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Examination of a series of naturally-occurring trypsin inhibitor pro-
teins, led to identification of a set of three residues (which we call
the “interface triplet”) to be determinant of trypsin binding affinity,
hence excellent templates for small molecule mimicry.
Consequently, we attempted to use the Exploring Key Orientation
(EKO) strategy developed in our lab to evaluate small molecules
that mimic the interface triplet regions of natural trypsin inhibitors,
and hence potentially might bind and inhibit the catalytic activity
of trypsin. A bis-triazole scaffold (“TT-mer") was the most promis-
ing of the molecules evaluated in silico. Twelve such compounds
were synthesized and assayed against trypsin, among which the
best showed a Ky of 2.1 nM. X-ray crystallography revealed a high
degree of matching between an illustrative TT-mer’s actual binding
mode and that of the mimics that overlaid the interface triplet in
the crystal structure. Deviation of the third side chain from the PPI
structure seems to be due to alleviation of an unfavorable dipole—
dipole interaction in the small molecule’s actual bound
conformation.

Introduction

High affinity inhibitors to cationic trypsin-1 are desirable
because overactivation of trypsin, and inactivation of endogen-
ous trypsin inhibitors, causes inflammation, fibrosis, and pan-
creatic dysfunction." Furthermore, trypsin inhibitors are
emblematic of drugs used to treat maladies involving other
members of the trypsin family. For example, Momordica
cochinchinensis trypsin inhibitor II (MCoOTI-II), a natural
trypsin-inhibitory miniprotein, has been adapted to inhibit
pathogenic proteases including p-tryptase (implicated in
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asthma),” neutrophil elastase (chronic obstructive pulmonary
disorder),® coagulation factor XIla (thrombosis),* kallikrein-
related peptidase 4 (KLK4, prostate cancer),” and matriptase
(cancers).® Novartis adapted a small molecule trypsin ligand to
inhibit complement factor D, a structurally similar protease
and a major component in immune activation;” dysfunction of
factor D leads to disorders including age-related macular
degeneration. Other trypsin-family proteases of therapeutic
interest include urokinase plasminogen activator (uPA) and
plasmin (important in cancer metastasis), thrombin, factor
VII, and factor X (regulate blood coagulation). In view of this
therapeutic impact, we set out to develop peptidomimetic
inhibitors to the flagship, trypsin. Trypsin was chosen because
its active site structure is well understood, and there are numer-
ous high affinity natural ligands to serve as design starting
points. However, our prime motivation was as a test case for our
Exploring Key Orientations (EKO) strategy.® EKO compares PPI
interface regions with favored small molecule conformations
that present three amino acid side chains, based on degree of fit
of side chain Ca and Cp coordinates. Validation for EKO has
been reported for the HIV-1 protease dimer,® antithrombin
dimer,® PCSK9-LDLR,' and uPA-uPAR.'“'? However, none of
those cases are supported by crystallographic data to confirm
the actual binding mode of the small molecules. Trypsin is rela-
tively easy to crystallize, so we anticipated it could be co-
crystalized to obtain the first structure of a small molecule
evaluated by EKO bound to a protein receptor.

Results and discussion

Structural commonalities between naturally-occurring
trypsin inhibitors. We examined interface regions of natural
trypsin inhibitors (Fig. 1) and observed a conformational simi-
larity in a trypsin-interface binding segment common to all.
This is somewhat surprising in view of the diverse global struc-
tures and evolutionary origins of the parent protein. This
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Fig.1 Overlay of the interface regions of natural trypsin inhibitors
showing similarities in the trypsin-binding segment, ie the highly con-
served PPl interface. (a) Momordica charantia trypsin inhibitor A
(MCTI-A, green, PDB ID 1F2S) is overlaid on six other trypsin inhibitors.
(b) Enlarged view of the overlay with side chains of the P1, P1, P2’ resi-
dues are highlighted as sticks.
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common segment, which we refer to as the “interface triplet”,
comprises residues occupying the S1, S1’, and S2' pockets in
trypsin’s active site, which appear to dominate the interaction
energy in the protein-protein interaction (PPI).

