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Abstract—The interaction between duodenase, which belongs to a group of Janus-faced proteinases, and classical
Bowman-Birk (BBI) and Kunitz (STI) type inhibitors from soybean was investigated. Duodenase was shown to interact
only with the antichymotrypsin site (Leu-Ser) of BBI, whereas the antitrypsin site (Lys-Ser) of the inhibitor appeared to be
vacant and capable of interaction with trypsin. The inhibition constants of duodenase by BBI, the BBI-trypsin complex,

and STI were 4, 400, and 40 nM, respectively.
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Duodenase, a serine proteinase from bovine duode-
nal glands, is a member of a small group of so-called
Janus-faced proteinases with dual substrate specificity,
combining trypsin- and chymotrypsin-like properties [1].
Cathepsin G of human leukocytes [2] and chymases of
sheep and goat mast cells [3, 4] also belong to this group.
Clearly expressed structural homology of these enzymes
(more than 60% identical residues) and other serine pro-
teinases of hemopoietic cells (rat and human chymases)
provides evidence for their close evolutionary relation-
ship [5-8]. Dual specificity of proteinases of this group is
mainly a consequence of changes in the structure of their
S, site as compared to trypsin-like proteinases. The S,
site binds to the side chain of the P, residue of the sub-
strate; the carboxylic group of the latter forms the
hydrolyzed bond (classification according to Schechter
and Berger [9]). X-Ray structure analysis of cathepsin G
[2] showed that its S, site is divided into two compart-
ments by the side chain of the Glu-226 residue (from
here on the residues are number as for chymotrypsino-
gen A), corresponding to the Asp-226 residue of duode-
nase [7] and sheep chymase [8]. Such an unusual sub-
strate-binding “pocket” can efficiently interact not only
with the positively charged residues Lys and Arg, but
also with the aromatic residue Phe; in the latter case
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electrostatic rather than hydrophobic interactions are
the main binding factors [2]. Thus, in Janus-faced pro-
teinases including duodenase, the charged residue which
determines the enzyme specificity occupies position 226,
whereas in trypsin and trypsin-like proteinases the Asp-
189 residue is crucial for specificity [10].

The goal of this work was to study the interaction
between duodenase as a representative of the group of
Janus-faced proteinases and Bowman-Birk type
inhibitor (BBI) from soybean, capable of simultaneous
and independent binding to trypsin by the Lys-Ser site
and to a-chymotrypsin and chymotrypsin-like pro-
teinases by the Leu-Ser site [11], and also Kunitz type
inhibitor from soybean [12].

MATERIALS AND METHODS

The following reagents were used in this study:
bovine a-chymotrypsin and Tris-HCI from the factory
of chemical reagents in Olaine (Latvia); ethyl ester of N-
benzoyl-L-tyrosine (Bz-Tyr-EE), ethyl ester of N-ben-
zoyl-L-arginine (Bz-Arg-EE), Suc-Ala-Ala-Pro-Phe-
pNA, Bz-Arg-pNA, Suc-Val-Pro-Phe-pNA, and bovine
trypsin from Sigma (USA); STI from Reanal (Hungary).

o-Chymotrypsin was purified on a Toyopearl HW-
50 column (eluent, dilute HCI, pH 3). The content of the
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active enzyme was 90% [13], and that in the trypsin
preparation was 63% [14].

Classical BBI (2-IV) was isolated from soybean
strain VNIIS-2 according to Odani and Ikenaka [15] but
with some modifications [16]. The concentration of the
active inhibitor in BBI and STI preparations was assayed
by titration with trypsin of known active site concentra-
tion. The BBI (2-1V) preparation contained 100% con-
centration of the active inhibitor against the protein.

Duodenase was isolated from bovine duodenal
glands by affinity chromatography on a column with
STI-Sepharose 4B [1]. Protein concentration in duode-
nase preparations was assayed according to Lowry [17].
The active site concentration in duodenase was assayed
by several methods: titration with BBI with the known
activity, titration with labeled diisopropyl fluorophos-
phate, and titration with p-nitrophenyl-p-guanidine-
benzoate [14].

