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Abstract

The Kunitz-Soybean Trypsin Inhibitor (Kunitz-STI) family is a large family of proteins with most of its
members being protease inhibitors. The versatility of the inhibitory profile and the structural plasticity
of these proteins, make this family a promising scaffold for designing new multifunctional proteins.
Historically, Kunitz-STI inhibitors have been classified as canonical serine protease inhibitors, but
new inhibitors with novel inhibition mechanisms have been described in recent years. Different
inhibition mechanisms could be the result of different evolutionary pathways. In the present work,
we performed a structural analysis of all the crystallographic structures available for Kunitz-STI
inhibitors to characterize serine protease-binding loop structural features and locations. Our study
suggests a relationship between the conformation of serine protease-binding loops and the inhibition
mechanism, their location in the B-trefoil fold, and the plant source of the inhibitors. The classical
canonical inhibitors of this family are restricted to plants from the Fabales order and bind their targets
via the p4-B5 loop, while serine protease-binding loops in inhibitors from other plants lie mainly in
the B5-B6 and B9-B10 loops. In addition, we found that the B5-6 loop is used to inhibit two different
families of serine proteases through a steric blockade inhibition mechanism. This work will help to
change the general perception that all Kunitz-STI inhibitors are canonical inhibitors and proteins with
protease-binding loops adopting noncanonical conformations are exceptions. Additionally, our
results will help in the identification of protease-binding loops in uncharacterized or newly discovered

inhibitors, and in the design of multifunctional proteins.
Author Summary

Proteinaceous protease inhibitors are promising molecules for the design of new products in
biotechnology and biomedicine. Identification of the protease-binding region is essential in the
design of new inhibitors. We have proved that binding regions in the Kunitz-STI family are more
diverse than just a canonical conformation and that their conformation and location are related to
the plant source of the inhibitors. Our findings will help researchers to identify the protease-binding
regions in other inhibitors of this protein family and could help in the design of new inhibitors with
the B-trefoil fold.

Keywords: Kunitz, protease inhibitors, canonical inhibitors, noncanonical inhibitors, serine
protease.
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1. Introduction

Protease inhibitors have proved to be efficient tools to regulate protease activity, and have been
used to control proteases of importance in biomedicine and biotechnology.'* Among families of
proteinaceous protease inhibitors, the Kunitz-Soybean Trypsin Inhibitor (Kunitz-STI) family is one of
the most versatile, with members able to inhibit proteases from different mechanistic classes like
serine, aspartic, and cysteine proteases.*- In addition, there are proteins within this family with other
functions like lectin’, water-soluble chlorophyll-binding®®, taste-modification'®, a-amylase
inhibitors"-2, and storage.'® Proteins from the Kunitz-STI family have a B-trefoil fold consisting of
12 B-strands arranged in three structural units with three-fold pseudo-symmetry. Six B-strands form
a B-barrel while the other six B strands are arranged like a cap for the B-barrel (Figure 1). Loops can
be named based on the 3 strands to which they are attached (e.g., the B4-B5 loop connects strands
B4 and B5). Versatility in the functions of this protein family has been linked to the diversity in
sequence and length of the loops.™ The structural plasticity of loops of the B-trefoil fold, together
with multiple functionalities described for Kunitz-STI inhibitors make these proteins an interesting
scaffold for inhibitor design and engineering. ldentifying protease-binding loops is an essential step

toward the design of more potent and selective inhibitors.

Historically, serine protease inhibitors from the Kunitz-STI family have been considered canonical
inhibitors with the protease-binding region lying on loop B4-5. Canonical serine protease inhibitors
are proteins that interact with proteases through an exposed loop with a specific backbone
conformation, named the “canonical” conformation, and their mechanism of action is called the
Laskowski or standard mechanism.'®16 In this inhibition mechanism, the inhibitor binds to the
protease like a substrate and is slowly hydrolyzed by the protease. However, products are not
released from the active site, and the peptide bond is resynthesized while hydrolyzed inhibitor is still
bound to the active site of the protease.*'” This canonical backbone; conformation of the protease-
binding loop is adopted mainly by positions P3 to P3" (Schechter & Berger notation)'8, and is present
in 19 families of proteinaceous serine protease inhibitors with different structural folds described in
the MEROPS database.’® The canonical conformation of the protease-binding loop is stabilized by
some scaffolding amino acids. In the Kunitz-STI inhibitors, there is a conserved asparagine in the
N-terminus, which is essential to keep the ends of the hydrolyzed products in the right orientation

and distance for the re-ligation reaction.2°

The Laskowski mechanism is not the only way proteinaceous protease inhibitors can inhibit serine
proteases. Some reversible inhibitors of serine proteases bind to the protease active site, blocking
access to it but without any peptide bond being hydrolyzed. This type of inhibition mechanism is

3
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known as the steric blockage of the active site.2'-23 The protease-binding region in these inhibitors
adopts a conformation called “noncanonical” because is different to the canonical conformation

described before, and the inhibitors are named “noncanonical inhibitors”.1®

The Kunitz-STI inhibitors show a remarkable sequence variability and a large amount of gene
duplications, however, these sequences maintain key structural conformations, like protease-
binding loops.?* This observation suggests a complex evolutionary scenario, which leads to the
radiation of a protein family capable of inhibiting new targets. In that sense, a simple sequence
analysis lacks the power to differentiate relationships between members of the family, and structural

comparison could be a better starting point to classify Kunitz-STI.

In this work we analyzed the 3D-structures of all the serine protease inhibitors from the Kunitz-STI
family through a combination of structural bioinformatics tools, to characterize the structural plasticity
and constraints in the serine protease-binding loops. We have found that inhibitors with a canonical
B4-B5 loop have been isolated only from plants from the order Fabales. On the other hand, inhibitors
from monocotyledonous plants, seem to use exclusively B5-p6 and 9-B10 loops to interact with
serine proteinases. Moreover, the subtilisin-binding conformation of the (B5-B6 loop is widely
extended among inhibitors from plants of different taxonomies, and it is very similar to the trypsin-
binding conformation of the same loop present in some inhibitors, suggesting a potential
evolutionary relationship in the inhibition mechanisms used by Kunitz-STI inhibitors against serine

proteases of the families S1 and S8 (MEROPS database classification).

These findings are an important contribution to guide researchers in future identification of serine
protease binding regions in new or uncharacterized inhibitors. Also, it can be used in the design of
new multifunctional inhibitors with the B-trefoil fold targeting different serine proteases through

different inhibition mechanisms.

2. Results
2.1 Overview of serine protease inhibitors from Kunitz-STI family

Seventy-one 3D-structures for 23 different serine protease inhibitors belonging to Kunitz-STI family
have been deposited in the RCSB PDB database. Despite the fact that the Pfam database reports
170 3D-structures of members of the Kunitz legume family (PF00197), not all of these proteins are
serine protease inhibitors or there is no functional data validating them as such. A cross-check with
the RCSB PDB database revealed only one Kunitz-STI inhibitor 3D-structure (PDB ID: 1R80) that
is not listed in the Pfam database. Twenty-four (34 %) of the seventy-one PDB 3D-structures were

discarded from further analysis because of validation problems such as an R/Rs.. gap higher than

4
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5 %, sequence-engineered inhibitors, poor electron density in the loops of interest, low resolution
(>2.85A) (e.g., 5DSS, 3I2A, 2WBC). Forty-seven 3D-structures corresponding to 23 different

inhibitors were selected for this study (Table S1).

Amino acid sequence identities among these 23 inhibitors are in general below 50 %, with a few
exceptions (Table S2). The most conserved sequence regions are on [3-sheets, with the loops being
highly variable in sequence and length (Figure 1). Despite the low sequence identity all these 23
proteins share the same B-trefoil fold, with global RMSD-Ca values from 0.83 A to 2.09 A (Table
S3). In general, all the inhibitors have twelve B-sheets typical of the fold, while in some cases there

are extra short B-sheets, and a variable number of helices.

