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Irreversible Enzyme Inhibitors. CV1.l Proteolytic Enzymes. 1. 
Bulk Tolerances in Trypsin-Inhibitor Complexes2 

B. R. BAKER AND EDW\.ARD H. ERICKSON 

Pheiiylgriariidiiie is kiiown to be a good inhibitor of trypsin, arid benzamidilie is ail excellent inhibitor. Sub- 
stitirtiori of ail alkyl, aryl, or aralkyl grorip on one of the nitrogelis led to a large loss in biiiding, indicating that 
there was riot biilk tolerance by the enzyme iii this area of the iiihibitor. Sitbntitrltioti of pheiioxyalkloxygroiip.~ 
o i l  either the niefa 01' para position of beuzamidirie gave a slight illcrease i i i  hiiidiiig, thiis .showing that these 
gi'oiips are tolei,ated withiti i he iiihit)itor-elizyme cumples. 111 colitrast, siihtitiitioii of pheiiosyalkyloxy 
groirps o i l  the para  posiitioli of pheirylgiialiidiiie led t o  a 1ohh i r i  biiidilig, bitt siib,.titiitioii o i i  the nieta positioii did 
show bulk tolerance aiid i i o  loss i i i  biliding. Thus fiirther substitiitioii of leaving groups 011 the terminal phenyl 
groiip of rn-pheiioxyalkyloxyphetiylguanidille or rn- or p-phetioxyalkyloxybelizamidilie should make good catidi- 
dales for em-type active-site-directed irreversible inhibitors of "tryptic" enzymes. 

At least fifteen distinct proteolytic enzymes from 
mammalian sources have been ~haracter ized.~ These 
can be divided into three classes: (a) digestive-type 
enzymes such as trypsin, chymotrypsin, and pepsin;3 
(b) blood serum proteins such as plasmin and thrombin 
involved in blood  lott ti rig.^*^ C'la enzyme of the com- 
plement system involved in rejection of foreign marn- 
nialian cells,6 and the enzyme involved in antigen- 
induced histamine release;fi and (c) others such as 
insuliriase that are not easilj. classified. The detailed 
enzyme syqtems for blood clotting, clot dissolving, 
complement arid histamine release are not yct com- 
pletely characterized; these systems are complicated 
by zymogen forms of the enzymes as well as b\r activa- 
tors and inhibitors in the serum. Severtheless, 
sufficient information is 1;now-n about these serum 
enzyme sjxtems to begin studies on their inhibition for 
such important problem areas as cardiovascular 
diseases arid organ transplantation. 

Sirice all of these proteinases hydrolyze peptide 
liiikagey they are closely related iiiechanistically;7 
the relative upecificity of the enzymes resides mainly in 
the type of acylated amino acid amide preferred for 
coniplexi~ig.~ For example, chymotrypsin prefers to 
hydroljrze the carboxaniide end of peptides derived 
from phenylalanine, tryptophan, and tyrosine; in 
contrast, trypsin prefers to  hydrolyze the carboxaniide 
end of peptides derived from lysine and arginine. \-et 
the C' la  complement enz\mic shows little preference for 
tyrosine derivatives over arginine derivatives8 and thus 
can be classified as both "tryptic" and "chymotryptic." 

To design a specific inhibitor for a single one of these 
enzymes with no effect on the others is not a simple 
problem. Classical substrate analogs might be suf- 
ficiently specific to inhibit only tryptic or chrrnotryptic 
enzymes, but there are several enzymes in each of these 
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two classes. I'or example, ti.uns-~-aniinomethylc!.clo- 
hexanecarboxylic acid, an analog of lysine, is a potent 
inhibitor of fibrinolysi~,~ but it most probably will 
inhibit one or more other tryptic enzymes. 

