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Enzymes responsible for the degradation of biologic 
macromolecules have remarkable substrate specificity. 
These enzymes recognize both the particular unit res- 
idue in the sequential chain of the substrate and the 
direction of the chain. For example, ribonuclease 
cleaves 3’-phosphates of pyrimidine nucleotide residues 
but not 5’-phosphates, and trypsin hydrolyzes peptide 
bonds which involve the carboxyl group but not the 
amino group of arginine or lysine residues (Figure 1). 
Similar specificity occurs in the hydrolysis of a variety 
of low-molecular-weight synthetic substrates and qua- 
si-substrates. These are ester or amide derivatives in 
which the active site specific group containing a positive 
charge is located adjacent to the carbonyl group at 
which cleavage occurs. 

Because this type of natural specificity was exhibited 
by trypsin with both proteins and synthetic substrates, 
it was assumed that any modification in the funda- 
mental molecular structure of the substrate would cause 
a loss of susceptibility. Some workers doubted, how- 
ever, whether enzymes could be always “perfect” in their 
recognition of a variety of synthetic (artificial) sub- 
stances. 

Development of Trypsin Substrates of a New 
Type: Inverse Substrates 

Our early work showed that esters of p-amidino- 
benzoic acid (1) behave as specific substrates of trypsin 
and that meta isomers (2) are very inefficient as sub- 
strates.l These esters conform to the natural specificity 
of trypsin, but their structures are simplified by lack 
of an amino function. In an extension of this research 
we designed esters of an inverted structure, namely, acyl 
derivatives of p-amidinophenol (3). 
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Spectrometric analysis of the interaction between 
trypsin and compound 3 (R = CH3) showed that com- 
pounds of this type are good substrates for the enzyme. 
After rapid mixing of enzyme and substrate, fast acy- 
lation occurs and slow deacylation follows. The reaction 
is monitored by amidinophenol liberation under con- 
ditions of substrate excess. The reaction follows Mi- 
chaelis-Menten kinetics with strong binding affinity, 
efficient acylation, and rate-determining slow deacyla- 
tion, exactly the same as with normal substrates. As 
a result, an acyl enzyme intermediate (EA) accumulates 
in the course of the steady-state hydrolysis: 

Since the site-specific group for the enzyme in the 
esters (3), an amidinium ion, is included not in the acyl 
moiety but in the leaving group, these esters were 
termed “inverse substrates”.2 The kinetic parameters 
for some inverse substrates of type 3 are listed in Table 
I together with those for the meta isomers (4) and for 
a normal type (1). p-Amidinophenyl acetate (3: R = 
CH3), for example, has a binding constant of about 
M, efficient acylation with a rate constant of 17 s-l, and 
a slow deacylation (k3 = 9.3 X s-l). In constrast, 
the meta isomers (4) are very poor substrates, probably 
because of an unfavorable positioning of the carbonyl 
carbon, as shown by the small acylation rate constant. 
The situation is analogous to that of 2. The acylation 
rate constants of inverse substrates are nearly compa- 
rable to those of normal substrates. The binding con- 
stants of inverse substrates (ca. M) are small 

Comnun. 1968,32, 893. (b) Chem. Pharm. Bull. 1970,1I, 2247. 

99, 4485. 

(1) (a) Tanizawa, K.; Ishii, S.; Kanaoka, Y. Biochem. Biophys. Res. 

(2) Tanizawa, K.; Kasaba, Y.; Kanaoka, Y. J .  Am. Chem. SOC. 1977, 
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Table  I. 
Kinetic Pa rame te r s  for  Trypsin-Catalyzed Hydrolysis of “Inverse Substrates’’ and  Normal-Type Substrates  

at pH 8.0 and  25 O C  

substrate K,, PM k,, s-l k3,  s-l X lo2 kz/K,,O s-’*~tM-’ 
3 

RCO = CHSCO 
RCO = CHZCHBCO 
RCO = Ac-Gly 
RCO = Ac-Gly-Gly 
RCO = Ac-Gly-Gly-Gly 
RCO = Ac-L-Ala 
RCO = Ac-D-Ala 
RCO = Ac-L-Ala-Gly 
RCO = Ac-D-Ala-Gly 

4 
RCO = CHSCO 
RCO = CH2CH3CO 

1 

38.7 f 2.9 
26.7 f 3.7 
29.3 f 2.3 
27.4 f 2.2 
46.5 f 2.0 
45.9 f 10.0 
30.2 f 3.9 
36.4 f 10.1 
19.2 f 2.3 

30.3 f 7.8 
28.6 f 4.3 

17.0 f 3.4 
9.40 f 0.66 
19.2 f 0.6 
20.9 f 2.8 
14.9 f 0.2 
4.82 f 0.39 
6.99 f 0.45 
9.55 f 0.84 
6.56 f 0.12 

0.0301 f 0.0038 
0.0677 f 0.0052 

0.926 f 0.097 
1.30 f 0.08 
61.1 f 0.7 
126 f 2 
146 f 3 
208 f 3 
1.21 f 0.06 
183 f 4 
27.6 f 0.3 

