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ABSTRACT: Kazal inhibitors hold high potential as scaffolds for
therapeutic molecules, taking advantage of the easily exchangeable
canonical binding loop. Different Kazal inhibitor backbones have been
suggested to be therapeutically useful, but the impact of different Kazal-
like scaffolds on binding properties is still largely unknown. Here, we
identified trypsin-targeting human serine protease inhibitor Kazal type 1
(SPINK1) homologues in different mammalian species that cluster in
two P2−P1 combinations, implying the coevolution of these residues.
We generated loop exchange variants of human SPINK1 for comparison
with Kazal inhibitors from related species. Using comprehensive
biophysical characterization of the inhibitor−enzyme interactions, we
found not only affinity but also pH resistance to be highly backbone-
dependent. Differences are mostly observed in complex stability, which
varies by over one order of magnitude. We provide clear evidence for high backbone dependency within the Kazal family. Hence,
when designing Kazal inhibitor-based therapeutic molecules, testing different backbones after optimizing the canonical binding loop
can be beneficial and may result in increased affinity, complex stability, specificity, and pH resistance.

■ INTRODUCTION
Canonical serine protease inhibitors are divided into 18
families which all share a common mechanism.1,2 Serine
proteases are inhibited through reversible tight-binding
interactions, commonly described as the “standard mecha-
nism”.3 The 18 inhibitor families are contained within 13
different clans, indicating that this mechanism of inhibition
evolved independently numerous times. Binding of a canonical
inhibitor is mediated by the binding loop present in all
inhibitors of this family. The inhibitor interacts with the
protease in a substrate-like manner, which is followed by
cleavage of the P1−P1′ scissile bond (Schechter and Berger
nomenclature).4 Protease and inhibitor exist in an equilibrium
between intact and cleaved reactive site peptide bonds, and
after complex dissociation, the free inhibitor molecule can exist
in both the intact and cleaved state.5,6 The reactive site of the
inhibitor is contained within structurally similar loops whose
conformation and geometry upon complex formation are
essentially identical in all 18 families.3,7−9 Despite the varying
supporting scaffolds of each protein family, binding was
thought to be independent of the scaffold and mostly mediated
by the canonical binding loop itself, with each amino acid
contributing independently toward binding.10,11 Hereof, inter-
and intrascaffolding additivity principles were extrapolated;
however, exceptions have recently been found.12 Loop
exchange variants between a Kazal and Pacifastin inhibitors
showed that the Kazal inhibitor loop distorts the weak
Pacifastin scaffold, while the Pacifastin binding loop was

distorted by the stable Kazal inhibitor scaffold. However, the
loop exchange variants were modified since the Pacifastin
inhibitor possesses a completely conserved P3′ cysteine residue
that participates in disulfide bonding within the inhibitor and,
therefore, could not be omitted without destabilizing the
overall folding of the inhibitor. Hence, as an alternative
approach, we focused on loop exchange variants of a single
inhibitor family. Through phylogenetic analysis of the human
serine protease inhibitor Kazal type 1 (SPINK1), we identified
two different P2−P1 amino acid combinations among different
mammal species. It appears that either a Thr-Lys or Pro-Arg
pair has evolved, which would contradict the aforementioned
additivity principles, as a crosstalk between the P2 and P1
residues is implied. Therefore, we generated the four possible
P2−P1 combinations (Thr-Lys, Pro-Lys, Thr-Arg, Pro-Arg) in
SPINK1 and identified Kazal inhibitors of other organisms that
feature binding loops with sequences identical to the mutated
human SPINK1 loop. Due to the lack of productive contacts
between the Kazal domain backbone and the target protease
outside the canonical binding loop, identical binding behavior

Received: October 6, 2022
Revised: November 15, 2022
Published: January 4, 2023

Articlepubs.acs.org/biochemistry

© 2023 The Authors. Published by
American Chemical Society

535
https://doi.org/10.1021/acs.biochem.2c00573

Biochemistry 2023, 62, 535−542

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Nagel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anne+Susemihl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Eulberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mihaela+Delcea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biochem.2c00573&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00573?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00573?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00573?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00573?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00573?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/bichaw/62/2?ref=pdf
https://pubs.acs.org/toc/bichaw/62/2?ref=pdf
https://pubs.acs.org/toc/bichaw/62/2?ref=pdf
https://pubs.acs.org/toc/bichaw/62/2?ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/biochemistry?ref=pdf
https://pubs.acs.org/biochemistry?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


