452. Trypsin

Databanks

MEROPS name: Trypsin 1 (tetrapod, non-human)

MEROPS classification: clan PA(S), family S1A , peptidase S01.151
IUBMB: EC 3.4.21.4

CAS registry: 9002-07-7

Species distribution: Chordata

Sequence known from: Balaenoptera acutorostrata, Bos taurus, Bothrops jararaca, Canis
familiaris, Gallus gallus, Mus musculus, Rana esculenta, Rattus norvegicus, Sus scrofa

Tertiary structure: Available

Name and History

Trypsin was first described and named in 1876 by Kiihne as the proteolytic activity in
pancreatic secretions (Kihne, 1876; Neurath & Zwilling, 1986). Kihne 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 which cleaved peptide bonds C-terminal to
Arg or Lys. The ready availability of trypsin from the pancreas of cattle allowed the enzyme
to be purified by crystallization in 1931 (Northrop & Kunitz, 1931).

Activity and Specificity

Trypsin can be seen as a prototype of the serine endopeptidases of family S1, and much of
the fundamental knowledge about the family has been derived from the study of this
enzyme (Perona & Craik, 1995). 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 (l<C / Km) at least 105 greater than for other natural

at
amino acids. The preference for Arg over Lys is 2- to 10-fold (Craik et al., 1985). However,
discrimination among ester substrates is much less strict. Secondary binding sites on both
sides of the scissile bond play only a very minor role in the determination of substrate
specificity, although occupancy of these sites does contribute to catalytic efficiency (Corey et
al., 1992; Schellenberger et al., 1994). 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 (Harris et al., 2000) 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 (Baird et al., 2001).
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 K, but also k_;. In fact, the acylation rate with a substrate is a major

specificity determinant (Hedstrom et al., 1994b), and this is one reason why trypsin is
much more promiscuous with ester substrates than with peptides. With protein substrates,
the binding event may be the rate-limiting step.

Typical spectroscopic assay substrates include Bz-Arg-OEt, Tos-Arg-OMe, Bz—Arg—NHPhNO2
and Suc-AIa-AIa-Pro-Arg+NHPhNO2 (Zimmerman et al., 1977). Activity may also be easily

monitored fluorimetrically with substrates containing an aminomethylcoumarin group or one
of its derivatives, e.g. Z-Gly-Pro-ArgtNHMec (Zimmerman et al., 1977). The Pro commonly
utilized 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 (Corey et al., 1992),
substrate cleavage being monitored by HPLC. A gel overlay assay has also been developed
that can detect subnanogram amounts of trypsin (Vasquez et al., 1989). Active-site
titrations are usually accomplished with p-nitrophenyl-p’-guanidinobenzoate (Chase & Shaw,
1967) or 4-methylumbelliferyl-p-guanidinobenzoate (Jameson et al., 1973).

The pH optimum of trypsin is approximately 8, although this varies slightly with species.
The reaction buffer is required to contain moderate amounts (20 mM) of CaCl, for maximal

activity and stability of the protease. Under these conditions, the catalytic efficiency (kCat /

K,,) of insulin B chain cleavage by rat trypsin is 18 min™t MM'I, whereas the value for the
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smaller substrate, Z-Gly-Pro-Arg-NHMec, is 210 min~ MM'l (Corey et al., 1992).



Trypsin is stable for extended periods of time as a lyophilized powder, or in solution at
pH 3 (in which it is largely inactive). The enzyme from natural sources is available from
many commercial suppliers at various degrees of purity. Tos-Phe-CH,Cl-treatment of

the enzyme minimizes contamination by active chymotrypsin . Trypsin is also available
from Sigma (see Appendix 2 for full names and addresses of suppliers) bound to
agarose and to polyacrylamide for easy separation from tryptic digests. Recombinant
forms of trypsin have also been made (see below).