The taxonomic distribution of the source of the inhibitors reveals that most of them have been
isolated from dicotyledonous plants (19), belonging to the orders Fabales (TKI, CTI, EcTI, WCI, ETI,
STI, BbClI, BbKI, COTI, CaTl,, MP-4, and DrTl), Vitales (vwvMLP), Sapindales (mkMLP), Brassicales
(CrataBL and PPI) and Solanales (API-11, API-3, and PSPI). Only four inhibitors are from
monocotyledonous plants, two from the order Alismatales (Alocasin and API-A) and two from the
order Poales (BASI and RASI).

2.2 Canonical inhibitors in the Kunitz-STI family

Canonical inhibitors are defined as inhibitors with a specific conformation (canonical conformation)
in the protease-binding loop. In the Kunitz-STI family we find two types of canonical inhibitors based

on the location of the protease-binding loop adopting the canonical conformation: p4-p5 or 9-p10.
2.2.1 Canonical serine protease binding site at f4-85 loop

Usually, Kunitz-STI protease inhibitors have been described as canonical protease inhibitors with
their protease-binding site located at the B4-B5 loop. There are 3D-structures for at least four
different inhibitors with a canonical conformation in their protease-binding loop in complex with
serine proteases of the S1 family, like trypsin (STI, TKI, EcTI, BbKI), chymotrypsin (BbKI), and
kallikrein KLK4 (BbKI). Structural superposition of P4-P4 positions of B4-B5 loop for 9 inhibitors
previously classified as canonicals showed RMSD values from 0.24 A to 1.0 A (mean RMSD: 0.57
A, Table S4). However, when the conformations of these 9 B4-B5 loops are compared with 12 other
serine protease inhibitors of the family, we obtained RMSD values higher than 1.0 A in most of the
cases (Table S4 and Figure 2A). Backbone torsion angles for inhibitors with canonical 34-85 loops
are very similar in the 3D-structures of protease-inhibitor complex and free inhibitors (Table S5). On
the other hand, B4-B5 loops with noncanonical conformations have torsion angle differences of more
of 90 degrees in comparison with canonical 34-85 loops (Table S5). Sequence conservation in

positions P4-P4" of the B4-B5 loop is low among the 21 inhibitors analyzed, no matter whether this
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loop adopts a canonical conformation or not (Figure 2B). In canonical p4-B5 loops, the most
conserved position is P4", with only two amino acids (lle/Leu) present in the nine canonical inhibitors

analyzed.

The canonical B4-p5 loops have a well-conserved atomic contact network with a conserved
asparagine (Asn13 in STI, from now on Asn*), establishing hydrogen bonds (H-bonds) through its
side chain with the backbone of positions P4, P2, P1’ and P2’ (Figure 2C), and only one main-chain
H-bond between its NH and the carbonyl O of the residue at P2’. This H-bond network is conserved
in all the canonical B4-B5 loops, despite the high variability of the amino acid sequence (Figure 2).
In the inhibitor mkMLP, which has the most similar B4-85 loop conformation to canonicals, the Asn*
has been replaced by an alanine (Ala13), that makes only one H-bond through its NH with the
carbonyl O of the 1le68 (P3’). The other amino acids interacting through H-bonds with P4-P4’
residues are Leu3 and V11 with 1le69 (P4’), and Ala62 (P4) with Asn65 (P1) (Figure 2C). On the
other hand, in inhibitor MP-4, the Asn* has been replaced by an arginine (Arg17) which establishes
a H-bond network with several amino acids at P4-P4’ positions in loop B4-85 (Figure 2C). Residues
interacting with Arg17 are 1le66 (P4), Arg67(P3), Gly68(P2), Leu70(P1’), and Arg72(P3’), with all
these amino acids except Arg72 interacting through their carbonyl oxygen with the NH1 or NH2 of
the Arg17. Despite this H-bond network, conformation of the MP-4 34-35 loop is different from
canonical inhibitors (Figure 2A and Table S4). In inhibitors with noncanonical 34-B5 loops, the
chemical groups of the amino acid replacing the Asn* makes the establishment of H-bonds with the
B4-B5 loop impossible. For instance, inhibitor PPI has a tyrosine (Tyr16), inhibitors API-3, API-11,
PSPI, and CaTl, have a proline (Pro16), and inhibitor DrTl has a leucine (Leu16) replacing Asn*
(Figure 2A). There are other inhibitors where the amino acid replacing the Asn* has a side chain
that could make H-bonds with P4-P4’ positions, but no interactions were detected. This is the case
for inhibitors CrataBL and vvMLP with a threonine (Thr4) and a serine (Ser17), respectively.

We also found that all inhibitors with a canonical B4-35 loop are from plants from the order Fabales.
This is a very interesting finding considering the diversity of sources of Kunitz-STI inhibitors. We
would like to note that there are also three inhibitors from plants from the order Fabales with their
B4-B5 loops adopting a noncanonical conformation (DrTI, MP-4, and CaTl,), but none of them have

an Asn*.
2.2.2 Canonical serine protease-binding site at the 9-810 loop

The 3D-structure of the double-headed inhibitor API-A in complex with two molecules of trypsin
revealed that the inhibitor’'s B9-810 loop adopts a canonical conformation.25 We compared this
conformation with equivalent loops from other inhibitors to know if there are other inhibitors in the
family with a canonical serine protease-binding site in their $9-10 loop. Considering that the two

6
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disulfide bonds in the B9-B10 loop of API-A are important for the stabilization of the canonical
conformation, only inhibitors with both disulfide bonds in their B9-10 loop were used for structural
comparison. From the 23 inhibitors analyzed, six, including API-A, have two disulfide bonds at the
9-B10 loop (Alocasin, API-11, API-3, vwwMLP, and mkMLP). The RMSD for the P4-P4" positions
shows values from 1.16 A to 2.86 A (Table S6). However, when comparison was performed using
the P3-P3’ positions, RMSD values drop to 0.46 A for Alocasin (Table S6). Figure 3A shows that
the backbone of these six amino acids is very similar in both inhibitors (API-A and Alocasin), and
have similar contact networks, including the two disulfide bonds involving cysteines in P2 and
P3positions (Figure 3). In addition, there is a basic amino acid at position P1 (Arg147) in Alocasin,
which is a favorable amino acid for trypsin inhibition. It is worth mentioning that canonical
conformation is conserved despite differences in loop length between both inhibitors. Structural
superposition of P3-P3 positions of Alocasin on the API-A-trypsin complex structure showed that
most of the interactions between API-A and trypsin, will be maintained in a potential complex

between Alocasin and trypsin (Figure 3C).
2.3 Noncanonical inhibitors in the Kunitz-STI family

Besides the canonical loops described in previous sections, there is another loop involved in serine-
protease binding in some Kunitz-STI inhibitors: the B5-B6 loop. This loop has been identified in at
least two different inhibitors as the protease-binding loop for serine proteases from two different
peptidase families of the MEROPS database: trypsin (Clan PA, family S1) and subtilisin (Clan SB,
family S8). In the inhibitor API-A, its B5-B6 loop adopts a noncanonical conformation to bind the
active site of bovine trypsin.?® The inhibitor BASI inhibits Savinase subtilisin using a steric blockage
mechanism using its B5-B6 loop with a noncanonical conformation.2! We used the conformations of
the loop B5-B6 in these two 3D-structures to identify other inhibitors that could interact with trypsin

and subtilisin in the same way as API-A or BASI do, respectively.
2.3.1 Inhibitors with a noncanonical trypsin-binding loop

Some of the 23 inhibitors selected for analysis in this study were excluded from the conformational
analysis of the 35-B6 loop as a trypsin-binding site, based on the functional data available. For
example, the inhibitors BASI and RASI are not able to inhibit trypsin,26 there is evidence that for the
inhibitor CrataBL, its f4-B5 loop is involved in its interaction with trypsin?’, and inhibitors BbCl and
BbKI have no cysteines, which are important for stabilization of the loop B5-p6 protease-binding

conformation.

