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In the present article we describe the design and evaluation of a
synthetic receptor that binds to the exterior surface of chymotryp-
sin and disrupts its interaction with proteinaceous inhibitors, such
as soybean trypsin inhibitor, basic pancreatic trypsin inhibitor,
ovomucoid turkey inhibitor, and Bowman-Birk inhibitor. Using
enzyme kinetics, nondenaturing gel electrophoresis, and gel fil-
tration chromatography we show that the receptor is particularly
effective at blocking the chymotrypsin-soybean trypsin inhibitor
complex and that the mechanism involves formation of an initial
ternary complex followed by a time-dependent displacement of
the proteinaceous inhibitor.

The design of synthetic molecules that can bind to a protein
surface and block biologically important protein–protein

interactions remains a major challenge (1). The principal diffi-
culty lies in both matching the unsymmetrical distribution of
polar and nonpolar domains on the protein as well as covering
a sufficiently large surface area to achieve high affinity. In
certain cases, particularly where well-defined clefts or cavities
exist, some progress has been made in designing small molecules
to bind to a protein surface. For example, guanidine esters have
been designed to bind to IL-2 and block its interaction with its
heterotrimeric receptor complex (2). Similarly, small heterocy-
cles have been shown to bind to CD4 and disrupt its binding to
MHC class II proteins on the surface of antigen-presenting T
cells (3). Recently, several groups have shown that small mole-
cules disrupt binding of the BH3 peptide of Bak to the Bcl-2�
BclXL protein family with low micromolar Kd values (4–6). Other
approaches have used anionic polymers or oligomers such as
aurintricarboxylic acid, heparin derivatives, and oligophenoxy-
acetic acid to target positively charged regions on a protein
surface.

We have been interested in developing a potentially general
strategy to protein surface recognition with the design of mol-
ecules that contain a large, functionalized, and variable inter-
action surface (7). Our approach borrows from the essential
features of antibody-combining domains and is based on the
attachment of several synthetic peptide loops onto a core
calixarene scaffold. Interaction with a complementary protein
surface can then involve significant contact (�400 Å2) between
the peptide loops and matching regions on the exterior of the
protein (8). If binding occurs close to the active site or an area
of contact with other proteins, then a disruption of the function
of the protein can be anticipated. In this article we describe the
application of this strategy to the disruption of the protein–
protein complexes formed between the serine proteases and
their proteinaceous inhibitors (PIs).

Peptide bond cleavage is an essential process in the activation
or catabolism of numerous proteins. Proteolysis also plays
important roles in such key cellular processes as signal trans-
duction, metastasis, and apoptosis (9). However, the careful
regulation of proteolysis is critical for the healthy function of the

cell (10). Excessive proteolysis can lead to diseases such as
emphysema, thrombosis, rheumatoid arthritis (caused by the
uncontrolled complement cascade), and hyperfibrinolytic hem-
orrhage (10–12). Incomplete proteolysis can be similarly cata-
strophic as seen in Alzheimer’s disease (13, 14), psorisis (15),
tumor development (16), and infection by parasites and nema-
todes (17) (nematoic serpins protect the organism from proteo-
lytic cleavage by host proteases).

A principal mechanism for controlling proteolysis involves
secretion of highly selective PIs that bind to the surface of the
protease and modulate its activity. Mammalian blood is a rich
source of protease inhibitors, accounting for about 10% (by
weight) of all plasma proteins in humans (18). The majority of
complexes between proteases and their PIs are both stable and
selective with a large surface area of contact between the two
proteins (19). For example, Fig. 1 shows the crystal structures of
four protease [chymotrypsin (ChT) or trypsin]–PI complexes
that are the subject of this study: soybean trypsin inhibitor (STI),
basic pancreatic trypsin inhibitor (BPTI), ovomucoid turkey
inhibitor (OMTK), and Bowman–Birk inhibitor (BBI). In each
case a loop from the PI projects into the ChT active site and a
large area of protein surface on both ChT and the PI (1,350–
1,600 Å2) is buried on forming the complex.