Active-site-directed irreversible enzyme inhibit80rs10,11 
can be divided into two classes: (a) those operating by 
the endo mechanism, that is. the inhibitor becomes 
covalently linked to the enzyme within the active site; 
arid (b) those operating by the exo mechanism, that is, 
the inhibitor becomes covalently linked outside the 
active site." The irreversible inhibit'ors operating by 
the endo mechanism do not have sufficient specificity 
since the catalytic part of the active sites of proteinases 
are so mechanisticall>. 

I'or example, diisopropyl fluorophosphate (DF1') is 
an endo-operating active-site-directed irreversible in- 
h i b i t ~ ' ~  that can attack e s t e r a ~ e s ~ ~ , ~ ~  such as aliesterase 
arid acetylcholinesterase, as well as proteinases'j," 
such as trypsin, chymotrypsin, thrombin, plasmin, 
C'l a complement arid antigen-induced histamiric 
release. l k  Similarly a series of 0-p-nitrophenyl 0-ethyl 
phosphonates showed litt,le specificity as endo-operat- 
iiig active-site-directed irreversible inhibitors of C'la 
complement, antigen-induced histamine release, tryp- 
sin, chymotrypsin, and acetylcholinesterase; the effec- 
tiveness on these enzymes did vary with the R group 
of the phosphonate to give characteristic inhibition 
profiles, but all of the compounds inhibited each enzyme 
to some degree. 

Chloromethyl ketones derived from appropriate S- 
tosylamino acids are sufficiently specific to at'tack 
within the active site of tryptic, but' not chymotrypt'ic, 
enzymes and vice versa: again, there are several enzymes 
within each class. For example, 7-amino-l-chloro-3- 
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il(i) I>. I:. I I e a t l i ,  " ~ ) r ~ ~ i r ~ ~ ~ , l ~ i , ~ i ~ l ~ ~ ~ r r i ~  I'iii*uns,'' Permapon Press, L r d . ,  

( l i )  13. S. Hart ley.  Ar,tt. ! ? P I , .  Biorirem.. 29, 4.5 (1900). 
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TanLE 11 
INHIUITIOX OF TRYPSIN n Y  &SUBSTITUTED BESZAMIDINES .\SD PHENYLGU \ S I D i m S  
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N H  X H  

C s H 5 N H h H & X H 2 .  HC1 6 39 9 . 6  
XH 

7 . .i 0 
0.032 50 

>30 
0.032 

10 0 >40 

10 31 20 

1 .o 0 >4 

2 . 5 0 >10 

Source 
0 

.4ldrich 

J. T. Baker 
K & K  

C 

-4ldricli 

tl 

e 

Concentration for 50yo inhibition Kith 0.05 mJf Dbbenzoylarginine-p-nitroanilide as substrate. * See Table I. Prepared accord- 
Prepared according to ref 40. 

Chem. d b s t i . ,  45, P668e (1951). 
ing to D. F. Kutepow, -4. A. Potashnik, and Y. V. Shelvehenko, Zh. Obshch. Khiin., 33, 579 (1963). 
e Prepared from ethyl benzoate arid ethylenediamine: see H. L. Xorrill, U.  S .  Patent 2,308,415; 
f Prepared according to ref 39. 

strate, but benzylamine (2) only about one-quarter as 
well. 
h terminal phenyl group makes a good place t o  posi- 

tion a variety of leaving groups for design of the exo- 
type irreversible inhibitor. lo The higher phenyl- 
alkyl analogs (3-5) of benzylaniine (2) were therefore 
assayed, but binding was unfortunately considerably 
less effective (Table I). Similarly, insertion of methyl- 
ene groups (7-10) between the phenyl arid guanidine 
moieties of phenylguanidine (6) vas  detrimental to 
binding. 

The placement of a group on a second nitrogen of 
phenylguanidine (6) and benzamidine (13) was then 
investigated; introduction of an alkyl (14), aryl (15), 
or aralkyl (16) group was again detrimental to binding 
(Table 11), indicating that there was no bulk tolerance 
for a group in this area. Replacement of the SH, 
group of benzamidine (13) by an ethoxy (as in 18) was 
also detrimental to  binding; since only one basic 
nitrogen is necessary for binding, as in benzylamine 
(2), it would appear that trypsin does not have bulk 
tolerance even for the ethoxy group of 18 in place of an 
amino group of 13. 

