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1. ABSTRACT 

 
Enteropeptidase, a type II transmembrane serine 

protease, is localized to the brush border of the duodenal 
and jejunal mucosa. It is synthesized as a zymogen 
(proenteropeptidase) that requires activation by another 
protease, either trypsin or possibly duodenase.  Active 
enteropeptidase then converts the pancreatic precursor, 
trypsinogen, to trypsin by cleavage of the specific 
trypsinogen activation peptide, Asp-Asp-Asp-Asp-Lys↓Ile 
that is highly conserved in vertebrates. Trypsin, in turn, 
activates other digestive zymogens such as 
chymotrypsinogen, proelastase, procarboxypeptidase and 
prolipase in the lumen of the gut. The important biological 
function of enteropeptidase is highlighted by the 
manifestation of severe diarrhea, failure to thrive, 
hypoproteinemia and edema as a result of congenital 
deficiency of enteropeptidase activity in the gut. 
Conversely, duodenopancreatic reflux of proteolytically 
active enteropeptidase may cause acute and chronic 
pancreatitis.   

 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Enteropeptidase [(E.C.3.4.21.9)], also named 
enterokinase, was first discovered by N.P. Schepovalnikow 
in the laboratory of I.P. Pavlov, who was awarded the 1904 
Nobel Prize in Medicine or Physiology for his studies of 
gastrointestinal physiology. Enteropeptidase is a type II 
transmembrane serine protease that is localized to the brush 
border of the duodenal mucosa. It cleaves trypsinogen to 
generate active trypsin, which in turn activates other 
digestive enzyme precursors including chymotrypsinogen, 
procarboxypeptidase, proelastase, and prolipase in the 
lumen of the intestine (Figure 1). The activation peptide 
(Asp-Asp-Asp-Asp-Lys) is highly conserved in the 
trypsinogens found in all vertebrates (1). The intestinal 
activation of pancreatic pro-enzymes is a physiologic 
mechanism to prevent the proteolytic damage of the 
pancreas or pancreatic duct system. The importance of the 
proenteropeptidase (or enteropeptidase)-trypsinogen (or 
trypsin) activation pathway is highlighted by the 
development of severe intestinal malabsorption and 
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Figure 1. Pancreatic zymogen activation cascade. It remains unknown what activates proenteropeptidase. Trypsin can readily 
activate proenteropeptidase, but other proteases such as duodenase may make the first cut. Autoactivation of trypsinogen is 
relatively slow (dashed arrow) compared to the activation of trypsinogen by enteropeptidase.  
 
 

 
 
Figure 2. Diagram of human enteropeptidase domain structure. Full-length human enteropeptidase consists of a proposed 
transmembrane domain (TM), followed by a heavy chain and light chain. The enteropeptidase light chain is a serine protease 
domain with active site Histidine (H), Aspartate (D) and Serine (S) residues. The locations are shown for the cleavage site 
between the heavy and light chains (arrowhead) and of the predicted disulfide bond that connects them. The enteropeptidase 
heavy chain contains repeated motifs (numbered 1-6) that are homologous to domains of other proteins: LDLR, a low density 
lipoprotein receptor cysteine-rich repeat; C1r/s, a repeat type found in complement components C1r and C1s and also found in 
the Drosophila dorsal-ventral patterning gene tolloid; MAM, a domain homologous to members of a family defined by motifs in 
the mammalian metalloprotease meprin, the X. laevis neuronal protein A5, and the protein tyrosine phosphatase µ1; MSCR, 
macrophage scavenger receptor-like domain. 

 
diarrhea as a result of congenital deficiency of 
enteropeptidase.  
 
3. GENE AND PROTEIN STRUCTURE 
 
3.1. Proenteropeptidase gene  

 The complete cDNA sequences of bovine (2), 
porcine (3), mouse (4), rat (5), Japanese rice fish (6) and 
human (7) enteropeptidase have been determined. 
Enteropeptidase cDNA sequences have been assembled 
from genomic data for several other vertebrates including 
opossum (XP_001373037), chicken (XP_425539), 
chimpanzee (XP_514836), dog (XP_544824) zebrafish 
(XP_001919639), and platypus (XP_001510441). The 
structural features of enteropeptidase are well conserved 
among these various species. In humans, the 
enteropeptidase gene is located at chromosome 21q21 (7). 
The gene spans ~90 kb and contains 25 exons (8). The 
cDNA sequence of human proenteropeptidase contains an 
open reading frame of 3,057 nucleotides, encoding a 

protein of 1,019 amino acid residues. The coding regions of 
the human and bovine nucleotide sequences are 85% 
identical, and encoded amino acid sequences are 82% 
identical (2, 7).  

