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Activation of Human Pancreatic Proteolytic Enzymes:
The Role of Enteropeptidase and Trypsin
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ABSTRACT

Objective: The role of enteropeptidase and trypsin in the process by which
pancreatic proteolytic zymogens are converted into active enzymes has been
investigated in the past, using purified enzymes and proenzymes of animal
origin. In the present study, we wanted to study this process under conditions
which come near to the physiological situation, which prevails in the human
duodenum and upper small intestine.

Patients and Methods: Duodenal contents were collected from 2 patients
with intestinal enteropeptidase deficiency. The samples expressed no tryptic
activity and were used as the source of zymogens. Enteropeptidase or trypsin
was added to these samples and the process of zymogen activation was fol-
lowed by measuring trypsin and chymotrypsin activities.

Results: When exogenous trypsin was added to the duodenal contents of
patients with enteropeptidase deficiency, having no tryptic activity, activation
of intrinsic trypsinogen was not observed. When purified porcine or human
enteropeptidase was added to the same samples of duodenal contents, this
resulted in a rapid, dose-dependent activation of trypsinogen followed by the
activation of chymotrypsinogen.

Conclusion: The study underlines the key role of enteropeptidase in the cas-
cade process, which leads to the presence of active proteolytic enzymes in the
human small intestine. The results also explain why patients with congenital
deficiency of enteropeptidase are unable to activate trypsinogen by alternative
pathways and therefore suffer from a severe disturbance of protein digestion
with failure to thrive at young age, hypoproteinemia, and anemia.

Key Words: enterokinase, enteropeptidase, trypsin, chymotrypsin, zymogen
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INTRODUCTION
Enteropeptidase (E.C.3.421.9, formerly enterokinase) was
discovered at the beginning of the last century by Schepowalnikov
(1). The enzyme is located in the brush border membrane of duo-
denal and upper small intestinal enterocytes (2—11). In the duo-
denal fluid, it is present in a soluble form, or attached to small
fragments of brush border membrane released from intestinal
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What Is Known

e Congenital enteropeptidase deficiency leads to
severe hypoproteinemia, anemia, and failure to thrive
shortly after birth. The molecular cause of enteropep-
tidase deficiency is mutations in the proenteropepti-
dase gene. In duodenal contents of these patients,
all pancreatic proteolytic enzymes are present in their
inactive form (zymogens). Studies performed with
purified proenzymes of animal origin have shown
that, In vitro, trypsinogens can be activated by tryp-
sin via an autocatalytic process or by enteropeptidase.

What Is New

e When duodenal contents of patients with deficiency of
intestinal enteropeptidase were used as the source of
proteolytic zymogens, no activation of trypsinogens by
the addition of trypsin was observed and proteolytic
zymogens remained inactive. The addition of purified
enteropeptidase of porcine or human origin resulted
in a rapid and complete activation of trypsinogens fol-
lowed by the activation of chymotrypsinogens. The
yield of trypsin formed in this process was proportional
to the amount of enteropeptidase used for activation.

How Might It Impact on Clinical Practice in the
Foreseeable Future?

e The study underlines the key role of enteropeptidase
in the cascade process leading to the presence of
active proteolytic enzymes in the human intestinal
lumen. In the therapy of patients with congenital
enteropeptidase deficiency, substitution of the miss-
ing proteolytic enzymes by oral gifts of pancreatin
in addition to easily absorbable protein hydrolysates
containing amino acids and peptides has been suc-
cessful. The addition of enteropeptidase to duodenal
contents of patients and the assessment of trypsin
activity before and after the addition of enteropep-
tidase to the sample are an indispensable tool for a
precise diagnosis of enteropeptidase deficiency.

epithelial cells (10,11). This localization of the enzyme is found
in many animal species (2,6,8,10,11) and in man (4,5,7,9).

Enteropeptidase is a serine proteinase. It is produced as a
single-chain precursor (proenteropeptidase), sorted to the apical
membrane of cells (12-14) and activated by duodenase (15) or
trypsin (14).

