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Chymotrypsin C (caldecrin) promotes degradation of
human cationic trypsin: Identity with Rinderknecht's

enzyme Y
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Digestive trypsins undergo proteolytic breakdown during their
transit in the human alimentary tract, which has been assumed to
occur through trypsin-mediated cleavages, termed autolysis. Au-
tolysis was also postulated to play a protective role against
pancreatitis by eliminating prematurely activated intrapancreatic
trypsin. However, autolysis of human cationic trypsin is very slow
in vitro, which is inconsistent with the documented intestinal
trypsin degradation or a putative protective role. Here we report
that degradation of human cationic trypsin is triggered by chymo-
trypsin C, which selectively cleaves the Leu®'-Glu82 peptide bond
within the Ca2* binding loop. Further degradation and inactivation
of cationic trypsin is then achieved through tryptic cleavage of the
Arg'22-vVal'23 peptide bond. Consequently, mutation of either
Leu®' or Arg'?2 blocks chymotrypsin C-mediated trypsin degrada-
tion. Calcium affords protection against chymotrypsin C-mediated
cleavage, with complete stabilization observed at 1 mM concen-
tration. Chymotrypsin C is highly specific in promoting trypsin
degradation, because chymotrypsin B1, chymotrypsin B2, elastase
2A, elastase 3A, or elastase 3B are ineffective. Chymotrypsin C also
rapidly degrades all three human trypsinogen isoforms and ap-
pears identical to enzyme Y, the enigmatic trypsinogen-degrading
activity described by Heinrich Rinderknecht in 1988. Taken to-
gether with previous observations, the results identify chymotryp-
sin C as a key regulator of activation and degradation of cationic
trypsin. Thus, in the high Ca2* environment of the duodenum,
chymotrypsin C facilitates trypsinogen activation, whereas in the
lower intestines, chymotrypsin C promotes trypsin degradation as
a function of decreasing luminal Ca2* concentrations.

chronic pancreatitis | digestive enzymes | trypsinogen degradation

Trypsinogen is the most abundant digestive proteolytic proen-
zyme in the pancreatic juice. In humans, trypsinogen is
secreted in three isoforms, cationic trypsinogen, anionic
trypsinogen, and mesotrypsinogen. Cationic trypsinogen (~50-
70%) and anionic trypsinogen (~30-40%) make up the bulk of
trypsinogens in the pancreatic juice, whereas mesotrypsinogen
accounts for 2-10% (1-5). Physiological activation of trypsino-
gen to trypsin in the duodenum is catalyzed by enteropeptidase
(enterokinase), a highly specialized serine protease in the brush-
border membrane of enterocytes. Trypsin can also activate
trypsinogen, in a process termed autoactivation, which facilitates
zymogen activation in the duodenum.

A pathological increase in trypsin activity in the pancreatic
acinar cells is one of the early events in the development of
pancreatitis (ref. 6 and references therein). Inactivation of
intrapancreatic trypsin through trypsin-mediated trypsin degra-
dation (autolysis) or by an unidentified serine protease (enzyme
Y) was therefore proposed to be protective against pancreatitis
(7-11). This notion received support from the discovery that the
R122H mutation, which eliminates the Arg!?? autolytic site in
cationic trypsinogen, causes autosomal dominant hereditary
pancreatitis in humans (9). Autolytic cleavage of the Arg!?*-
Val'?? peptide bond was suggested to trigger rapid trypsin
degradation by increasing structural flexibility and exposing
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further tryptic sites (10). Autolysis was also proposed to play an
essential role in physiological trypsin degradation in the lower
intestines. A number of studies in humans have demonstrated
that trypsin becomes inactivated during its intestinal transit, and
in the terminal ileum only ~20% of the duodenal trypsin activity
is detectable (12-14). On the basis of in vitro experiments, a
theory was put forth that digestive enzymes are generally resis-
tant to each other and undergo degradation through autolysis
only (10, 15). However, human cationic trypsin was shown to be
highly resistant to autolysis, and appreciable autodegradation
was observed only with extended incubation times in the com-
plete absence of Ca?" and salts (16-18). Furthermore, we
demonstrated that tryptic cleavage of the Arg!'?2-Val!?? peptide
bond in human cationic trypsin(ogen) does not result in rapid
degradation. Instead, due to trypsin-mediated resynthesis of the
peptide bond, a dynamic equilibrium is reached between the
single-chain (intact) and double-chain (cleaved) forms, which
are functionally equivalent (19). Taken together, the in vitro
studies indicate that autolysis alone cannot be responsible for the
inactivation and degradation of human cationic trypsin and
suggest that other pancreatic enzymes might be important in this
process.