0.498 f 0.050 
0.889 f 0.028 

0.44 
0.35 
0.66 
0.76 
0.32 
0.11 
0.22 
0.26 
0.34 

0.00099 
0.0024 

R = p-NO2-CBHd 5.03 f 0.43 30.4 f 0.6 6.53 f 0.13 6.04 
p-nitrophenyl acetate 21000 1.5 1.30 0.000071 

“The value is equal to k,,,/K,(app). 
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F i g u r e  1. Enzyme specificity on sequential chain substrates. 

enough for specific binding, though they are substan- 
tially larger than that of 1. The nonspecific p-nitro- 
phenyl acetate exhibits both very poor binding and a 
slow acylation rate with trypsin. 

The catalytic process with an inverse substrate is 
compared to that with normal-type substrates in Figure 

2. With an inverse substrate, after specific binding and 
efficient acylation, the site-specific amidinophenyl 
moiety departs as the leaving group to give acyl enzyme 
in a very specific manner. 

Applications of Inverse Substrates 
Inverse substrates are useful for specific introduction 

of a wide variety of acyl groups, including reporter 
groups, into the trypsin active site. Development of 
various new acyl enzymes is expected to reveal novel 
features of enzymatic reaction mechanisms and of the 
environment of the active sites. Extending the “inverse” 
concept to trypsin-like enzymes is especially important, 
since inverse substrates of these biologically important 
enzymes have potential for clinical applications. 

Application to Studies on Structure and 
Function of Trypsin 

Deacylation Rates in Tryptic Hydrolysis of 
Nonspecific Substrates. Kinetic parameters for in- 
verse esters derived from acetyl amino acids and acetyl 

0 - COZH 

-7 Q OH 
RO H = e @- d 0 ”Lo P W  OH 

k2 

@ - C-OR 
6 a 

NORMAL TYPE SUBSTRATE 

1 N VERSE SUBSTRATE 

Figure 2. Reaction sequences of trypsin with normal and inverse substrates. Hydroxy function and negative charge represent the 
catalytic residue Ser-195 and the binding residue Asp189 at the active site, respectively. The process to the formation of acyl trypsin-ligand 
complex (below, right) is only for the case where a cationic compound is present. 
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peptides are shown in Table I. Even in the case of D 
amino acid derivatives, catalysis yielded acyl enzyme 
intermediates in a very specific manner. Since inverse 
substrates are artificial substances designed to afford 
acyl enzymes in a specific manner, their K, and kz 
values have no significant meaning in a physiologic 
sense. 

The hydrolytic behaviors of these aminoacyl or pep- 
tidy1 enzymes (k3) ,  however, are pertinent to the 
mechanism of enzymatic action because trypsin is a 
proteolytic enzyme which cleaves peptides via acyl en- 
zyme intermediates. The I t3  values for some D amino 
acid derivatives, which are difficult to obtain for trypsin 
with conventional substrates because of their extremely 
slow acylation rates, have now been determined.3 The 
acetyl-D-alanine residue undergoes deacylation, but the 
rate is quite slow, 172 times slower than for the L en- 
antiomer. This result shows that enantiomeric dis- 
crimination is exhibited both in the acylation step and 
in the deacylation step. The enantiomeric preference 
of trypsin was much less marked between a pair of 
acetylalanylglycine derivatives. These observations can 
be analyzed in terms of the chiral requirements of 
subsite interactions consistent with the crystallographic 
analysis of the trypsin-pancreatic trypsin inhibitor 
~omplex .~  The effect of the peptide chain length with 
glycine residues was also determined. The rate of 
cleavage of the derivative of acetyltriglycine is slightly 
faster than that of the acetyldiglycine one. Both rates 
are about twice that of the acetylglycine derivative. 

Enhancement of the Efficiency of Tryptic Hy- 
drolysis. An important characteristic of inverse sub- 
strates is that the acyl enzyme formed from the sub- 
strate lacks a site-specific cationic group which can 
interact with the binding site (Figure 2). Therefore, the 
acyl enzyme can accept an external charged molecule 
at this vacant site to form an acyl enzyme-charged 
molecule complex, provided that the vacant cavity is 
large enough for both the acyl residue and the charged 
molecule. The dissociation constant of this complex is 
denoted as K( in Figure 2. The deacylation rate con- 
stant for the complex, k<, is expected to be different 
from that of the simple acyl enzyme. The presence of 
a cationic compound accelerated the overall catalytic 
rate for p-amidinophenyl acetate. This acceleration 
must occur at the rate-determining deacylation stage. 
Cationic compounds which are competitive inhibitors 
for trypsin generally have a rate-accelerating effect, the 
extent of which depends on the ligand c~ncentration.~ 
Our observation of rate acceleration is similar to the 

findings of Inagami and Murachi that tryptic catalysis 
of ethyl acetylglycinate was accelerated by cationic 
compounds.6 Ethylamine enhanced the catalysis, but 
butylamine caused inhibition. They concluded that a 
specific ligand can interact with the vacant binding site 
if the ligand is small and that the interaction induces 
a conformational transition of the enzyme structure to 
promote catalytic efficiency. However, some evidence 
which cannot be fully explained by this mechanism has 
since been  reported.'^^ Some alkylamines which are 

(3) Fujioka, T.; Tanizawa, K.; Kanaoka, Y. J.  Biochem. 1980,89,637. 
L/D specificity has been determined with p-nitrophenyl esters and chy- 
motrypsin: Ingles, D. W.; Knowles, J. R. Biochem. J.  1967,104, 369 1968, 
108, 561. 