 
3.2. Proenteropeptidase domain structure 

The human enteropeptidase protein consists of 
two polypeptide chains: a heavy chain (784 amino acids) 
and a light chain (235 amino acids) linked by a disulfide 
bond (Figure 2). The heavy chain contains a potential 
amino terminal myristoylation site at Gly2 (9). In 
addition, a transmembrane sequence is present at the 
amino terminus, followed by six structural motifs in the 
heavy chain. These motifs include two copies of low-
density lipoprotein (LDL) receptor, two copies of 
complement component C1r/s, one copy of the 
metalloprotease meprin, and one copy of the 
macrophage scavenger receptor (MCSR). The light 
chain is a typical chymotrypsin-like serine protease 
(Figure 2).  
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4. BIOSYNTHESIS AND TRAFFICKING 
 
4.1. Localization of enteropeptidase 

In all animal species studied, enteropeptidase 
activity is highest in duodenum and rapidly decreases 
aborally, becoming undetectable by the distal jejumum. In 
humans (10), rats (11) and mice (4), this distribution is 
established late in fetal life. Enteropeptidase mRNA was 
detected in differentiated enterocytes and goblet cells of 
human duodenum (4), and also in some duodenal tumors 
(12), and the protein was associated with the brush border 
of enterocytes and some goblet cells (13-15). Substantial 
amounts of free enteropeptidase also occur in mucinous 
secretions of bovine (13), porcine (16) and human (17, 18) 
small intestine. The intraluminal enteropeptidase may be 
derived from the brush border enzyme due to the action of 
biliary or pancreatic proteases, and possibly to local effects of 
secretagogues such as gastrointestinal hormones. In vivo, 
cholescystokinin-pancreozymin (CCK-PZ) and/or secretin 
have been shown to increase the enteropeptidase activity in the 
duodenal fluid of rats (19-22) and humans (21, 23) even in the 
absence of bile salts or pancreatic secretions, suggesting that 
the enteropeptidase shedding from the enterocytes may be 
regulated by these physiological stimuli.  

 
4.2. Polarized trafficking 

The molecular basis of human enteropeptidase 
localization to the brush border membrane is not well 
characterized. Once it is synthesized in the endoplasmic 
reticulum and transferred to Golgi apparatus, full-length 
bovine enteropeptidase is directly targeted to the apical domain 
of polarized cells such as Madin-Darby canine kidney 
(MDCK) cells (24). Multiple signals within the protein appear 
to determine the polarity of enteropeptidase targeting (24). At 
least, one of the signals that direct the apical sorting of 
enteropeptidase resides in an amino terminal 27-amino acid 
residue region consisting of two short O-glycosylated mucin-
like repeats (repeat A and repeat B) (25). Either mucin-like 
repeat A or repeat B is sufficient to direct apical targeting of 
non-polarized green fluorescent reporter protein (GFP) (25). 
However, O-linked glycosylation is not sufficient for apical 
targeting because a fusion to a different O-glycosylated motif 
does not alter the random targeting of GFP (25). In addition, 
several mutations in either repeat A or repeat B caused random 
targeting of GFP in MDCK cells, but did not prevent O-
glycosylation. Furthermore, mucin-like repeat B appears to 
contain an apical sorting signal that functions in the absence of 
glycosylation (25).  

 
When expressed by itself, the carboxyl terminal 

light chain of enteropeptidase also is targeted apically, and 
the apical targeting of the light chain requires N-linked 
glycosylation (24). Density gradient centrifugation 
indicated that, unlike several other apically targeted 
membrane and soluble proteins, apical sorting of bovine 
enteropeptidase or mucin-GFP chimeric proteins does not 
appear to utilize lipid rafts as platforms (24, 25).  