Structural comparison of the inhibitor API-A (P5-P2" positions) trypsin-binding $5-6 loop with other
Kunitz-STI inhibitors, revealed four inhibitors with very similar loop conformations: three potato
inhibitors (API-11, API-3 and PSPI) and the inhibitor STI (Table S7). In addition, the values of the
7
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backbone torsion angles of these four inhibitors and API-A confirm the structural similarity between
their B5-6 loops (Table S8). The analysis of the contact network of this loop for these five inhibitors
revealed a conserved H-bond between positions P2-P2°, and a disulfide bond between P2’and a
cysteine at loop p2-p3 (Figures 1 and 4). In addition to this conserved H-bond, the three potato
inhibitors and STl also share H-bonds between positions P7-P5, P1-P3°, and P2 and P5°, while API-
A has a H-bond between 188 (P1°) and F115. We found that sequence conservation in those
positions used for structural comparison (P5-P2°) is low (Figure 4C), except for positions P2" (C)
and P3 (T/V).

2.3.2 Inhibitors with a noncanonical subtilisin-binding loop

The inhibition mechanism of Savinase subitilisin by inhibitor BASI is very peculiar among subtilisin
proteinaceous inhibitors. The inhibitor $5-36 loop uses a steric blockade mechanism, with the amino

acid in the P1 position out of reach from the protease catalytic residues.

Inhibitors RASI and BASI have very similar global 3D-structures, and a sequence identity of 60 %
(Tables S2 and S3). Despite the lack of a 3D-structure for a complex between a subtilisin and the
inhibitor RASI, the structural superimposition of its 35-6 loop with the subtilisin-binding loop of BASI
showed a very similar conformation (Table S9). Furthermore, most of the atomic contacts for the
residues from P5 to P1, including the disulfide bond between P1 and a cysteine in the 2-B3 loop
are conserved in both inhibitors. These structural similarities, together with conservation of those
BASI amino acids identified as important for Savinase subtilisin inhibition (P5 (Ala), P3 (Thr) and P1
(Cys)),2! suggest a similar interaction mode and subtilisin-binding loop in these two inhibitors.
Structural comparison of conformation of the 5-$6 loop of inhibitor BASI with other Kunitz-STI
inhibitors revealed several inhibitors with a similar conformation (Table S9). In the case of inhibitor
PPI, the conformation of its B5-B6 loop is very similar (Figure 5A), even though only the cysteine
residue at P1 is conserved in both inhibitors. There are other atomic contacts conserved in this loop
in BASI and PPI, including a H-bond between amino acids at P7 and P5, in addition to the disulfide
bond. Backbone torsion angles also reflects the structural similarity in the B5-p6 loop between BASI
and PPI (Table S10). Additionally, we found another seven inhibitors (Alocasin, vwvMLP, and mkMLP,
API-A, API-3, API-11, and PSPI) with a similar conformation with the B5-p6 loop of inhibitor BASI
(Table S9). For 4 of these inhibitors, the potential P1 residue is occupied by a cysteine forming a
disulfide bond (PPI, Alocasin, vwvMLP, and mkMLP) like in BASI, while in others this cysteine is in
P2" (API-A, API-3, API-11, and PSPI). Despite the two-residues shift of this cysteine, structural
superposition of P5-P1 positions of API-A with equipositioned amino acids of inhibitor BASI in the
3D-structure of the complex subtilisin-BASI, showed that the amino acid at P1 (Leu87) in API-A is
also pulled away from the active site of the protease but in a different direction than the P1 residue

8
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of BASI (Figure 5A). There are several atomic contacts conserved in the subtilisin binding loop
between BASI and these inhibitors with a similar loop 5-6 conformation, including the H-bonds
between residues, P7 and P5, P3 and P1" (Figure 5B). Regarding the sequence similarity in P5-P1
positions, we have found that position P3 is conserved in seven of the nine inhibitors with a potential
subtilisin binding loop, and one inhibitor (vwMLP) has four of the five amino acids conserved in

comparison with BASI.
2.4 Phylogenetic patterns of Kunitz-STI sequences

Inhibitors with the canonical 34-B5 loop are clustered together in the amino acid sequence-based
phylogenetic tree (Figure 6A), except for mkMLP. 1At the same time, the inhibitors from the order
Fabales with a noncanonical B4-B5 loop (DrTl, CaTl, and MP-4) cluster in the same branch, showing
that these proteins join in the tree following the structural similarity (presence/absence of a canonical
B4-B5 loop) instead of a species tree pattern (Figure 6B). This observation indicates a certain level
of evolutionary information associated with the inhibition mechanism of the proteins in this family.
This idea is reinforced by the clustering observed in the rest of the proteins, following a species tree-
like distribution (Figure 6B). In the other inhibitors from dicotyledonous plants, a less clear

correlation between the topologies of the two trees is observed.

The amino acid sequence-based tree (Figure 6A) shows clearly that inhibitors from
monocotyledonous plants (orders Alismatales and Poales) are clustered together. In these
inhibitors, the protease-binding loops are 5-f6 and 9-B10, with the canonical B9-10 loop only

present in inhibitors from Alismatales. This pattern is highly congruent with the species tree.

3. Discussion

Protease inhibitors with the B-trefoil fold can inhibit proteases from different mechanistic classes and
folds.' The versatility and plasticity of this fold make it a very interesting platform for the design of
new protease inhibitors. There are at least four different proteinaceous protease inhibitors families
with this fold in the MEROPS database: Kunitz-STI (I3), clitocypins (148), cospins (166), and
macrocypins (185). Structural and functional studies in clitocypins and macrocypins have shown that
several loops, adopting noncanonical conformations, are used to inhibit at least three protease
families.?8 In the inhibitors cospin and cnispin the trypsin-binding sites are located in the loops B2-
B3 and B11-12, which demonstrates the plasticity of the fold that can use several loops with
different conformations to inhibit proteases.?® This functional role and conformational plasticity of

the loops seem to be patterns in all B-trefoil proteins.3°

The inhibitors of the Kunitz-STI family are described as canonical inhibitors that inhibit serine
peptidases by the Laskowski mechanism. However, we have found that 39 % (9) of the 23 inhibitors
9

John Wiley & Sons



O 00 N o uu b W N R

e e e O
0O N O M W N L O

19
20
21
22
23

24
25
26
27
28
29
30
31
32
33

34
35

Protein Science Page 10 of 39

analyzed in this study have a canonical B4-85 loop, and all of them have been isolated from plants
of the order Fabales. Only three inhibitors (DrTl, MP-4, CaTl,) from Fabales do not have a canonical
B4-B5 loop, and these three inhibitors inhibit trypsin with inhibition constants 10-1000-fold lower than
the values reported for inhibitors with a canonical B4-B5 loop (Table S1).3'-3* Amino acid insertions
in the B4-B5 loop of these three inhibitors, and the replacement of the stabilizing asparagine has
been proposed as the reason behind the noncanonical conformation of the loop and weak inhibitory
activity.3® Previous studies with mutants of the inhibitor WCI have revealed that replacement of its
Asn14 with other amino acids makes the resulting protein more susceptible to proteolytic hydrolysis
and to a reduction in its inhibitory potency.3® While in the nine inhibitors from Fabales with a
canonical B4-B5 loop, the Asn* side chain makes H-bonds with the main chain of residues in P4,
P2, and P1’, in inhibitors DrTl, CaTl,, and MP-4 only the side chain of the Arg17 in MP-4 interacts
through H-bonds with the main chain of residues P4, P3, P2, P1 and P1". The absence of a
stabilizing residue capable of making a specific H-bond network with the protease-binding loop could
be argued as the primary reason for the lack of a canonical conformation in inhibitors DrTl and
CaTl,. In the case of MP-4 inhibitor, the larger side chain of the Arg17 in comparison with an
asparagine seems to induce a noncanonical conformation in the 4-35 loop of MP-4. This suggests
that to adopt the canonical conformation, the size of the amino acid in the position of the Asn* is as

important as its capacity to make H-bonds with the 4-35 loop.