Enteropeptidase is responsible for the activation of trypsin-
ogen to trypsin. The mechanism of this activation process and its
kinetics have been studied by Kunitz and his coworkers (16—18),
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McDonald and Kunitz (19), Maroux et al (20), and Baratti et al
(21,22) using purified zymogens of animal origin. More recently
Varén et al (23) studied the kinetics of these activation cascades.
Similar studies were carried out using samples of the normal human
duodenal or pancreatic fluid as the source of enzymes or zymogens
(24-32). The enteropeptidase catalyzed activation process is highly
specific. In this process, an octapeptide with the structure N-Ala-
Pro-Phe-Asp-Asp-Asp-Asp -Lys is released from trypsinogen, the
trypsinogen activation peptide (33) and, by a conformational change
trypsinogen is converted into the active enzyme trypsin. The tetra-
aspartate motif in trypsinogen has been shown to be important
for the control of the autocatalytic activation of trypsinogen (34)
and for the recognition of the activation peptide in trypsinogen by
enteropeptidase. Maroux et al (20) have shown that the polyaspartyl
sequence of this domain in trypsinogen is an obstacle for the auto-
catalytic process, as trypsin does not attack model peptides contain-
ing this sequence. In recent studies, doubts have been raised as to
whether the polyaspartate structure is the only domain necessary
for recognition of the trypsinogen activation peptide by enteropep-
tidase. Other structures interacting with the heavy chain of entero-
peptidase might be involved in this recognition process (34). The
autocatalytic activation of trypsinogen by trypsin can occur under
certain conditions in vitro (31,35). In the normal human duodenal
contents, it is unlikely to occur in the absence of enteropeptidase,
unless alternative forms of trypsinogen are present caused by gain
of function mutations (36).

Duodenal fluid collected from patients with enteropeptidase
deficiency that contains zymogens before activation represents an
opportunity to study the activation process of proteolytic zymogens
under conditions, which are close to the physiological situation in the
lumen of the human duodenum.

PATIENTS AND METHODS

Uncontaminated duodenal contents of 2 patients with entero-
peptidase deficiency were used as the source of zymogens. The
samples were collected from a boy with congenital enteropeptidase
deficiency at the age of 10 months (patient 1) and from his older
sibling, a girl with enteropeptidase deficiency at her age of 3 years,
11 months (patient 2).

The clinical features of both patients have been described by
Haworth et al (37), the underlying mutations in the proenteropepti-
dase gene by Holzinger et al (38).

Reagents and Enzymes

Bovine crystalline trypsin (lot Nr. 93610), chymotrypsin (lot
Nr. 93610), trypsinogen (lot Nr 93630), and chymotrypsinogen (lot
Nr. 93610) were purchased from Fluka (Fluka Chemie AG, 9470
Buchs, Switzerland). Purified porcine enteropeptidase was a gift
from Opochimie (Monte Carlo, Monaco). Human enteropeptidase
was partially purified from human duodenal juice by passing it over
a Sephadex G-200 column and collecting the fractions containing
enteropeptidase. These fractions were free of trypsin, and the specific
activity of these samples was 50 Enteropeptidase Units (EpU) per
gram of dry weight after lyophilization. One Enteropeptidase Unit
is the amount of enteropeptidase that liberates 1 ug trypsin from
trypsinogen per minute at pH 5.6 and 25°C (39). Trypsin and chy-
motrypsin activity were measured according to Hummel (40) using
as the substrates N-alpha-tosyl-L-arginine methylester (TAME) and
N-alpha-benzoyl-L-tyrosine ethylester (BTEE), respectively. In the
gel filtration experiments, tryptic activity was measured with the
chromogenic  substrate  Na-Benzoyl-DL-arginine-4-nitroanilide
(BAPNA) according to the method of Erlanger et al (41). Tryptic and
chymotryptic activity were expressed in microgram of bovine crys-
talline enzyme after comparison of the activity with standard curves
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obtained with different concentrations of purified enzymes. TAME,
BTEE, and BAPNA were purchased from Sigma-Aldrich (Merck &
Cie, 8200 Schafthausen, Switzerland). Enteropeptidase activity was
measured by incubating in a plastic tube 0.1 mL Na-citrate buffer,
50mM, pH 5.6, and 100 pL trypsinogen solution containing 2mg
bovine trypsinogen per ml of 0.001 N HCI. The volume was adjusted
to 0.65mL with distilled water. The incubation at 25°C was started
by adding the trypsinogen solution. Aliquots for trypsin determina-
tion were removed after 10, 20, 30, and 40 minutes. In the aliquots
further activation of trypsinogen was immediately stopped by adding
200 pL HCI1 0.006 N. The 100-uL aliquots were adjusted to 300 ul
with distilled water. To this mixture the trypsin substrate with appro-
priate buffers were added and tryptic activity was measured with the
substrate TAME or BAPNA (40,41). For calculation of enteropepti-
dase activity, trypsin standard curves were obtained by incubating
various amounts of purified trypsin with the substrate according to
Erlanger et al (41).