was expected (Figure S1). However, here we show that binding
of Kazal inhibitors can be highly backbone-dependent, with the
Kazal scaffold influencing complex stability as well as pH
dependency of the interaction. A similar effect was previously
observed for loop exchange variants of different Kunitz type
inhibitors, and varying effects of the scaffold on the overall
affinity were found.13 Loop exchange variants have previously
been utilized to investigate interscaffolding additivity models
and were considered useful only within evolutionary related
scaffolds.12,14 Recently, SPINK2 was proposed as a potential
scaffold for designing novel therapeutic molecules. Further-
more, already active patents describe the therapeutic use of
SPINK1 and variants thereof as anticancer or anticoagulation
agents.15−17 Our findings indicate that optimizing the
supporting Kazal domain may be a viable approach for
increasing the inhibitor’s specificity, pH resistance, complex
stability, and affinity.

■ MATERIALS AND METHODS
Protein Expression and Purification. SPINK1 variants

and human trypsin isoforms were expressed and purified as
previously described.18 In brief, SPINK1 was expressed in
SHuffle T7 Express E. coli (New England Biolabs, Frankfurt am
Main, Germany). After induction and overnight expression at
16 °C, cells were lysed by sonication and purified by
immobilized metal ion affinity chromatography (IMAC).
His-tags were removed by cleavage with the HRV3C protease,
and proteins were purified again by IMAC. Human trypsin
isoforms were expressed in E. coli BL21 (DE3) (New England
Biolabs) overnight at 30 °C. Inclusion bodies were washed
before solubilization and refolded in 0.9 M Gdn-HCl, 0.1 M
Tris pH 8, 2 mM EDTA, 1 mM L-cysteine, and 1 mM L-cystine
at 4 °C overnight. Refolded trypsin isoforms were purified by
IMAC and activated with enterokinase before use. Bovine and

porcine trypsin were commercially available (Sigma-Aldrich,
Taufkirchen, Germany) and were thus not expressed
recombinantly. Protein purity and homogeneity were verified
by tricine SDS PAGE and analytical size exclusion chromatog-
raphy. Calibration of the analytical size exclusion can be found
in the work of Susemihl et al.19

Circular Dichroism Spectroscopy. Circular dichroism
(CD) spectra of SPINK1 variants were recorded between 190
and 250 nm using a Chirascan V100 CD spectrometer
(Applied Photophysics, Leatherhead, UK) in 1 mm quartz
cuvettes containing 250 μg mL−1 of protein in 10 mM Tris pH
7.4 and 10 mM NaF, with adaptive sampling turned on and a
step size of 0.5 nm. Three scans were accumulated and
averaged before deconvolution using BeStSel.20

Activity Assays. Inhibition constants (Ki) of SPINK1
variants were determined by monitoring the conversion rate of
Nα-benzoyl-L-arginine 4-nitroanilide hydrochloride (L-BAPA,
Bachem, Bubendorf, Switzerland) at varying inhibitor concen-
trations ranging from 4.5 pM to 10 nM. The absorbance was
recorded at 405 nm using a Cytation 5 microplate reader
(BioTek, VT, USA). Michaelis−Menten kinetics of L-BAPA
with different trypsin variants were determined using L-BAPA
concentrations from 0.02 to 10 mM and fitted using eq 1.
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For Ki determination, 100 pM of enzyme and 1 mM L-BAPA
were used. Assays were carried out at 37 °C in 20 mM Hepes
pH 7.4, 150 mM NaCl, 2 mM CaCl2, and 0.05% Tween20, and
initial rates were determined after a 24 h lag phase at 37 °C.
Data were fitted with Morrison’s quadratic equation using
previously determined Km values (eq 2).
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Reported Ki values are determined from fitting the averages of
three independent experiments.
Surface Plasmon Resonance. Kinetic analyses were

carried out using a BIAcore T200 instrument (Cytiva,
Freiburg, Germany) at 37 °C, a flow rate of 50 μL min−1,
and a data collection rate of 10 Hz. Trypsin was covalently
immobilized to a CM5 sensor chip (Cytiva) using an amine
coupling kit according to the manufacturer’s instructions
(Cytiva). A concentration series of SPINK1 was prepared as 2-
fold dilutions from 3.125 to 50 nM in HBS-P+ buffer
supplemented with 2 mM CaCl2. Single cycle kinetics were
recorded and double referenced. The surface was regenerated
using 10 mM glycine pH 1.4. Sensorgrams were fitted to a 1:1
Langmuir model, and reported rate constants represent average
and standard deviation of at least three independent experi-
ments. Dissociation rates are expressed as half-life (t1/2, eq 3).
For van’t Hoff, Eyring, and pH analyses, the temperature or
buffer system was varied.
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k
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Phylogenetic Analyses. We used 79 sequences from
mammal species homologous to human SPINK1 (Table S1).
Out of the 79 sequences, 62 featured lysine as a P1 residue and
17 contained an arginine in the corresponding position.
Multiple sequence alignments (MSA) were carried out using
the MUSCLE algorithm.21 Phylogenies were estimated using
PhyML 2.5.0+ within the MPI Bioinformatics Toolkit and
visualized in iTOL v5.22−24

