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X-ray crystallographic studies at 1.9-2.6-A resolution of in
hibitor complexes of the serine proteases trypsin3,4 and subtilisin 
BPN'5 have so far failed to resolve the state of hybridization of 
the carbonyl group of the inhibitor.6 Thus, although no significant 
distortion of carbonyl sp2 hybridization of trypsin inhibitors has 
yet been revealed by NMR spectroscopy,6,7 participiation of the 
serine hydroxyl group in covalent bond formation with the 
proximal carbonyl of inhibitors linked to the neighboring histidine 
residue is by no means excluded by the crystallographic evidence 
cited above. In order to resolve this question for the case of a 
trypsin-inhibitor complex, we have selected Z-lys-CMK (I),8 

which specifically alkylates N-3 of histidine-57.9,10 As discussed 
below, clear evidence for a tetrahedral adduct is displayed by the 
13NMR spectrum of this inhibitor complex with trypsin. 

[2-13C]Z-lys-CMK was synthesized9,11 from [l-13C]lysine (90 
atom % enrichment). In aqueous solution (pH <7) resonances 
were detected (Figure la) at 204.7 and 95.4 ppm, which are 
assigned to the ketone (1) and its hydrate (2),12 respectively 
(Scheme I). In 100% dimethyl sulfoxide a single resonance was 
detected at 200.6 ppm. Incubation of trypsin,14 whose 13C NMR 
spectrum at pH 3.2 is shown in Figure lb, with Z-lys-CMK17 

produced no loss of activity at pH 3.2 and no perturbation of the 
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Figure 1. (a) Z-lys-CMK 47.6 mM (by weight), 1 mM HCl, D2O 16.7% 
v/v, volume 0.6 mL, no. of accumulations = 1660, pH 3.1. (b-e) 20 mM 
sodium phosphate; 12.5% v/v D2O; 10000 accumulations, trypsin 0.28 
mM (concentration of fully active enzyme), volume 8 mL. Z-lys-CMK 
concentrations, pH, and enzyme activities14 toward a-TV-benzoyl-DL-ar-
ginine p-nitroanilide were as follows: (b) 0.00 mM, pH 3.2, 100%; (c) 
0.38 mM, pH 3.2, 100%; (d) 0.37 mM, pH 6.9, 0.06%; (e) 0.74 mM, pH 
6.9,0.06%. (f) Trypsin 0.44 mM, 15 mM sodium phosphate buffer, D2O 
12.5% v/v, Z-lys-CMK 0.59 mM, activity 8.5%, volume 10.2 mL, no. of 
accumulations = 10000, pH 6.9. (g) After gel filtration and concen
tration by ultrafiltration: trypsin 0.48 mM, 20 mM sodium cacodylate 
buffer, D2O 12.5% v/v, activity 2.1%, volume 8 mL, no. of accumulations 
= 200000, pH 6.1. (h) After incubating for 0.5 at pH 11.1: trypsin 0.41 
mM, 17 mM sodium cacodylate buffer, D2O 12.5% v/v, volume 9.4 mL, 
no. of accumulations = 64000, pH 6.1. 

spectrum of the chloromethyl ketone (Figure Ic). When the pH 
was adjusted to 6.9, enzyme activity was decreased and the Z-
lys-CMK resonances at 95.4 and 204.7 ppm were replaced by a 
new signal at 98.0 ppm (Figure Id) . Addition of excess Z-lys-
C M K resulted in the reappearance of the C M K signals at 95.4 
and 204.7 ppm (Figure Ie), indicating that the resonance at 98.0 
ppm does not arise from a rapid reversible exchange between 
bound and unbound Z-lys-CMK. Addition of a further aliquot 
of enzyme resulted in the loss of the resonances at 204.7 and 95.4 
ppm with an increase in intensity of the resonance at 98.0 ppm 
(Figure Xf). Gel filtration of the labeled trypsin at this stage 
(Figure If) removed all low molecular weight material and con
firmed that the signal at 98.0 ppm arises from covalently labeled 
trypsin (3, Figure Ig). As expected, addition of benzamidine (0.9 
mM) , a competitive inhibitor (^ 1 = 18.4 nMli) of trypsin, had 
no effect on the signal at 98.0 ppm. Incubation at pH 11.1 for 
0.5 h resulted in some irreversible denaturation, since on restoration 
of the pH to 6.15 there was a decrease in the intensity of the 
resonance at 98.0 ppm while new signals appeared at 205.5 and 
95.1 ppm (Figure Ih). Prolonged digestion (56 h) by adding active 
trypsin (0.13 mM) caused a further decrease in the resonance at 
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98.0 ppm and an additional resonance at 205.1 ppm appeared (not 
shown). 

It is clear that native trypsin stabilizes19 the tetrahedral adduct 
(3;20 98.0 ppm) as only nucleophilic attack by the hydroxyl group 
of serine-195 and covalent bond formation would cause the upfield 
shift of > 100 ppm. A shift of this magnitude cannot be ration
alized by a simple perturbation of the carbonyl trigonal hybrid
ization. It is unlikely that tetrahedral geometry results from 
aqueous hydration of the enzyme-bound label for the following 
reasons. First, such a species should persist on denaturation, 
whereas new signals at 205.5 and 95.1 ppm (Figure Ih), observed 
on denaturation, provide clear evidence for the free ketone (5) 
and its hydrate (6). Secondly, with increasing pH the peak at 
98.0 ppm was gradually shifted downfield (pKa« 8.0) to a limiting 
value of 102.1 ppm, suggesting that there is stabilization of the 
ionized tetrahedral intermediate (4) by hydrogen bonding to the 
backbone NH groups of serine-195 and glycine-193 (Scheme I). 
No evidence of a carbonyl resonance (~205 ppm) was found over 
the pH range 3-11 prior to denaturation. The un-ionized tetra
hedral intermediate (3) may also be stabilized by hydrogen 
bonding to one of the backbone carbonyl groups and/or electro
static interaction with the protonated imidazole of histidine-57.22 

At pH 3.2 there is no evidence (Figure Ic) for the formation of 
a reversible tetrahedral adduct prior to alkylation of histidine-57, 
but this does not exclude the possibility of prior addition at pH 
>3.2. 

Recently it has been claimed that a tetrahedral intermediate 
(99 ppm) has been detected by 13C NMR with pepsin and a ketone 
inhibitor.23 This result appears to be similar to those reported 
herein and taken together with the previous 13C NMR studies 
indicate that the NMR method is an excellent probe for the 
diagnosis of carbon hybridization in complexes of inhibited pro
teases. The stage is now set for detailed studies on the en
zyme-substrate complexes where tetrahedral intermediates can, 
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in principle, be intercepted at subzero temperature and clearly 
recognized by 13C NMR spectroscopy. 
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There are several recent reports of stereoselective cycloadditions 
involving nitrones and nitrile oxides. Uskokovic,2 Belzecki,3 and 
Vasella4 have reported that nitrones carrying a chiral substituent 
on nitrogen (R1 in 1) displayed high diastereoselectivity in cy
cloadditions with a variety of achiral dipolarophiles (Scheme I). 
Koizumi5 and Kozikowski6 have found that the reaction of chiral 
dipolarophiles with nitrones and nitrile oxides, respectively, leads 
to the diastereoselective formation of cycloadducts. Since the N1O 
bonds of these cycloadducts are readily cleaved to produce acyclic 
molecules, the diastereoselectivity displayed in the cycloadditions 
serves as a means of controlling acyclic stereochemistry.7 We 
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