Determination of activity of proteinases and soybean
inhibitors of Bowman-Birk and Kunitz type. The enzy-
matic activity of duodenase, a-chymotrypsin, and
trypsin was estimated in 0.05 M Tris-HCI buffer (pH
8.0) at 25°C (for trypsin, the buffer contained 20 mM
CaCl,) using a Shimadzu 265 FW spectrophotometer
(Japan) with a thermostatted cuvette. Suc-Val-Pro-
Phe-pNA (1.0 mM) and Suc-Ala-Ala-Pro-Phe-pNA
(1.0 mM) were used as duodenase substrates, Bz-Arg-
pNA (3.0 mM) was used as trypsin substrate, and Bz-
Tyr-EE (0.125 mM) and Bz-Arg-EE (0.15 mM) were
used as a-chymotrypsin substrates. The concentration
of nitroaniline formed during the reaction was moni-
tored by spectrophotometry at 405 nm (molar extinction
€ = 9800 M 'dm™). During hydrolysis of Bz-Arg-EE
and Bz-Tyr-EE, the concentrations of the products were
monitored at 253 and 256 nm, respectively.

The inhibitory activities of BBI (2-IV) and STI were
estimated by their suppression of the amidase activity of
duodenase and trypsin and esterase activity of a-chy-
motrypsin. The enzyme-inhibitor mixture was incubat-
ed in the working buffer for 10-15 min, and then the
reaction was initiated by addition of the substrate solu-
tion.

Determination of the inhibition constants of duode-
nase by STI, BBI, and the BBI-trypsin complex. The
inhibition constants of duodenase by BBI, STI, and the
BBI-trypsin complex were determined according to
Bieth and Frechin [18]. The essence of this method is in
the estimation of remaining enzymatic activity (a) at
various concentrations of the inhibitor and constant
concentration of the enzyme, when the reaction is initi-
ated by the addition of the substrate into the equilibrium
mixture of the enzyme and inhibitor.

The apparent K; was determined graphically using
the equation:

[I]O/ (1 - a) = [E]O + Ki(app)/a > (1)
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where K, is the dissociation constant of the EI com-
plex without accounting for the influence of the sub-
strate, [I], is the total inhibitor concentration in the reac-
tion mixture, and [E], is the total enzyme concentration.
The true value of the inhibition constant was calcu-
lated using the equation:
Ki(app) = Ki (1 + [S] / Km) . (2)
For competitive inhibition, when [S] = K|, the inhi-
bition constant is calculated with rather large error using
Eq. (3) [19]:

Ki=[ls/2. (€)

To attain equilibrium with inhibition of duodenase
by native BBI, the mixture was incubated for 10 min.

To study the inhibition of duodenase by the
BBI-trypsin complex, the latter was obtained by incuba-
tion of equimolar quantities of the native BBI and trypsin
for 10 min. It was demonstrated in a separate experiment
that the BBI-trypsin complex does not hydrolyze trypsin
substrate (3.0 mM). The BBI-trypsin complex was incu-
bated with duodenase for 40 min. It was demonstrated in
a separate experiment that the native duodenase does
not lose its activity during the experiment.

Competition of duodenase and trypsin for binding to
BBI. An equimolar mixture of BBI and trypsin was incu-
bated for 10 min to attain the equilibrium complex.
Aliquots were taken for estimation of the trypsin activity
(0.125 uM in the cuvette). An equimolar quantity of duo-
denase was added to the reaction mixture, and aliquots
for estimation of the remaining activity of duodenase
(0.125 pM in the cuvette) against Suc-Ala-Ala-Pro-Phe-
pNA were taken after 2, 5, 10, 15, and 20 min. The activ-
ity of trypsin was estimated simultaneously.

In other experiment the BBI-duodenase complex
was first formed, its activity was estimated after 7-10 min,
and then an equimolar quantity of trypsin was added.
The remaining activity was estimated as described
above. It was shown that the native duodenase does not
lose its activity during the experiment.

Determination of the association rate constant of
duodenase with the BBI-trypsin complex. The association
of proteinases with protein inhibitors during the initial
period of time can be considered as second-order irre-
versible reactions. If equal concentrations of the enzyme
and the BBI-trypsin complex participate in the reaction,
ks can be determined by Eq. (4) [20]:

1/[E]=1/[E]y+ ku t, 4

where [E], is the initial enzyme concentration and [E] is
the enzyme concentration at the moment ¢.

Mixtures of the enzyme with the BBI-trypsin com-
plex were incubated for various time intervals. The reac-
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tion was initiated by addition of the substrate to the
reaction mixture.

