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Activation of recombinant proenteropeptidase by duodenase

Tatyana S. Zamolodchikova®*, Elena A. Sokolova?, Deshun Lu®, J. Evan Sadler®

aShemyakin and Ovchinnikov Institute of Bioorganic Chemistry, RAS, 16/10 Miklukho-Maklaya, 117871, Moscow V-437, Russia
bCardiovascular Research Division, Eli Lilly and Company, Indianapolis, IN 46285, USA
¢Howard Hughes Medical Institute, Washington University School of Medicine, St. Louis, MO, USA

Received 13 December 1999

Edited by Vladimir Skulachev

Abstract Duodenase, a serine proteinase from bovine Brunner’s
(duodenal) glands that was predicted to be a natural activator of
enteropeptidase zymogen, cleaves and activates recombinant
single-chain bovine proenteropeptidase (kcoKy=2700 M™!
s™1). The measured rate of proenteropeptidase cleavage by
duodenase was about 70-fold lower compared with the rate of
trypsin-mediated cleavage of the zymogen. The role of duodenase
is supposed to be the primary activator of proenteropeptidase
maintaining a certain level of active enteropeptidase in the
duodenum. A new scheme of proteolytic activation cascade of
digestive proteases is discussed.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

The duodenum is the central part of the digestive system.
Normal function of the duodenum is important for health.
Digestion in the duodenum depends on various enzymatic
processes in which numerous enzymes of pancreatic (trypsin,
chymotrypsins, carboxypeptidases, kallikrein and elastase)
and intestinal origin take part. Pancreatic enzymes are synthe-
sized as inactive forms and activated in the duodenum by a
proteolytic cascade [1,2]. After hydrolysis by pancreatic pro-
teinases dietary proteins are metabolized by peptidases of the
mucosal epithelial cells into amino acids, which are absorbed
through the epithelium [3].

A new proteolytic enzyme, duodenase, was discovered by us
in the bovine duodenal mucosa [4,5]. The primary structure of
the enzyme is related to that of chymases from mast cells,
granzymes from cytotoxic T-lymphocytes and cathepsin G
from leukocytes [6]. Nevertheless, duodenase has no relation
to haemopoietic cells. It is the first protease localized in se-
cretory granules of epitheliocytes in the Brunner’s (duodenal)
glands presented in the duodenal mucosa [7]. The enzyme as
constituent of the gland secrete enters duodenal slit and this
suggests duodenase functions extracellularly. Duodenase has
unique amino acid residues within its substrate binding pocket
[6], determining unusual specificity of the enzyme. The sub-
strate specificity of duodenase is dual: trypsin-like and chy-
motrypsin-like. However, it hydrolyzes protein substrates
yielding large and stable fragments [5]. This fact allows us
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to suggest that duodenase belongs to the group of processing
enzymes. It was supposed that duodenase is the primary acti-
vator of proenteropeptidase [7].

Enteropeptidase is a intrinsic membrane protein of enter-
ocytes of the proximal small intestine. The enzyme plays the
key role in the digestive cascade, cleaving the N-terminal ac-
tivation peptide from trypsinogen to produce trypsin, thereby
leading to subsequent activation of other pancreatic zymogens
by trypsin [2]. Enteropeptidase is synthesized as single chain
precursor which apparently undergoes proteolytic processing.
The questions concerning the mechanism of enteropeptidase
activation and the identification of the enzyme or enzymes
responsible for proenteropeptidase processing has been a fo-
cus of many investigations [8-12].

The exclusive localization of duodenase in the duodenum,
its high content in this tissue and its potential role in initiating
of the activation cascade of digestive hydrolases (activation of
proenteropeptidase) permits to speculate the importance of
duodenase in the function of the duodenum.

To prove the role of this enzyme, we studied activation of
the recombinant single-chain bovine enteropeptidase precur-
sor by duodenase.