(4) Huber, R.; Bode, W. Acc. Chem. Res. 1978, 11, 114. 
(5) Tanizawa, K.; Kasaba, Y.; Kanaoka, Y. J. Biochem. 1980,87,417. 
(6) Inagami, T.; Murachi, T. J. Biol. Chem. 1964,239, 1395. 

much larger than butylamine, such as n-hexyl- and 
n-octylamines, were found to accelerate the trypsin- 
catalyzed hydrolysis of ethyl- or p-nitrophenyl acetyl- 
glycinates. Therefore, the effect of cationic ligands on 
tryptic efficiency remained ambiguous. 

The kinetic properties of an inverse substrate, p- 
amidinophenyl acetylglycinate, toward trypsin showed 
that it behaved as a specific substrate with stronger 
binding and a much more efficient acylation rate con- 
stant than p-nitrophenyl and ethyl  ester^.^ These 
kinetic characteristics allowed the acyl enzyme inter- 
mediate to be produced quantitatively and very spe- 
cifically. Nonspecific ethyl and p-nitrophenyl acetyl- 
glycinates give the same acyl enzyme, acetylglycyl- 
trypsin, but the yield is much lower due to their kinetic 
characteristics. 

When an amidine or amine was added during the 
steady state, hydrolysis of the p-amidinophenyl esters 
was accelerated. Indeed, all cationic compounds tested 
had an acceleration effect. The parameters for the 
acceleration process, k3)/ k3 and K:, were determined 
from 

K 8  k kQ 
E + S e ES -$ EA - E  + P2 

+ + 
I 

( 2 )  

pr 

E 1  EA1 

where k < / k 3  is the ratio of rates from the acyl en- 
zyme-ligand complex (EAI) and acyl enzyme (EA) and 
K{ is the dissociation constant of EAI. Every kQ/k3  
value obtained from p-amidinophenyl esters was >1, 
indicating that the inhibitory effect of n-propyl- and 
n-butylamines seen in previous work with conventional 
substrates is apparently due to the somewhat nonspe- 
cific character of these  substrate^.^ 

Spectrometric Analysis of Acyl Trypsins La- 
beled with Reporter Groups. p-Amidinophenyl es- 
ters carrying a fluorophore,1° an optically active chro- 
mophore,l' or a stable free radical12 were synthesized 
(Figure 3). Each of these esters showed strong binding 
affinity and efficient acylation of trypsin. The di- 
nitrophenyl-D-alanine derivative yielded the acyl trypsin 
in a very specific manner. Acyl trypsins were success- 
fully isolated by the following general procedure: The 
enzyme was treated with excess substrate at pH 8.0 for 
several minutes. The pH was then lowered to 2, and 
the protein was separated from free substrate by gel 
filtration and lyophilized. Isolated acyl trypsins were 
completely inactive. Reactivation as a result of dea- 
cylation was observed during incubation at pH 8.0. One 
mole of acyl group per mole of enzyme was determined 
by spectrometric analysis of the acyl trypsin sample. 

Information about the microenvironment of the 
trypsin active site was obtained by spectrometric 

(7) Erlanger, B. F.; Castleman, H. Biochim. Biophys. Acta 1964,85, 

(8) Seydoux, F.; Coutouly, G.; Yon, J. Biochemistry 1971, 10, 2284. 
(9) Tanizawa, K.; Nakano, M.; Lawson, W. B.; Kanaoka, Y. J. Bio- 

(10) Nakayama, H.; Tanizawa, K.; Kanaoka, Y. J. Am. Chem. Soc. 

506. 

chem. 1982, 92, 945. 

1980,102, 3214. 
(11) Nakavama. H.: Tanizawa, K.; Kanaoka, Y. Eur. J. Biochem. 1980, 

112, 403. 