The up- or down-regulation of PIs can result in a range of
pathological conditions. For example, Alzheimer’s disease, pso-
riasis, and certain tumors (caused by the inhibition of apoptosis)
are thought to result in part from an up-regulation of specific
protease inhibitors. One strategy for blocking the activity of
up-regulated inhibitors would be to design synthetic agents that
bind to the same region of the protease and prevent the
association of the naturally occurring inhibitor. This goal brings
into sharp focus the general difficulty of designing synthetic
molecules to disrupt protein–protein interactions mediated over
a large area (20). To our knowledge, there has been no example
to date of a synthetic agent capable of blocking the interaction
between a protease and its PI. In this article we describe the
design and evaluation of a family of synthetic receptors that show
potent protease-binding activity and are able to block interaction
with specific PIs.

Materials and Methods
Materials. ChT, BPTI, BBI, STI, and OMTK were all purchased
from Sigma and used without further purification. Compound 1
was synthesized as described (21).
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Enzyme Kinetics. Hydrolysis of the chromogenic substrate N-
benzoyl tyrosine p-nitroanilide (BTNA) by ChT was monitored
over time at 410 nm with a UV plate reader (Molecular Devices).
The enzyme reaction was initiated by adding BTNA (final
concentration of 0.14 mM) into the enzyme solution (370 nM)
in PBS, pH 7.4, and the initial velocity was calculated by the
least-squares method with data points for the initial �5–10 min.
For the time-dependent inhibition kinetics, a mixture of ChT,
protease inhibitors, and 1 were incubated at room temperature
for a maximum of 24 h. At certain time points a portion was
withdrawn from the incubated solution and enzyme activity was
measured.

Gel-Shift Assay. Nondenatured gel-shift assay was performed on
thin (10 mm), 1% agarose gel in 5 mM Na-phosphate gel buffer.
Four or 5 �l of sample was loaded on the gel, and power
(constant 100 V) was applied for 30 min. The gel was fixed briefly
in acetone, washed with water, and dried. The gel was then
stained quickly with Coomasie blue R250 and destained in 10%
acetic acid solution.

Gel Filtration. Approximately 15 ml of Sephadex 75 in PBS buffer,
pH 7.4 was added to a 30 � 1 cm column. Ten microliters of each
sample was applied to the column, and 0.2-ml fractions were
collected for analysis.

Docking Analysis. Analysis of possible binding areas for 1 on the
surface of ChT was carried out by using the AUTODOCK program

(22–24). Because the number of atoms in 1 exceeds the number
limit for running AUTODOCK, we removed the calixarene region
of 1 from the coordinates and fixed the conformation of the
remaining four peptide loops. After finishing the calculation, the
whole molecule was reconstructed based on the coordinates
obtained from the docking experiment. The coordinates of ChT
were extracted from the coordinates of the ChT–BPTI complex
in the Brookhaven Database (Protein Data Bank code 1CBW).
With the exception of the construction of the coordinates, all
other procedures were followed as outlined in the AUTODOCK
manual for the docking experiment.

Results and Discussion
The primary focus of our investigation was the enzyme ChT,
which shows a strong preference for the cleavage of peptides with
hydrophobic residues such as Tyr and Phe adjacent to the scissile
peptide bond. Earlier we described an approach to the design of
molecules that recognize a large area of the exterior surface of
ChT and function as potent slow binding inhibitors to block the
approach of small chromogenic substrates (21). This strategy
involved the attachment of four synthetic peptide loops (each
containing an amino-substituted 3-aminomethylbenzoic acid
spacer) to a hydrophobic core scaffold based on a calix[4]arene
unit (Fig. 2). By varying the sequence of the cyclic peptide a large
number of functionalized surfaces with different recognition
characteristics could be generated. The potential interacting
surface area defined by these molecular scaffolds is 400–450 Å2,
permitting the targeting of a range of different proteins. In our
earlier work we showed that compound 1, containing a tetra-
butoxy-substituted calix [4]arene linked to four loops with the
Gly-Asp-Gly-Asp sequence, possessed submicromolar activity in
blocking the approach of substrates into the active site of ChT.
The eight carboxylate groups on 1 surround a core composed of
the calix[4]arene and four aminomethylbenzoic acid units and
create a highly anionic and hydrophobic surface. This region can
be expected to interact favorably with cationic and hydrophobic
domains on the surface of ChT. In particular a patch of several
cationic groups is found near the active site cleft of the enzyme.
In earlier studies (21) we have shown that 1 binds tightly to the
cationic surface of ChT but does not interact with a correspond-
ing anionic protein, such as the PI STI. To determine the optimal
area on ChT to which 1 binds, a computational docking exper-
iment using the AUTODOCK program was carried out. These
simplified docking calculations (see Materials and Methods)
point to a complex of the type shown in Fig. 3 where the
carboxylate groups in 1 make contact with several of the of basic
residues (Lys-90, -170, -175, -177, and Arg-145) around the active

Compound 1.