2. Materials and methods

2.1. Materials

Recombinant proenteropeptidase and duodenase were prepared as
described previously [5,12]. Native bovine enteropeptidase was kindly
provided by Dr. A.G. Mikhaylova (Shemyakin and Ovchinnikov In-
stitute of Bioorganic Chemistry, Moscow, Russia). The chromogenic
substrate glutamyl-glycyl-arginine 4-nitroanilide (Glu-Gly-Arg-pNA)
was kindly provided by Prof. V.A. Tkachuk (Cardiology Centre,
Moscow, Russia). The enteropeptidase substrate glycyl-tetra-aspar-
tyl-lysine B-naphthylamide (Gly-(Asp)s-Lys-NA) was purchased
from Bachem, Germany. Bovine trypsin was from Miles Lab. Re-
search Products, Republic of South Africa. Chicken egg white ovo-
mucoid was from Serva, Germany. Soybean trypsin inhibitor and
bovine trypsinogen were purchased from Sigma, USA.

2.2. Determination of the concentration and purity of the enzyme
preparations

Concentration of active duodenase was determined using titration
with soybean trypsin inhibitor as described earlier [7]; trypsin solution
was titrated with p-nitrophenyl-p’-guanidinobenzoate [13]. Enzymatic
purity of duodenase was confirmed by SDS-PAGE using substrate gel
with co-polymerized azocasein [14]. Purity of duodenase and trypsin
preparations used in the study was confirmed additionally by compar-
ative study of their proteolytic action on melittin and proinsulin [15].

2.3. Successive activation of zymogens

The usual method for assaying enteropeptidase by activation of
trypsinogen and subsequent measuring of the generated trypsin [16]
was modified in our study. Recombinant proenteropeptidase (15 nM)
was incubated with duodenase (13 nM) in 10 mM Tris—HCI, pH 8.0 at
37°C. Samples (5 pul) were withdrawn after certain time periods and
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added to 245 pl of a reaction mixture containing trypsinogen (0.4 uM),
ovomucoid (4 uM), and 0.05 M CaCl, in 0.1 M Na-acetate buffer
(pH 5.0). The control sample contained proenteropeptidase, trypsino-
gen, and ovomucoid in the same buffer. The reaction mixture was
incubated for 30 min at 37°C, and then 25 pl of 1 M HCI were added
to achieve a final pH of 2.0 in order to inactivate enteropeptidase and
dissociate the trypsin—ovomucoid complex. The activity of the formed
trypsin was determined spectrophotometrically at 405 nm from hy-
drolysis of Glu-Gly-Arg-pNA at 37°C. Trypsin-containing sample
(5 ul) was added to the solution of the substrate (0.8 mM; 500 pl)
in 0.1 M Tris-HCI (pH 8.0), containing 0.05 M CaCl,. The hydrolysis
rate was measured from the initial slope of the charted curve.

2.4. Direct monitoring of enteropeptidase activity

Proenteropeptidase (38 nM) and duodenase (13 nM) were incu-
bated at 37°C in 30 mM Tris—HCI, pH 8.0. At certain times, samples
were withdrawn, and the reaction was stopped by adding soybean
trypsin inhibitor to a final duodenase/inhibitor ratio of 1/10. Entero-
peptidase activity was determined using the enteropeptidase substrate
Gly-(Asp)s-Lys-NA with a Hitachi 650-60 (Japan) fluorescence spec-
trophotometer at 37°C. The reaction mixture (300 ul) contained 0.1 M
Tris—HCI (pH 8.0), 0.05 M CaCl,, and 0.1 mM substrate. The reac-
tion was initiated by adding samples containing the activated entero-
peptidase. The concentration of liberated B-naphthylamine was deter-
mined from the fluorescence increment (A =330 nm and Ay, =
410 nm).

The concentration of recombinant proenteropeptidase was assumed
to be equal to the concentration of active enteropeptidase released
after total activation of proenteropeptidase by trypsin [12].

The kcat/ K value was determined at the concentrations of proen-
teropeptidase and duodenase of 70 nM and 5 nM, respectively, using
the equation v = (k¢at/Km)[E]o[S], when [S]< Kj, [17]. All steps were
performed as described above. The concentration of duodenase-acti-
vated enteropeptidase was calculated using the rate of liberation of -
naphthylamine and kinetic parameters of Gly-(Asp)s-Lys-NA hydro-
lysis by native enteropeptidase at pH 8.0 [18].