Recently, we serendipitously discovered that a minor human
chymotrypsin, chymotrypsin C, regulates autoactivation of hu-
man cationic trypsinogen by limited proteolysis of the trypsino-
gen activation peptide (20). These experiments focused our
attention onto this less-known chymotrypsin, and we character-
ized its interaction with human cationic trypsin in more detail.
Surprisingly, we found that at low Ca?* concentrations, chymo-
trypsin C cleaves a peptide bond with high selectivity within the
Ca?* binding loop of cationic trypsin, which results in rapid
degradation and loss of trypsin activity. The observations suggest
that chymotrypsin C may be the long-elusive digestive enzyme
responsible for trypsin degradation in the gut and may serve as
a protective protease in the pancreas to curtail premature trypsin
activation. In this study, compelling evidence is presented in
support of this contention.

Results

Chymotrypsin C Promotes Degradation of Human Cationic Trypsin.
Incubation of human cationic trypsin with chymotrypsin C at pH
8.0 and at 37°C in the presence of 25 pM Ca?" resulted in rapid
loss of trypsin activity, with a t,, of ~15 min (Fig. 14). Under
these conditions, autocatalytic degradation (autolysis) of cat-
ionic trypsin was negligible. Degradation of cationic trypsin by
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Fig. 1. Degradation of human cationic trypsin by chymotrypsin C. (A) Cationic trypsin (2 uM) was incubated alone (control) or with 300 nM of the indicated
proteasesin 0.1 M Tris-HCI (pH 8.0) and 25 uM CaCl; (final concentrations) in 100 ul of final volume. At the indicated times, 2-ul aliquots were withdrawn, and
residual trypsin activity was measured and expressed as a percentage of the initial activity. (B—D) SDS/PAGE analysis of autolysis and chymotrypsin C-mediated
degradation of cationic trypsin. Wild-type cationic trypsin (B and C) or S200A mutant cationic trypsin (D) were incubated at 2 uM concentration in the absence
(B) or presence (C and D) of 300 nM chymotrypsin Cin 0.1 M Tris-HCI (pH 8.0) and 25 uM CaCl; (final concentrations). At the indicated times, 100-ul aliquots were
precipitated with 10% trichloroacetic acid (final concentration) and electrophoresed on 15% minigels under reducing conditions, followed by Coomassie blue
staining. Note that chymotrypsin C is glycosylated and runs as a fuzzy band. Double-chain trypsin is cleaved at the Arg'22-Val'Z peptide bond and runs as two
bands on reducing gels; the upper band corresponds to the C-terminal chain (Val'23-Ser247), and the lower band is the N-terminal chain (lle24-Arg'22). (E) Major

proteolytic cleavage sites in cationic trypsin determined from N-terminal sequencing of the visible bands in C.

chymotrypsin C proved to be highly specific, because chymo-
trypsin Bl, chymotrypsin B2, elastase 2A, elastase 3A, or
elastase 3B had no significant degrading activity at pH 8.0 (Fig.
1A4) or at pH 6.0 (data not shown).

SDS/PAGE analysis of the spontaneous autolysis reaction of
cationic trypsin showed no appreciable degradation over the 1 h
time course studied (Fig. 1B). As described in ref. 19, human
cationic trypsin consists of an equilibrium mixture of single-
chain and double-chain forms cleaved at the Arg!??-Val!??
peptide bond, and both forms remained stable under the exper-
imental conditions. In stark contrast, when chymotrypsin C was
included in the reaction, SDS/PAGE showed the time-
dependent disappearance of both the single-chain and double-
chain trypsin bands and the appearance of degradation frag-
ments, which were eventually further degraded to peptides too
small to resolve on the 15% gels used (Fig. 1C). Surprisingly,
when a catalytically inactive Ser?®® — Ala (S200A) cationic
trypsin mutant was digested with chymotrypsin C, the overall
rate of trypsin degradation was markedly slower, indicating that
trypsin activity is required for efficient chymotrypsin
C-mediated cationic trypsin degradation (Fig. 1D).