Fig. 1. Crystal structure of complexes between serine proteases and PIs. (a)
ChT and BPTI (Protein Data Bank code 1CBW). (b) Trypsin and STI (Protein Data
Bank code 1AVW). (c) ChT and OMTK third domain (Protein Data Bank code
1CHO). (d) Trypsin and BBI (Protein Data Bank code 1TAB). ChT and trypsin
were fixed with orange color in the complexes.

Fig. 2. Design and synthesis of protein binding agents.
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site cleft of ChT. A second possible binding area (not shown) was
suggested by the docking experiments and centered on a hydro-
phobic patch including Val-60, -61, and -62. Compound 1,
presumably by binding to the surface of ChT close to the active
site, showed competitive two-step slow binding inhibition be-
havior with Ki and Ki* values of 0.81 and 0.11 �M, respectively
(21). ChT is known to be inhibited by several proteins, including
anti-ChT, STI, BPTI, OMTK, and BBI. Most of these PIs bind
onto the same face of ChT containing the active site cleft (Fig.
1). We therefore wanted to test whether synthetic receptor 1
might also be able to disrupt the protein–protein interactions
involved in stabilizing the ChT–PI complex.

Time-Dependent Inhibition of ChT by Synthetic Receptor 1 in the
Presence of Proteinaceous Inhibitors. We first investigated the
effect of 1 on the inhibitory activity of a series of PIs with respect
to ChT. Complex formation between ChT and the different PIs
results in a loss of hydrolytic activity against small substrates such
as BTNA. The binding affinities of the four PIs used in this study
are strong enough (Kd values ranging from 10�7 to 10�12 M) for
ChT activity to be inhibited by �90% in the 1:1 mixture at
submicromolar (370 nM) concentrations. The effect of 1 varied
depending on the different 1:1 ChT–PI complexes. In general,
receptor 1 caused an initial recovery in ChT catalysis followed
by a gradual loss of hydrolytic activity (Fig. 4). This result can be
seen most clearly in the case of STI where the ChT–STI complex
(Fig. 4, F) shows less than 10% of the hydrolytic activity against
BTNA compared with ChT alone (because of slow STI prote-
olysis this recovery increases to nearly 40% over time). However,
addition of 1 (Fig. 4, E) leads to an initial recovery of ChT
activity to more than 50% of that of ChT before undergoing
steady time-dependent inhibition. A similar, although smaller,
effect is seen with the ChT–OMTK complex (Fig. 4, triangles),
which initially recovers �30% enzyme activity on addition of 1
before undergoing time-dependent inhibition. In the case of
ChT–BBI (Fig. 4, inverted triangles) both effects (recovery and
later inhibition) are smaller, although reproducible. The one
exception was the ChT–BPTI complex (Fig. 4, squares), which
showed little effect on addition of 1. This observation of initial
recovery followed by inhibition suggested a two-step process in
which 1 initially disrupts the inhibitory effect of the PI and then
exerts its own inhibitory effect in a time-dependent manner. The
initial recovery may be caused by a direct displacement by 1 of
the PI from the surface of ChT or to formation of a ternary
complex that induces a conformational change in the ChT–STI
complex, allowing the approach of small substrates toward the
active site (Fig. 5). We have previously shown that 1 is a strong
and competitive time-dependent inhibitor of ChT. The gradual
loss of activity in the second step presumably reflects formation
of the aforementioned ChT–1 complex.

A final feature of this experiment is that both STI and BBI
show a steady loss of inhibitory activity with ChT over time. This

loss is presumably caused by a slow proteolysis of the PI by ChT.
In the presence of 1 no increase in proteolytic activity in the
ChT–STI or ChT–BBI complex is observed with the level of
inhibition after 1,500 min being larger than in the absence of 1.
The artificial receptor appears to confer a protection on the PI,
removing it from proximity to the active site and its possible
cleavage. No such loss of inhibitory activity is seen in the ChT–1
complex. HPLC analysis of the reaction mixture at the end of the
kinetics experiment shows no hydrolytic degradation in the
structure of 1 (21).