Structure Prediction. Apart from SPINK1 WT, for which
a crystal structure was available (PDB ID: 7QE8), SPINK1
structures were predicted using AlphaFold within Chimer-
aX.25,26 For inhibitor−enzyme complex prediction, AlphaFold-
Multimer was used.27 Multimer scores were above 90 in all
cases, indicating high confidence complexes, which are
consistent with available crystal structures. Amber force fields
for structure relaxation were used in all cases, and the best
model of each prediction was chosen for visualization and
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analysis. AlphaFold utilizes pLDDT (predicted local distance
difference test) for ranking the model predictions.

■ RESULTS
Phylogenetic Analysis of Trypsin-Binding Kazal

Inhibitors. We carried out phylogenetic analyses of human
SPINK1-related proteins and identified two predominant P2
and P1 residues (Figure 1A). Consistent with the lack of a
dedicated S2 pocket in trypsin, the P2 residue in the different
SPINK1 homologues was the least conserved residue within
the canonical binding loop (Figure 1B). The P1 residues were
all positively charged, containing either lysine or arginine.
Subclustering according to P1 residues revealed distinct P2−
P1 combinations with either Thr-Lys or Pro-Arg in the
canonical binding loop (Figure 1C). Although not possessing a
binding pocket for the P2 residue, trypsin can influence the
orientation of the P2 residue by L104 and H63 in the case of a
threonine side chain (Figure 1D). Proline, however, does not
interact with the protease but assists the overall loop rigidity
and aids in maintaining a favorable geometry. We proceeded to
generate human SPINK1 (hSPINK1) variants containing the
four possible P2−P1 combinations and identified mouse
(mSPINK1) and naked mole SPINK1 (nmSPINK1) proteins

as homologues containing identical canonical binding loops to
the generated variants.
Kinetic and Thermodynamic Profiling of SPINK1−

Trypsin Interactions Reveals High Backbone Depend-
ency. In addition to available crystal structures, missing
hSPINK1 structures for the generated mutants, as well as
mSPINK1 and nmSPINK1, were modeled using AlphaFold.26

All structures and models show or predict a similar Kazal-like
fold (Figure 2A). Circular dichroism spectroscopy shows
similar spectra for all human variants, indicating that the
substitution of the P2−P1 residues did not destabilize the
overall fold. mSPINK1 shows higher α-helix content compared
to the human counterparts, while nmSPINK1 shows a lower α-
helix content (Figure 2B). Differences between secondary
structure compositions in the predicted models and
determined by CD spectroscopy might be caused by the low
salt content in the buffer used for CD spectroscopy
measurements. Purity and homogeneity of the proteins was
verified by tricine SDS-PAGE (Figure 2C) and analytical size
exclusion chromatography (Figure 2D). The refolded human
cationic trypsin (TRY1) was characterized using L-BAPA as
model substrate (Figure 2E). The obtained Km values were
used for determining Ki values of the SPINK1 variants with

Figure 1. SPINK1 sequence and structure conservation. (A) Phylogenetic analysis of trypsin-targeting SPINK1 homologues. Duplicates indicate
different isoforms within the same species. SPINK1 variants featuring arginine as the P1 residue are highlighted in red. (B) Structure of the
canonical binding loop (PDB ID: 7QE8) colored according to conservation using the multiple sequence alignment from (A). Conservation scores
were determined using the ConSurf server.28 (C) Multiple sequence alignment of selected SPINK1 variants and consensus sequences of (A)
subclustered according to P1 residues. (D) Structure of binding pockets in trypsin. The S1 pocket is highlighted in red, the oxyanion hole in blue,
and L104 interacting with the P2 residue in gray.
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TRY1 at 37 °C, pH 7.4 (Figure 2F). Highest affinity binders
were hSPINK1 T40P and mSPINK1. Surprisingly, nmSPINK1
showed an almost 20-fold decrease in affinity compared to that
of hSPINK1 T40P, despite containing an identical binding
loop. Kinetics of the interactions were characterized by surface
plasmon resonance (SPR) with TRY1 as the ligand and
SPINK1 variants as the analytes (Figure 2G). Binders
displaying the highest affinity were again both human T40P
variants as well as mSPINK1. Additionally, the higher affinity is
almost exclusively caused by higher complex stability, which