N-terminal sequencing of the visible bands in Fig. 1C revealed
that the primary chymotrypsin C cleavage site was the Leu8!-
Glu®? peptide bond within the Ca?" binding loop of cationic
trypsin (Figs. 1E and 2). The C-terminal chymotryptic fragment
(Glu®-Ser?*7) underwent rapid tryptic (autolytic) cleavage at the
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Arg!'?2-Val'? peptide bond, resulting in three peptides, corre-
sponding to the Ile**-Leud!; Glu®?-Arg!'?? and Val'?3-Ser?#7 seg-
ments (see Figs. 1E and 2). The same three peptides were
generated when chymotrypsin C cleaved the Leu®'-Glu®? peptide
bond in the double-chain cationic trypsin, already cleaved after
Arg!?2. Finally, a peptide generated in low yields by chymotryptic
cleavage of the Leu*'-Asn*? peptide bond was also identified
among the lower molecular weight bands (Fig. 1C).

Ca2* Protects Cationic Trypsin Against Chymotrypsin C-Mediated
Degradation. Because the primary chymotrypsin C cleavage site
is located within the calcium binding loop of cationic trypsin (see
Fig. 2), we speculated that Ca?>™ might be protective against
chymotryptic cleavage and subsequent trypsin degradation. In-
deed, increasing the Ca?>* concentration from 25 uM to 1 mM
progressively inhibited the degradation of cationic trypsin by
chymotrypsin C, with essentially complete protection observed
at 1 mM Ca?" (Fig. 34). The half-maximal protective Ca?*
concentration was 40 uM, which probably corresponds to the Ky
of Ca?* binding to cationic trypsin. As shown in supporting
information (SI) Fig. 7, inhibition of trypsin degradation by Ca?*
was also quantified at pH 6.0, and a half-maximal protective
concentration of 90 uM was obtained. To demonstrate that the
protective effect of Ca?* is exerted through binding to the Ca2*
binding loop in trypsin, we mutated Glu®? to Ala (ES2A). Glu$?
is one of three carboxylate side chains that bind the Ca?* ion

Szmola and Sahin-To6th


http://www.pnas.org/cgi/content/full/0703714104/DC1
http://www.pnas.org/cgi/content/full/0703714104/DC1

Lo L

P

1\

=y

B

chymotrypsin C

Leus1 @ -

trypsin

Fig. 2. Structural determinants of chymotrypsin C-mediated trypsin degradation. (A) Ribbon diagram of human cationic trypsin [Protein Data Bank ID code

1TRN; chain B of the crystallographic dimer shown here (21)] with the Leu8' (red) and Arg'?2 (blue) side chains indicated. The calcium-binding loop is denoted
by the Ca2* symbol. The catalytic triad consisting of His®3 (His>” in the conventional chymotrypsin numbering); Asp'?’ (chymotrypsin no. Asp'%?) and Ser2%
(chymotrypsin no. Ser'%) are shown in green. Note that Asp'% is located on the yellow peptide segment, which is released upon cleavage of the Leu®'-Glu82 and
Arg'22-Val'23 peptide bonds. See text for details. The image was rendered using DeepView/Swiss-PdbViewer version 3.7. (B) Primary structure of human cationic
trypsin. Individual amino acids are represented by circles. The catalytic triad is highlighted in green, Leu' isin red, and Arg'??is in blue. The five disulfide bridges
and the interactions between the calcium ion and amino acids within the calcium binding loop are indicated. Note that both the Leu®'-Glu82 and the Arg'?2-Val'23

peptide bonds are located in a long peptide segment not stabilized by disulfide bonds. The yellow section corresponds to the yellow peptide in A.

(Fig. 2B). In 25 uM Ca?*, both the E82A mutant (Fig. 3B) and
the corresponding wild-type (Fig. 34) cationic trypsins were
degraded by chymotrypsin C with similar kinetics, indicating that
Glu®? is not essential for efficient chymotrypsin C cleavage.
Remarkably, however, degradation of E82A-trypsin was insen-
sitive to Ca?* up to 1 mM concentrations, confirming that an
intact Ca®* binding site in trypsin is required for the protective
effect of Ca?* against chymotrypsin C.