1980, 612, 405. 
(12) Fujioka, T.; Tanizawa, K.; Kanaoka, Y. Biochim. Biophys. Acta 
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I NHCH( CH3)- HCH ( CH3) - No2w02 NHCH2- 
0. 0. ( L )  ( D )  

Figure 3. Inverse substrates carrying reporter groups. 

analysis of these acyl trypsin preparations. Fluores- 
cence spectra of acyl trypsins derived from compounds 
a-g (Figure 3) were analyzed. Each dansyl group in the 
acyl trypsins derived from compounds d-g may be lo- 
cated in a different region near the active site. Polar- 
ities of these regions were estimated from the emission 
wavelengths of the spectra by using Kosower’s 2 value.13 
The polarities of each environment containing the 
dansyl group derived from compounds d-f are almost 
identical with 2 = 90, whereas the environment occu- 
pied by that from compound g is less polar , 2 = 85.14 

The solvent accessibility of the active site vicinity was 
estimated from the effect of deuterium oxide on the 
fluorescence spectrum of the acyl trypsin derived from 
compound c. Further structural information was ob- 
tained by measuring the energy-transfer efficiency in 
the fluorescence spectra between intrinsic tryptophan 
residues and the extrinsic fluorophore.1° The emission 
maxima of the spectra of acyl trypsin from compound 
c shifted to a longer wavelength (12 nm) when cationic 
ligands were added. As mentioned previously, these 
ligands increased tryptic efficiency. The spectral 
changes caused by addition of cationic ligands may 
accompany conformational changes related to the ac- 
celeration phenomenalo and probably reflect an alter- 
ation of the active site vicinity, caused by the more polar 
environment. Electron spin resonance spectra of acyl 
trypsins from compounds h-j revealed freedom of 
motion of the active site.12 
Inverse Substrates for Trypsin-like Enzymes 

Many enzymes which have key roles in coagulation 
and fibrinolysis exhibit trypsin-like specificity and 
should also react with inverse substrates for trypsin. 
Kinetic analysis of the reactions of trypsin-like enzymes 
with p-amidinophenyl esters revealed that the “inverse” 
concept is also applicable to thrombin, plasmin, uro- 
kinase, kallikrein, and trypsins from various ~0urces.l~ 

(13) Kosower, E. M. J. Am. Chem. SOC. 1958, BO, 3267. 
(14) Tanizawa, K.; Nakano, M.; Kanaoka, Y. Bioorg. Chen.  1987,15, 

50. 
(15) (a) Nozawa, M.; Tanizawa, K.; Kanaoka, Y.; Moriya, H. J .  

Pharmacobio-Dyn. 1981,4,559. (b) Nozawa, M.; Tanizawa, K.; Kanaoka, 
Y. Ibid. 1980, 3, 213. 

57 189 I95 
Bovine Trypsin -Ala-Ala-Hls-Cys-Tyr-Lys~ -Asp-Ser-Cys-Gln-Gly-Asp-Ser-Gly-Gly-Pro- 

Hog Trypsin -Ala-Ala-His-Cys-Tyr-Lys- -Asp-Ser-Cys-Gln-Gly-Asp-Ser-Gly-Gly-Pro- 

SG Trypsin -Ala-Ala-His-Cys 

H u m  Plasmin -Ala-Ala-His-Cys 

Human Thranbin -Ala-Ala-His-Cys 

Hog Kallikrein -Ala-Ala-His-Cys 

21 5 
Bovine Trypsin -Gly-lle-Val-Ser-Trp-Gly-Ser-Gly-Cys-Ala- 

Hog Trypsin -Gly-lle-Val-Ser-Trp-Gly-Ser-Gly-Cys-Ala- 

SG Trypsin -Gly-lle-Val-Ser-Trp-Gly 

Human Plasmin - G l y m S e r - T r p - G l y  

-Gly-Ile Q - -  Thr Ser Trp Gly 

Human Thrmbin -Gly-ile-Val-Ser-Trp-Gly 

Hog Kallikrein 

Figure 4. Comparisons of amino acid sequences of the “binding 
holes”. On the basis of a molecular model of bovine trypsin, three 
peptide fragments which constitute the “binding hole” are shown. 
Covalent structures of the corresponding peptide fragments of 
other enzymes are compared. Different residues from those of 
bovine trypsin are framed. The numbering is that  of chymo- 
trypsinogen A. 

These enzymes are similar to bovine trypsin in their 
binding constants and acylation rate constants with 
inverse substrates. Their deacylation rate constants, 
however, show considerable variability. 

Comparative Studies on the Active Site Struc- 
tures of Trypsin-like Enzymes. The active site 
structures of trypsin-like enzymes are assumed to be 
very similar to that of bovine trypsin, but much less is 
known about them. Elucidation of these structures is 
important for the purpose of designing physiologically 
active substances. With a view to comparing the spatial 
requirements of the active sites of these enzymes, the 
dissociation constants of the acyl enzyme-ligand com- 
plex, K;, were determined. The kinetic reactivity of hog 
trypsin was quite similar to that of bovine trypsin. 
Kallikrein and urokinase showed strongly restricted 
spatial requirements at the active site.16 

A molecular model of bovine trypsin constructed from 
the X-ray datal’ revealed that the “binding hole” is 