The initial recovery of enzyme activity in the ChT–PI com-
plexes (at 350 nM) was monitored as a function of changing the
concentration of 1 (Fig. 6). In the case of STI, the activity of ChT
was 80% that of the free enzyme at the end of the titration (14
�M). With BPTI there was little change whereas BBI and
OMTK showed intermediate effects, recovering 30% activity at
14 �M. These results are consistent with an initial disruption of
the ChT–PI complex by 1 leading to a restoration of access of the
BTNA substrate to the active site.

Gel Electrophoresis. To investigate the mechanism by which 1
replaces the effects of the PI we carried out nondenaturing
agarose electrophoresis on the different complexes. Mixtures of
ChT, PI, and 1 were incubated for 10 min and 24 h and loaded
onto the 1% agarose gel. The electrophoresis was completed
within 20 min, and gels were stained by Coomasie blue R250.
Comparison of gels 1 and 2 (Fig. 7) shows that a clear gel shift
occurs on forming the ChT–PI complexes. Short-term incuba-
tions (10 min) of the complexes with 1 led to a further gel shift
in all cases with no apparent dissociation of the PI from ChT,
suggesting ternary complex formation. However, after 24 h
incubation, the mixture of STI–ChT and 1 clearly shows a band
for dissociated STI and one corresponding to the complex ChT–1
(21). The other complexes (of ChT with BPTI, BBI, and OMTK)
do not appear to change over a longer incubation period.

Size-Exclusion Chromatography. The displacement of STI by 1 was
confirmed by size-exclusion chromatography. Sephadex G75 was
packed into a 1-cm diameter column and equilibrated with 5 mM
phosphate buffer, pH 7.4. The protein and receptor mixtures (10
�l of 2 � 10�5 M) were loaded onto the column and eluted with
a flow rate of 0.25 ml�min. Collected fractions were monitored
by a UV-visual microplate reader at 280 nm, and the results are
shown in Fig. 8. ChT alone gave a slow eluting band [around
fraction number (FN) 50]. On addition of one equivalent of STI,
a band with a shorter retention time (around FN 34) was
observed, corresponding to the larger molecular weight species
formed by complexation between ChT and STI. However,
incubation of 1 (3.5 �M) with the ChT–STI complex for 10 min
gave a band with an even shorter retention time (FN 28),
suggesting the formation of a larger, ternary complex. Extending
the incubation period to 36 h leads to a dramatic change in the
size-exclusion chromatogram. In place of the fast moving band
is seen a slow moving and broad band (around FN 46) corre-
sponding to a species with a molecular weight slightly higher than
ChT itself (molecular weight 24,700), presumably the ChT–1
complex (molecular weight 27,400). The broadness of the band
is also consistent with overlapping elution of the ChT–1 complex
and the displaced, but similarly sized, STI (molecular weight
20,000).

In this article we have shown that a synthetic molecule with a
large and functionalized surface area is able to disrupt the
interaction between ChT and certain members of the family of
PIs. A comparison of the structures of the four ChT–PI com-
plexes used in this study shows interfacial surfaces of 1,600,
1,390, 1,500, and 1,460 Å2 for STI, BBI, OMTK, and BPTI,
respectively. Despite its large interfacial surface, the ChT–STI
complex has the weakest affinity with a Kd value of 1.0 � 10�7

Fig. 3. Calculated structure (using AUTODOCK) for the interaction of 1 with
ChT.
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M (25). In contrast, the complexes of ChT with BBI, BPTI, and
OMTK show Kd values of 5.3 � 10�8 (26), 1.0 � 10�8 (27), and
5.5 � 10�12 M (28), respectively. A critical component of the
interaction in all cases is a peptide loop that projects from the
surface of the PI and makes contact with active site residues in
ChT. As a result, the ChT–PI affinity does not directly correlate
with surface area of contact. However, the active site binding
loop from the PI is susceptible to cleavage by ChT, leading to
hydrolytic modulation of PI activity.

Comparison of the time-dependent inhibition results for ChT
(Fig. 4) points to a particularly effective disruption of the
ChT–STI complex by 1. There are lesser effects on ChT com-
plexes with OMTK and BBI and almost no effect on the
ChT–BPTI interaction. Further details of the mechanism by
which 1 caused an initial recovery of enzymatic activity with the
ChT–STI complex come from nondenaturing gel electrophoresis
and gel filtration chromatography. These both point to the rapid
formation of an initial ternary complex followed by a slower
expulsion of the PI and imposition of the inhibitory property of
1. The sensitivity of the ChT–STI complex to disruption by
synthetic receptor 1 is almost certainly caused by its relatively
high Kd value. In comparison, receptor 1 has Ki and Ki* values
in the 10�6 to 10�7 M range, making a competitive displacement
of the ChT–STI complex reasonable under the conditions of the
experiment. The higher affinities of the ChT–BBI, -OMTK, and
-BPTI complexes represent a significant thermodynamic barrier
to disruption and sizeable effects are only seen (with BBI and
OMTK) at higher concentrations of 1 (Fig. 6).