2.5. Activation of proenteropeptidase: analysis by SDS-PAGE

The reaction mixture (8.5 pl) contained recombinant proenteropep-
tidase (66 nM) and duodenase (6 nM) in 0.03 Tris—-HCI, pH 8.0.
Duodenase was absent in the control mixture. The mixtures were
incubated at 37°C for 3 h; then reducing sample loading buffer con-
taining 2-mercaptoethanol was added. SDS-PAGE was performed in
10% gels according to Laemmli [19]. Silver staining was performed as
described by Damerval et al. [20].

3. Results

3.1. Successive activation of zymogens

A mini-cascade of zymogen activation was studied includ-
ing activation of proenteropeptidase by duodenase and sub-
sequent activation of trypsinogen by enteropeptidase. The ex-
perimental design (see Section 2) included preincubation of
proenteropeptidase with duodenase at pH 8.0 and 37°C. At
certain times, samples containing activated enteropeptidase
were withdrawn and added to trypsinogen solution (pH 5.0,
to minimize autoactivation). The released trypsin was moni-
tored by hydrolysis of the substrate Glu-Gly-Arg-pNA. Under
these conditions, proenteropeptidase activation by duodenase
was observed. However, the trypsin formed during the reac-
tion also activated an additional amount of proenteropepti-
dase, complicating the analysis of proenteropeptidase cleavage
by duodenase.

To avoid this effect, ovomucoid was included in the trypsi-
nogen-activation reaction. Before measuring the trypsin activ-
ity, the trypsin—inhibitor complex was dissociated by decreas-
ing the pH to 2. A high substrate concentration (0.8 mM Glu-
Gly-Arg-pNA) was chosen to prevent reassociation of this
complex in the reaction mixture at pH 8.0. In the presence
of ovomucoid, the interference from proenteropeptidase acti-
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vation by trypsin was decreased but not eliminated. The in-
crease of the trypsin activity in the analyzed samples was
proportional to the time of incubation of duodenase with
proenteropeptidase, that confirmed activation of proentero-
peptidase by duodenase (Fig. 1A). However, in this assay
design we were unable to determine the rate of proenteropep-
tidase activation by duodenase with sufficient accuracy.

3.2. Determining the k.q./K,, value of proenteropeptidase
activation by duodenase

To exclude the confounding effect of trypsin-mediated
cleavage of proenteropeptidase, the activation of proentero-
peptidase by duodenase was studied using a sensitive fluores-
cent enteropeptidase substrate Gly-(Asp)s-Lys-NA. The time
course of proenteropeptidase (70 nM) activation by 5 nM
duodenase (Fig. 1B) indicated that generation of active en-
teropeptidase was linear over 4 h, and about 20% of the zy-
mogen was converted into the active enzyme. When the duo-
denase/proenteropeptidase molar ratio was increased to 1:3
(duodenase concentration was 13 nM and proenteropeptidase
concentration was 38 nM), about 90% of the precursors were
activated within 3 h. No autocatalytic cleavage or activation
was observed in the absence of duodenase.

The concentrations of proenteropeptidase tested (up to 70
nM) were not sufficient to allow determination of k., and Kp,
for cleavage of the zymogen by duodenase. Because the con-
centration of proenteropeptidase in our experiments was
much smaller than the predicted K., value for the duodenase
cleavage (>1 uM), it was possible to estimate only the k,/
K., value using the equation v=(kcat/Kn)[E[S] (when
[S]< Kn) [17]. The calculated k., /Ky, value for duodenase
activation of proenteropeptidase was 2700 M~! s~
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Fig. 1. Time course of proenteropeptidase activation by duodenase.
A: Proenteropeptidase (15 nM) was incubated with duodenase (13
nM) in 10 mM Tris-HCI, pH 8.0 at 37°C. At the indicated times,
samples (5 pl) were assayed for enteropeptidase activity by incuba-
tion with trypsinogen and subsequent measurement of trypsin as de-
scribed in Section 2. B: Proenteropeptidase (70 nM) was incubated
with duodenase (5 nM) in 10 mM Tris-HCI, pH 8.0 at 37°C. At
the indicated times, samples (10 ul) were withdrawn, and the reac-
tion was stopped by adding soybean trypsin inhibitor (duodenase/in-
hibitor ratio was 1:10). Enteropeptidase activity was determined us-
ing Gly-(Asp)s-Lys-NA as described in Section 2.
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Fig. 2. Cleavage of recombinant proenteropeptidase by duodenase
(SDS-PAGE). Samples (see Section 2) were loaded onto a 10% gel
and electrophoresed according to Laemmli [19] under reducing con-
ditions (2% 2-mercaptoethanol). Proteins were visualized using the
silver-staining method [20]. Lane A, molecular weight standards
(Pharmacia, Sweden); lane B, control of proenteropeptidase
(0.5 pmol) incubated without duodenase for 3 h; lane C, proentero-
peptidase (0.5 pmol) incubated with duodenase for 3 h; lane D, na-
tive bovine enteropeptidase (2 pmol).