(16) Nozawa, M.; Tanizawa, K.; Kanaoka, Y. J. Biochem. 1982, 91, 

(17) Fehlhammer, H.; Bode, W. J. Mol. Biol. 1975, 98, 683. 
1837. 
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Table 11. 
Comparison of Deacylation Rate Constants for Bovine Trypsin, Human Thrombin, and Human Plasmin Catalyzed Reactions 

at pH 8.0 and 25 “C 

k3, X lo3 k3(plasmin)/ 
acyl group bovine trypsin human thrombin human plasmin k3( thrombin) 

CHXO 9.26 f 0.51 2.23 f 0.11 10.6 f 0.50 4.7 
C H ~ ( C H ~ ) ~ C O  7.50 f 0.42 
CH3(CH&CO 4.07 f 0.20 
C-C~HSCO 12.3 f 0.90 

(CH3)2CHCO 1.24 f 0.12 
(CH3)2CHCH2CO 1.02 f 0.14 
(CH&CCO 0.26 f 0.03 
CH3(H)C=C(H)C0 0.93 f 0.05 
CeHsCO 0.81 f 0.05 

p-NO2-CsHhCO 20.8 f 1.20 
CY-CIOH~CO 0.35 f 0.02 

C-C~H~ICO 11.9 f 1.10 

p-CH3O-C6H4CO 0.29 f 0.01 

1.19 f 0.08 
5.21 f 0.10 
2.91 f 0.34 
2.58 f 0.21 
1.23 f 0.15 
0.45 f 0.02 
0.22 f 0.01 
0.51 f 0.02 
3.32 f 0.11 
0.33 f 0.02 
2.49 f 0.15 
0.22 & 0.01 

6.45 f 0.54 
5.42 f 0.22 
9.47 i 0.77 

2.35 f 0.38 
2.83 f 0.12 
0.35 f 0.01 
0.94 f 0.06 
0.13 f 0.01 
0.013 f 0.005 
3.80 f 0.36 
0.012 f 0.003 

11.1 f 0.80 

5.4 
1.0 
3.3 
4.3 
1.9 
6.2 
1.6 
1.8 
0.04 
0.04 
1.52 
0.05 

made up of three peptide fragments.16 The amino acid 
sequences of these fragments are shown in Figure 4, 
together with those expected for hog trypsin,l* Strep- 
tomyces griseus (SG) trypsin,lg and human plasmin,20 
thrombin,21 and kallikrein.22 Bovine and hog trypsins 
are identical in the sequences of these three fragments, 
while SG trypsin and human thrombin, plasmin, and 
kallikrein are slightly different from the mammalian 
trypsins in these sequences. These facts parallel our 
observations on the spatial requirements of the active 
site toward acyl enzyme-ligand complexation. 

Medicinal Applications. By taking advantage of 
inverse substrates, which have an unlimited range of 
acyl components, one can develop stable acyl enzymes. 
These transient inhibitors for trypsin-like enzymes 
would be candidates for use as drugs. To investigate 
this possibility, the deacylation rate constants for 
plasmin- and thrombin-catalyzed hydrolyses of various 
esters are being determined. The results obtained thus 
far are shown in Table II.23 The p-methoxybenzoyl 
ester, for example, affords a very stable acyl plasmin 
with a half-life of about 15 h, while that of the acyl 
thrombin is 35 min. The isovaleryl ester gives an acyl 
plasmin with a 4-min half-life and an acyl thrombin 
with a 25-min half-life.24 

A new approach to thrombosis therapy using acyl 
plasmins has been reported by Smith et al.25 Acyl 
plasmins are catalytically inert and unable to react with 
plasma inhibitors but can still bind to a fibrin clot. 
They can therefore circulate without being trapped by 
inhibitors: When they come in contact with fibrin, 

(18) Hermodson, M. A.; Ericsson, L. H.; Neurath, H.; Walsh, K. A. 

(19) Olafson, R. W.; JurLek, L.; Carpenter, M. R.; Smillie, L. B. 
Biochemistry 1975, 12, 3146. 

Biochemistry 1975, 14, 1168. 

Chem. 1975.250.4044. 
(20) Robbins, K. C.; Boreisha, I. G.; Arzadon, L.; Summaria, L. J. Biol. 

(21) Butkowski, R. J.; Elion, R. J.; Downing, M. R.; Mann, K. G. J. 
Biol. Chem. 1977, 252, 4942. 

(22) Tschesche, H.; Mair, G.; Godec, G.; Fiedler, F.; Ehret, W.; Hir- 
shauer, C.; Lemon, M.; Fritz, H. In Advances in Experimental Medicine 
and Biolozv: Fuiii, S., Moriva, H., Suzuki, T., Eds.; Plenum: New York, 
1979; Vol,i2OB; p 245. 

(23) Tanizawa, K.; McLaren, A. B.; Lawson, W. B.; Kanaoka, Y. Chem. 
Pharm. Bull. 1986, 34, 913. 

(24) Recent analysis using optically active acyl groups revealed that 
thrombin and plasmin were differentiated markedly by @)-hydro- 
coumarilyl residue through they were not distinguished by its antipode: 
Tanizawa, K.; Yamada, H.; Kanaoka, Y., unpublished results. 