Based in our findings, we can say that in the Kunitz-STI family, inhibitors that use the 4-35 loop to
inhibit serine proteases through the standard mechanism seem to be restricted to those isolated
from the order Fabales, although not all the inhibitors from plants of this order can be classified as
canonicals. This means that the probability that new inhibitors isolated from plants not belonging to

the Fabales order will have a canonical 34-B5 loop is low, at least based on the results of this study.

The presence of a canonical trypsin-binding B9-10 loop is scarce among the 3D-structures
analyzed in this study. Only inhibitors Alocasin and API-A have this conformation and, interestingly,
both are from plants from the order Alismatales. Alocasin has been proposed to be classified as
independent group inside the Kunitz-STI family together with inhibitors from other plants of the family
Araceae.?” This classification was suggested based on the length of the loop B9-B10 and the
presence of the Arg147. The experimental stoichiometry calculated for Alocasin-trypsin interaction
suggests the presence of only one trypsin-binding site, thus, considering our findings, we propose
that Alocasin uses its canonical 9-$10 loop to inhibit trypsin through the standard mechanism.
While canonical conformation in inhibitors from Eudicotyledons is restricted to the 34-85 loop, in

inhibitors from monocotyledons, canonical conformation is only present in the $9-$10 loop.

The conformational similarity between the B5-$6 loop of API and potato inhibitors API-11, API-3,

and PSPI, was previously reported by us,38 but, to the best of our knowledge, there are no previous
10
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reports of the conformational similarity with inhibitor STI B5-B6 loop. This is interesting considering
that STI can bind trypsin and chymotrypsin simultaneously, and amino acids M84 and L85 have
been proposed as potential P1 and P1’positions in the second binding-site.3® Our results give
structural support to B5-B6 loop as a chymotrypsin-binding site in STI, which could use the same
inhibitory mechanism used by API-A to inhibit trypsin. The mechanism used by API-A to inhibit
trypsin using this noncanonical loop was not specified in the work publishing the 3D-structure of the
trypsin-API-A complex.25 From our structural analysis, it seems that the hydrolysis of the peptide
bond between amino acids in P1 and P1” seems not to be possible considering the distance (3.5 A)
from the catalytic serine (Ser192) to the carbonyl carbon of the P1 residue (Leu87). In several
structures of canonical inhibitors in complex with serine proteases, this distance is from 2.5 to 2.8

A.1740-42 This suggests the possibility that API-A uses a steric blockade mechanism.

The B5-B6 loop is used by subtilisin inhibitor BASI to interact with a serine protease of the subtilisin
family. We have found that this subtilisin-binding conformation of the 35-6 loop is present in several
inhibitors of the family, including those where this loop is described as a trypsin-binding site (API-A
and potato inhibitors). However, no inhibitors from the order Fabales have this subtilisin-binding
conformation in their B5-B6 loop. The presence of a subtilisin-binding loop in Alocasin was
suggested in a previous study, but it was considered as a unique structure because of the absence
of an arginine in the potential subtilisin-binding site.3” Nonetheless, inhibition of subtilisin by the
Kunitz-STI inhibitors is based on a steric blockade that does not depend on any arginine. Therefore,
discarding Alocasin as a subtilisin inhibitor due to the absence of an arginine seems not to be a valid
argument for us. The conformational similarity with the subtilisin inhibitor BASI points to the B5-p6
loop in Alocasin being a subtilisin-binding site. In our opinion, identification of potential subtilisin
inhibitors in the Kunitz-STI family should be based on the presence of a specific loop conformation
and key residue contacts. Following this logic, we found eight inhibitors sharing a conformation in
P5-P1 residues similar to that of the BASI subtilisin binding loop. At least one of these inhibitors
(PPI) can inhibit Carlsberg subtilisin*® while there are no reports for the other seven being tested

against a subtilisin.

In some inhibitors, this putative subtilisin-binding loop is in the same region identified (API-A) or
proposed (API-3, API-11, PSPI) as a trypsin-binding loop. Subtilisin inhibitors BASI and RASI are
not able to inhibit trypsin but there is no evidence whether API-A can inhibit subtilisin.** The shifting
of the cysteine residue from P1 to P2°in the API-A B4-p5 loop in comparison with BASI could have
played a role in the transformation from a subtilisin-binding loop into a trypsin-binding loop. In any
case, it appears that the B4-B5 loop is a functional noncanonical conserved region used to inhibit

serine proteases from the S1 and S8 families, using a common inhibition mechanism.

11
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Another interesting discovery is that the two inhibitors from Alismatales are double-headed inhibitors
with the same loops (B5-B6 and B9-B10) as serine-protease binding sites, suggesting a conserved

functionality in these regions among inhibitors from Alismatales.

The evolution of Kunitz-STI proteins sampled for this study reveals an interesting evolutionary
pattern, highly congruent with the presence/absence and location of canonical and noncanonical
protease-binding loops, but also with the species tree expectation (Figure 6B). In fact, the sequence-
based tree pattern was unexpected, given the low level of similarity between amino acid sequences
within the family members. When multiple sequence alignments were performed without structural
guidance, phylograms less similar to the species tree were obtained, also with low bootstrap support
values (data not shown). This observation reveals phylogenetic information contained in the

proteins’ 3D-structures.

More than 4000 sequences of Kunitz-STI have been identified and compiled in the Interpro database
45 many of them with several copies (highly duplicated) in the same species. This radiative pattern
of evolution gives the opportunity to diversify the function of paralogues in order to gain the ability
to inhibit new proteases. A similar pattern was described in the PIN-FORMED1 (PIN) auxin efflux
carriers.*8 This behavior makes complex the phylogenetic reconstruction by loss and gain of copies
throughout the species evolution. However, Kunitz-STI members still reconstruct a species tree-like
pattern when structural information guides the alignments, despite the high number of copies carried

by species genomes and the low sequence similarity.

We are aware that one of the main limitations of this study is the representativity of the structural
data available, which do not necessarily describe the evolution of the entire Kunitz-STI family. It
could be possible that inhibitors with different protease-binding loops in terms of location and
conformation are present in one species. From more than 4000 protein sequences in the Kunitz-STI
family, there are experimentally determined 3D-structures for only 23 serine protease inhibitors. The
low sequence conservation in the protease-binding region makes it very difficult, if not impossible,
to identify these regions using only the amino acid sequence of the loops. The availability of more
3D-structures of protease-inhibitor complexes or free inhibitors, especially for those inhibitors
outside the order Fabales, will help to get a clearer picture of the evolution of the inhibitory
functionality of this family. The recent release of the AlphaFold 3D-models for almost all Kunitz-STI
inhibitors will be of great help in the identification of the protease-binding sites and the evolution this
protein family.#748 Besides, the evaluation of known and new Kunitz-STI inhibitors against a wider
array of serine proteases, specially subtilisin, will allow further refinement of the hypotheses

proposed in this work.

12
John Wiley & Sons



Page 13 of 39 Protein Science

1

O 00 N O

10

11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26

27

28
29
30

31
32

4. Methods
4.1 Sequence and structural analysis

Coordinates of 3D-structures of inhibitors from the Kunitz-STI family were retrieved from the RCSB
Protein Data Bank.*® We also used the Pfam database®° as proxy for all 3D structures available for

inhibitors in this protein family.