3.3. SDS-PAGE analysis of proenteropeptidase activation by
duodenase

The reaction mixture containing proenteropeptidase (66
nM) was incubated with duodenase (6 nM) for 3 h (pH 8.0;
37°C) and analyzed by SDS-PAGE in comparison with con-
trol sample of proenteropeptidase and native enteropeptidase
from the bovine duodenal mucosa (Fig. 2). Upon gel electro-
phoresis under reducing conditions proenteropeptidase mi-
grated as a single protein band of about 150 kDa (Fig. 2,
lane B). Incubation of proenteropeptidase with duodenase re-
sulted in proenteropeptidase cleavage to produce the frag-
ments of apparent masses of 130-140 and 43 kDa (Fig. 2,
lane C). The apparent molecular masses of the obtained frag-
ments of recombinant enteropeptidase agree to those of native
enteropeptidase heavy and light chains, respectively (Fig. 2,
lane D). The protein bands of the native enteropeptidase are
diffuse due to its multiple glycoforms.

4. Discussion

Enteropeptidase is a membrane-bound serine proteinase
synthesized by enterocytes of the duodenal mucosa [21]. The
biological role of this enzyme is conversion of trypsinogen
into trypsin, which is a key step in the activation of other
digestive hydrolases [1]. Bovine enteropeptidase is synthesized
as a single-chain precursor of 1035 amino acid residues [22].
The precursor requires proteolytic activation. Consequently,
enteropeptidase may not be the ‘first’ protease of the digestive
hydrolase cascade. Active enteropeptidase is a disulfide-linked
heterodimer consisting of a 120-135 kDa heavy chain and of a
42-47 kDa light chain [23]. The activation cleavage site be-
tween the heavy and light chains has the sequence Val-Ser-
Pro-Lys | Ile, which might be recognized by trypsin or other
trypsin-like proteinases. An increase in the enteropeptidase
activity in the presence of trypsin was described by V.V. Sa-
vich in his dissertation ‘Separating of intestinal juice’ in 1904.
As recently was demonstrated, trypsin efficiently activated re-
combinant proenteropeptidase [12]. The existence of insoluble
enteropeptidase precursor, which is present in the upper part
of the intestine and able to be activated by trypsin, was pre-
dicted in 1967 by G.K. Shlygin [24]. The author discussed the
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pathway of digestive proteinase activation, including recipro-
cal activation of enteropeptidase precursor and trypsinogen.
The mechanism of the primary initiation of the closed trypsin-
enteropeptidase cycle was also discussed. The assumption of
alternative, trypsin-independent activation of the enteropepti-
dase zymogen was based on the results of experiments of
Shlygin [24]. In the investigation, pancreatic ducts of a dog
were blocked, what led to significant decrease in the entero-
peptidase activity in the duodenum. However, the absolute
concentration of the active enteropeptidase remained still
high even 3 months after blocking of the pancreatic secretion.
Hence, some activator of enteropeptidase precursor of non-
pancreatic origin was believed to be present in the intestine.

Duodenase, a serine proteinase from the bovine duodenal
mucosa, was earlier predicted to be a natural activator of
enteropeptidase precursor [7]. This suggestion was made tak-
ing into account the preference of duodenase for substrates
that contain amino acid sequences resembling the activation
cleavage site of proenteropeptidases of different origin. More-
over, duodenase in duodenal gland secretions may enter the
duodenal lumen and contact enterocytes containing mem-
brane-bound proenteropeptidase. Considering the structural
and functional peculiarities of the small intestine and the close
relationship between the mucus layer, villi and duodenal
glands [25], duodenase meets proenteropeptidase earlier than
proenteropeptidase meets trypsin. Therefore, duodenase may
be a significant primary activator of proenteropeptidase.