Competition of duodenase and a-chymotrypsin for
binding to BBI. An equimolar mixture of BBI (0.2 uM)
and a-chymotrypsin was incubated for 10 min to form a
complex. Aliquots were taken for estimation of the
remaining activity of a-chymotrypsin against Bz-Tyr-
EE (0.125 mM). An equimolar quantity of duodenase
was added to the reaction mixture, and then the remain-
ing activity of duodenase against Suc-Val-Pro-Phe-pNA
was estimated in 5, 10, 15, and 20 min. Simultaneously,
the remaining activity of a-chymotrypsin was estimated
against Bz-Tyr-EE.

Study of inhibition of a-chymotrypsin by the BBI-duo-
denase complex. A constant concentration (1 uM) of a-
chymotrypsin and various concentrations of the
BBI-duodenase complex (0.097-1.45 uM) were incubat-
ed for 50 min. The reaction was initiated by addition of
Bz-Arg-EE substrate (0.15 mM).

RESULTS AND DISCUSSION

To quantitatively characterize the interaction of
Bowman-Birk and Kunitz type soybean inhibitors with
duodenase, we estimated and calculated the inhibition
constants of duodenase by these inhibitors. The titration
curves of duodenase with BBI, the BBI-trypsin complex,
and STI are presented in Figs. 1 and 2. In a preliminary
experiment we demonstrated that at the ratio [E]/K; =
100-1000, one BBI molecule binds to one duodenase
molecule. Consequently, only one of two centers of the
BBI inhibits the enzyme. The values of K, were deter-
mined from Eq. (1) as the slope of the linear plot of
[Iy/(1 — a) versus 1/a. The true inhibition constants
obtained using Eq. (2) are summarized in the table. The
K; values correspond to the values obtained from Eq.
(3). It can be seen from these data that the classical soy-
bean BBI binds to duodenase one order of magnitude
more efficiently than STI.

A previous study of the substrate specificity of duo-
denase [21] showed that it has a dual nature: a trypsin-
like type of substrate hydrolysis (Lys or Arg in the P,
position) is typical of this enzyme; also, similarly to a-
chymotrypsin, duodenase efficiently hydrolyses sub-
strates with hydrophobic residues (Phe, Tyr, or Leu) in
the P, position. However, the tryptic substrate specifici-
ty of duodenase manifests itself more clearly. For duo-
denase, the preference in the P, position decreases in the
sequence Lys > Arg > Phe > Leu. Thus, Suc-Thr-Pro-
Lys-pNA is hydrolyzed by duodenase 20 times more
efficiently than Suc-Val-Pro-Phe-pNA [21].

Duodenase is also shown to be more active against
synthetic substrates with extended peptide chains than
against “short” substrates. This suggests the existence of
an extended substrate-binding site in duodenase [21].
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Thus, the Bowman-Birk type soybean inhibitor is
able to simultaneously and independently bind to trypsin-
like (Lys-Ser site) and to chymotrypsin-like (Leu-Ser site)
serine proteinases [22]; it is thus an ideal protein analog of
a substrate for subsequent studies of duodenase specifici-
ty. Based on the data on the substrate specificity, Lys in
the P, position of the BBI trypsin domain appears to be
more preferential for duodenase than Leu in the P, posi-
tion of the chymotrypsin domain of this protein inhibitor.
However, as will be demonstrated below, the results we
obtained disprove this conclusion quite clearly.

In the next step of our studies, we performed exper-
iments indicating which of the two BBI sites binds to

1.0 1.5 2.0
(To/ [Elo

Fig. 1. Remaining activity of duodenase versus concentration
of BBI (0.05 pM duodenase) (/) and concentration of the
BBI-trypsin complex (0.5 uM duodenase) (2); 1.0 mM Suc-
Val-Pro-Phe-pNA, 0.05 M Tris-HCI, and 20 mM CaCl, (pH
8.0).