Initial multiple sequence alignment was obtained with T-coffee®' and manually edited in Jalview®?
guided by a structural superposition of inhibitor 3D-structures using PDBeFold®3, DALI®, and
PROMALS3D.% Percent sequence identity was calculated from pairwise alignments using Jalview.
The root mean square deviation of Ca atoms (RMSD-Ca) for global structural alignments was
calculated with PDBFold.53

To propose the inhibition mechanism for the inhibitors selected, the conformations of the protease-
binding loop in 3D-structures of protease-inhibitor complexes were used as reference for each
inhibition mechanism described in the Kunitz-STI family: Laskowski mechanism (PDB ID: 1AVW,
4ANG, 3E8L), steric blockade (PDB ID 3BX1), and uncharacterized mechanism (PDB ID 3E8L). The
RMSD-Ca from structural comparison of loop conformations was calculated using the LSQ
superpose tool from the program WinCoot v0.9.7.56 Amino acids involved in the protease-inhibitor
interaction were used for loop conformation superposition. Through the text, unless explicitly
indicated, Schechter & Berger'® nomenclature is used to indicate amino acid position relative to the
scissile peptide bond at P1-P1’, not necessarily implying that those residues are part of the protease-

inhibitor interface.

Protein atomic contacts were identified using the Protein Contact Atlas %7, while identification of
atomic contacts by type were calculated using Arpeggio.?® In 3D-structures with more than one
chain in the asymmetric unit (ASU), contacts were identified for each chain. Atomic contacts were
considered conserved when present in all chains of each 3D-structure for a specific protein or a
defined group of inhibitors (e.g., canonical inhibitors). Peptide torsion angles were calculated using
VADAR .59

4.2 Tree reconstruction

The taxonomic tree (species tree) was constructed using the Common Tree Tool of the NCBI
Taxonomy Database (https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree) and edited with iTOL

v5.60

Modelgenerator was used to calculate a fitted model for the alignment.6’ The protein tree was

reconstructed in PhyML 3.3%2 using the model predicted by Modelgenerator, allowing the proportion
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of invariable sites and Gamma distribution parameter calculations by the same program. A hundred

non-parametric bootstrap resampling supported the tree.
5. Supplementary material description.

Additional data of the structural analyses performed in this work including general information of the
inhibitors analyzed, global and local root mean deviations of the structures superpositions, and

values of peptide torsion angles.
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Figure 1. Features of Kunitz-STI inhibitors (A) General fold of the family, illustrated with inhibitor BbCI (PDB
ID: 2GZB). B-sheets are colored according to the threefold pseudo-symmetry subdomains present in the
3D-structures. (B) Multiple sequence alignment of Kunitz-STI serine protease inhibitors with 3D-dimensional
structures available. Red star: Position of the Asn* that stabilizes the canonical conformation of 4-B5 loop;
Bold and blue: Positions P5-P1 in the noncanonical subtilisin-binding B5-B6 loop; Bold and green: Positions
P5-P2 " in the noncanonical trypsin-binding B5-B6 loop; Bold and red: Positions P4-P4’ in canonical trypsin-
binding loops; Bold and purple: Proposed P4-P4 " positions in noncanonical B2-B3 and B4-B5 loops.

Conserved amino acids are represented in bold and black. Black boxes highlight the P1-P1 "residues in
trypsin/chymotrypsin-binding loops. Black numbers at the bottom show the disulfide bond topology. The
figure was made with ESPript 3.0 (https://espript.ibcp.fr/ESPript/ESPript/).
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Figure 2. Structural features of loop B4-B5 in Kunitz-STI inhibitors. (A) Structural superposition of some
noncanonical conformations with the canonical conformation of loop f4-B5 in inhibitor STI; STI (PDB ID:
1AVW, blue), DrTI (PDB ID: 1R8N, cyan), CaTI2 (PDB ID: 5X0Z, magenta), MP-4 (PDB ID: 6]BP, orange),
mkMLP (PDB ID: 3ZC9, salmon), vvMLP (PDB ID: 5YH4, grey), CrataBL (PDB ID: 4IHZ, yellow), PPI (PDB
ID: 3S8K, dark green), Alocasin (PDB ID: 5YCZ, light green). The side chain of Asn13 of STI and equivalent
amino acids in the other inhibitors are shown in sticks. (B) Sequence conservation in canonical and
noncanonical B4-B5 loops. (C) Contact matrices of the B4-B5 loop of inhibitor STI, mkMLP and MP-4.
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canonical B9-B10 loops of inhibitors API-A (3E8L, salmon) and Alocasin (5YCZ, blue). (B) Contact matrix of
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Figure 4. Structural features of noncanonical loop B5-86 as a trypsin-binding region. (A) Structural
superposition of B5-B6 loops of inhibitors API-A (3E8L, green), API-3 (5FZU, yellow), API-11 (5DZU,
salmon), PSPI (3TC2, blue), and STI (1AVW, cyan). (B) Contact matrix of the trypsin-binding B4-B5 loops of
inhibitors API, API-3, and STI. (C) Sequence conservation among inhibitors with trypsin-binding B4-p5
loops.
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Table S1. Structural and functional data for the serine protease inhibitors analyzed in this study.
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(Velvet bean)

10°

Common UniProt Complex Serine
a : Organism PDB ID® Resolution (A) p Ki (M) Method (Ki) proteases References
name accession Structure HE
inhibited
RASI P29421 Oryza sativa subsp. 20N4 1.8 No ; - s 1
japonica (Rice)
BASI P07596 Hordfé‘g‘ﬂg;'gare 3BX1/1AVA 1.85/1.9 Yes 45x10° Enzymatic s 2
) Sagittaria sagittifolia ) ) 3
API-A Q7M1P4 (Arrowhoad) 3ESL 2.48 Yes T
Alocasin P35812 Alocasia macrorrhizos 5YCZ 2.5 No 1.41 x 10° Enzymatic T 4
(Giant taro)
API-11 P16348 5DZU 2.12 No 8.9x 10° Enzymatic T 56
Solanum tuberosum 5FZU/SFNW/SFNX/5G0 | 2.43/2.45/2.65/2.5/2.4 )
-3* -8 7
API-3 M1AKES (Potato) O/5EZY/5EZ7 7/2.55 No 4.3 x 10 Enzymatic T
PSPI Q85380 3TC2 1.6 No 1.62 x 10° Enzymatic T 8
wWMLP A5BCQO Vitis vinifera (Grape) 5YH4 1.3 No 1.37 x 10° Enzymatic T 9
mkMLP D2YW43 M“"ay?e';‘f’fr’gg)” (Curry 3ZC8/3ZC9/3IIR 2.24/2.24 No 7x10° Enzymatic T 10
CrataBL U3KRGO Cra‘e‘;"’;gﬁzg""r“c' AIHZ/A110 1.5/1.75 No 43x10° Enzymatic T 1
N -13
PPI P80691 Carica papaya 358K/358) 1.7/2.6 No 3.4 x 107/ 8.22 x SPR IS 12
(Papaya) 10
BbClI P83051 2GZB 1.70 No 5.3x 10° Enzymatic NE 13
L. L. -8
P83052 Bauhinia bauhinioides 470T 1.40/1.87/2.0 No 3'8 )1(019 ! Enzymatic TIPK 1.4
BbKI (Perlebia bauhinoides) | — = = SOWHI7J0DI7J 2 ; 107%/3.33
X 107735.35 X ; 15,16
QBVEQ7 0S/7I0E 1.87/2.0/1.33/2.1/2.6 Yes 109/ 51011 Enzymatic T/C/ hKLK4
cTE - Copaifera langsdori 1R80 1.83 No 1.2x10° Enzymatic T 17
(Diesel tree)
TKI FA77G4 Tamarindus indica AANG/AANT 1.94/2.23 Yes 3.2x10° Enzymatic T 18
(Tamarind)
-amar ~
DITI P83667 Delonlx_ regia (Royal 1R8N 175 No 2199 x 10°/5.25 x Enzymatic TIPK 19,20
poinciana) 10
Enterolobium
EcTI P86451 contortisiliquum (Pacara 4J2K/432Y 1.75/2.0 Yes 8.8 x 1010 Enzymatic T 21
earpod tree)
caTi2 QOM3z7 Cicer arietinum 5X0Z 2.8 No 6.31 x 107 Thermophoresis T 22
(Chickpea)
Psophocarpus
Wl P10822 tetragonolobus (Winged | ‘EYY 1xeg/ 2QYUSVE |4 912 15/2.6/2.2.25 No 1.14x 10° Enzymatic c 23
bean)
STI P01070 Glycine max (Soybean) | 1AVW/ 1%8’%?”’ 1BA | 1 75/2.311.9/2.5/2.15 Yes 1.29x 10° Enzymatic T 21
ETI P09943 Eryth””""trcez‘;"a (Katfir 1TIE 2.5 No 4.3x10%0 Enzymatic T 24,25
Senna obtusifolia ) ; 26
coTl AOA097P6E1L (sicklopod) 6KV2 2.0 No T
N -6
MP-4 AOA371E4L6 Mucuna pruriens 6JBP 2.22 No 211 x10%/2.59 x SPR TIC 21

