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Chapter 575

Trypsin
DATABANKS
MEROPS name: trypsin 1 (Rattus-type)
MEROPS classification: clan PA, subclan PA(S), family
S1, subfamily S1A, peptidase S01.094
Tertiary structure: Available
Species distribution: known only from Rattus norvegicus
Reference sequence from: Rattus norvegicus (UniProt:
P00762)
MEROPS name: trypsin-2 type C
MEROPS classification: clan PA, subclan PA(S), family
S1, subfamily S1A, peptidase S01.119
Tertiary structure: Available
Species distribution: superorder Euarchontoglires
Reference sequence from: Rattus norvegicus (UniProt:
P00763)
MEROPS name: trypsin-2 type B
MEROPS classification: clan PA, subclan PA(S), family
S1, subfamily S1A, peptidase S01.120
Species distribution: class Mammalia
Reference sequence from: Canis familiaris (UniProt: P06872)

MEROPS name: trypsin 1
MEROPS classification: clan PA, subclan PA(S), family
S1, subfamily S1A, peptidase S01.151
IUBMB: EC 3.4.21.4 (BRENDA)
Tertiary structure: Available
Species distribution: superclass Tetrapoda
Reference sequence from: Bos taurus (UniProt: P00760)

Name and History
Trypsin was first described and named in 1876 by
Kühne [1] as the proteolytic activity in pancreatic secretions [2]. Kühne differentiated this activity from that of
pepsin by the higher optimal pH of trypsin. As separation and characterization of the individual pancreatic
proteases was achieved, the name trypsin became associated with the proteolytic activity that cleaved peptide
bonds after Arg or Lys. The ready availability of trypsin
from bovine pancreas allowed the enzyme to be purified
by crystallization [3].
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Activity and Specificity
Trypsin can be considered a prototype of the serine endopeptidases of family S1, as much of the fundamental
understanding of the family has been derived from the
study of this enzyme [4]. Trypsin strongly prefers to
cleave amide substrates following P1 Arg or Lys residues.
The preference for these basic side chains is reflected by
relative values for catalytic efficiency (kcat/KM) at least
105 greater than for other natural amino acids. The preference for Arg over Lys is 2- to 10-fold for different peptidic substrates [5]. However, discrimination between Arg
and Lys for ester substrates is much less strict because
the reactivity of the ester bond reduces the selectivity of
the enzyme. Secondary binding sites on both sides of the
scissile bond play only a minor role in the determination
of substrate specificity, although occupancy of these sites
does contribute to catalytic efficiency [6,7]. The specific
identities of the amino acids occupying positions P2
through P4 do not enhance the activity or specificity of
trypsin. However, tetrapeptide substrate libraries [8] illustrate that certain amino acids in specific positions may
inhibit activity. Relative to other amino acids, an Arg, Ile,
Leu, Lys or Phe at P2 decreases the activity 2- to 16-fold
while a Pro residue at position P3 decreases activity 3- to
9-fold. The residue occupying P4 does not affect activity
[9]. In small synthetic substrates, formation of an acyl
enzyme intermediate is usually the rate-determining step
for the cleavage of amide bonds by trypsin, whereas
hydrolysis of this intermediate is the rate-determining
step for ester cleavage. The binding of the substrate influences not only Km but also kcat. In fact, the acylation rate
with a substrate is a major specificity determinant [10],
and is one reason why trypsin is more promiscuous with
ester substrates than with peptides. For protein substrates,
the substrate binding may be the rate-limiting step.
Typical colorimetric assay substrates include Bz-ArgOEt, Tos-Arg-OMe, Bz-Arg-pNA and Suc-Ala-Ala-pNA
[11]. Pro-Arg Activity is also easily monitored fluorometrically with substrates containing an aminomethylcoumarin
group or one of its derivatives, e.g. Z-Gly-Pro-ArgAMC [11]. The Pro commonly used in the P2 position of
these substrates helps to align the substrate for productive
binding, since positioning of this residue in either the P3 or
P1 positions is strongly disfavored. A commonly used peptide substrate is the insulin B chain [6], substrate cleavage
being monitored by HPLC. A gel overlay assay has also
been developed that can detect sub-nanogram amounts of
trypsin [12]. Active-site titrations are usually accomplished
with p-nitrophenyl-p0 -guanidinobenzoate [13] or 4-methylumbelliferyl-p-guanidinobenzoate [14].
The pH optimum of trypsin is approximately 8,
although this varies slightly with trypsin from different
species. The reaction buffer requires moderate amounts
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(20 mM) of calcium (CaCl2) for maximal activity and
stability of the protease. Under these conditions, the
catalytic efficiency (kcat/Km) of insulin B chain
cleavage by rat trypsin is 18 min21 μM21, whereas the
value for the smaller substrate, Z-Gly-Pro-Arg-AMC, is
210 min21 μM21 [6].
Trypsin is stable for extended periods of time as a
lyophilized powder, or in solution at pH 3 at which pH
the enzyme is largely inactive. The enzyme can be reversibly denatured by urea indicating the enzyme can spontaneously refold without assistance of chaperones [15].
Trypsin from natural sources is available from many commercial suppliers at various degrees of purity. Tos-PheCH2Cl-treatment of the enzyme minimizes contamination
by active chymotrypsin. It is also available from Sigma
bound to agarose and to polyacrylamide for easy separation from tryptic digests. Recombinant forms of trypsin
have also been made to reagent quantities and purity (see
below).
Many general serine protease inhibitors (i.e. phenylmethanesulfonyl fluoride, diisopropylfluoro phosphate,
and dichloroisocoumarin) inhibit trypsin, but a greater
specificity for enzymes with trypsin-like specificity is
shown by leupeptin, benzamidine, Tos-Lys-CH2Cl, and
APMSF. Protein inhibitors include ecotin, soybean trypsin inhibitor, aprotinin, α2-macroglobulin, and α1-proteinase inhibitor.

