i n e ( ~ )  and 5-hcxyne 1,4-diamincx (2) , have 
been d e s c r i b e d .  ' Compound (1) blocks t h c s  p roL i fc ra tLon  o €  r a t  Iicbpatoma 
tumor c e l l s  and mouse leukemia c e l l s  i n  c u l t u r e .  l 3  The r e s p e c t i v e  mechan- 
i s m s  of a c t i o n  a r e  d e s c r i b e d  i n  Scheme 1. 

a - M e t h y l o r n i t h i n e ,  ' n-hydraz ino  [,-amino v a l e r i c  
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Py= 

Nu= nucleophile 

H i s  t idine decarboxy l a s  e: 
lylhydrazino butyric acid a r e  inh ib i to r s  of rat stomach h i s t i d i n e  decar- 
boxylase. They lower the histamine levels  i n  stomach and reduce g a s t r i c  
secretion. l 4  St ruc tu ra l ly  unrelated t o  h i s t i d i n e ,  lecanoric acid (2) , a 
natural  product i so l a t ed  from a fungus broth,  i s  an excel lent  r eve r s ib l e  
inh ib i to r  of f e t a l  r a t  h i s t i d i n e  decarboxylase i n  v i t ro .  l 5  In vivo, t he  
compound i n h i b i t s  the development of r a t  paw edema induced by carrageenin, 
i t  remains, however, t o  be proved t h a t  these two act ions a r e  re la ted.  The 
synthet ic  amide analog (A) i s  more s t ab le  and i s  a stronger inh ib i to r  of 
the enzyme and of edema formation.15 

Both hydrazinohis t idine and te t rahydroisoquino- 

(2) x = 0 
(4) x = NH 
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4-Aminobutyric acid aminotransferase: 
acid (GABA), an inhibitory neurotransmitter in mammalian brain, can be ele- 
vated by inhibiting GABA-aminotransferase, the enzyme responsible for its 
degradation. As a result there is protection against electroshock, audio- 
genic and certain chemically induced seizures in animals. Until recently, 
inhibitors available were pyridoxal scavengers like aminooxyacetic acid, l 6  
hydrazino-propionic acid, Y-glutamylhydrazone. In recent years , four 
enzyme activated irreversible inhibitors have been described for this en- 
zyme: ethanolamine-0-sulfate19 (21, 4-aminohex 5-ynoic acid20 ($), 4 -  
aminohex 5-enoic acidz1 (1) and 5-amino- 1,3-cyclohexadienyl carboxylic 
acidz2 (g). All of these compounds produce marked elevations of brain GABA 
levels and possess anticonvulsant action. 2 3 -  26 Their respective mechanisms 
of action are described in Scheme 2. 

Scheme 2 

The concentration of 4-aminobutyric 

In addition, (5) inhibits irreversibly bacterial and mammalian glutamate 
decarboxylase,27 probably by a mechanism similar t o  the one described for 
the inhibition of ornithine decarboxylase by (2) in Scheme 1. 
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Other pyridoxal-dependent enzymes: 
years about the irreversible inhibition of different pyridoxal-phosphate- 
dependent enzymes by mono or poly haloalanines2', 2 9  and pr~pargyl,~' 
a l l ~ l , ~ ~  or vinyl3* glycine. The mechanisms implied involve in all cases 
abstraction of the a-hydrogen from the pyridoxal-Schiff base by the enzyme, 
followed by elimination of a halide atom in the case of halo-alanines, tau- 
tomerisation of the conjugated Schiff base in the case of vinyl glycine, 
yielding reactive Michael-acceptors in the enzyme active site. The irre- 
versible inhibition by propargyl and ally1 glycine i s  more complex as it 
involves a second hydrogen abstraction to yield a conjugated Schiff base. 
This Michael acceptor can alkylate the enzyme which results in either a 
fully inhibited enzyme or an enzyme having modified properties, It can also 
be hydrolysed in either chemically reactive or unreactive species.33 These 
compounds, although of limited utility in animal studies due to their lack 
of selectivity, helped to promote the search for more specific enzyme acti- 
vated irreversible inhibitors of pyridoxal-dependent enzymes. Two compounds 
deserve a special mention, these are 3-fluoro-D-alanine and its 2-deutero 
analog. 4 , 3 5  Both compounds are irreversible inhibitors of alanine race- 
mase and possess a broad spectral antibiotic activity. Animal toxicity i s  
low with the protio compound and even lower with the deuterated compound. 
The anti-bacterial activity of D-carbamylserine and D-cycloserine, two 
natural antibiotics, is also due to the enzyme activated irreversible in- 
hibition of alanine racemase. 36 