(25) Smith, R. A.; Duppe, R. J.; English, P. D.; Green, J. Nature 
(London) 1981, 290, 505. Clinical trial of an acyl plasmin analogue in 
patients with myocardial infarction has been reported: Ikram, S.; Lewis, 
S.; Bucknall, C.; Sram, I.; Thomas, N.; Vincent, R.; Chamberlain, D. Br. 
Med. J. 1986, 293, 786. 

deacylation can occur to yield a fibrin-plasmin complex, 
which undergoes fibrinolysis. Acyl plasmins of appro- 
priate stability were prepared by the general method 
for application of inverse substrates.2 

Inverse Substrates: General Considerations 
Classification of Protease-Specific Compounds. 

Compounds which interact specifically with proteases 
can be classified into five categories:26 

E + S =i ES -. (E-S’) 4 E + P (3) 
E + I = E I  (4) 

E + I’ + EI’ * E-I’ ( 5 )  
E + I” .t EI” 4 E-I” (6) 

(7) 
where S, I, 1’, I” and I”’ are conventional substrates, 
competitive inhibitors, transition-state inhibitor,27 
specific irreversible inhibitors, and inverse substrates, 
respectively. The biological effect of inverse substrates 
is ”transient inhibition” because of the Eormation of a 
more or less labile covalent bond between the substrate 
and enzyme (E-I”’). The reaction of inverse substrates 
is essentially the same as that of conventional ester 
substrates, proceeding through the same steps to re- 
generate the original enzyme after a certain “sleeping 
time”, the lifetime of E-I”’, determined by the acyl 
moiety. This characteristic of inverse substrates is not 
shared by any other inhibitors, such as the 
“mechanism-based”, or “suicide”, and “affinity-labeling” 
inhibitors classified as I” and transition-state inhibitor 
1’. 

Imperfect Enzymatic Recognition of Substrate 
Molecules. The kinetic behavior of proteolytic en- 
zymes toward a wide variety of synthetic substrates and 
inhibitors has been determined, and some apparently 
irrational enzymatic responses have been observed. 
These responses suggested that enzymatic recognition 
of substrates may be imperfect. The reactivity of in- 
verse substrates may be considered to be due to such 
an imperfection. 

In general, peptide bonds adjacent to a D amino acid 
are not hydrolyzed by proteases, thus avoiding any 
contamination of optical isomers in subsequent meta- 

E + 1”’ + EI”’ A E-1”’ - E + p’ 

(26) Tanizawa, K.; Kanaoka, Y. In Biomimetic and Bioorganic Chem- 
istry III; VOgtle, F., Weber, Eds.; Springer-Verlag: West Betlin, 1986; 
p 81. 

(27) Tanizawa, K.; Kanaoka, Y.; Woa, J. D.; Lawson, W. B. Biol. Chem. 
Hoppe-Seyler 1985, 366, 871. 
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(C) ( d )  

Figure 5. Schematic representation of productive (a, c) and 
nonproductive (b, d) bindings of tyrosine derivatives to  chymo- 
trypsin. Catalytic residues in the active site are illustrated as a 
sharp edge. 

Ac-i-Leu-$-Tyr-NHCH 3 Ac-g-Tyr-g-Leu-NHCH 3 

(a )  ( b )  

Figure 6. Binding of specific substrate (a) and its “retro- 
enantiomer” (b) to pepsin. Arrow represents the proximity of 
the catalytic residue. Reproduced from ref 30. 

bolic pathways and other life processes. So-called 
nonproductive or wrong-way binding must be such a 
binding, in which the enzyme is prevented from cata- 
lyzing reactions of inappropriate substrates. A typical 
example of such binding is the interaction of chymo- 
trypsin with D amino acid derivatives (Figure 5b). 
However, nonproductive binding between chymotrypsin 
and its substrate, acetyl-L-tyrosine anilide, is somewhat 
different.28 Chymotrypsin acts specifically on peptides 
of aromatic amino acids, but in the case shown in Figure 
5d it cannot discriminate completely between the aro- 
matic residue of the tyrosine side chain and the anilide 
moiety, even when the substrate has an L configuration. 

The binding constant of the substrate acetyl-L- 
leucyl-L-tyrosine methylamide to pepsin (K,) is 2.7 
mM, and the binding constant of the inhibitor acetyl- 
D-tyI’OSyl-D-leUCine methylamide (KJ is 5.8 mM.29 The 
binding model in Figure 6 was proposed to explain why 
these binding constants are almost identical. This 
model assumes that the space-filling structure of leu- 
cyltyrosine in the L-configuration is similar to that of 
the reversed sequence, tyrosylleucine, in the D config- 
uration. The term “retro-enantiomer” was proposed to 
describe the concept.30 Here again the enzyme may 

(28) Fastrez, J.; Fersht, A. B. Biochemistry 1973, 12, 1067. 
(29) Shemyakin, M. M.; Ovchinnikov, Y. A.; Ivanov, V. T. Angew. 