Structural Chemistry
The three-dimensional structure of bovine trypsin was
determined in 1974 independently by two groups [16,17]
and this structure has become the prototype for the S1
family of proteases. Structural analyses of eukaryotic and
prokaryotic members of this family have revealed a common three-dimensional structure [18,19].
The tertiary structures of the enzymes belonging to
the S1 family are strongly conserved, and this is seen
very clearly for trypsin. Although the primary structures
of trypsins can vary substantially, the folds are closely
similar. For example, the bovine cationic and rat anionic
trypsin backbones have a root-mean-square deviation
(r.m.s.d.) of only 0.29 Å [20] and there is an r.m.s.d. of
only about 1 Å between the hydrophobic cores of the prokaryotic trypsin of S. griseus and rat anionic trypsin. The
usual numbering system of the residues follows that of
the homologous protease chymotrypsin. Chymotrypsin
has a nearly identical tertiary structure, but is less than
50% identical in primary structure, and differs from trypsin in substrate specificity. The positions of key residues,
such as those of the catalytic triad, are identical in the
two proteases. Active trypsin consists of a single polypeptide chain, in which the catalytic residues bridge two
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FIGURE 575.1 Active site of trypsin complexed with ecotin. The
amino acids of the enzyme that are shown (cyan) are the residues of the
catalytic triad (Asp102, His57, Ser195), Asp189 at the base of the S1 subsite which confers primary specificity, and Cys42 and Cys58 in the S10
sub-site. In the macromolecular inhibitor, ecotin (yellow), position P1, the
primary determinant of specificity, is occupied by an Arg residue, which
interacts electrostatically with Asp189. The P10 position is occupied by a
Met residue and associates with the S10 sub-site. This figure was created
using MacPyMOL [67] and adapted from PDB ID 1EZS.