 
5. ZYMOGEN ACTIVATION  
 

Purified porcine (1), bovine (26), and human (27) 
enteropeptidases from duodenal juices consists of a heavy 

chain of 100~140 kDa and a light chain of 35~62 kDa, 
linked by the disulfide bond. Enteropeptidase is synthesized 
as a zymogen, containing a well-conserved activation site 
Val-Ser-Pro-Lys ↓ Ile (cattle and pig) or Ile-Thr-Pro-
Lys↓Ile (human) or Val-Gly-Pro-Lys↓Ile (rat). These are 
very poor sites for autoactivation, but excellent sites for 
cleavage by trypsin and many related proteases. When 
expressed in baby hamster kidney (BHK) cells with a 
prothrombin signal peptide in place of its transmembrane 
domain, recombinant bovine enteropeptidase was secreted 
as a single-chain molecule of ~150 kDa with no detectable 
proteolytic activity toward peptide substrates (28). 
Incubation of this soluble proenteropeptidase with a trace 
amount of trypsin (∼5 nM) rapidly converted it into an 
active enzyme composed of two fragments of ~133 kDa 
and ~43 kDa (28).  However, enteropeptidase is believed to 
initiate a protease activation cascade for digestive enzymes: 
if enteropeptidase activates trypsinogen, then is trypsin 
really the physiological activator of proenteropeptidase? It 
is possible that enough trypsin is present in pancreatic fluid 
to activate a small amount of proenteropeptidase, after 
which the strong positive feedback between trypsinogen 
activation by enteropeptidase and proenteropeptidase 
activation by trypsin (Figure 1) is sufficient. The active 
trypsin then activates downstream zymogens including 
chymotrypsinogen and proelastase. Such a positive 
feedback mechanism is analogous to the serine protease-
mediated cascades of blood coagulation and fibrinolysis.  

 
Alternatively, another serine protease purified 

from duodenal mucosa such as duodenase has been 
proposed to make the “first cut” on proenteropeptidase. 
Duodenase is a chymase-like enzyme, composed of 226 
amino acids (30 kDa) (29, 30). It is localized to the 
secretory epithelial cells of Brunner’s glands of the 
proximal segment of duodenum (29, 30). Duodenase 
prefers peptide sequence containing Lys residue at P1 
and Pro residue at P2, which matches the activation 
cleavage sequence of proenteropeptidase (30). However, 
the rate of activation of purified bovine recombinant 
proenteropeptidase by purified duodenase (kcat/km 
value of 2,700 M-1s-1) is approximately 100 fold slower 
than that by trypsin (30). Furthermore, duodenase is 
synthesized as a zymogen that appears to require 
activation by yet another protease. Therefore, the 
proposed role for duodenase as an activator of 
proenteropeptidase remains to be established.  

 
6. SUBSTRATE SPECIFICITY 
 

Enteropeptidase activates trypsinogen by 
cleaving the Val-Asp-Asp-Asp-Asp-Lys↓ILe (or 
VDDDDK↓I in single letter code) peptide bond. This 
cleavage sequence consists of a basic residue at the P1 
position and acidic residues at the P2–P5 sites.  The 
cleavage peptide (DDDD↓K) is highly conserved among 
vertebrate trypsinogens (31, 32). It was hypothesized that 
such remarkable sequence specificity may provide an 
important mechanism to ensure that trypsinogen is 
activated only by enteropeptidase after it has been secreted 
into the small intestine, but not by other proteases in 
pancreas, because an excessive activation of trypsinogen in 
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pancreas may lead to devastating conditions such as 
acute pancreatitis (33, 34).  

 
Unexpectedly, recent studies demonstrated that 

a tetra-Ala19-22 trpysinogen mutant devoid of acidic 
residues in the activation peptide is still a highly 
specific substrate for human enteropeptidase, although 
not for bovine enteropeptidase (35). However, an intact 
Asp19-22 motif inhibits the autoactivation of 
trypsinogen. Single Ala substitutions of Asp19 or Asp21 
increased the rate of autoactivation 2-3 fold, whereas 
Ala substitution for Asp22 increased the rate of 
autoactivation 66 fold. These effects were multiplicative 
in the tri-Ala19-21 and tetra-Ala19-22 mutants (35). 
These data suggest that in human cationic trypsinogen 
the Asp19-22 motif per se is not required for 
enteropeptidase recognition, whereas it is essential for 
maximal suppression of autoactivation.  

 
The determinants of enteropeptidase substrate 

specificity may not be confined to serine protease 
domains. For instance, proteolytic removal or 
recombinant truncation of the transmembrane domain 
appears to have little effect on trypsinogen activation by 
bovine (28, 36) or porcine (37) enteropeptidase. Full-
length and soluble bovine enteropeptidase had similar 
Km and kcat values. However, further deletion of the 
heavy chain of bovine enteropeptidase significantly 
impaired the proteolytic activation of trypsinogen, but 
not the cleavage of the small peptide substrate Gly-
(Asp)4-Lys-β-naphthylamide (28). A construct 
containing a light chain of enteropeptidase cleaved 
trypsinogen relatively slowly, with increased Km by 24 
fold and reduced kcat by 20∼40 fold, compared to full-
length soluble bovine enteropeptidase (28). These data 
suggest that the heavy chain of enteropeptidase has little 
influence on the recognition of small peptides, but is 
required for efficient macromolecular substrate 
recognition.  