Enzymes involved in the synthesis or degradation of biogenic amines 

Tyrosine hydroxylase: a-Methyl-p-tyrosine is a strong competitive inhibi- 
tor of tyrosine hydroxylase, 
and lowers dramatically the concentrations of brain, heart and adrenal 
catecholamines in animals, without any significant effect on serotonin 
levels.38 Although this compound was promising in the treatment of pheo- 
chromo~ytoma,~ it was not developed beyond the clinical phase because 
there was marked drug cry~talluria~~ in experimental subjects. Benzimida- 
zole alanine41 Q) and its a-methyl analog42 (10) are also good competitive 
inhibitors of tyrosine hydroxylase and block the synthesis of catecholaminfs 
in reserpinized aninals. 4 3  Oudenone (ll), a microbial product, inhibits 
tyrosine hydroxylase by competing with the pteridine cofactor, 44 and reduces 
catecholamine levels in mammalian brain and adrenal glands; the compound 
has hypotensive activity45 in spontaneous hypertensive rats. 

Much has been written during recent 

the key enzyme of catecholamine biosynthesis, 

(9) R = H 
(10) R = CH3 
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Tryptophan hydroxylase: p-Chlorophenylalanine, a competitive inhibitor of 
tryptophan hydroxylase in vitro 
more complex mechanism.n TheAerotonin depleting activity of a-methyl- 
tryptophan in vivo is probably due to its conversion to a-methyl serotonin 
rather than to tryptophan hydroxylase inhibition. 47 The Umezawa group has 
reported recently that 2,5-dihydrophenylalanine (g), a natural product 
isolated from a streptomyces strain, is a competitive inhibitor of trypto- 
phan hydroxylase in vitro. 40 

Aromatic amino acid decarboxylase: 
potent inhibitors of peripheral decarboxylase, probably by forming hydra- 
zones with the enzyme-bound pyridoxal-phosphate, and both compounds in- 
crease the amount of dopamine formed in brain after peripheral administra- 
tion of Dopa to an animal.49 The combinations of Dopa and Carbidopa or Dopa 
and Benzerazide are used clinically for the treatment of Parkinsonism. 
Recently, the synthesis of a-vinyl Dopa (2) and a-ethynyl Dopa (l4), two 
potential suicide inactivators of Dopa-decarboxylase, has been described by 
two independent groups. 51a,b 

depletes serotonin levels in vivo by a 

Benserazide and Carbidopa are very 

(15) R = O H  
(l6) R = N H ,  

(l3) R = / =  ’ ’ ~ ,  (14) R 3  -a 
HO 

It was claimed without experimental details that (l4) is a very potent in- 
hibitor of this enzyme.51a 

Dopamine-B-hydroxylase; This copper enzyme is inhibited by copper chelator. 
However, the only inhibitors, useful in vivo, are picolinic acids substitu- 
ted in position 5 by aliphatic groups. The first member of this series is 
fusaric acid52 (IS), obtained from filtrates of microbial cultures; syn- 
thetic analogs have modified side chains,53 or other functions in position 
z s 4  (16). 
Monoamine-oxidase inhibitors: The design of monoamine oxidase inhibitors 
is probably one of the fields in which medicinal chemists have been most 
active in the last decades. Some of the compounds are still in use to treat 
severe depression and hypertension. Mechanistically the most interesting 
are the propargylamine derivatives, like pargyline, clorgyline and deprenyl, 
which inhibit the flavin dependent enzyme irreversibly. Very thorough in- 
vestigations, including the characterization of the flavin adduct, have al- 
lowed Abeles and coworkers to propose the following reaction mechanism for 
the inhibition of mitochondria1 MA0 by a tertiary pr~pargylamine~ 
(Scheme 3 ) .  I I H  

All of these compounds have blood-pressure lowering effects. 
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Plasma monoamine oxidase, a pyridoxal phosphate-dependent enzyme is inhib- 
ited irreversibly by amin~acetonitrile~' and some esters of g l y ~ i n e . ~ ~  The 
mechanisms implied, involve the formation of a keteneimine and a ketene by 
enzyme catalysis, followed by the alkylation of the enzyme by these reac- 
tive species. 