results in a half-life of 10 h for hSPINK1 T40P compared to 1
h for hSPINK1 WT (Figure 2H). Even though nmSPINK1 has
the same binding loop as hSPINK1 T40P, the complex stability
is much lower, indicating a major impact of the Kazal
backbone on the overall binding properties of the inhibitor.
Finally, thermodynamic analyses between all hSPINK1 variants
show that the proline substitution at the P2 site results in a
more favorable entropic contribution to binding, while minor
enthalpy−entropy compensation is also observed (Figure 2I).
T40P was omitted from the analyses due to very slow

Figure 2. Kinetic and thermodynamic characterization of SPINK1-TRY1 interactions. (A) Superposition of the crystal structure of SPINK1 WT
(PDB ID: 7QE8, red) and AlphaFold models of naked mole (purple) and mouse SPINK1 (gray). (B) Far-UV circular dichroism spectra of
SPINK1 variants with their secondary structure contents determined by deconvolution in BeStSel.20 (C) Reducing tricine SDS-PAGE of purified
human, naked mole, and mouse SPINK1. (D) Analytical size exclusion chromatography of purified SPINK1. (E) Michaelis−Menten kinetics of
TRY1 and L-BAPA at pH 7.4 and 37 °C. (F) TRY1 equilibrium activity assays at 37 °C and pH 7.4 with different SPINK1 variants and Ki values
obtained with eq 2. (G) Single cycle kinetic experiments of SPINK1−TRY1 interactions using surface plasmon resonance at pH 7.4 and 37 °C.
Experimental data are shown in color (as in F) and 1:1 Langmuir fits are represented in black. (H) Complex half-life (t1/2) of different SPINK1−
TRY1 interactions obtained from (G) and corresponding Kd values. (I) Van’t Hoff and Eyring analyses of interactions between human SPINK1
variants and TRY1 at different temperatures. (J) Energy landscapes of selected SPINK1−TRY1 interactions.
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dissociation rates at lower temperatures. However, the overall
impact of the proline substitution can be inferred from
comparing the K41R and T40P K41R variants. Through
transition state theory, we came to a similar conclusion, where
the T40P substitution results in a lower enthalpic energy
barrier of the transition state but a much higher entropic
barrier resulting in an overall more favorable binding of proline
variants (Figure 2J).
Kinetic Profiles of SPINK1 Variants Interacting with

Different Trypsin Homologues. Due to the unexpected
preference of TRY1 for proline as P2 residue despite the wild-
type inhibitor carrying a threonine in that position, we
extended the characterization to other related proteases.
Aiming to identify whether this P2 preference is a general
feature for trypsin homologues or specific to human trypsin, we
characterized the interaction with human anionic trypsin
(TRY2), bovine, and porcine trypsin, and all SPINK1 variants
(Figure S2 and Table S1).
Comparison between affinities of the different SPINK1

variants with different trypsin isoforms reveals the most
prominent difference for the hSPINK1 T40P variant with
TRY1 and TRY2 (Figure 3A). Conversely, bovine and porcine
trypsin are barely affected by substituting the P2 residue with
proline. Bovine trypsin is not affected by minor changes in the
canonical binding loop within the hSPINK1 scaffold but
strongly disfavors the mSPINK1 and nmSPINK1 variants
despite them having identical binding loops to the human
counterparts. Except for the hSPINK1 T40P K41R−porcine
trypsin combination, all affinity changes are caused by
alterations in complex stability rather than association rates
(Figure 3B). Hence, substituting the P2 residue in hSPINK1

WT with a proline residue selectively improved binding toward
human trypsin isoforms but not toward trypsin from the other
species tested.
Free Energy Contributions of Scaffolds and P1 and

P2 Residues. We showed that substitution of the P2 and P1
residues as well as the protein scaffold can influence the
binding to trypsin variants (Table 1). Our data enabled us to
dissect the individual free energy contributions of each feature.
Using the available kinetic data, we can compare the
contribution to the transition free energy of association and
dissociation as well as in equilibrium (eq 4−6). The inhibitor
scaffold has a greater influence on overall binding than
replacing the P1 residue with lysine or arginine. Proline as P2
residue exerts the greatest influence on binding, most likely by
stabilizing the overall loop geometry due to limited degrees of
freedom.
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Kazal Inhibitor Backbones Influence pH Dependency.
We investigated the SPINK1−TRY1 interaction on pH
sensitivity. Using SPR, we observed lower affinity for all
SPINK1 variants at pH 5 (Figure 4A). For human SPINK1, Kd