Removal of the carbomethoxy group of tosyl-L- 
arginine methyl ester results in a 16-fold loss in bind- 
ing;36 other evidence that the carbonyl group of trypsin 
substrates is complexed to the enzyme has been re- 
viewed.32 Furthermore, p-carbethoxybenzamidine has 
been reported34 to  be a substrate, but its binding 
constant was not recorded. Therefore, two analogs of 
benzamidine bearing a p-carbonyl group were synthe- 
iized for evaluation. Iritroduction of  the p-acetyl 
group (19) (T:hk 111) I d  to :m 11-fold loss iii binding; 
eveii i w r e  l w ~  i i i  biiidiiig ( ~ ~ ~ r i e d  \+ it11 the K - i ~ t h y l -  
csrbaiiilide gwup ul 20. Similarly, iiitroductioii ol 
wacetyl  (24) or p-:twtyl (25) g r o u p  011 beriz:tmidiiir~ 
(6) (T:hlc 11') led to a loss in bindiiig. Since niolcc- 
ular models indicated that derivatives of p-carboxy- 
methylbenzamidine should more closely approximate 

(3G) S Benler and B 11 eisblum, .Vature, 190, 772 (1961) 

T.inLE 111 

INH1IIITIOS O F  TRYPSIN BY 

R 
NO. R Salt Iw," in-11 

13b IT HC1 0.032 
19 p-CH3CO HI 0.36 
20 p-C6HrN(CH3)CO HI  0.79 
21 P-CEHSO( CHz),O "03 0.013 
22 P - C E H ~  CHz HSOa 0.0079 
2 3 WZ-CsH50( CH2)30 TsOH 0,0075 
Coiicentration for 50Yc inhibition with 0.03 m X  DL-benzoyl- 

aIgiiiiiie-p-iiitroaiiilide as subst,rate. * From K & K Co. 

TABLE IT' 
" 

IIJHIRITION O F  TRYPSIN H Y  @He"? 
R 

1 5 0 , ~  m-11 T O .  R Salt 

6 H H ~ O I  0.13 
24 WZ-CH~CO I I S 0 3  0 .97  
2.3 P-CH~CO HC1 4 . 7  

27 m-CsHjO( CH2),0 HCl 0.12 
26 p-CHtCON( CHB)CBHP HSO3 0.84 

28 m-CsHj( CH,),O HSOs 0.074 
29 ~-CE&(CHZ)~O RxOa 0.67 

( 1  Concentration for 50% inhibition wit,h 0.05 m M  ~ t b e n z o y l -  
Prepared according to H. 

:3 0 P-CsHdCHz)30 RNO3 0.60 

wginine-p-nitroanilide as substrate. 
King and I. 11. Tonkin, J .  Chem. Sac., 1063 (1946). 

t>he dimensions of an arginine subst,rate, the S-niethyl- 
anilide (26) was synthesized and cvnlunted, but 26 
showed :L sc:veiifoltl loss i n  1)iiiding. 

These bindiilg resulb wit,li 19, 20, :tiid 24- 26 ~verr. 
difficult to rat,ioiialize uutil ~ i r w  hitiding data o i i  suh- 
str:tt,es wits oM ;Liiicd by Sh:~~. ; j7  ;\It hough p-(wheth- 
oxybenzamidirie WLS a ~ u b s h t e , ~ ~  it w.as complcxccl 
36-fold less effectively than DL-beiizoylargiiiiiie-p- 

( X i )  TVe \vis11 to  tliank Professor E. $liaw for sending us his da ta  prior 
to publication. 