Other flavin-dependent enzymes 

Other flavin-dependent enzymes are also inhibited irreversibly by substrate 
analogs, suitably substituted by vinyl or acetylenic groups. The inhibition 
of sarcosine oxidase and dimethyl glycine oxidase, in vitro and in vivo by 
N-ally1 or N-propargylglycine' 9 b o  may be of relevance with the long-known, 
prolonged pharmacological activity of N-ally1 amines. Flavin dependent a- 
hydroxy acid and a-amino acid dehydrogenases are inhibited by H-CEC-CH(0H)- 
COOH and propargylglycine, respectively.33yb1,62 

Enzymes involved in purine and pyrimidine synthesis or degradation 

Adenosine deaminase: The anti-tumor activity of arabino-furanosyl adenine 
in anhals can be increased by coadministration of tight-binding adenosine 
deaminase inhibitorsb3 such as erythro-9- (2-hydroxy-3-nonyl) adenine (17) 
(KI = 10-9M)b4 and deoxycoformycin (l8) which can be looked at as a tran- 
sition state analog of adenosine during deamination. b5 Along this line, 
compounds (2, 2 and Z l )  have been synthesized and will be tested against 
the corresponding deaminases. 

Aspartate-transcarbamylase: An early step in the de novo pyrimidine bio- 
synthesis is the carbamylation of aspartate. Aspartate transcarbamylase 
can be effectively blocked by N-(phosphono-acetyl) aspartate (PALA) (a), 
a transition state analog of carbamyl aspartate.67 This compound is effec- 
tive in the '-/kg range in blocking this enzyme and the isoproterenol 
stimulated DNA synthesis in mouse submaxillary glands. It is active 
against certain experimental tumors. 
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Orotate decarboxylase: Pyrazofurin (23), a natural antibiotic, is a very 
effective inhibitor of pyrimidine biosynthesis by blocking orotate decar- 
boxylase. In combination with arabinosylcytosine, it increases greatly the 
cell toxicity of the latter compound. 

Thymidylate synthetase: Another key enzyme for DNA synthesis is thymidy- 
late synthetase. This enzyme is irreversibly inhibited by f luorodeoxyuri- 
dine monophosphate formed in vivo from 2-fluorouracil, which had been used 
for about 20 years in cancer chemotherapy. The reader is referred to Ref. 
71 for an excellent discussion on its mechanism of action. 5-Trifluoro- 
methyl 2'-deoxyuridylic acid (2), formed from trifluoromethyl-uracil &I 
-, is also an irreversible inhibitor of thymidylate synthetase.72 The 
mechanism suggested by Santi and Sakai73 is described in Scheme 4 .  

Scheme 4 * 
"H 2 

1 
R 

0 
I 

R R R 

(24) 

Ribonucleotide reductase: Since it has been shown that ribonucleotide re- 
ductase activity is increased dramatically in rapidly growing tissues and 
viral infection, much work has been done in understanding the mechanism74 
and designing inhibitors of this enzyme.75 The antitumor action of hydroxy- 
urea, a radical scavenger has been attributed to inhibition of this enzyme, 
and analogs of hydroxyurea have been found to increase life span of leuke- 
mic mice.76 The dialdehyde derivatives of purine nucleosides (25) are in- 
hibitors of ribonucleotide reductase, they inhibit DNA synthesis in cell 
cultures. 