Many general serine protease inhibitors (i.e. PMSF, DFP, DCI) inhibit trypsin, but a
greater specificity for enzymes with trypsin-like specificity is shown by leupeptin,
benzamidine, Tos-Lys-CH,Cl, and APMSF. Protein inhibitors include ecotin, soybean

trypsin inhibitor , aprotinin, a,-macroglobulin, and a,-proteinase inhibitor . Trypsin
can also be reversibly denatured by urea (Higaki & Light, 1985).

Structural Chemistry

The three-dimensional structure of cattle trypsin was determined in 1974 independently
by two groups (Huber et al., 1974; Stroud et al., 1974) 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 (Delbaere et al., 1975; Bode et al., 1983).

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 cattle
cationic and rat anionic trypsin backbones have a root-mean-square (r.m.s.) deviation of
only 0.29 A (Sprang et al., 1987) and there is an r.m.s. deviation of only about 1 A
between the hydrophobic cores of the prokaryotic trypsin of S. griseus and rat anionic
trypsin. The usual humbering system of the residues follows that of the homologous
protease chymotrypsin (Chapter 455). 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 p-barrel domains. Other forms (termed
o, y and w), in which the polypeptide backbone has been clipped, also possess varying
degrees of activity (Higaki & Light, 1985). As in other serine proteases of the family, the
most important catalytic residues are those of the Asp/His/Ser triad (Figure 452.1).
Serl195 acts as a nucleophile in the cleavage reaction, producing an acyl enzyme
intermediate. The catalytic triad is no longer thought to act as a ‘charge-relay system
as was once widely assumed, but instead His57 is thought to act as a general base
(Kossiakoff & Spencer, 1981). Asp102 is believed to stabilize the correct tautomer of
His57, and to provide compensation for the developing positive charge during the
catalytic reaction. Replacement of this aspartic acid with asparagine results in an
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enzyme that is approximately 104—fold less active than the wild-type enzyme on
synthetic substrates with an aminomethylcoumarin leaving group (Craik et al., 1987),



while relocation of Asp102 to position 214 yields a protease which retains approximately
0.5% of the wild-type activity on peptide substrates. Replacement of either His57 or

Ser195 with alanine results in a protease which is 10°- to 10°-fold less active than the
wild-type enzyme on synthetic substrates with an aminomethylcoumarin leaving group
(Corey & Craik, 1992). The residual activity in the His57Ala and Ser195Ala mutants is
believed to be due to other structural features in the protease which help to stabilize
the tetrahedral intermediate.

Asp 102 i 57
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Ser-19 ’j
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S\

Asp-189

ys-220

Figure 452.1 Active site of trypsin complexed with ecotin. The Asp/His/Ser triad, Asp of the
specificity pocket and Cys residues 191 and 220 are colored green. The Cys191-Cys220
disulfide bridge is colored yellow. In the macromolecular inhibitor ecotin (brown), position P1,
the primary determinant of specificity, is occupied by Met (blue). S4, S3 and S2 denote the
corresponding binding pockets for the P4 (Val), P3 (Ser) and P2 (Thr) residues N-terminal to
the scissile bond. S1' denotes the binding pocket for P1’' (Met). The preferred substrates for
trypsin are P3 (Gly), P2 (Pro), P1 (Arg/Lys) (see text)

Work with recombinant trypsin has addressed the role of particular amino acid residues
through site-directed mutagenesis (Sprang et al., 1987; McGrath et al., 1989; Corey &
Craik, 1992; Corey et al., 1992). While replacement of the active-site His57 by Ala
reduced the activity of the enzyme toward peptide substrates by four orders of
maghnitude, significant ‘substrate-assisted catalysis’ could be observed with peptide
substrates in which the function of the catalytic His could be fulfilled by the substrate
(Corey et al., 1995). In addition, it could be shown that many parts of the trypsin
molecule contribute to the specific recognition of substrate (Craik et al., 1985; Graf et al.
, 1987; Hedstrom et al., 1992, 1994a; Perona et al., 1993, 1995). Subsequent studies
sought to alter the activity and substrate specificity of the enzyme. Trypsin has been
engineered to cleave the Arg+Arg bond when occupying positions P1’ and P1.
Additionally, Hist substrate specificity has been engineered into the subsites of trypsin
by creating metal-binding sites that bridge the substrate and enzyme (Willett et al.,