 
The protease domain of enteropeptidase is also 

required for substrate specificity. The catalytic triad and 
substrate specificity pocket, the conserved sequence of four 
basic residues, R/KRRK, at positions between amino acid 
residues 96 and 99 in the light chain may all participate in 
substrate recognition. Molecular modeling based on three-
dimensional structures from other serine proteases suggested 
that these basic residues may interact with the acidic P2–P5 
residues within the trypsinogen activation sequence (2, 37). 
This was confirmed by the crystal structure of the light chain 
of enteropeptidase complexed with an analog of the 
trypsinogen activation peptide, the inhibitor Val-(Asp)4-Lys-
chromethane (38). As one of the major determinants of 
substrate recognition, the Lys99 residue in the light chain of 
bovine enteropeptidase makes extensive contacts with P2 and 
P4 Asp residues in the trypsinogen activation peptide. 
Substitution of Lys99 with Ala by site-directed mutagenesis, or 
acetylation with acetic anhydride, specifically prevented the 
proteolytic cleavage of trypsinogen or Gly-(Asp)4-Lys-β-
naphthylamide (38). Mutations at Lys96, Arg97, and Arg98 in 
bovine enteropeptidase had much less effect on proteolytic 
activity (38). 

7. REGULATION OF ENZYMATIC ACTIVITY 
 

Enteropeptidase is active at pH values between 6 
and 9, with a broad optimum at about pH 8 (1, 28). Activity 
toward trypsinogen is inhibited by increasing ionic 
strength, due mainly to an increase in Km (39). Calcium 
ions at concentrations between 4 and 10 mM stabilize 
enteropeptidase to heat denaturation (26, 40) and also 
modestly increase its activity (41-44). The calcium-
dependent increase in trypsinogen activation may be due in 
part to the binding of calcium ions by the acidic 
trypsinogen activation peptide (45). Bovine enteropeptidase 
is not inhibited by chicken ovomucoid, soybean trypsin 
inhibitor or limabean trypsin inhibitor (1, 46, 47). It is, 
however, inhibited by Tos-Lys-CH2Cl, diisopropyl 
phosphorofluoridate (DFP), p-aminobenzamidine, 
benzamidine (39), or bovine pancreatic trypsin inhibitor 
(47). The light chain of human enteropeptidase is inhibited 
by soybean trypsin inhibitor, bovine pancreatic trypsin 
inhibitior, leupeptin, antipain, benzamidine, and weakly by 
E-64; it is not inhibited by chymostatin, pepstatin A, or 
bestatin (48), porcine enteropeptidase appeared to be 
resistant to bovine pancreatic tyrpsin inhibitor (1, 49). A 
60-kDa protein isolated from kidney bean can also inhibit 
enteropeptidase activity (50). 

 
8. ASSAY METHODS 
 

Several methods are used to assay trypsinogen 
activation by enteropeptidase; the trypsin product may be 
quantitated by cleavage of chromogenic substrate Bz-Arg-
Oet (41), Z-lys-S-Bzl (51) or N-CBZ-Gly-Pro-Arg-p-
nitroanilide at pH 5.6 and 8.0 (32), or trapped as a complex 
with chicken ovomucoid (52). A relatively specific 
enteropeptidase substrate, Gly-(Asp)4-Lys-β-
naphthylamide (GD4K-NA) (28, 38), is commercially 
available and its cleavage can be assayed fluorometrically 
(53) or spectrophotometrically (28, 38). This substrate can 
also be used for the histochemical identification of 
enteropeptidase in tissue sections (15). 

 
8.1. Trypsinogen activation assay  

This assay contains trypsinogen (0-40 µM), 25 
mM Tris-HCl, pH 8.4 or 50 mM sodium citrate, pH 6.0 in 
the presence of 10 mM CaCl2 and 40 µM ovomucoid at 37 
°C. The reaction is initiated by adding enteropeptidase (0.3 
nM). The reaction is stopped by addition of 20 µl of 0.2 M 
HCl to achieve pH value of 2.0. This condition inactivates 
enteropeptidase and dissociates the trypsin and ovomucoid 
complex. The free trypsin generated is quantitated by 
addition of an equal volume of 500 µM S-2765 in 20 mM 
Tris-HCl, pH 8.4, and 150 mM NaCl, and absorbance at 
405 nm is recorded as a function of time (28).  
 