RESULTS

For the diagnosis of enteropeptidase deficiency, possible
interference of trypsin and enteropeptidase in the activation process
of trypsinogen must be avoided. Therefore, duodenal contents of
patients and controls were subjected to gel filtration on Sephadex
G-200, separating the different enzymes (Fig. 1). In the normal
control, 2 peaks are visible, the first one (elution volume 5-6mL)
corresponding to enteropeptidase and the second peak (8-10mL)
corresponding to tryptic activity. In the patient, no activity of entero-
peptidase or trypsin was found. After addition of purified porcine
enteropeptidase to each sample of elution fluid from the patients’
duodenal contents, a peak corresponding to tryptic activity appeared
between 8 and 9mL of elution volume. This result indicated that the
sample did contain trypsinogen before activation. This elution profile
is diagnostic for enteropeptidase deficiency (42) and was found in
both patients participating in this study (37).

Activation of Trypsinogen by Exogenous Trypsin

Figure 2 shows the effect of the addition of bovine crystalline
trypsin to duodenal contents of enteropeptidase deficient patient 1.
To 4 samples of duodenal juice, 4 different amounts of bovine trypsin
were added and trypsin activities were determined at different times
after incubation at 25°C. No buffers were added to the samples. The
pH was 7.5 and remained unchanged during the incubation. The con-
centrations of various ions present in the sample of duodenal juice
are listed in the legend to Figure 2. In none of the 4 samples, was
there an apparent activation of trypsinogen. A considerable part of
the added active trypsin was immediately inactivated as is shown in
Figure 2. The amount of trypsin which was inactivated was almost the
same for the 4 samples. The loss of activity is due to intrinsic trypsin
inhibitors. The residual activity of trypsin which escaped inhibition
remained constant for 60 minutes except in one sample that received
the highest amount of trypsin initially. In this sample a loss of tryptic
activity was observed during the first 60 minutes of incubation.

The activation of trypsinogen by enteropeptidase in duode-
nal fluid of patient 1 was studied in the samples described above by
adding after 60 minutes of incubation with trypsin alone, 1 mL of
purified human enteropeptidase (1.5 EpU/mL). This resulted in rapid
activation of trypsinogen. The final amount of trypsin formed was
highest in the 2 samples which initially received only small amounts
of trypsin. In the 2 samples with the higher amount of trypsin initially
added the yield of trypsin formed from trypsinogen was smaller.

The kinetics of the activation of trypsinogen by enteropepti-
dase in duodenal fluid of patient 2 is shown in Figure 3. Different
amounts of purified porcine enteropeptidase were added to samples
of duodenal contents. Two phenomena were observed: first, the initial
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FIGURE 1. Diagnosis of enteropeptidase deficiency. Elution profile and enzymatic activities in samples eluted from a Sephadex
G-200 column. Eight hundred pL of duodenal fluid of patient 2 was applied to a 61 x 1.6cm column and eluted with 50mM
TRIS buffer at pH 7.5. Upper half: duodenal fluid of a patient with normal intestinal and pancreatic function. Lower half: duode-
nal fluid of patient 2 with enteropeptidase deficiency. o enteropeptidase activity, ® tryptic activity, O tryptic activity after addi-
tion of enteropeptidase. Ordinate: activity of trypsin: optical density at 410nm (substrate BAPNA) and enteropeptidase activity

in EpU/100 pL of elution fluid. Abscissa: elution volume, mL.

slope of the activation curve depended on the amount of enteropep-
tidase added to the incubation mixture. Second, the final amount of
trypsin formed from a constant amount of trypsinogen was propor-
tional to the amount of active enteropeptidase present.

The activation of chymotrypsinogen in duodenal fluid of
patient 1 with enteropeptidase deficiency is shown in Figure 4.
Chymotryptic activity was measured in the same samples of duo-
denal fluid that is represented in Figure 2. Activation of chymotryp-
sin was observed only in those samples where tryptic activity was
present, either because it had escaped inhibition (immediate activa-
tion) or was formed as a result enteropeptidase addition. The final
amount of chymotrypsin formed did not depend on the amount of
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enteropeptidase or trypsin present in the incubation mixture. In the 2
samples to whom 15 or 50 pg of trypsin were added, a small activity
of trypsin persisted.