Both Chymotryptic Cleavage After Leu®' and Autolytic Cleavage After
Arg'22 Are Required for Degradation of Cationic Trypsin. To investi-
gate the relative significance of the chymotryptic cleavage after
Leu® and the autolytic cleavage after Arg!??, both sites were
mutated to Ala individually, and the L81A and R122A mutant
cationic trypsins were digested with chymotrypsin C. Strikingly,
both mutations afforded essentially complete protection against
chymotrypsin C-mediated degradation (Fig. 44). SDS/PAGE anal-
ysis confirmed that mutant L81A remained intact in the presence
of chymotrypsin C, with both single-chain and double-chain trypsin
species unaffected (Fig. 4B). The R122A mutant was slowly cleaved
by chymotrypsin C at a rate that was similar to the chymotryptic
cleavage of the S200A-trypsin in Fig. 1D (Fig. 4C). However, in the
absence of autolytic cleavage at the Arg'?>-Val'?® peptide bond, this
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slow chymotryptic cleavage was insufficient to produce appreciable
degradation. Although not shown, mutation R122H protected
against chymotrypsin C-mediated trypsin degradation as well as
mutation R122A. Taken together, the results indicate that chymot-
ryptic cleavage of the Leu®-Glu®? peptide bond and autolytic
cleavage of the Arg!??-Val'?} peptide bond are both essential for
rapid trypsin degradation.

Chymotrypsin C Is Identical to Enzyme Y, the Trypsinogen Degrading
Activity from Human Pancreatic Juice. On the basis of its ability to
degrade human cationic trypsin with high specificity and in a
Ca?*-dependent manner, we speculated that chymotrypsin C
might be identical to enzyme Y, the trypsinogen-degrading
enzymatic activity isolated from human pancreatic juice by
Heinrich Rinderknecht in 1988 (see Discussion for more on
enzyme Y) (8). Consistent with this assumption, chymotrypsin C
was capable of degrading not only cationic trypsin but also
anionic trypsin and mesotrypsin (Fig. 54), as well as the trypsin
precursors cationic trypsinogen, anionic trypsinogen, and me-
sotrypsinogen (Fig. 5B). Interestingly, trypsinogen degradation
proceeded significantly faster (fi, ~ 2-5 min) than trypsin
degradation. Millimolar Ca?* concentrations inhibited trypsino-
gen degradation as well as trypsin degradation (data not shown).
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Fig. 3. Effect of calcium on the chymotrypsin C-mediated degradation of
human cationic trypsin. Wild-type cationic trypsin (A) or the E82A mutant (B)
were incubated at 2 uM concentration with 300 nM chymotrypsin C (final
concentration) in 0.1 M Tris:HCl (pH 8.0) and the indicated CaCl, concentra-
tions. At the given times, residual trypsin activity was determined as described
in Fig. 1A.

SI Fig. 8 demonstrates the degradation banding pattern of
human trypsinogens on gels and the chymotrypsin C cleavage
sites deduced from N-terminal sequencing of the visible bands.
Although the Leu!-Glu®? peptide bond was readily cleaved in all
three trypsinogens, additional isoform-specific chymotryptic
cleavage sites were also observed.

Discussion

The present study identifies chymotrypsin C as the pancreatic
digestive enzyme that can promote degradation and inactivation
of human cationic trypsin. These results resolve the contradic-
tion between the in vivo documented intestinal trypsin degra-
dation (12-14) and the in vitro observed resistance of human
cationic trypsin against autolysis (16—18) and strongly suggest
that chymotrypsin C is responsible for the elimination of trypsin
activity in the lower small intestines. Furthermore, the obser-
vations clearly negate the notion that degradation of digestive
serine proteases is always autocatalytic in nature (15) and
provide a clear example for heterolytic degradation. The spec-
ificity of chymotrypsin C in mediating trypsin degradation is
striking. All other chymotrypsins and elastases tested were
completely ineffective in this respect. Trypsin degradation is
initiated by selective cleavage of the Leu®!-Glu®? peptide bond
within the Ca?* binding loop, followed by trypsin-mediated
autolytic cleavage of the Arg!??-Val'?? peptide bond. Millimolar
Ca?* concentrations inhibit chymotrypsin C-mediated cleavage
after Leu®! by stabilizing the Ca?* binding loop and thus protect
against degradation.

