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Exogenous Acetate Reconstitutes the Enzymatic Activity of Trypsin Asp189Ser’
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ABSTRACT: The specificity of trypsin for Arg- and Lys-containing substrates depends upon the presence
of Asp189 at the base of the primary binding pocket. The crystal structure of anionic rat trypsin D189S
complexed with BPTI reveals that removal of the aspartate side chain permits the binding of a well-ordered
acetate ion in a similar position. The acetate makes polar interactions with Gly226, Tyr228, and several
water molecules and is further accommodated by rotation of the Ser189 side chain out of the binding pocket.
The carboxylate group of the acetate anion is oriented toward the substrate in a manner similar to that
of Asp189 and Asp226 in wild-type trypsin and trypsin D189G/G226D. Evaluation of kinetic parameters
for amide substrate cleavage by trypsin D189S shows that high concentrations of acetate increase the
catalytic efficiency of the enzyme by as much as 300-fold. Under these conditions, the rate of substrate
turnover toward a peptidylarginine amide substrate equals that of wild-type trypsin. These data demonstrate
that the well-established requirement for a negatively charged moiety at the base of the trypsin specificity
pocket may be fulfilled by a noncovalently bound ligand. The binding pocket of this variant maintains a
trypsin-like conformation, explaining the inability of the mutant enzyme to efficiently hydrolyze chymotrypsin

substrates possessing Phe in the P1 position.

A recent theme in the investigation of enzyme catalysis is
the restoration of activity attenuated by the deletion of specific
amino acid side chains, via the addition of small molecules.
Exogenous amines restored activity to a mutant aspartate
aminotransferase lacking the catalytic lysine residue (Toney
& Kirsch, 1989), while the addition of guanidine derivatives
partially reconstituted the activity of a mutant carboxypep-
tidase, from which the Arg127 side chain was removed (Phillips
et al., 1992). Similarly, aminomethanesulfonate restored
activity to a mutant ribulosebisphosphate carboxylase/
oxygenase lacking a catalytic lysine amino acid (Smith &
Hartman, 1991), and exogenous imidazole caused an increase
in the kg of H64A subtilisin by 20-fold (Carter et al., 1991).
In each case, chemical rescue was applied to a group that
participates directly in the bond-making or bond-breaking
steps of catalysis. Ina nonenzymic context, rhodopsin mutants
were studied in which the side chain of a lysine residue forming
a Schiff base linkage to the retinal chromophore was deleted
(Zhukofsky et al., 1991). Exogenously added chromophore
bound and activated transducin when linked with an n-alkyl-
amine through a Schiff base linkage.

Trypsin specifically cleaves peptide bonds adjacent to Arg
and Lys residues. Crystallographic studies have suggested
that this specificity arises from the presence of Asp189 at the
base of the binding pocket, where it provides a negatively
charged electrostatic field (Ruhlmann et al., 1973; Krieger
etal., 1974). Morerecently, mutational analysis has confirmed
that removal of this negatively charged carboxylate reduces
activity by at least a factor of 10* (Graf et al., 1988; Evnin
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et al., 1990). However, activity could be partially restored
by the introduction of a negatively charged group at position
190 or 226 (Evnin et al., 1990; Perona et al., 1993b, 1994).
This observation indicates that the presence of a negative
electrostatic potential at the base of the binding pocket is in
itself sufficient to provide specific rate enhancement toward
Arg and Lys substrates. However, precise positioning of the
carboxylate group is critical to achieving optimal catalytic
efficiency.

Anionicrat trypsin D189S lacks a negatively charged group
inits specificity pocket and consequently exhibits poor activity
toward Lys-and Arg-containing substrates (Grafetal., 1988).
This mutation replaces Asp189 with the analogous Ser residue
of chymotrypsin, a homologous protease which manifests
specificity for large hydrophobic amino acids and which
possesses a substrate binding pocket that is similar, but not
identical, in size and shape. The mutation of Asp189 to Ser
is sufficient to convert trypsinintoa chymotrypsin-like esterase.
However, the trypsin-catalyzed hydrolysis of amide substrates
containing Phe at position P1 is not significantly improved by
the D189S mutation. Trypsin D189S also does not utilize
binding of the extended peptide in the P2—P4 sites toaccelerate
the hydrolysis of amide substrates containing Phe at position
P1 (Hedstrom et al., 1992; see Figure 2 legend for subsite
nomenclature). Conversion of trypsin into a chymotrypsin-
like amidase has been shown to require substitution of four
amino acids in the S1 pocket as well as the exchange of twc
adjacent surface loops (Hedstrom et al., 1992).

To address the structural basis for the kinetic properties of
trypsin D189S, we have determined its crystal structure bound

1 Abbreviations: AMC, 7-amino-4-methylcoumarin; tos-GPR-AMC,
tosyl-Gly-Pro-Arg-AMC; tos-GPK-AMC, tosyl-Gly-Pro-Lys-AMC; Z-
GPR-AMC, N-carbobenzoxy-L-Gly-Pro-Arg-AMC; Z-R-AMC, N-car-
bobenzoxy-L-Arg-AMC; Z-K-AMC, N-carbobenzoxy-L-Lys-AMC;
MUGRB, 4-methylumbelliferyl p-guanidinobenzoate; MUTMAC, 4-
methylumbelliferyl p-(N,N,N-trimethylammonio)cinnamate chloride:
BPTI, bovine pancreatic trypsin inhibitor; Z-GPR-SBzl, N-carbobenzoxy:-
Gly-Pro-Arg thiobenzyl ester; SBTI, soybean trypsin inhibitor.
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