However, the relative binding affinities of the ChT–PI com-
plexes are unlikely to be the only factors in determining the
properties of 1. The formation of a ternary complex in which the
PI is still bound and, at least initially, enzyme activity is
recovered points to a role for the flexibility of the PI in its
sensitivity to disruption by 1. The formation of a ternary complex
in the case of STI presumably requires contact of both the PI and

1 with closely positioned positively charged domains on the
surface of ChT. This arrangement would require a conforma-
tional accommodation by STI to permit binding of 1 to a region
close to the active site. This effect, in turn, accounts for the initial
recovery in ChT catalytic activity caused by disruption of the
PI–ChT active site interactions. STI is a relatively flexible
protein containing two disulfide bonds within its 198 residues
and readily undergoes thermal denaturation in aqueous solution
(29). In contrast, BPTI is a smaller, more rigid protein with three
disulfides that significantly retains its structure even after cleav-
age of the active site binding loop (30). BBI contains seven
disulfide bonds within 78 aa and as a result is stable even in 90%
ethanol solution. Several of the smaller PIs have been shown to
be stable to denaturation by 8 M urea solution at room temper-

Fig. 4. The effect of 1 over time on the different 1:1 ChT–PI complexes.
ChT–STI (F), ChT–STI–1 (E), ChT–BBI (�), ChT–BBI–1 (ƒ), ChT–OMTK (Œ), ChT–
OMTK–1 (‚), ChT–BPTI (■ ), and ChT–BBI–1 (�). Chromogenic substrate used
for detecting ChT activity was BTNA (140 �M) and concentration of ChT, PIs,
and 1 for kinetic studies were fixed as 350 nM, 350 nM, and 1.1 �M, respec-
tively in 5 mM phosphate (pH 7.4) and 30 mM NaCl.

Fig. 5. Possible mechanisms for the interaction of 1 with ChT–PI complexes.

Fig. 6. Initial recovery of inhibited ChT activity. After 5 min incubation of ChT
(350 nM) with 1.0 �M of STI (F), OMTK (�), BBI (Œ), and BPTI (E), ChT activities
were checked as varying concentration of 1 up to 14 �M. By curve fitting, Kd

value of 1 for ChT was obtained as 18 nM.
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ature. In the case of the more rigid PIs a conformational change
is less accessible and the access of the small substrate into the
ternary complex appears to be disfavored. The time-dependent
expulsion of STI from the surface of ChT presumably follows the
slow binding kinetics of 1 and the conformational change that is
necessary for it to achieve optimal interaction with ChT.

In summary, we have discovered that a synthetic molecule
designed to contain a large and functionalized surface area is
able to bind to the exterior surface of ChT and block the
protein–protein interaction with a PI. In the case of the
ChT–STI complex this disruption is highly effective and
involves the initial formation of a ternary ChT–STI–1 complex
followed by a slow expulsion of the PI. The final ChT–1
complex also showed much reduced enzyme activity, confirm-
ing that the overall process involves replacement of one
inhibitor (PI) by another (1). However, the initial recovery of
enzyme activity suggests that an intermediate state exists
where 1 functions as a disruptor of the ChT–PI interaction and
not as an inhibitor.
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Fig. 7. Gel-shift assay (a) 10 min incubation and (b) 24 h incubation. One
percent agarose, 5 mM Na-phosphate gel buffer (pH 7.4) was used for gel
preparation and concentration of each component was fixed as [ChT] � 15
�M, [PIs] � 16 �M, and [1] � 34 �M.

Fig. 8. Detection of formation and time-dependent disruption of ternary
complex by using size-exclusion column. (ƒ) ChT alone, (E) after 10 min
incubation with ChT and STI, (�) after 10 min incubation with ChT, STI, and
1, and (■ ) after 36 h incubation with ChT, STI, and 1 in 5 mM phosphate
buffer, pH 7.4. [ChT] � 20 �M, [STI] � 20 �M, and [1] � 35 �M.
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