Chem., Int. Ed. Engl. 1969, 8, 492. 

have been misled. The peptide bond in this case 
(Figure 6b) is resistant to hydrolysis because it does not 
become properly oriented to the enzyme catalytic res- 
idue. 

Requirements for the Design of Inverse Sub- 
strates. The kinetic behaviors of inverse-type com- 
pounds for chymotrypsin and trypsin have been studied 
by other research groups. Jones et al.31 prepared esters 
with alcohol components which imitate tryptophan and 
phenylalanine residues in the hope of obtaining chy- 
motrypsin substrates. Attempts have been also made 
by Hartman et al.32 and Muramatsu et al.,33 who pre- 
pared aminobutyl acetate as a trypsin-specific com- 
pound. None of these compounds were hydrolyzed 
appreciably under the experimental conditions used. 
Although enzyme function is not always perfect, en- 
zymes are still be able to discriminate against such 
derivatives. In the design of inverse substrates, some 
increase in chemical reactivity is needed. For example, 
phenyl esters are generally much more susceptible to 
nucleophilic attack than esters of aliphatic alcohols, and 
the p-amidino substituent has an electron-withdrawing 
character nearly equal to that of the p-nitro 
Therefore, the p-amidinophenyl group we have used as 
leaving portion satisfies both conditions: the spatial 
requirements of the active site of the enzyme and the 
chemical reactivity. 

In the acylation stage, inverse substrates will be 
distinguished from normal substrates because the 
leaving oxygen atom is in a different position. In this 
case, the assistance of the residue which serves as gen- 
eral acid or proton donor to the leaving oxygen is not 
expected.35 p-Amidinophenol thus compensates 
chemically for the inherent (steric) disadvantage of the 
enzymatic process with inverse  substrate^.^^ These 
considerations explain why the compounds reported by 
Jones et al., Hartman et al., and Muramatsu et al. be- 
haved as competitive inhibitors. 

It is perhaps worth reconsidering the status of chy- 
motrypsin substrates derived from p-nitrophenol in 
terms of the inverse concept. The well-known p -  
nitrophenyl acetate is an active ester with an aromatic 
moiety specific for the enzyme in its leaving portion. 
This compound may be considered to be an inverse 
substrate. 2-Hydroxy-5-nitro-a-toluenesulfonic acid 
sultone may be considered a hybrid of normal and in- 
verse  substrate^.^^ 

As early as the 1960s one of us (W.B.L) noticed the 
important role of the p-nitrophenyl group at the bind- 
ing site of chymotrypsin and utilized it in the design 
of one of the first affinity labeling agents3* However, 
no one has paid special attention to  the specificity of 

(30) Goodman, M.; Chorev, M. Acc. Chem. Res. 1979, 12, 1. 
(31) Jones, J. B.; Sneddon, D. W.; Lewis, A. J. Biochim. Biophys. Acto 

(32) Hartman, H.; Holler, E. Eur. J .  Biochem. 1970, 16, 80. 
(33) Muramatsu, M.; Hayakumo, Y.; Fujii, S. J. Biochem. 1967, 62, 

(34) Wang, C.; Shaw. E. Arch. Biochem. Biophys. 1972, 150, 259. 
(35) The assistance of His-57 to aid the departure of the oxygen atom 

in the transformation process from the tetrahedral intermediate to the 
acyl enzyme has been suggested for the chymotryptic catalysis: Blow, D. 
M. Acc. Chem. Res. 1976,9, 145. 

(36) Prof. F. J. KBzdy (Univeristy of Chicago) proposed the term “half 
enzyme mechanism” to one of LIS (K.T.) for the catalytic process with 
inverse substrates. We are grateful for his helpful discussion on this 
point. 

(37) Heidema, J. H.; Kaiser, E. T. J .  Am.  Chem. SOC. 1967, 89, 460. 
(38) Lawson, W. B.; Schramm, H. J. Biochemistry 1965, 4 ,  337. 

1974,341, 284. 
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the binding of the ester group or thought of these esters 
as inverted substrates, though many studies have been 
done with active esters since then. 

Concluding Remarks and Further Applicability 
of Inverse Substrates 

The most striking characteristic of inverse substrates 
is the generation of acyl enzymes with'little restriction 
on the structure of the acyl moiety. As a result, a wide 
variety of acyl groups can be introduced specifically into 
an enzyme active site. The new approach to thrombosis 
therapy reported by Smith et al.25 succeeded by ex- 
ploring this characteristic feature of inverse substrates. 
A further type of application was exemplified recently 
by the report on photoactivatable acylated thrombin.39 

Esters derived from p-(aminomethy1)phenol and p- 
guanidinophenol have also been effective as substrates 
for trypsin and trypsin-like enzyme~, l~~?~O and (tri- 

(39) Turner, A. D.; Pizzo, S. V.; Rozakis, G. W.; Porter, N. A. J. Am. 
Chem. SOC. 1987, 109, 1274. 