Mo/ [Elo

Fig. 2. Remaining activity of duodenase versus STI concentra-
tion; 0.1 pM duodenase, 1.0 mM Suc-Val-Pro-Phe-pNA, and
0.05 M Tris-HCI (pH 8.0).
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Inhibition constants of serine proteinases by soybean inhibitors

K, nM
Inhibitor P,-P;-P,-P,
human leukocyte human mast cell rat mast cell
duodenase cathepsin G chymase chymase
BBI Ile-Cys-Ala-Leu (4.0 £ 1.0) 1.2 [27] 0.05 [28] 13.2 [5]
[22]
BBI-trypsin (400 £ 150) inhibition [27]
STI Pro-Ser-Tyr-Arg (40 £ 10) inhibition [31] 83 [5]
32]

duodenase. As seen in Fig. 3a, duodenase is completely
inhibited by the BBI-trypsin complex. Trypsin is not
displaced from the complex because the activity of the
reaction mixture against Bz-Arg-pNA is zero (a separate
experiment showed that duodenase does not hydrolyze
Bz-Arg-pNA). However, the time needed for essentially
complete inhibition of duodenase (zyy,,) increases. At the
enzyme and inhibitor concentrations 0.125 puM, the
BBI-duodenase complex is formed in 10 min, and the
trypsin—-BBI-duodenase complex is formed in 20 min.
The value of 4y, is inversely proportional to the associ-
ation rate constant of the enzyme-inhibitor complex
(k,ss)- We calculated by linear anamorphosis (Eq. (4)) of
the experimental data presented in Fig. 3a that k,, of
duodenase with the trypsin—-duodenase complex is
2.700* M '[Sec”! (Fig. 3c). Also, while inhibiting duode-
nase by the BBI-trypsin complex, the K; increases two
orders of magnitude compared to the native inhibitor.
This phenomenon cannot be rationalized by steric hin-
drances arising from the interaction of duodenase with
the antichymotrypsin site of BBI because of formation
of the BBI-trypsin complex. According to the 3D struc-
ture of BBI in solution obtained by NMR, the antitryp-
tic and antichymotryptic sites are far removed from each
other to opposite ends of the molecule [23]. Increase in
the inhibition constant is most probably related to the
fact that BBI binding to trypsin can to some extent
break the contacts between the antitryptic and antichy-
motryptic domains of the BBI molecule. As mentioned
earlier, these interdomain interactions promote stabi-
lization of such structural organization of the antichy-
motrypsin domain of BBI which provides efficient inhi-
bition of chymotrypsin-like proteinases [24, 25].

We also showed that the BBI-duodenase complex
retains capacity for complete inhibition of trypsin with-
out appearance of duodenase activity (Fig. 3b). Thus,
we conclude that BBI, the double-site classical soybean
inhibitor of Bowman-Birk type, binds to bovine duode-
nase by its antichymotrypsin site (Leu-Ser) and does not
use its antitrypsin site (Lys-Ser).

We performed a separate experiment on the forma-
tion of the triple complex with the simultaneous pres-
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ence of equimolar quantities of trypsin, BBI, and duo-
denase in the reaction mixture. The mixture was incu-
bated for 30 min, and the remaining activity of trypsin
and duodenase was estimated. Under these experimental
conditions, trypsin is 100% inhibited, and duodenase is
50% inhibited. This can be rationalized by higher affini-
ty of BBI to trypsin (K; = 0.14 nM [16]) as compared with
duodenase (K; = 2.7 nM). Also, BBI binds first to trypsin
(ke = 1.100° M'Sec ! [26]), and duodenase interacts not
with the native BBI, but with its complex. When duode-
nase is inhibited by the BBI-trypsin complex, K; increas-
es two orders of magnitude as compared with the native
inhibitor. Consequently, the [E]/K; ratio decreases by
two orders of magnitude, and 100% inhibition cannot be
attained at the given concentration of duodenase.

The experiment on inhibition of duodenase by the
BBI-chymotrypsin complex demonstrated that when
the antichymotrypsin site of BBI (Leu-Ser) is occupied
by another enzyme (in this case, a-chymotrypsin), BBI
does not bind to duodenase (Fig. 4). Thus, we confirmed
once again that BBI binds to duodenase by the antichy-
motrypsin site.

We also demonstrated that a-chymotrypsin is
unable to displace duodenase from the BBI-duodenase
complex at concentration ten times higher than that of
the complex. To determine such a high concentration of
a-chymotrypsin (1 uM), we used Bz-Arg-EE as sub-
strate (0.15 mM). In a separate experiment we demon-
strated that duodenase does not hydrolyze Bz-Arg-EE.
a-Chymotrypsin activity at increased concentrations of
the BBI-duodenase complex remains 100%.

These results suggest that in spite of the clearly
manifested trypsin specificity against synthetic sub-
strates, duodenase binds to the antichymotrypsin site of
the protein inhibitor BBI, similar to cathepsin G of
human leukocytes [27] and chymase of mast cells of
human skin [28].