1996). Engineered metal-binding sites were also shown to be useful in the reversible
regulation of trypsin activity: several variants that involve the active site histidine in
metal binding were effective at allowing the reversible inhibition of trypsin with
submicromolar concentrations of transition metal ions (Higaki et al., 1990; Brinen et al.,

1996; Halfon & Craik, 1996).



All naturally occurring trypsins are synthesized as proenzymes. The mammalian
propeptide (usually a hexapeptide) contains the consensus sequence for cleavage by
enteropeptidase (Chapter 461), -(Asp),-Lys-preceding the mature N-terminal 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 Ilel6. This
conformational change completes formation of the oxyanion hole (comprising backbone
amides of Gly193 and Ser195) and the binding pockets (Fehlhammer et al., 1977; Bode
et al., 1978). Stabilization of these new conformations in the so-called activation domain
is due principally to hydrophobic interactions of the Ile16 side chain (Hedstrom et al.,
1996). 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 § 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 10°-fold
decrease in k., / K,,, for Arg/Lys substrates (with most of the decrease coming from a

lowered k_,;), without providing significant activity towards substrates with hydrophobic

side chains (Graf et al., 1987, 1988). Removal of the side chain at position 189 in the
Asp189Gly variant permits binding of a well-ordered acetate ion in a similar position
(Perona et al., 1994). High concentrations of acetate 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 noncovalently 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 by introducing Ala at positions 216 and 226 (normally Gly) in rat and
cattle trypsin. This in turn dramatically alters the Arg/Lys specificity of the resulting
enzymes (Craik et al., 1985). A disulfide bridge between Cys191 and Cys220, and a
loop comprising residues 214-220 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 (Wang et al.,
1997). Numerous experiments have shown that trypsin surface loops comprising amino
acids 185-193 (loop 1) and amino acids 217-224 (loop 2) strongly influence the
specificity of the enzyme, even though they do not directly contact the substrate
(Perona et al., 1995; Perona & Craik, 1995).

Other structural features of trypsin include a high-affinity calcium-binding site, which is
required for stability of the enzyme; autodegradation quickly occurs in its absence. This
site is formed by the loop Glu70-Glu80 (Bode & Schwager, 1975). The protein has six
completely conserved disulfide bonds, at positions 15-145, 33-49, 117-218, 124-191,
156-170, and 181-205. The ‘autolysis’ loop, comprising residues 143-151, is very
flexible in both trypsin and trypsinogen. Cleavage of this loop at Lys145 yields the a-
trypsin form which retains some catalytic activity. This and other clipped forms are
present in most preparations of trypsin (Higaki & Light, 1985). 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

Trypsin is readily available from many sources. Cattle pancreatic trypsin is commercially
available from Sigma, Boehringer Mannheim, Worthington and Fluka. However, it
should be noted that trypsin from commercial sources is often contaminated with other
pancreatic enzymes. Recombinant trypsin has been expressed in many different
systems, including Escherichia coli (Higaki et al., 1989; Vasquez et al., 1989; Evnin et
al., 1990), Saccharomyces cerevisiae (Hedstrom et al., 1992), and Pichia pastoris
(Halfon & Craik, 1996). The mature form has been successfully expressed in E. coli
(Vasquez et al., 1989). Purification from these systems often involves affinity
chromatography on immobilized benzamidine 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 (Evnin et al., 1990;
Perona et al., 1993). Recently, trypsin was displayed on bacteriophage, permitting an in
vitro selection of trypsin activity (Corey et al., 1993).