8.2. Cleavage of synthetic peptides 

The proteolytic activity of enteropeptidase can 
also be determined by cleavage of synthetic peptide 
substrate GD4K-NA as previously described (28). Reaction 
(60 µl) contains 0.1-1 mM GD4K-NA, 25 mM Tris-HCl, 
pH 8.4, and 10 mM CaCl2 at 37 °C. The reaction is initiated 
by adding enteropeptidase (15 nM). At various time points, 
10 µl samples are removed and added to 3.5 µl of 2 M HCl. 
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Free β-naphthylamine concentration is determined 
spectrophotometrically (28, 38). Alternatively, enzyme 
activity is determined from the increase over time of free β-
naphthylamine fluorescence (excitation at 337 nm, 
emission at 420 nm) (53). 

 
9. CONGENITAL DEFICIENCY 
 

The first case of congenital enteropeptidase 
deficiency was described in 1969 in a 3-week old female 
infant who suffered from diarrhea and failed to gain body 
weight (54). Since then, at least 10 additional cases of 
congenital enteropeptidase deficiency have been reported 
(54-59). Congenital enteropeptidase deficiency is an 
autosomal recessive disorder. In these patients, diarrhea, 
vomiting, edema, anemia, hypoproteinemia, and failure to 
gain weight are common symptoms in early infancy. Very 
low or no enteropeptidase activity can be detected in 
intestinal biopsies and duodenal fluid samples. Celiac 
disease was reported in a 40-year old patient with 
congenital deficiency of enteropeptidase (60). There is no 
evidence for a causal relationship between these disorders. 

 
Mutations in the enteropeptidase gene were 

identified in patients with congenital enteropeptidase 
deficiency from two unrelated families (57). Two affected 
siblings from one family had compound heterozygous 
nonsense mutations, one in exon 18 (2135 C>G) and 
another in exon 22 (2569 C>T), resulting in premature stop 
codons at residues Ser712 within the MSCR domain and 
Arg857 within the serine protease domain, respectively 
(57). A patient from another family had a heterozygous 
nonsense mutation in exon 8 (781 C>T) and a 
heterozygous deletion mutation (2707-2708 delGT) in exon 
23, resulting in a premature stop codon at residue Gln261 
within the C1r/s motif and a frameshift at residue Gln902 
within the serine protease domain, respectively (57). Thus, 
the mutations in proenteropeptidase gene result in either 
truncation or abolishment of the enzymatic function of the 
serine protease domain. 

 
Because of the difficulty of obtaining and 

assaying duodenal contents for enteropeptidase activity, 
patients with congenital enteropeptidase deficiency may 
remain undiagnosed. Treatment with oral pancreatic 
extracts usually is effective. Interestingly, pancreatic 
replacement therapy usually can be discontinued in later 
life and patients live with essentially normal body weights 
and free of gastrointestinal symptoms (12), suggesting that 
sufficient digestive protease activity can be sustained by a 
trypsin-mediated feedback or autoactivation mechanism to 
meet the dietary needs of adults. 
 
10. ACUTE PANCREATITIS 
 

Acute pancreatitis is a complex inflammatory 
disease of the pancreas with uncertain pathogenesis and its 
severe form is devastating.  Since the disease is rarely 
identified at its earliest stage and access to the pancreas at 
that time is generally not possible, studies using clinical 
materials have been limited. Instead, animal models have 
been used to elucidate the mechanism of the disease.  

Simultaneous injection of cerulenin, a pancreatic 
secretagogue, and enteropeptidase induces necrotizing 
acute pancreatitis (61). The inappropriate intraluminal 
activation of pancreatic trypsinogen has been thought to 
cause acute pancreatitis (62-65).  On the other hand, a 
recent study (66) using cerulenin induced only a mild form 
of pancreatitis, suggesting that a lysosomal hydrolase may 
activate trypsinogen to trypsin, leading to activation of 
other lysosomal zymogens and pancreatic autodigestion. 
However, enteropeptidase may be required to induce severe 
necrotizing pancreatitis. For instance, reflux of 
enteropeptidase into the pancreatic duct was shown to 
cause the acute necrotizing pancreatitis (62). Therefore, the 
underlying mechanism that causes mild and severe acute 
pancreatitis may be quite different.  
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