I iitroanilidc, thus explaining the lobs in bindiiig by 
19 arid 20. Furthermore, he reported that p-carbeth- 
c~syphenylguaiiidine was complexed one-seventh a- 
rffcctively as phenylguanidine. thus expl:~iiihg th(J 
poor binding of  25. Howrver, p-csrbetliosyniethyl- 
phc~~ylguanidirie WLZ cornplt3xed fivefold twt t r r  thmi 
plieriylguariidirie. Sirice 26 has the cnrbonyl placed ill 
t he wmc way it' p - c a r b e t h o x y ~ ~ i e t h ~ l ~ ~ i e ~ i y l ~ ~ i ~ ~ t i i d i ~ i e ,  

in binding observed by 26 is most likely due t o  
:i 1 x 1 ,  of hulk tolcr:tricc for the S-niethylan 
this moiety n a y  \elected in o i d c r  t o  (kcre 
siib-trntc' propwti(b- ot ;i t1 amiciv f i u r r f  i o i r  

11011 " 

Sirice pheny1gu:uiidiiie (6) :ind beriznniidinc~ (13) arc  
sufficiently guod inhibitors trypsin, otudies werelthen 
tii:de tu bee if long groups could be zubstituted on the 
1)viizeritb ring and still be tolrratrd by the enzyme 
Silk)-titution OH the meta position of henzamidine (13) 
\\ lth a phenosypropylosy group (23) gave fourfold 
1x.t tclr biiiding to trypsin (Table 111). indic:iting that 
t io t  only \ ~ : t 5  bull, tolerance present in this area, but the 

0 1 1  hindirip  vas favorable; iimilar results n-ere 
with the p-plicnoxypropylo~y g r ~ p  (21) or :I p -  

I)lieiiyl1-'ropyloxy group (22). 
.I hiniiltir study n a. made with phenylguanidine (6) 

(T:tt)lc Introduction of large hubitituerits at  the 
/ / / (> tu  po-ition buch i ~ -  phc.noxypropy1osy (27) and 
i)heiiylpropylosy (28) had 110 detrimental effect on 
hiriding, indicating hulh tolerance for theie groups 
111 contrast, iritroduction ( J f  group> at the pura positioii 

( 1 1  ~)heriylguariidine (6) Yuch a+ phenethylosy (29) 01' 

~~ l ic i iy lp~o~)ylusy  (30) led to about t i  fivefold hiss iii 
1)iiiding The lart th:it large pal a substituents oi l  

~ ~ l i ~ ~ i y l g i i : t ~ r i ~ l i ~ ~ e  (6) canriot be tolorated by the cnzynw, 
hut sinulw su1,ititution o i i  kxwz:iniidinc> (13) can be 
t olcixt cd. give. >upport t o  the p r o p o d  difft~rericei i t 1  

I)intling cc~nformatio~~s of 6 :uid 13 to trypsin. 
I hub phase I1 of the )/iodus opeiandz for designloi 

('Y(J-typ(' uctive-site-dii.ected irrwrrsible inhibitors ha* 
1wclri c.onipletet1. 1'hii.e 111 studie*. the proper pohi- 
t ionitig of :i leaving group for covnlent hond forniatioti 
\\ i th i t i  th t l  t.nzyiiie-iiihihito~ complex. are being pursued: 
t l w  ttlrminnl phenyl group of moleciile- -uch a. i l l -  

:itit1 ~ - ( ~ ~ t i c i i o ~ y p r o ~ ~ ~ l i ~ x ~ j b e r i z : i m i d i r i e  (21 :itid 23) 
, i t i d  ~ ~ ~ - ( p h c i i o s y p r o ~ ~ y ~ ~ ~ s y ) ~ ~ ~ ~ ~ ~ ~ ~ y ~ g ~ ~ ~ ~ ~ i ~ ~ ~ i ~ ~ e  (27) I< : t  

logic*:il pl:icc. t(J po-ition thew 1e:iviiig g r o u p  
Chemistry. 'l7hei-t. iirv t \ \o niajor route- tor thc 