DISCUSSION
The experiments presented here demonstrate that no activa-
tion of trypsinogen occurred when trypsin was added to the duode-
nal fluid of patients with enteropeptidase deficiency. Active trypsin
was formed only after the addition of enteropeptidase to the samples
of duodenal fluid. Autoactivation of trypsinogen had not occurred
because the samples collected from patients with enteropeptidase
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FIGURE 2. Effect of trypsin and enteropeptidase on activation of trypsinogen in duodenal contents of patient 1 with entero-
peptidase deficiency. To 4 samples of duodenal fluid, different amounts of bovine trypsin were added and tryptic activities
were determined by the method of Hummel (40) during incubation at 25°C. Amount of trypsin added (T): O 225 ug, 0 125
ug, & 50 ug, v 15 pg; no buffers were added; pH and ionic environment in the samples were pH 7.5 (unchanged during the
experiment), Na* 112mM, K* 6.7 mM, CI- 43 mM, Ca** 2.0 mM (ionic strength | = 0.109). After 60 minutes, 1 mL of human
purified enteropeptidase (1.5 EpU/mL) was added (E) and tryptic activity was measured in the 4 samples. Ordinate: trypsin
activity measured as optical density at 253 nm with substrate: N-alpha-tosyl-L-arginine methylester (TAME). Abscissa: incuba-

tion time in minutes.
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FIGURE 3. Velocity and yield of trypsinogen activation by various amounts of enteropeptidase. To 200 pL of duodenal fluid
collected from patient 2 with enteropeptidase deficiency, various amounts of purified porcine enteropeptidase were added. Ali-
quots of the incubation mixture were harvested at different time intervals and tryptic activity was determined with the method
of Hummel (40) using TAME as the substrate. Tryptic activity is expressed as ug/ml purified bovine trypsin. o 1.05 EpU, 0 0.5
EpU, A 0.25 EpU. Ordinate: trypsin concentration measured as optical density at 253nm with substrate N-alpha-tosyl-L-arginine

methylester (TAME). Abscissa: incubation time in minutes.
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FIGURE 4. Activation of chymotrypsinogen by trypsin and by enteropeptidase. Duodenal juice of patient 1 with enteropepti-
dase deficiency. The activity of chymotrypsin [method of Hummel (40)] was determined in the same samples of duodenal con-
tents as in Figure 2. Amount of trypsin added (T): O 225 ug, o0 125 pg, A 50 yg, vV 15 pg. Addition (E) of 1 mL purified human
enteropeptidase (1.5 EpU/mL). Ordinate: chymotrypsin concentration measured as optical density at 253 nm with substrate
N-alpha-benzoyl-L-tyrosine ethylester (BTEE). Abscissa: incubation time in minutes.

deficiency lacked tryptic activity before the activation by exogenous
enteropeptidase. These observations are in agreement with the in
vitro findings of Maroux et al (20) obtained with pure bovine tryp-
sinogen. They are also in accordance with earlier studies by Kunitz
who used crystalline trypsinogen from beef pancreas and enteroki-
nase isolated and concentrated from porcine duodenal contents (16—
19). These classical investigations of Kunitz have shown that the
catalytic action of enteropeptidase on trypsinogen is complicated by
the partial transformation of trypsinogen into inert protein by tryp-
sin itself. This process which reduces the yield of trypsin formed
from trypsinogen is minimized in the presence of large amounts of
enteropeptidase. Therefore, enteropeptidase is indispensable for a
complete activation of trypsinogen. Inert protein formation may
have occurred in our experiment shown in Figure 2 in the samples to
which a higher dose of trypsin was added initially. In the activation
of chymotrypsinogen (Fig. 4), the yield of chymotrypsin formed did
not depend on the amount of trypsin present in the incubation mix-
ture, when the yield of chymotrypsin formed in the samples receiv-
ing 225 and 125 pg trypsin were compared. This is in agreement
with the findings of Kerr et al (43) who studied the mechanism of
chymotrypsinogen activation by trypsin and found that inert pro-
tein formation was not complicating this process. In the samples to
which 50 and 15 pg trypsin were added, a small amount of trypsin
activity was detectable during the first 60 minutes, but no activation
of chymotrypsin was observed.

The data presented here demonstrate that enteropeptidase
plays the key role for the cascade of activation processes which
lead to active proteolytic enzymes in the human intestine. The data
also show that patients with enteropeptidase deficiency are unable
to activate trypsinogen by an alternative pathway. In the absence
of enteropeptidase activity proteolytic pancreatic enzymes remain
inactive, and the consequence is a severe disturbance of protein
digestion leading to hypoproteinemia, anemia and failure to thrive
at young age.
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