Peptidomimetic design. Amides between amino acids in
dipeptides can often be effectively substituted by five-mem-
bered ring motifs that replace four consecutive peptide back-
bone atoms, either C-Ca-N-C or N-C-Coa-N, and “stitching”
them together by an additional fifth atom (Fig. 2a). These five-
membered rings may be saturated (illustrative’*>*) or unsatu-
rated (e.g. ref. 25-27) where the optimal for is determined by
the degree of curvature in the bound state of the parent
peptide. Tripeptides can be similarly mimicked by joining two
such five-membered rings.

The strategy explored in this work featured two chemically
synthesizable five-membered rings, such as triazole, hydan-
toin, oxazole, or oxazolidinone to mimic the interface triplet
referred to above. EKO was deployed to evaluate how well these
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Fig. 2 Design and EKO evaluation of target compounds. (a) The
peptide backbone is replaced with two 5-membered aromatic rings. (b)
The structure and retrosynthesis of TT-mer. (c) A simulated conformer
of TT-mer overlays on the interface triplet found on bovine pancreatic
trypsin inhibitor (BPTI) with an RMSD of 0.37 A.
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scaffolds can adopt conformations corresponding to inhibitor-
trypsin PPI interface triplet region. Thus, each tripeptide
mimic was installed with three methyl side chains (as the R
groups in Fig. 2a) before a molecular dynamics routine
(quenched molecular dynamics, QMD)**?° was employed to
sample its conformers. These conformers were clustered based
on methyl side chains orientations, and the lowest energy con-
former of each cluster was selected as a representative. The
potential energy of each representative conformer was calcu-
lated, and those more than 3 kecal mol™" higher than the
lowest-energy one were discarded because they are unlikely to
be populated. The remaining stable conformers were then
overlaid on the peptide template using the Kabsch algorithm.
Overlay “goodnesses of fit” were quantified in terms of the
root mean square deviation (RMSD) of the Ca-Cf vectors of
the three methyl side chains to that of the peptide-segment
template. In our experience, an RMSD less than 0.5 A may be
considered a good overlay.

Among all the tripeptide mimics evaluated (summary in
ESIT), one that consists of two triazoles, which we colloquially
refer to as the “TT-mer”, emerged as a fine target for experi-
mental evaluation since it appeared easy to synthesize (Fig. 2b)
and overlaid on the interface triplet with a RMSD of 0.37 A
(Fig. 2c¢).

Binding affinities of TT-mers to trypsin. Twelve TT-mers
with various side chain combinations were synthesized and
their binding affinities to bovine cationic trypsin measured by
a kinetic assay (Zimmerman et al.,’® and ESI). Bovine cationic
trypsin is typically used as a substitute for the human variant
in early stage inhibitor discovery (example') as they have high
sequence and structural similarity, and segments around the
active site (residues 189-215) are almost completely the same.
The compounds that gave greatest inhibition against bovine
trypsin (1k and 11) were assayed against Auman trypsin using a
spectrophotometric probe, H-Glu-Gly-Arg-pNA (Table 1, and
ESIT); data from the two assays (using bovine and human
trypsin) correlate within reasonable ranges. These data were
referenced to benzamidine positive control, known to bind
trypsin with a K4 18.4 pM, which compares well to the value of
22.2 pM in our assay H-Glu-Gly-Arg-pNA.*"

Trends in the binding constants of the test molecules are
largely uninteresting since better trypsin inhibitors exist. More
importantly, the data pointed to superior binders might there-
fore be good candidates for co-crystallization studies. After
some experimentation, a co-crystal of 11 with trypsin obtained
and the crystal structure was solved.

Binding mode and of 11 to trypsin. EKO evaluations will only
reveal “hits” corresponding to compounds that can attain low
energy conformations that overlay on the appropriate protein
ligand segment. For example, in the case featured here, a con-
formation of 11 overlaid R', R?, R® side chains on the P2/, P1/,
and P1 residues of the interface triplet, hence that compound
was selected for experimental evaluation.