β-barrel domains. Other forms (termed α, γ and π), in
which the polypeptide backbone has been clipped, also
possess varying degrees of activity [15]. As in other serine proteases of the family, the most important catalytic
residues are those of the Asp/His/Ser triad (Figure 575.1).
Ser195 acts as a nucleophile in the cleavage reaction, producing an acyl enzyme intermediate. Based on 15N-NMR
and crystallography the catalytic triad is no longer
thought to act as a ‘charge-relay system’, but instead
His57 is thought to act as a general base [21,22]. Asp102
is believed to stabilize the correct tautomer of His57, and
to neutralize the developing positive charge during the
catalytic reaction. Replacement of this aspartic acid with
Asn results in an enzyme that is approximately 104-fold
less active than the wild-type enzyme [23], while relocation of Asp102 to position 214 yields a protease that
retains approximately 0.5% of the wild-type activity on
peptide substrates. Replacement of either His57 or Ser195
with Ala results in a protease that is 105- to 106-fold less
active than the wild-type enzyme [24]. The residual activity in the His57Ala and Ser195Ala variants is believed to
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be due to other structural features in the protease that
help to stabilize the tetrahedral intermediate.
The role of key amino acid residues in catalysis and
substrate specificity has been addressed through sitedirected mutagenesis studies [6,20,24,25]. While replacement of the active-site His57 with Ala reduced the
activity of the enzyme by four orders of magnitude, significant ‘substrate-assisted catalysis’ could be observed
with peptide substrates in which the function of the catalytic His could be fulfilled by the substrate [26]. In addition, to this obvious determinant of catalysis and
engineered specificity, numerous sites were shown to
contribute to inherent substrate specific recognition
[5,2730]. Subsequent studies sought to alter the activity
and substrate specificity of the enzyme using metal ions
as cofactors. For example, His substrate specificity was
engineered into the sub-sites of trypsin by creating metalbinding sites that bridge the substrate and enzyme [31].
Engineered metal-binding sites were also shown to be
useful in the reversible regulation of trypsin activity: several variants that involve the active site His in metal binding were effective at allowing the reversible inhibition of
trypsin with sub-micromolar concentrations of transition
metal ions [3234].
All naturally occurring trypsins are synthesized as
pro-enzymes. The mammalian propeptide (usually a hexapeptide) contains the consensus sequence for cleavage by
enteropeptidase, -(Asp)4-Lys-preceding the mature Nterminal sequence Ile16-Val17-Gly18-Gly19-(chymotrypsinogen numbering). Cleavage of the propeptide results in
disruption of a His40 to Asp194 hydrogen bond, and this
is followed by rotation of Asp194 so that it can interact
with the new N-terminus at Ile16. This conformational
change completes formation of the oxyanion hole (comprising backbone amides of Gly193 and Ser195) and the
binding pockets [19,35]. Stabilization of these new conformations in the so-called activation domain is due principally to hydrophobic interactions of the Ile16 side chain
[36]. Only small adjustments in position are made in
other regions (including the catalytic residues) of the protein during the activation process.
The substrate forms an antiparallel β-sheet with the
protein-binding site. The substrate specificity is primarily
determined by the Asp189 side chain, which lies at the
bottom of the S1 binding pocket. Substitution of this residue with Ser results in a 105-fold decrease in kcat/Km for
Arg/Lys substrates (with most of the decrease coming
from a lowered kcat), and no significant activity towards
substrates with hydrophobic side chains [27,37] indicating
that this residue is critical for recognition and proper positioning of the substrate. Removal of the side chain at
position 189 in the Asp189Gly variant permits binding of
a well-ordered acetate ion in a similar position of the
crystallized enzyme [38]. High concentrations of acetate
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increase the catalytic efficiency of the variant enzyme by
300-fold, demonstrating that the negative charge at the
base of the trypsin specificity pocket may be provided by
a non-covalently bound ligand.
In the case of Arg-containing substrates, a direct interaction occurs between the substrate guanidinium group
and the carboxyl group of Asp189, but for Lys side
chains, the contact is mediated by a water molecule.
These specific interactions can be selectively altered in
rat trypsin by introducing Ala at positions 216 and 226
(normally Gly). This in turn dramatically alters the Arg/
Lys specificity of the resulting enzymes and represented
the first example of an enzyme with a genetically engineered function [5]. A disulfide bridge between Cys191
and Cys220, and a loop comprising residues 214220
also contribute to the structure of the specificity pocket.
However, mutagenesis studies indicate that the absence of
this disulfide bridge does not significantly affect its enzymatic activity or substrate specificity [39]. Numerous
experiments have shown that trypsin surface loops comprising amino acids 185193 (loop 1) and amino acids
217224 (loop 2) strongly influence the specificity of the
enzyme, even though they do not directly contact the substrate [4,30].
Other structural features of trypsin include a highaffinity calcium-binding site, which is required for stability of the enzyme; autodegradation quickly occurs in its
absence. This site is formed by the loop Glu70Glu80
[40]. The protein has six completely conserved disulfide
bonds, at positions 15145, 3349, 117118, 124191,
156170, and 181205. The ‘autolysis’ loop, comprising
residues 143151, is very flexible in both trypsin and
trypsinogen. Cleavage of this loop at Lys145 yields the
α-trypsin form, which retains some catalytic activity.
This and other clipped forms are present in most preparations of trypsin [15]. Molecular mass values are approximately 25 kDa, while the pI values can vary widely for
forms of trypsin, both cationic and anionic forms existing
in many species. Trypsin and its zymogen form, trypsinogen, contain no post-translational modifications aside
from the proteolytic processing required for activity.