2Common name used in publications or UniProt.
"PDB entries used in most of the analyses and protease-inhibitor complex when available.
°No entry was found in UniProt. The name used in primary citation is indicated

*Previously published as E3Ad
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T: Trypsin

NE: Neutrophil Elastase

PK: Plasma Kallikrein

C: Chymotrypsin

hKLK4: Human kallikrein related peptidase 4
S: Subtilisins

SPR: Surface Plasmon Resonance
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Table S2. Sequence identity matrix of Kunitz-STI protease inhibitors with 3D-structures analyzed in this study.

RASI
BASI
VVMLP
mkKMLP
PPI
Alocasin
API-A
API-11
API-3
PSPI
BbCI
BbKI
CTI
TKI
ETI
EcTI
COTI
WCI
STI
DrTI
CaTl,
MP-4

CrataBL

2QN4:A
3BX1:C
5YH4:A
3ZC8:A
3S8K:A
5YCZA
3E8L:C
5DZU:A
5FZU:A
3TC2:A
2GZB:A
4ZOT:A
1R80:A&B
4ANG:A
1TIEA
432K:A
BKV2:A
1EYL:A
1AVW:B
1R8N:A
5X0Z:A
6JBP:B

4IHZ:A

o
_
=
4
=

PPI

Alocasin

API-A

API-11
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E3Ad
PSPI
BbCl
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BbKI

CTI

TKI

ETI

EcTI

COTI

WCI
STI

56.5 42.0

DrTI

caTl,
MP-4

47.0 456

59.8

CrataBL
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Table S3. Global root mean square deviation of Ca atoms for the Kunitz-STI inhibitors analyzed in this study.

m
9 £ 2 g T 9 £ 3 g £ £ T g < < g 5 £ 2 £ 8 <
3 x 8§ & % E 8 F 5 ¢ § & % g5 § g ©w oz & g 8 %

RASI 2QN4A | 102 144 182 150 154 176 152 140 159 | 211 207 133 166 136 149 164 160 141 152 124 150 173
BASI 3BXL:C 142 162 155 153 166 162 159 179 | 244 216 148 164 139 161 162 160 145 150 136 164 191
WMLP | 5YH4A 137 119 138 194 150 148 180 | 218 204 153 181 152 174 162 180 166 184 156 162 174
mkMLP | 32C8:A 149 168 209 176 175 194 | 219 224 191 179 173 209 192 196 1985 178 172 178 197
PPI 3S8K:A 159 | 204 160 157 176 | 221 215 153 18 159 189 167 184 168 1.8 153 179 177
Alocasin | 5YCZ:A 188 156 155 170 | 248 205 160 175 156 179 178 18 164 183 152 164 184
APLA | 3E8L:C 185 203 206 209 216 176 199 173 179 185 185 182 188 180 191 1.90
APl |5DZUA 118 133 | 212 207 160 183 157 180 159 174 149 187 145 173 174
API3 | 5FZUA 1.03 210 1540 183 166 182 177 190 159 191 144 174 188
PSPI 3TC2A . 210 170 196 175 196 189 197 165 194 149 180 190
BbCl 2GZBA 133 170 168 178 174 188 188 196 203 192 189

BbKI 4Z0T:A 173 190 175 171 195 186 199 208 194 1.98 .
CTI IREOA 123 124 116 141 142 123 157 128 152 173
TKI 4ANGIA 148 141 167 159 145 165 140 167 | 2.0
ETI 1TIEA 127 128 |04 119 137 119 131 166
EcTI 432K:A 138 136 126 164 148 165 & 1.92
coTl 6KV2:A 144 125 170 147 160 174
e 1EYLA 122 154 142 159 193
sTI TAVW: 150 | 113 147 183
DI 1R8N:A 132 115 1.89
CaTl,  |5XOZA 121 1.80
MP-4 6JBP:B 181
CrataBL | 4IHZ:A
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Table S4. Root mean square deviation of Ca atoms in loop B4-B5 for Kunitz-STI inhibitors.

CaTl2 DrTI MP-4  vwMLP mkMLP CrataBL PPI Alocasin  API-11  API-3 PSPI API-A
174-181 S65-K72 166-T73 P65-V72 A62-169 P55-V62 A64-N71 P60-T67 P70-E77 P70-E77 S72-179 A63-V70

< < g% <« 5§ < g < < < < < < < < < < 0

= o © o N . R N Z a X o N N N 2 o) N _1
Inhibitor name ~ PDB P4-P4’ 8’ g % g 3 E % X % g % “;’ ﬁ é 2 “g’ § E E @
BbCI 2GZB:A T60-167 [0.27 0.53 026 0.90 049 0.88 0.61 1.00 1.43 1.68 1.47 1.66 1.37 1.67 1.82 1.59 1.65 1.62 1.89 2.00
BbKI 4Z0T:A  S61-168 036 0.37 0.69 035 0.84 037 092 149 1.73 141 1.54 1.28 1.63 1.8 1.44 1.61 1.51 1.97 1.97
CTI 1R80:A A61-168 0.47 056 036 054 032 060 141 1.78 1.35 1.55 0.95 1.60 1.54 1.48 1.76 1.65 1.78 2.00
TKI 4ANG:A  S63-170 0.84 055 0.74 0.61 095 152 1.74 1.45 1.65 1.32 1.67 1.83 1.57 1.67 1.63 1.86 2.06
coTI 6KV2:A  A83-190 0.56 050 045 039 147 1.82 1.10 1.50 0.71 1.47 1.25 1.47 1.74 1.73 171 211
EcTI 4J2K:A  T61-L68 0.67 10.27 0.67 132 1.7 1.14 1.40 0.98 1.42 1.46 1.37 1.74 1.58 1.76 1.90
WCI 1EYL:A  S65-172 055 048 1.63 2.06 1.23 1.58 0.97 1.68 1.59 1.55 1.84 1.67 1.9 211
STI 1AVW:B S60-167 058 1.36 1.82 1.25 1.43 0.89 1.49 1.41 1.33 1.82 1.68 1.8 1.95
ETI 1TIE:A  S60-167 1.42 2.02 1.21 1.65 0.76 1.66 1.25 1.62 1.83 1.8 1.92 2.08
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Table S5. Peptide torsion angles phi and psi for positions P4 to P4’ in loop B4-B5 adopting canonical and noncanonical conformations.