Compound 1l-trypsin bound in the targeted trypsin pocket,
but in a slightly different conformation (Fig. 3). Side chains R
and R? occupied the S1' and S1 pockets that correspond to the
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Table 1 Binding affinities of TT-mers to bovine cationic trypsin
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interface triplet in the parent PPI used for the EKO analysis.
However, the benzamidine group on R® formed a salt bridge
with Asp189, as well as hydrogen bonds with Ser190 and the
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Fig. 3 (a) X-ray structure of 1l bound to bovine trypsin (PDB ID 7jwx).
(b) Actual solid-state conformation (green) compared with interface
triplet one as illustrated by the overlay of 1l on this generated by EKO
(cyan), (structure of the trypsin inhibitor removed for clarity).

backbone carbonyl of Gly219, similar to arginine in naturally-
occurring trypsin inhibitors and other benzamidine derivatives
(examples®>?*). EKO would not have evaluated this pose since
it only considers small molecule conformers that overlay on
interface segments of the protein ligand.

Conformational preference of 1l. In retrospect, the experi-
mentally observed orientation of the R side chain in the solid
state structure can be attributed to a positive factor in an
alternative binding mode, and a negative one which would
have existed if the mimic had bound in the conformation that
overlaid the triplet interface region well. Binding of the lysine
ammonium cation in the R residue is positively stabilized by
hydrogen bonding with the GIn192 carbonyl (Fig. 3a).
Conversely, the two triazoles of 11 may adopt “cis” and “trans”
orientations (Fig. 4). In the cis-conformation that overlays with
the interface triplet, the triazole dipoles are unfavorably
aligned, while in the trans they are favorably opposed. In other
words, lone pairs on the closest nitrogen atoms in each ring
repel each other in the cis-state, destabilizing that confor-
mation, while this effect is alleviated in the trans-form.
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Fig. 4 Trans (top) and cis (bottom) conformers of TT-mers. The repul-
sion between the lone pairs of triazole nitrogens makes cis-conformer
less favorable compared to trans-conformers.

EKO samples populated solution state conformations of the
small molecule core backbone (represented by the case where
R'-R? are all methyl) to see if they will overlay with interface
protein ligand orientations in the PPI solid state structure. The
key hypothesis underlying EKO is that conformations that do
overlay well will be reinforced in the protein receptor when R'-
R? correspond to appropriate regions of the protein ligand
interface. Justification for the assertions they are reinforced is
that the protein receptor interacts with those particular side
chains in the bound conformation. Consequently, calculations
of relative energies of alternative conformations of the small
molecule core backbone in the absence of the protein receptor
are not directly relevant to EKO. Nevertheless, those types of
calculations were performed here to assess stability differences
for the cis- and trans-orientations of the TT-mers in the gas
phase.

Calculations using the Merck molecular force field
(MMFF94) estimated the trans-conformer is ~5.86 kcal mol™*
more stable than the cis; QM calculations (DFT at B3LYP/3-
21 g, Gaussian 16) of the same compound were also performed
and these experiments gave a similar difference to the mole-
cular mechanics experiments: 4.845 kcal mol™' (gas phase,
throughout). The force field used for molecular mechanics in
EKO (AMBER10) also indicated trans was more stable than cis
but indicated an energy gap between the two forms that is
below the cutoff threshold that was applied in the featured
EKO analysis (3 kcal mol™); consequently, both forms were
classified as “populated”. The EKO analyses are performed
using a continuous dielectric medium of 80 wherein the nega-
tive effects of aligned dipoles would be dampened, so it is
unsurprising that the predicted energy difference between the
cis- and trans-TTmer states was less for the AMBER10 calcu-
lations than in the gas phase ones.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

In summary, we identified a highly conserved tripeptide con-
formation in a number of naturally-occurring trypsin inhibi-
tors bound to the trypsin active site. A bis-triazole scaffold
(“TT-mer”) was designed to mimic this triplet and was verified
by EKO. A library of only 18 TT-mers were synthesized and
their binding affinities against trypsin were measured. Co-crys-
tallization of 11 and trypsin revealed that in the solid state the
bound ¢rans-TT-mer conformation had two of the three side
chains mimicking those of the interface tripeptide. In that
trans-TT-mer conformation, R could not overlay with the inter-
face triplet. This alternative conformation was favored because
it leads to a favorable hydrogen-bonding interaction, and alle-
viates unfavorable dipole alignments in the cis-form.

This work successfully highlights how EKO can be used in
design of small molecule drug candidates that have three side
chains corresponding to protein ligand interface segments.
The structural commonality between interface segments in the
natural trypsin-family inhibitor proteins (Fig. 1) was leveraged
using EKO to validate small molecule mimicry featuring one
conceptual type of core structure but different side chains to
impart selectivity.
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