To determine whether duodenase could initiate proentero-
peptidase activation, recombinant full-length bovine proen-
teropeptidase [12] was used as a substrate for duodenase. Pro-
enteropeptidase was found to have no catalytic activity
toward effective enteropeptidase substrate Gly-(Asp)s-Lys-
NA. When proenteropeptidase was incubated with trypsino-
gen alone, about 50% of trypsinogen was activated within
30 min. This can occur if traces of trypsin activity in the
trypsinogen preparation activate small amounts of proentero-
peptidase. The active enteropeptidase, in turn, efficiently ac-
tivates trypsinogen generating a new portion of active trypsin,
what leads to an avalanche-like activation of trypsinogen. In
the presence of ovomucoid, which is a potent trypsin inhib-
itor, the activation of proenteropeptidase during incubation
with trypsinogen significantly decreased. This allowed us to
investigate the activating properties of duodenase using a
coupled ‘mini’-cascade of reactions. It included proenteropep-
tidase cleavage by duodenase as the first step, and trypsinogen
cleavage by enteropeptidase as the second step. The formed
trypsin was monitored using the substrate Glu-Gly-Arg-pNA.
Under these conditions, we observed activation of trypsinogen
that was proportional to the time of duodenase incubation
with proenteropeptidase (Fig. 1A). As reported previously
[7], duodenase did not activate trypsinogen.

Duodenase-catalyzed activation of proenteropeptidase was
also observed when the enteropeptidase synthetic substrate
Gly-(Asp)s-Lys-NA was substituted for the natural substrate
trypsinogen. This allowed us to be sure that the possible effect
of the presence of trypsin on the proenteropeptidase activa-
tion would be excluded (the enzymatic purity of duodenase
was proved as described in Section 2). Proenteropeptidase was
unable to cleave the enteropeptidase synthetic substrate even
after prolonged incubation with it, but was readily converted
to the active enzyme by incubation with duodenase. Omission
or inactivation of duodenase prevented any conversion of the
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Fig. 3. Role of duodenase in the pancreatic zymogen activation cas-
cade. Dashed arrows: ‘slow’ activation; solid arrows: ‘rapid’ activa-
tion.

precursor to active enteropeptidase. The activated enteropep-
tidase had properties very similar to those of native entero-
peptidase, that suggested proenteropeptidase had been cor-
rectly processed by duodenase. Since the rate of
proenteropeptidase processing by duodenase (0.05 nM
min~!) was about 70-fold lower than the earlier determined
rate of trypsin-mediated activation of the zymogen under sim-
ilar conditions [12], the prolonged time of incubation with
duodenase was about 3 h. It was necessary to obtain readily
detectable protein bands corresponding to the proenteropep-
tidase cleavage products by SDS-PAGE. When the incuba-
tion time was over 4 h, the control sample of proenteropepti-
dase underwent some degradation, making correct
interpretation of the SDS-PAGE data difficult. However,
the size of the bands generated upon duodenase cleavage of
proenteropeptidase (Fig. 2, lane C) corresponded to those of
the heavy and light chains of native enteropeptidase (Fig. 2,
lane D). This cleavage would occur at the sequence Val-Ser-
Pro-Lys | Ile, that confirms the reported substrate specificity
of duodenase [7]. Although we were not able to sequence the
generated protein bands because the amount of the protein
sample was too small, we believe that the duodenase-mediated

Table 1

Comparison of activities of proteolytic cascade activation enzymes towards
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processing of proenteropeptidase was correctly performed,
since the generated product possessed the same activity and
properties as the native enteropeptidase.