Preparation
Multiple forms of trypsin are readily available from many
sources. However, trypsin purified from animal sources is
often contaminated with other pancreatic enzymes.
Bovine, porcine and murine and pancreatic cationic and
anionic trypsin is commercially available from Sigma,
Boehringer Mannheim, Worthington, Fluka and others.
Recombinant human and rat anionic trypsin has been
expressed in many different systems, including
Escherichia coli [12,41,42], Saccharomyces cerevisiae
[28], and Pichia pastoris [34]. The mature form of the
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enzyme has been successfully expressed in Escherichia
coli [12]. Purification from these systems often involves
affinity chromatography on immobilized benzamidine,
ecotin or aprotinin.
Genetic selections have been established for isolating
trypsins from libraries of variants. An in vivo selection in
bacteria with a dynamic range of five orders of magnitude
has been used to isolate trypsins with altered substrate
specificities [29,42]. Trypsin has also been displayed on
bacteriophage, permitting an in vitro selection of trypsin
activity [43].

Biological Aspects
Trypsin is one of several digestive enzymes secreted into
the intestine of animals. It is found in all insects and animals. In bovine pancreatic secretions, it represents
approximately 15% of the digestive enzymes [44].
Trypsin is synthesized as a pre-proenzyme by the acinar
cells of the pancreas and is stored as the proenzyme trypsinogen in secretory granules. Following release into the
gut, trypsinogen is activated by enteropeptidase, or by
trypsin itself. Once activated, the enzyme is responsible
for the activation of the proenzymes of all the other digestive enzymes such as chymotrypsin and elastase, and contributes to the digestion of consumed protein.
Numerous genes encoding both anionic and cationic
forms of trypsin are present in most animal species,
together with the corresponding proteins. The individual
proteins are expressed at differing levels. For instance,
anionic and cationic trypsins have been isolated from
human [45], cow [46], dog [47] and rat [48]. In general,
the percentage sequence identity of cationic trypsins of
different organisms is closer than to the anionic forms in
the same species. In most species, one cationic form predominates, while two anionic trypsins are present at much
lower levels (less than 10% of the total). In rats, however,
the anionic variant is the major form [49]. The reason
for the presence of these multiple forms is not known.
Since the various forms have distinct amino acid
sequences and the differences are distributed throughout
the protein, they are clearly products of separate genes. In
the adult rat, there are at least ten genes that encode trypsinogen [50]. Approximately 25% of the total adult rat
pancreatic mRNA encodes anionic trypsin [51]. There are
eight human genes, of which five are transcribed to RNA,
two are pseudogenes, and one is a relic gene [52]. The
human trypsinogen genes are intercalated in two pieces
within the human β-T cell receptor locus on chromosome
7q35 [52,53]. At the 50 -end of the locus lie the three nonfunctional trypsinogen genes, while other genes, including
those coding for the known trypsinogen isoenzymes, are
approximately 500 kb 30 -terminal to these, near the opposite end of the locus. These corresponding genes have
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also been found in the TCR locus [54] in the mouse on
chromosome 6 [55] and have been identified in the
chicken [56]. The rat genes corresponding to the predominant trypsin forms have been shown to contain four introns
[50]. Although these introns are positioned at the same
sites within the genes, the introns have no sequence similarity among the different family members. The intron
exon junctional amino acids of trypsin and related serine
proteases map to the surface of the enzyme and provide a
model for evolution of the structure and function of the
enzymes through ‘junctional sliding’ [57,58].
It has been suggested that hereditary pancreatitis may
be associated with an Arg117His mutation in the human
cationic trypsin, which prevents autolysis at this site [54].
The consequent stability of the mutated enzyme could
result in increased proteolytic activity that could damage
the pancreas. Some reports have indicated expression of
very low levels of trypsin in non-pancreatic tissues on the
basis of PCR analysis [56,59].

mammalian trypsins, and all trypsins are thought to have
evolved from a common ancestor [63]. While functional
parts of the proteins are strongly conserved, other regions
are less so [64]. For instance, the Fusarium oxysporum
trypsin lacks a calcium-binding site, and has a propeptide
that lacks homology to the mammalian trypsins. The optimal activity of this enzyme is at 40 C and pH 9.5.
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