(~~iivcrsion of \ubstituted berizonitriles (33) to sub- 
st it uted benzamidines (35). The classical route> 
prorred by dry HC1 catalyzed addition of ethanol I O  
tlic, nitrile to give the imino ether hydrochloridc 
tolloned by dibplacement with :imrnonia. or an aminch X' 

'l'h15 alcohol :tddition is most frequently performed 111 

1 cbcluiv o f  alcohol, iometimri in :t dry solvent, but 
i i i t fws when thc  iritrilc is not srifficiently soluble; for 
~'\:1111IJlP, 33C \v>i\ too  ill>oluble t o  react. 
.I n~ore recent pr~c(+\  i i i~olves w1vents with good 

di-wlviiig pov ('I' (Schcmc~ I) .  .Iddition of H,S to 33c 
111 pyridine coritaining triethyla~nirie~' 42 afforded the 
thionniide 34c in near quantitative yield. [ethylation 

r '  

i i X i  li 1 1Iuang and C hiemann J A m  Chrm So? 73, 3221 i l 9 j l b  
i r ' 0  \ \ \  i l < t \  OIksni< ~ c n t i ~ r ~ r .  ( i l l  i t > l  I 

i l l J i  1 1 1 ' ~ m a r i  r Chvm ,%L, 123, iiilj (10 .23  
( $ 1 1  (LL) 0 \\ alla(ti, Ber , 32, 1 8 i 2  (1899); (1,) Or0 A u n  36, 2.3 ( I q j t i J  
1 1 2 )  1 \ I  Ilcwot-latterom, A n n  ('him (Parii)  7. 703 (1962) 

1 1 1 l  \ , \ \  \ < I l k  \ Y 1 0 & 1 , 1 > ( ,  
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TABLE V 

XU. 

1 $J 

20 

21 

22 

23 

24 

26 

27 

2b 

29 

3 0 
38C 
33e 
:::3i 
33g 
34a 
34C 
34e 
34f 
34g 

36a 

36c 

36e 

Y6f 

:36g 

C N  
C S  
CSXIh 
CSNII, 
CSNH, 
CSNH, 

RI 

HN=CNH,. HI 
I 

HN=CSH, .HI  

HN=dNH,,  HN03 
1 

HIi;=CNH? .HIYO3 

CSNH; 
SCH3 

I 
C=NH. HI  
SCHI 

I 
C=NH.HI 
SCH3 

C=NH. HI  
SCHB 

I 
C=XH.I I I  
SCH, 
C = S H . H I  

I 

R 
5 ield 

27 

76 

60 

28 

26 

33 

40 

16 

ti 

4 

0 

100 
60 

72 
99 
93 
86 

100' 

50 

75 

60 

87 

46 

.,*, 
C>tJ 

N P ,  Calcd, '/o l~"llnd, '/; 
OC c 11 ?i c I i  N 

228-231 37.3 3.83  9.66 37 .5  3 .80  ! ) . G O  

280-284 47.3 4.23 11.0 47.6 4.47 11.0 

127-134 57.7 5.73 12.6 57.9 5 ,80  12.4 

141-148 60 .6  6.03 13.2 60.3 6.06 13.1 

141-144 62 .4  5.92 6.33 62.2 5.82 6.2; 

190-192 43.0 3 04 23 3 44 9 4.93 23.0 

'10-214 58.1' 6.40 12 7 58.0 6.26 12.b 

141-143 57.8 6.07 16 .9  57 6 6.00 16.6 

175-177 56.6 5.70 17.6 .i6 9 3.78 17.8 

140-142 97.8 6.07 16.9 38.0 6.1<J 17.1 
101-102 16.3 j . 1 2  11 .9  76.4 4.97 11.7 
72-7P 73 .9  5,97 3 . 5 3  73.6 6.20 5.60 
TJ0-51 81.0 6.37 5.90 81.2 6.40 6 .02  
Oil 