2' -Deoxy-2' -azido (or 2' -chloro) ribonucleotide diphosphates (26, 27) are 
irreversible inhibitors of ribonucleotide reductase from E. Coli and (26) 
also inactivates the calf thymus enzyme. 70 In addition, azidocytidine in- 
hibits cell growth in ~ i t r o , ~ ~  however the inhibition was not related to a 
depletion of the deoxynucleotide pool and may be due to an interaction at 
the initiation stage of DNA synthesis. 
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H n 
Inhibitors of steroid biosynthesis: The cytotoxic effects of several hy- 
droxylated sterols against rat hepatoma cells in culture seem to be at least 
partly due to inhibit ion of 3 -hydroxy-3-methyl-g lutaryl CoA reduc tasesO 
which catalyses an early step in cholesterol biosynthesis. These sterols 
are extracted from drugs used in Chinese folk medicine for the treatment 
of cancer. The hypocholesterolemic action of clofibrate was attributed to 
the inhibition of mevalonic acid synthesis at an unspecified steps1 while 
citrinin, another hypocholesteremic agent, inhibits hydroxymethyl-glutaryl 
CoA reductase in a time-dependent irreversible manner. 
There are a number of competitive type inhibitors of steroid hormone bio- 
synthesis. Recently enzyme activated irreversible inhibitors of bacterial 
A5-3-ketosteroid isomerase and of A4-3-ketosteroid reductase, namely B,Y- 
acetylenic 3-oxo-5,lO-secosteroids (28) and allenic 3-oxo-5,lO-secosteroids 
(29) have been described. 83 9 a4 These compounds act also selectively on the 
mammalian enzymes from rat epididymis.85 Their mechanism of action is de- 
scribed in Scheme 5. 

Scheme 5 
n 

Inhibitors of hydrolytic enzymes: 
proteolytic enzyme inhibitors found either in animals and plants6 or in 
fungi and bacterial  culture^.^ Some of them have been tested clinically, 
such as pepstatine for the treatment of stomach ulcers, or leupeptin as an 
anti-coagulant. Leupeptin and antipain have terminal aldehyde functions 
which probably form hemi-acetals with a serine residue in the enzyme active 
site. It has been proposed that the unusual terminal amino acid of pepsta- 
tine, 4-amino-3-hydroxy-6-methylheptanoic acid, is an analog of the transi- 
tion state in amide bond hydrolysis catalysed by acid proteases.86 Inhibi- 
tors of angiotensin converting enzyme have a great potential as antihyper- 
tensive agents in renal hypertension. Active site mapping of such enzymes 
has lead to the design of a very powerful inhibitor, 3-mercapto-2-D-methyl- 
propanoyl-L-proline (30) (KI = 1.7 x 10-9M).87 This compound is orally ac- 
tive and prevents angiotensin-induced hypertension in normotensive humans 

There is no space to name the numerous 
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with little side effects.88 
a-Chymotrypsin and other acid proteases are inhibited in a time-dependent 
manner by halomethylated derivatives of dihydrocoumarins (31). 89 The mech- 
anism suggested is described in Scheme 6.” 

c1 
Scheme 6 

OOH 
I 

CH2-CH-CO 

H 

Penicillin G. inhibits cell wall biosynthesis in bacteria by several mech- 
anisms one of which is irreversible acylation of D Ala-D Ala transpepti- 
d a ~ e , ~ l  so that penicillin could be considered as a suicide enzyme inacti- 
vator. Bacteria develop resistance to penicillin by developing specific 
$-lactamases. Medicinal chemists in turn, have tried to inhibit these (3- 
lactamases. Over 1000 semi-synthetic penicillins have been screened for 
that purpose. Let us just mention clavulanic acid (z), a compound isolated 
from a streptomyces strain, which inhibits p-lactamases from both gram + 
and gram - bacteria in a time-dependent irreversible manner. 9 2  

Conclusion - Different possibilities to find selective enzyme inhibitors 
have been evaluated: The classical antimetabolic approach (like a-methyl 
analogs of amino acids), the systematic screening for active compounds 
(applied to microbial cultures) followed by chemical modifications to make 
stable and more potent products, (fusaric acid, lecanoric acid, etc.***), 
the active site mapping of enzymes (angiotensin converting enzyme), and 
when the enzymatic mechanism is known the design of transition analogs 
(PALA, adenosine deaminase inhibitors) or of enzyme activated irreversible 
inhibitors (GABA-transaminase inhibitors, seco-steroids). It often happens 
that the molecular mechanism of action is not understood until long after 
the compound is known (acetylenic monoamine oxidase inhibitors, penicil- 
lins, clavulanic acid). 
It can be expected that with the advent of the potent, selective, long- 
lasting enzyme inhibitors like the enzyme activated irreversible inhibitors 
or transition state analogs, the usefulness of enzyme inhibitors in therapy 
will increase. 
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