11230 | www.pnas.org/cgi/doi/10.1073/pnas.0703714104
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Fig. 4. Mutations L81A and R122A stabilize cationic trypsin against chymo-
trypsin C-mediated degradation. Wild-type, L81A, and R122A cationic trypsins
were incubated at 2 uM concentration with 300 nM chymotrypsin Cin 0.1 M
Tris-HCI (pH 8.0) and 25 uM CaCl; (final concentrations). (A) At the indicated
times, residual trypsin activity was measured as described in Fig. 1 A. (Band Q).
Aliquots (100 pul) were precipitated with 10% trichloroacetic acid (final con-
centration) and analyzed by SDS/15% PAGE under reducing conditions.

Autolytic degradation of cationic trypsin was postulated to
play a protective role in the pancreas against inappropriate
trypsin activation (9-10). This assumption was based on the
observation that human hereditary pancreatitis is associated
with the R122H cationic trypsin mutation, which destroys the
Arg!?2 autolytic site (9). However, the unusually high resistance
of human cationic trypsin to autolysis in vitro has called into
question the presumed protective role of trypsin autolysis and
the proposed pathomechanism of the R122H mutation. Hered-
itary pancreatitis follows an autosomal dominant inheritance
pattern with incomplete penetrance and variable disease expres-
sion, and it is typically characterized by early onset episodes of
acute pancreatitis with frequent progression to chronic pancre-
atitis and an increased risk for pancreatic cancer (9, 22). Besides
mutation R122H, to date >20 other cationic trypsinogen vari-
ants have been identified in pancreatitis patients, but mutation
R122H is responsible for the large majority of cases (=70%)
(22). The results presented here support a putative defense
mechanism in which chymotrypsin C-mediated trypsin degra-
dation mitigates unwanted intrapancreatic trypsin activity. The
conditions at the site of intraacinar trypsinogen activation (pH

Szmola and Sahin-To6th
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Fig.5. Degradation of the three human trypsin and trypsinogen isoforms by
chymotrypsin C. (A) Human cationic trypsin, anionic trypsin, and mesotrypsin
were incubated at 2 uM concentration with 300 nM chymotrypsin Cin 0.1 M
Tris*HCl (pH 8.0) and 25 uwM CaCl; (final concentrations). At the indicated times,
residual trypsin activity was measured as described in Fig. 1A. (B) Human
cationic trypsinogen, anionic trypsinogen, and mesotrypsinogen (2 uM) were
incubated with 300 nM chymotrypsin Cin 0.1 M Tris-HCl (pH 8.0) and 25 uM
CaCl; (final concentrations). At the indicated times, 10-ul aliquots were with-
drawn, CaCl, was added to 10 mM final concentration and activable trypsino-
gen content was determined by incubating with 120 ng/ml human enteropep-
tidase for 15 min at room temperature and measuring trypsin activity.
Activable trypsinogen was expressed as a percentage of the initial activable
trypsinogen content.

~6.0, Ca®>" concentration ~40 puM) are conducive for such a
mechanism to be operational (23). Impairment of this mecha-
nism by the R122H mutation may contribute to the pathogenesis
of hereditary pancreatitis.

Chymotrypsin C was first isolated from pig pancreas and was
shown to exhibit a preference for leucyl peptide bonds, which
distinguished it from chymotrypsin A or chymotrypsin B (24, 25).
Chymotrypsin C seems to be the same protein as caldecrin, a
serum-calcium-decreasing protein isolated from porcine and rat
pancreas and later cloned from rat and human pancreas (26, 27).
Recently, we reported that chymotrypsin C regulates autoacti-
vation of cationic trypsinogen through limited proteolysis of its
activation peptide at the Phe'8-Asp!® peptide bond (20). The
N-terminally truncated cationic trypsinogen autoactivates 3-fold
faster than its intact form. Taken together with these previous
observations, the present results identify chymotrypsin C as a key
regulator of trypsinogen activation and trypsin degradation in
humans (Fig. 6). Thus, in the activation pathway, chymotrypsin
C cleaves the Phe!8-Asp!® bond in the trypsinogen activation
peptide, which in turn facilitates tryptic cleavage of the Lys®3-
Ile?*-activating peptide bond, resulting in increased autoactiva-
tion. In the degradation pathway, chymotrypsin C cleaves the