1741176 60.3 3.06 7.82 60.1 5.16 7 .66  
223-226 66.7 5.22 10.4 66 .8  5.31 10.4 
137-139 66.9 j . 9 6  4.87 66 .7  5 .92  4 . 8 2  
1.57-162 70.8 6.32 5.16 70.Y 6.43 5 .25  
119-123 66.9 3.96 4.87 66.8 3 82 4 77 

148-130 37.4 3.77 4.36 37.5 3.86 4.27 

189-191 46.6 4.16 6.80 46.4 4.07 6.93 

135-142 47.6 4.70 3.26 47.3 4 66 43.3 

149-150 49.4 4.89 3 . 3 ! )  49.2 5.01) 3 .24  

112-118 47.6 4.92 3.26 47.4 4.7s 3 . 3 2  
"). Recrystallized from HuO. Evaporated reaction mistlire dissolved 
ized from i-PrOH. e Recryst'allized from aqueous EtOH. Hemihydrate. 
on, P. E .  Macej-, I>. A. Peak, and JY. F. Short, J .  

j Recrystallized from acetone-petroleum ether. 
om aqueous acet'one. n Recrystallized from petrole 

base-catalyzed elimination with 39c only happens when 
the imino thioether is base-weakened by a p a m  electron- 
withdrawing group. 

Other amidines (35) were also made by this route. 
The btarting benzonitrile ( 3 3 ~ )  for 35c was prepared 
from S-methylaniline and p-cyanobenzoic acid ( 3 2 ~ )  
ma its acid chloride. The intermediate cyanophenyl 
ethers (33e-g) were synthesized by alkylation of 112- 

or p-hvdroxyhenzonitrile with the appropriate bromide 
in Dl IF  with I<?CO? as an acid acceptor. 

The phenylguanidines (38) were synthesized from the 
appropriate arylamine (37) by reaction either with 
cyanamide43 or with 3,5-dimethylpyrazole-l-carbox- 
amidine nitrate.44 The syntheses of the required phenyl 
ethers (37~-h) have been previously described in another 
.;tudy frnm thii l : thornt~ry.~'  A q  is rnmmon for thew 

( 4 0  5 It bafir h liiisliner L ,\I Ilrancone and 1 iuliliaRon J Oiy. 

( 4 4 )  r L b c o t t  I) G Doiioian, and J Reilli J A m  Chem S o c ,  75, 
Chem 13, 924 (1948) 

4053 (1953) 

syntheses of phenylguanidines, yields were low due to 
formation of purple by-products.43 

Experimental Section46 
Enzyme Assays.-Crystalline trypsin was purchased from 

Sigma Chemical Co. DL-Renzoylargiiiiiie-p-nitroanilide ( R A S A )  
was purchased from Maiiii Research Laboratorieb atid dihsolvecl 
in DAIS0 to give a 3.1 m M  solution. The buffer employed wah 
0.05 JI Tris, pH 7.4. The followirig assay method, a modificatiotl 
of the method of Erlanger, Kowkowsky, arid Cuheii,"j was em- 
ployed. 

(45) B. R. Baker and G. J. Lourena, J .  Phurm. Sci.,  56, 8 i l  (196ij, papar 
L X X X V I I  of this series. 

(46) Melting points %\.ere determined in capillary tubes on a Nel-Temp 
block and are uncorrected. Infrared spectra were determined in KBr pellet 
wit,h a Perkin-Elmer 13iB or 3 3 i  spectrophotometer: ultraviolet spectra were 
determineil i n  1O'x HtOt I  witti a I'erhin-Elmer 202 sl,aclroi)ii~,ton,eter. 
TIC \vas performed on Urinkmann silica gel GF  and spots  \rere detected by 
examination under uv light. A11 analxtical samples had riltrariolet and in- 
frared spectra. compatible x i t h  their assigned structures and all mol-ed as a 
single spot on tlc. 