Inhibitor | PDB ID P4 P3 P2 P1 P1’ P2 P3’ P4’
Canonical STI 1AVW -114.5/144.4 | -58.5/-35.2 | -55.1/138.9 -89.3/39.6 -84.5/148.1 | -68.0/-37.5 | -119.4/155.3 | -75.0/123.4
Inhibitor in TKI AAN7 | 10041481 | -69.61-194 | -66.6/141.4 | -94.1/304 | -82.3/151.5 | -72.0-285 [ -138.1/172.7 | -82.3/129.7
co msp : ex with EcTI 4J2Y -141.55/148.5 | -60.2/-39.5 | -65.7/143.5 -95.3/42.9 -79.9/156.4 | -79.5/-23.4 | -123.9/175.7 | -122.4/143.3
erine
Proteases BbKI 7J0OS -125.7/144.6 | -71.3/-14.0 | -58.9/142.4 -86.7/43.1 | -111.9/156.5 | -101.8/5.5 -130.7/166.1 | -117.0/129.5
TKI AANG -130.3/154.4 | -66.9/-17.3 | -61.8/134.4 -81.8/68.5 | -151.4/155.0 | -86.8/-11.7 | -137.4/160.2 | -97.8/141.9
-129.2/151.2 | -63.3/-36.7 | -73.0/116.9 | -100.3/48.2 | -78.2/167.9 | -73.8/-31.5 | -122.4/153.9 | -83.4/131.5
EcTl 432K -128.3/150.7 | -62.0/-37.5 | -49.9/133.1 -86.1/63.5 | -113.8/162.8 | -83.0/-34.5 | -123.5/171.3 | -112.7/150.9
-142.3/143.8 | -60.2/-39.8 | -59.2/156.6 -82.1/76.3 | -133.8/139.9 | -77.5/-26.5 | -120.8/176.8 | -118.6/144.9
BbKI . . . -73.7/-13.6 | -65.1/153.4 | . .
470T 120.8/142.8 80.8/2.1 69.9/153.4 017706 | 156111470 99.1/5.0 129.8/167.3 | -113.4/139.7
. BbCI 2GZB -142.9/144.4 -66.6/-4.3 -60.3/136.9 -77.3/77.6 | -157.8/147.3 | -87.2/-6.8 -133.4/167.4 | -112.0/157.5
Canonical -142.5/148.2 -74.0/0.1 -60.7/135.8 -76.2/78.4 | -159.7/145.7 | -84.2/-8.9 -135.1/164.1 | -110.7/153.5
Inhibitors CTI 1R80 -114.5/138.8 | -69.9/-42.5 | -46.8/143.3 -82.3/83.7 | -121.5/147.7 | -76.7/-275 | -130.7/142.5 | -82.6/162.9
ETI 1TIE -88.3/171.7 -66.3-30.9 | -112.7/150.9 -66.6/135 | -169.1/151.6 | -74.7/-46.1 | -106.3/163.5 | -102.7/134.1
WCI 1EYL -89.9/172.9 -71.3/-17.5 | -97.8/168.1 -82.4/-9.1 -55.4/158.4 | -73.7/-29.2 | -119.6/-174.2 | -128.8/107.3
-87.4/168.5 -84.9/-12.8 | -107.9/173.6 | -117.1/37.8 | -74.0/166.5 | -71.6/-29.4 | -124.5/149.6 | -90.6/133.1
CoTI 6K\/2 -84.9/171.1 -90.6/-11.8 | -102.9/169.4 | -116.7/36.0 | -73.9/170.6 | -71.1/-335 | -120.3/152.7 | -91.2/125.8
-82.7/158.5 -68.7/-42.0 | -75.3/154.0 | -119.9/40.4 | -77.8/177.3 | -68.0/-39.6 | -101.8/178.8 | -127.9/130.2
-85.7/157.7 -69.2/-41.3 | -73.1/148.8 | -114.7/35.8 | -79.7/176.3 | -65.3/-40.3 | -99.8/-178.7 | -129.3/131.7
mkMLP 3ZC9 -64.4/154.8 -59.6/-38.1 -97.9/16.3 56.8/42.5 -75.5/149.1 -64.0/-38.3 -97.3/137.6 -94.8/126.4
CaTl, 5X0Z -109.2/125.6 | -77.8/-31.6 | -71.6/-155.5 | -80.0/134.0 | -102.1/134.0 | -86.2/-6.9 98.9/1.9 -142.3/147.2
DrTI 1R8N -136.2/148.9 -81.0/1.1 -111.8/-24.3 | -151.8/148.1 | -86.6/-23.4 | -142.6/162.4 | 132.9/175.4 -80.3/150.2
MP-4 6JBP -130.4/150.9 | -48.8/142.6 | 97.7/-171.6 | -133.5/-13.7 | -66.7/142.6 -54/142.6 -161.3/157.9 | -79.5/147.8
vvMLP 5YH4 -60.8/150.3 -58.0/-34.0 -88.7/93.0 -35.3/-49.5 -56.8/-39.2 -60.9/135.6 -106.9/-23.2 -90.0/135.9
CrataBL AIHZ -63.6/154.3 -57.6/-34.9 -88.2/90.8 -70.7/-6.6 -83.5/-13.0 | -67.1/140.7 -91.6/-25.7 | -106.5/132.9
ical -61.2/148.9 -57.4/-37.9 | -79.4/110.8 -71.4/-18.9 -81.2/-17.0 | -71.9/121.2 -83.7/-30.3 | -106.2/133.9
Noncanonical M55, 358K 77.41148.7 | -90.0/-46.4 | -94.4/169.1 | -70.9/126.7 | -119.9/103.3 | -63.8/-40.0 87.5/1.3 62.4/18.8
Inhibitors -78.3/148.1 -79.9/-54.0 -90.5/170.5 -68.2/122.1 | -118.8/97.7 -66.7/-33.3 -81.3/-1.8 60.5/20.5
Alocasin 5YCZ -59.9/137.8 -63.5/-23.0 | -86.3/121.6 -73.6/-24.8 -87.1/-17.7 | -65.1/123.0 -117.6/5.8 -119.2/161.5
-58.7/135.9 -56.5/-38.0 | -71.5/106.0 | -50.9/-26.1 -93.8/-13.9 | -66.7/114.5 -87.7/-31.3 | -102.4/134.1
API-A 3E8L -151.2/170.1 | -65.9/154.7 | -44.1/157.5 81.2/-11.2 -65.8/144.2 | -71.2/156.2 -74.4(7.7 -125.5/143.5
API-11 5D7U -65.6/147.9 -54.1/-46.0 | -142.5/132.6 | 81.3/-142.3 | -89.4/179.8 | -91.5/110.1 | -129.3/156.3 | -61.2/150.1
-72.4/148.1 -65.7/-45.4 | -135.6/98.2 | 98.1/-111.3 | -106.7/174.4 | -91.9/107.7 | -129.0/157.5 | -61.9/144.2
API-3 5FzU -75.1/162.0 -60.2/-46.3 | -64.2/-149.9 | -119.6/-3.0 | -126.6/140.9 | -89.5/103.6 | -111.1/157.8 | -58.6/156.9
PSPI 3TC2 -56.3/-6.8 -102.5/129.6 | 58.8/-69.5 61.4/-65.3 86.5/19.2 85.9/-60.1 -100.2/162.4 | -114.9/125.6

* The angles phi and psi for all inhibitor chains are shown for those 3D-structures with more than one chain for the inhibitor

John Wiley & Sons
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Table S6. Structural comparison of the conformation of loops $9-810 with the canonical
trypsin binding loop of inhibitor API-A

RMSD-Ca (A)
Inhibitor Alocasin API-11 API|-3* vwMLP mkMLP*
P4-P4’ P144-L151 P151-F158 L150-F157 D145-G152 K145-N152
APIA E142-P149 1.75 2.86 3.14 1.58 1.2
P3-P3 S145-C150 F152-N157 R151-Q156 F146-C151 S146-C151
F143-C148 0.46 1.68 2.67 1.37 1.05

*3D-structures used in the analysis: API-3 (PDB ID: 5FZU) and mkMLP (PDB ID: 3ZC9)

John Wiley & Sons



Table S7. Structural comparison of the conformation of 35-86 loops with noncanonical trypsin

Protein Science

binding loop of inhibitor API-A (M83-C89).