Szmola and Sahin-Té6th

ACTIVATION DEGRADATION

Chymotrypsin C

A16V C
X

az*

Phe18-Asp19 Leu81-Glu82
Trypsinogen
Lys23-lle24 Arg122-Val123

/\ /{R122H

Fig. 6. Chymotrypsin C stimulates trypsin-mediated trypsinogen activation
(autoactivation) and trypsin-mediated trypsin degradation (autolysis). In the
presence of millimolar Ca2* concentrations, the trypsin degradation pathway
is blocked and only the trypsinogen activation pathway is operational. Both
pathways are affected by certain hereditary pancreatitis-associated muta-
tions. Mutation A16V stimulates the activation pathway (20), whereas muta-
tion R122H inhibits the degradation pathway. See text for details.

Leud!-Glu®? peptide bond, and subsequent tryptic cleavage of
the Arg!'?2-Val'? peptide bond destines trypsin for degradation
and inactivation. Clearly, chymotrypsin C accelerates already
existing autoregulatory functions of cationic trypsin (i.e., auto-
activation and autolysis). The balance between activation and
degradation is regulated by the prevailing Ca?>* concentrations.
In the presence of high Ca?* concentrations (>1 mM) charac-
teristic of the upper small intestines, the degradation pathway is
blocked and trypsinogen activation is predominant. As the Ca%*
concentration falls below millimolar levels in the lower intes-
tines, trypsin degradation prevails. Although intestinal Ca?*
absorption has been studied extensively, reliable data on the
ionized Ca?* concentrations along the small intestines is lacking
(28). It is noteworthy that ionized Ca?* concentrations in the gut
are largely determined by luminal pH and insoluble complex
formation, which becomes more significant at the more alkaline
pH of the lower intestines, where trypsin degradation was shown
to occur (29).

An unexpected bonus from these studies was the identification
of chymotrypsin C as enzyme Y, a so-far obscure trypsinogen-
degrading activity from human pancreatic juice. Enzyme Y was
described by the late Heinrich Rinderknecht, the renowned
pancreatologist, in 1988 (8). Rinderknecht was also the first to
identify the inhibitor-resistant human mesotrypsin in 1984 (4).
He initially alleged that mesotrypsin can degrade trypsinogens,
but later he withdrew this conclusion and attributed the trypsino-
gen-degrading activity to an unidentified serine protease, which
he named enzyme Y (7, 8). This enigmatic activity developed
when human cationic trypsinogen, purified by native gel elec-
trophoresis, was incubated at 37°C. This activity degraded all
human trypsinogen isoforms, and millimolar Ca?* concentra-
tions blocked degradation. Enzyme Y became very popular
among pancreas researchers and has been highlighted in almost
every significant article discussing defense mechanisms against
intrapancreatic trypsin activity. Rinderknecht himself believed
that enzyme Y was probably a degradation fragment of cationic
trypsin (8), perhaps complexed with pancreatic secretory trypsin
inhibitor (30), although he acknowledged the possibility of
contamination with an unknown protease (8). The observations
presented in this study seem fully consistent with the conclusion
that chymotrypsin Cis in fact enzyme Y, which contaminated the
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cationic trypsinogen preparations in Rinderknecht’s experi-
ments. Thus, chymotrypsin C is a serine protease, which can
rapidly degrade all three human trypsinogens in a Ca?*-
dependent manner. No other pancreatic protease tested in this
study had trypsin- or trypsinogen-degrading activity. It is un-
likely that chymotrypsin C-mediated trypsinogen degradation
has any physiological role in digestion, as high Ca?>* concentra-
tions in the duodenum would inhibit trypsinogen degradation
and favor trypsinogen activation (see Fig. 6). However,
Rinderknecht’s theory that enzyme Y protects the pancreas by
decreasing trypsinogen concentrations during inappropriate zy-
mogen activation might be valid, and our present study should
stimulate further research in this direction.

Methods

Nomenclature. Amino acid residues in the trypsinogen sequence
are numbered according to their position in the native preproen-
zyme, starting with Met!. The first amino acid of the mature
cationic trypsinogen is Ala'®.

Construction of Expression Plasmids and Expression and Purification
of Digestive Proenzymes. Sce S/ Text for more information about
expression plasmids and purification of digestive proenzymes.
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