The rate of proenteropeptidase processing by duodenase
was estimated, and a ke/K, value of 2700 M~! s7! was
calculated using Gly-(Asp)s-Lys-NA as enteropeptidase sub-
strate. This kcat/Km value is similar to the value of 2600 M ™!
s~! for duodenase cleavage of the substrate Suc-Ser-Pro-Lys-
pNA, corresponding to the bovine proenteropeptidase activa-
tion site [7]. For comparison, duodenase cleaves peptide anal-
ogous to the Py-Ps’ sequence (Schechter and Berger nomen-
clature [26]) of the bovine proenteropeptidase activation site
(LVTQEVSPKIVGGS) with the key /Ky value of 16000 M ™!
s~ [7].

Activities of duodenase, trypsin and enteropeptidase toward
proenteropeptidase, trypsinogen and synthetic substrates de-
rived from the zymogens (Suc-Ser-Pro-Lys-pNA (proentero-
peptidase) and Gly-(Asp)s-Lys-NA (trypsinogen)) are given in
Table 1. From these data it is clear that trypsin is a potent
activator of proenteropeptidase that cleaves the zymogen and
related synthetic substrate with similar high kc/Ky, values.
Duodenase demonstrates a 100-fold lower efficiency toward
the same substrates. As was showed earlier [7], duodenase
compared to trypsin is generally a ‘slow’ enzyme. At the
same time it possesses high selectivity toward substrates and
prefers compounds with the proenteropeptidase activation se-
quence.

Duodenase exhibits no activity towards trypsinogen and
very slowly cleaves the synthetic substrate Gly-(Asp)s-Lys-
NA, containing the activation site sequence of trypsinogen
(Table 1). Trypsin appears to be a inefficient activator of
trypsinogen cleaving it with an extremely low k¢, /Ky value.
Enteropeptidase, being a natural activator of trypsinogen con-
verts it into active enzyme with very high catalytic efficiency
(kcat/ K value) and hydrolyzes the corresponding synthetic
substrate about 50-fold less efficiently than the natural sub-
strate.

Although the biological function of duodenase is still un-
known, these results suggest that duodenase may facilitate the
reciprocal activation of proenteropeptidase and trypsinogen.
Duodenase is about 100-fold less effective as activator of pro-
enteropeptidase in vitro than trypsin [12]. However, taking
into account the relatively high content of duodenase in the
duodenal mucosa (0.3% of total protein) [4], it is possible that
the processing activity of duodenase is sufficient to maintain a
certain basal level of active enteropeptidase in the duodenum.
When the next portion of pancreatic zymogens enters the

their natural and synthetic substrates

Substrate Enzyme Ky (mM) kear (s7V keat/ Ky (M7 s7h) Ref.
Recombinant proenteropeptidase  duodenase - - 2700 present report
trypsin - - 270000 calculated from [12]
Suc-Ser-Pro-Lys-pNA duodenase 1.00 2.6 2 600 [71
trypsin 0.06 15.0 250000 7N
Trypsinogen duodenase 0 0 [7
trypsin 0.4 2.5x1073 6 [33]
enteropeptidase 1.2x1073 6.9 5750000 [12]
2.4x1073 11.7 4900000 [18]
Gly-(Asp)s-Lys-NA duodenase 0.68 0.016 24 [N
trypsin no data
enteropeptidase 0.22 24.0 109000 [12]
0.20 16.7 83000 [18]
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duodenal lumen, the duodenase-activated proenteropeptidase
may activate trypsinogen in turn, and the resultant active
trypsin can activate additional proenteropeptidase. This pro-
cess would lead to rapid activation of the remaining trypsino-
gen and, consequently, other pancreatic hydrolases (Fig. 3).
On the other hand, some properties of duodenase similar to
the ones of mast cell chymases [27] suggest that duodenase
could be involved in processes like those regulated by mast
cell proteinases.

Like the related mast cell chymases and leukocyte proteases
[28,29], duodenase is expressed initially as a preproenzyme
comprised of a 17 residue signal peptide, a two residue prose-
quence (Gly-Lys) at the N-terminus and the mature protein
(E. Smirnova, unpublished). The dipeptide prosequence has
been shown to be sufficient to render the proforms of catalyti-
cally inactive chymase [30,31] and granzyme B [32]. Hence,
produodenase appears to require proteolytic activation. An
enzyme responsible for the activation of duodenase may be
an exopeptidase of the enterocyte brush-border membrane.
Further studies are necessary to characterize this activation
process.
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