Inhibitors PDB ID Amino acid RMSD-Ca
residues

API-3 5FZU:A 187-C93 0.46
API-11 5DZU:A 187-C93 0.31
PSPI 3TC2:A 191-C97 0.32
PPI 3S8K:A F83-C89 2.00
Alocasin 5YCZ:A F78-C84 2.13
vvMLP 5YH4:A F83-C89 2.2
mkMLP 3ZC9:A F79-C85 2.1
CTI 1R80O:A V78-C84 2.76
TKI 4ANG:A F80-C86 2.58
ETI 1TIE:A F77-C83 2.71
EcTI 4J2K:A T80-C86 2.29
COTI 6KV2:A Y102-C108 1.97
STI 1AVW:B F80-C86 0.31
WCI 1EYL:A F82-C88 2.78
DrTI 1R8N:A F83-C89 2.57
CaTl; 5X0Z:A F92-C98 2.53
MP-4 6JBP:A F84-C90 2.52

John Wiley & Sons
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Table S8. Dihedral angles for P5-P2" positions of noncanonical trypsin-binding 5-86 loops.

Inhibitor Amino Acid Position Phi (¢) Psi (y) Phi (¢) Psi (y) Phi (¢p) Psi(y)

First Chain* Second Chain* Third Chain*
M83 P5 -151.2 148.7 ; ; - ;
P84 P4 -64.8 140.8 ; . ; .
V85 P3 -155.1 145.6 ; - - ;
(3’;;:_'%) P86 P2 -67.6 143.1 ; ; ; ;
' L87 P1 -68.3 14 ; - - -
188 P1’ -68.7 1138 ; . ; ;
C89 P2’ -109.7 138.4 ; ; - ;
187 P5 11438 150.1 . : . .
P88 P4 -62.4 154.7 ; - - -
T89 P3 114738 151 ; . . .
(SQZPLIJ-:BA) V90 P2 -62.9 153.2 ; - - -
K91 P1 -46.0 467 ; . . .
L92 P1’ -56.6 413 ; - - -
co3 P2’ -97.0 8.6 ; . . .
191 P5 1371 156.9 11394 1585  -1323  153.1
592 P4 721 136.4 752 137.0 76,7 1459
oSpl T93 P3 -140.1 1775 -139.1 1705  -1313  171.0
(STOAEIC) $94 P2 72.8 160.9 62.2 161.8 579  160.6
K95 P1 -49.9 476 -55.4 -52.6 583  -432
M96 P1’ -64.3 2251 521 221 548  -386
co7 P2 -92.7 3.2 -99.6 05 994 7.2
187 P5 1361 150.3 11403 164.9 : :
ABS P4 -64.1 137.9 91.1 130.3 - -
APLLL T89 P3 -144.4 169.6 1228 169.6 . .
AT V90 P2 -61.1 156.7 -64.2 151.1 - -
K91 P1 53 424 -38.9 -46.9 . .
L92 P1’ -65.1 274 -51.0 -455 - -
co3 P2’ -92.8 0.3 -90.6 114 . .
F80 P5 11363 163.1 - - - -
A81 P4 -76.5 125.9 ; . . .
ST! I s — : : S
(IAVW:B) M84 P1 -58.8 -30.4 i i i i
L85 P1’ -67.7 128 ; . : .
C86 % -115.1 05 ; - - -

*According to the order of the inhibitor chains in the PDB file.

Differences of more than 90 degrees are highlighted in red

John Wiley & Sons
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subtilisin binding loop of inhibitor BASI.

BASI
3BX1:.C 3BX1:D
Inhibitor PDB P5-P1 A86-C90
2QN4:A 044  0.37
RASI 2onaB A0 g0 027
4IHZ:A 092 084
CrataBL D76-C80
4IHZ:B 089 081
3S8K:A 042 032
185-C89
op) 3S8K:B 042  0.33
3SBIA o oy 050 042
3S8J:B 048 041
 5YCZA 027 025
Alocasin 5YC7ZB E80-C84 _
WMLP 5YH4 A85-C89 043 047
mkMLP 3ZC9  T81-C85  0.39 0.4
API-A 3ESL.C M83-L87 | 0.33
API-3 5FZUA  187-K91
5DZU:A 044 039
API-11 187-K91
5DZU:B 048 045
3TC2:A 0.46 0.4
PSP 3TC2:B  191-C95 = 041  0.35
3TC2:C 0.72  0.68
CTI 1R8O0  E80-Cs84 ["qa7 146
4ANB:A 144 143
™ aanes T Laagiae |
ETI 1ITIEEA Y79-C83 | 159 158 |
432K:A 065 058
EcTI R81-A85
432K:B 0.61  0.52
BKV2:A
6KV2:B
coTl srya Y102-N106
6KV2:D
WCl 1EYL  N84-C88
STI 1IAVW:B F80-M84 093  0.87
1R8N  E85C89 | 125 124
5X0Z:A
MP-4 6JBP:B E86-C90 1.1 1.08

John Wiley & Sons
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Table S10. Dihedral angles for P5-P1 positions of noncanonical subtilisin-binding 35-36 loops.

Inhibitor Amino acid Position Phi (¢) Psi (y) Phi (¢) Psi (y)
First Chain* Second Chain
A86 P5 -167.1 161.5 -167.0 155.6
BAS] Y87 P4 -132.1 141.1 -119.0 139.2
(3BX1) T88 P3 -133.9 156.7 -131.4 154.0
T89 P2 -68.1 -22.8 -68.9 -18.8
C90 P1 -68.2 -26.4 -70.3 -30.0
AB6 P5 -164.4 146.1 -173.5 152.7
RASI A87 P4 -67.8 143.2 -99.3 147.8
(20N4) T88 P3 -119.1 140.8 -128.4 134.7
189 P2 -71.4 -8.9 -51.7 -23.1
C90 P1 -100.4 -8.1 -73.7 -15.9
185 P5 -139.3 170.3 -143.3 171.8
PPI T86 P4 -101.9 142.5 -102.9 143.6
(358K) 187 P3 -126.1 161.4 -128.2 165.6
N88 P2 -107.5 36.4 -113.3 36.4
C89 P1 -119.1 150.8 -118.1 152.2
E80 P5 -141.3 160.6 -139.8 156.9
Alocasin P81 P4 -73.8 169.0 -67.3 172.0
(5YC2) T82 P3 -152.6 156.8 -158.0 150.5
R83 p2 -74.5 -6.0 -70.2 -0.2
C84 P1 -114.7 151.8 -115.1 143.5
A85 P5 -85.2 157.7 - -
vwMLP S86 P4 -68.4 163.0 - -
(5YHA4) T87 P3 -137.8 -177.8 - -
188 P2 -69.6 -10.3 - -
C89 P1 -106.0 143.8 - -
T81 P5 -147.7 153.4 - -
E82 P4 -88.1 156.9 - -
Tskzl\élé)P T83 P3 -130.4 163.2 i :
S84 P2 -61.4 -1.4 - -
C85 P1 -86.0 -7.8 - -
M83 P5 -151.2 148.7 - -
P84 P4 -64.8 140.8 - -
ézgf) V85 P3 -155.1 145.6 i -
P86 P2 -67.6 143.1 - -
L87 P1 -68.3 -14.0 - -
187 P5 -143.8 150.1 - -
P88 P4 -62.4 154.7 - -
('SA\FPZI-L:J%) T89 P3 -147.8 151.0 - -
V90 P2 -62.9 153.2 - -
K91 P1 -46.0 -46.7 - -

*According to the order of the inhibitor chains in the PDB file.
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