Biological Aspects

Trypsin is one of several digestive enzymes secreted into the intestine of animals. It is
found in all animals, including insects, fish and mammals. In bovine pancreatic
secretions, it represents approximately 15% of the digestive enzymes (Keller et al., 1958
). Trypsin is synthesized as a preproenzyme 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 (Chapter 461), 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 (see Chapter 455) and elastase (see
Chapters 457 and 458), 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 (Guy et al., 1978) (Chapter 453), cattle (Louvard & Puigserver,
1974), dog (Ohlsson & Tegner, 1973) and rat (Brodrick et al., 1980). 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 (Fletcher et al., 1987). 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 which encode trypsinogen (Craik et al., 1984). Approximately 2-5% of the
total adult rat pancreatic mRNA encodes anionic trypsin (MacDonald et al., 1982). There
are eight human genes, of which five are transcribed to RNA, two are pseudogenes, and
one is a relic gene (Rowen et al., 1996). The human trypsinogen genes are intercalated
in two pieces within the human g-T cell receptor locus on chromosome 7q35 (Honey et
al., 1984a; Rowen et al., 1996). At the 5'-end of the locus lie the three nonfunctional
trypsinogen genes, while other genes, including those coding for the known trypsinogen
isoenzymes, lie approximately 500 kb 3'-terminal to these, near the opposite end of the
locus. These corresponding genes have also been found in the TCR locus (Whitcomb et
al., 1996) in the mouse on chromosome 6 (Honey et al., 1984b) and have been
identified in the chicken (Wang et al., 1995). The rat genes corresponding to the
predominant trypsin forms have been shown to contain four introns (Craik et al., 1984).
Although these introns are positioned at the same sites within the genes, the introns
have no homology across variants. 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’ (Craik
et al., 1982, 1983).

It has been suggested that hereditary pancreatitis may be associated with an
Argl117His mutation in the human cationic trypsin which prevents autolysis at this site
(Whitcomb et al., 1996) (see also Chapter 453). 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
nonpancreatic tissues on the basis of PCR analysis (Wiegand et al., 1993; Wang et al.,
1995).

Distinguishing Features

The form of trypsin present in higher animals has very little sequence identity with
microbial trypsins, but is similar structurally. In particular, Streptomyces griseus trypsin
has a very similar fold to these proteases (Read & James, 1988). Other microbial
proteases are more distantly related, having shorter amino acid sequences and
corresponding surface loops. For instance, a-lytic protease (Chapter 446) has the same
fold as trypsin, but differs greatly in many structural aspects (James, 1976). Many other
serine proteases such as the kallikreins, elastase and chymotrypsin comprise the trypsin



family and these are very similar structurally and catalytically to trypsin, but differ in
other key aspects such as substrate preferences. Therefore, while the fold of this class of
enzymes is similar among all its members, the activities and functions can vary greatly.

In addition to the conservation of the three-dimensional fold in all known trypsins, the
catalytic triad is entirely conserved, and amino acids flanking these residues are also
conserved. Degenerate oligonucleotide probes have been designed for the sequences
flanking the active site Ser and His residues, and used in PCR to isolate and identify
trypsins and related serine proteases from organisms of diverse phyla (Sakanari et al.,
1989).

Related Enzymes

Trypsin-like enzymes are present in many different organisms. Bacterial trypsins, such
as those from Streptomyces species are dealt with elsewhere (Chapters 450 and 451).
The trypsin from the fungus Fusarium oxysporum is equally (approximately 45%)
identical to the bacterial and mammalian trypsins, and all trypsins are thought to have
evolved from a common ancestor (Hewett-Emmett et al., 1981). While functional parts
of the proteins are strongly conserved, other regions are less so (Rypniewski et al.,
1993). 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.

Further Reading

The reader is referred to the articles of Hedstrom (1996) and Perona & Craik (1995).
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