methy1amino)butanoic acid p-nitrophenyl ester is an 
inverse substrate for butyrylch~linesterase.~~ Appli- 
cation of the inverse concept to thiol enzymes has also 
been successful: p-amidinophenyl esters are substrates 
for c l ~ s t r i p a i n , ~ ~ ~  a thiol enzyme with trypsin-like spe- 
cificity. Although not every hydrolytic enzyme may act 
on inverse substrates, this concept should be useful with 
many enzymes for both research and clinical applica- 
tions. 
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Organic radical ions are important intermediates in 
a wide variety of chemical processes, and they also 
command attention because of a multitude of unusual 
structure types and a variety of interesting reactions.l+ 
Several techniques have been applied to probe various 
aspects of radical ion chemistry. Fast, time-resolved 
optical spectroscopy is a useful tool to derive informa- 
tion about the kinetics of formation and decay but 
usually provides little or no information concerning the 
identity or structure of the transient." Electron spin 
resonance (ESR) allows insight into the structure of 
radical ions by probing their unpaired spin density 
distributions and has proved invaluable for a large va- 
riety of radical ions."1° Its application is usually lim- 
ited to species with lifetimes well above the millisecond 
range, although selected hydrocarbon cation radicals 
have been studied on the nanosecond time scale.1° A 
large number of radical cations have been studied by 
matrix isolation optical or EPR spectro~copy.~ How- 
ever, the relatively high energy (-1 MeV) of the y- or 
X-irradiation employed for the generation of the radical 
cations combined with the relatively slow dissipation 
of excess energy in rigid matrices constitutes a potential 

Heinz D. Roth was born in the Lower Rhine region of Germany and studied 
chemistry at the Universities of Karisruhe and Kbln where he  received a Dr. 
rer. nat. degree (with Emmanuel Vogel). After 2 years as a postdoctoral 
fellow in Wllliam Doering's laboratory at Yale University, h e  joined the Organ- 
ic Chemistry Research and Development Department of ATBT Bell Labora- 
tories. His research Interests include mechanlsms of light-induced and ther- 
mal reactions; structure and reactivity of short-lived reaction intermediates, 
prtlculariy carbenes, free radicals, and radlcal ions; electron donor-acceptor 
interactions, and photolnduced electron transfer. 

drawback of this method of study. Since the barriers 
to radical cation rearrangements are considerably lower 
than those on the parent energy surfaces, a number of 
the most interesting radical cations, e.g., those of 
strained-ring hydrocarbons such as quadricyclane," 
Dewar benzene,I2 or benzvalene, have eluded this 
technique because of rapid rearrangements under the 
conditions of their generation. Clearly, a milder method 
of generation and a faster method of observation would 
be usefu1.13-15 

(1) Komblum, N. Angew. Chem., Znt. Ed. Engl. 1975, 14, 734. 
(2) Blankenship, R. E.; Parson, W. W. Annu. Rev. Biochem. 1978,47, 

(3) Roth, H. D.; Schilling, M. L. M. J. Am. Chem. SOC. 1980, 102, 

(4) Shida, T.; Haselbach, E.; Bally, T. Acc. Chem. Res. 1984, 17, 

(5) Chuang, T. J.; Cox, R. J.; Eisenthal, K. B. J. Am. Chem. SOC. 1974, 

635-653. 

4303-4310. 

180-186. 

96.6828. 
I .. 

(6) Okada, T.; Migita, M.; Mataga, N.; Sakata, Y.; Misumi, S. J. Am. 
Chem. SOC. 1981, 103, 4715. 

(7) See, however: Bondybey, V. E.; Miller, T. A. Molecular Zons, 
Spectroscopy, Structure, and Chemistry; North-Holland Amsterdam, 
1983. ~~ 

(8) Gerson, F.; Huber, W. Acc. Chem. Res. 1987,20,85-90. 
(9) Courtneidge, J. L.; Davies, A. G. Acc. Chem. Res. 1987,20,90-97. 
(10) Trifunac, A. D.; Lawler, R. G.; Bartels, D. M.; Thurnauer, M. C. 

(11) Haselbach, E.; Bally, T.; Lanyiova, Z.; Baertachi, P. Helu. Chim. 

(12) Haselbach, E.; Bally, T.; Gschwind, R.; Klemm, U.; Lanyiova, Z. 

(13) Roth, H. D.; Schilling, M. L. M.; Jones, G., I1 J. Am. Chem. SOC. 

(14) Roth, H. D.; Schilling, M. L. M.; Raghavachari, K. J. Am. Chem. 

(15) Abelt, C. J.; Roth, H. D.; Schilling, M. L. M. J. Am. Chem. SOC. 

Progr. React. Kinet. 1986, 14, 43-156. 

Acta 1979,62, 583-592. 

Chimia 1978,33, 405-411. 

1981,103, 1246-1248. 

SOC. 1984,106, 253-255. 

1985,107, 4148-4152. 

0001-4842/87/0120-0343$01.50/0 0 1987 American Chemical Society 