Judging from the amino acid sequence [7], duode-
nase is homologous to other serine proteinases such as
cathepsin G and mast cell chymases. Duodenase also
has some overlap in the substrate specificity with the
mentioned proteinases.
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Fig. 3. Remaining activity of duodenase versus time of inter-
action with the BBI-trypsin complex (a); remaining activity
of trypsin versus time of interaction with the BBI-duodenase
complex (b); 0.125 uM duodenase, trypsin, and BBI, 1.0 mM
Suc-Ala-Ala-Pro-Phe-pNA, 3.0 mM Bz-Arg-pNA, 0.05 M
Tris-HCI, 20 mM CaCl, (pH 8.0): /) active trypsin; 2) active
duodenase. ¢) Anamorphosis of curve 2 from Fig. 3a in coor-
dinates of Eq. (4).

Study of a series of peptide 4-nitroanilide substrates
[29] showed that cathepsin G prefers bulky aliphatic or
aromatic amino acids in the P, position of the reactive
site. Suc-Val-Pro-Phe-pNA is the best substrate for
cathepsin G (k. /K,, = 6.900° M 'Sec!). Chymases of
human and rat mast cells also prefer the Phe residue in
the P, position of the substrate [5, 6].

GLADYSHEVA et al.

Activity, %

0 5 10 15 20 25 30
Time, min

Fig. 4. Inhibition of duodenase by the BBI-chymotrypsin com-
plex. Remaining activity of duodenase and a-chymotrypsin
versus time of interaction with BBI; 0.2 uM duodenase, a-chy-
motrypsin, and BBI, 1.0 mM Suc-Val-Pro-Phe-pNA, 0.125 mM
Bz-Tyr-EE, 0.05 M Tris-HCI (pH 8.0): /) active chymotrypsin;

2) active duodenase.

Among hydrophobic substrates of duodenase with
Phe in the P, position, Suc-Val-Pro-Phe-pNA is the most
reactive one, similar to cathepsin G. However, for duo-
denase k_,/K,, is sixfold lower than that for cathepsin G
[21]. Also, analogously to other cathepsin G-like serine
proteinases [6], duodenase most actively cleaves
hydrophobic substrates which have Pro in the P, posi-
tion [21].

Duodenase also demonstrates its chymotrypsin-like
specificity, interacting with chymostatin: K; = 60-67 nM
(unpublished data). Chymostatin inhibits chymotrypsin-
like enzymes with inhibition constant ranging from 17 nM
(human mast cell chymase) to 280 nM (human leukocyte
cathepsin G) [6]. Chymostatin does not inhibit trypsin-
like enzymes including thrombin, plasmin, kallikrein,
and trypsin [30].

The K; values for bovine duodenase, human leuko-
cyte cathepsin G, and human mast cell chymase by soy-
bean inhibitors are presented in the table. BBI is shown
to be as highly efficient inhibitor of duodenase as the
other cathepsin G-like proteinases. As described above,
all these proteinases bind to BBI by its antichymotrypsin
site (Leu-Ser), whereas its antitrypsin site (Lys-Ser) does
not bind to any chymotrypsin-like serine proteinases.

The basic pancreatic trypsin inhibitor (BPTI), having
Lys in the P, position of the active site [32], does not
inhibit duodenase even in concentrations two orders of
magnitude higher than the enzyme concentration at [E], =
2 uM and on incubation of the enzyme with inhibitor for
30 min. BPTI behaves analogously in relation to chymase
[28], and it only slightly binds to human leukocyte cathep-
sin G (K; = 1 uM [33]). However, it is interesting to note
that BPTI-Sepharose can be a useful affinity sorbent for
isolation of both cathepsin G and duodenase [1, 34, 35].
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Soybean trypsin inhibitor of Kunitz type (STI) has
Arg in the P, position of the active site and inhibits duo-
denase and rat mast cell chymase approximately an
order of magnitude weaker than BBI.

So, we conclude that duodenase efficiently interacts
with a protein inhibitor having Leu in the P, position of
its active site. The efficiency of inhibition lowers when
Arg occupies this position. In the case when this position
is occupied by Lys, duodenase is not inhibited. Thus,
interacting with protein inhibitors, duodenase essential-
ly behaves as a chymotrypsin-like serine proteinase.

This study was financially supported by the Russian
Foundation for Basic Research (grant No. 99-04-48135).
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