Figure 3. Influence of mutations in the canonical binding loop and changes in inhibitor scaffold on affinity and complex stability. (A) Changes in
affinity obtained from SPR experiments of different SPINK1 variants toward different trypsin variants compared to human SPINK1 WT. (B)
Changes in complex stability of different SPINK1 variants toward different trypsin variants compared to human SPINK1 WT.

Table 1. Impact of Binding Loop Mutations and Inhibitor Scaffold on Affinity and Kinetic Rate Constants of SPINK1 Variants
Interacting with TRY1 at 37 °C

variant A variant B
ka difference (log2

fold)
kd difference (log2

fold)
Kd difference (log2

fold)
ΔΔ⧧Ga

(kJ mol−1)
ΔΔ⧧Gd

(kJ mol−1)
ΔΔGd

(kJ mol−1)

influence of point mutations within the canonical binding loop
WT K41R −0.8 −1.3 −0.6 1.4 2.4 1.0
WT T40P −0.2 3.3 3.4 0.3 −5.8 −6.1
WT T40P K41R −0.4 1.7 2.1 0.7 −3.0 −3.7
influence of scaffold substitution
T40P naked mole 1.6 −2.8 −4.4 −2.9 5.0 7.9
T40P K41R mouse 0.3 −0.9 −1.2 −0.5 1.6 2.1
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values increased 16-fold compared to those with the same
interaction at pH 7.4, regardless of the P2−P1 variant used
(Figure 4B and Figure 1H). Decreases in affinity were also
prominent for the naked mole and mouse variants, which
would indicate similar susceptibility to pH changes. Upon
analyzing the kinetic rate constants, however, we found the
largest decrease in complex stability for naked mole and mouse
SPINK1. Simultaneously, naked mole and mouse SPINK1
association rates increased up to 16-fold, compensating for the
lower complex stability (Figure 4B,C). Hence, we show that

both association and dissociation rates are highly backbone-
dependent and that different Kazal motifs can lower the pH
sensitivity of the inhibitor. However, caution should be
exercised when considering equilibrium binding data. Here,
Kd values would suggest that naked mole and mouse SPINK1
are as susceptible to pH changes as the human counterparts,
when in actuality, their interactions are the most influenced by
the lower pH out of all variants.

Figure 4. Influence of pH on binding kinetics of SPINK1−TRY1 interactions. (A) Single cycle kinetics of SPINK1−TRY1 interactions using SPR
at 37 °C and pH 5. Experimental data are shown in colors, and 1:1 Langmuir fits are shown in black. (B) Change in affinity and kinetic rate
constants compared to pH 7.4 reported in Figure 1H. (C) Summary of kinetic rate constants and dissociation constants obtained from (A).
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■ DISCUSSION
We demonstrate by various biophysical techniques that the
interaction between Kazal inhibitors and different trypsin
variants can be backbone-dependent despite no apparent
productive contacts outside the canonical binding loop. Using
phylogenetic analysis of trypsin-targeting Kazal inhibitors,
homologous to human SPINK1, we identified two major P2−
P1 pairs occurring naturally. Thr-Lys or Pro-Arg combinations
appear to be preferred in the majority of cases. We generated
the four possible P2−P1 combinations in human SPINK1 and
recombinantly expressed naked mole and mouse SPINK1,
which natively feature identical binding loops to the SPINK1
T40P or SPINK1 T40P K41R variants, respectively.
Unexpectedly, despite the lack of a designated S2 binding

pocket in trypsin, the hSPINK1 T40P variant displayed a
remarkable complex half-life of 10 h, which represents a 10-
fold increase compared to that of hSPINK1 WT. Most likely,
proline in the P2 position helps rigidifying the binding loop,
locking it in the canonical conformation.3,9,29 In contrast to
Kunitz inhibitors, replacement of the P1 Lys residue with Arg
weakened the interaction, demonstrating a clear lysine
preference of human trypsins for Kazal inhibitors.13,30

Although the Pro-Lys combination resulted in by far the
most potent inhibitor, this combination is rarely encountered
in nature. The evolutionary rationale behind the low
occurrence of this variant remains to be elucidated, but
unwanted cross-reactions and lower specificity in secondary
functions apart from trypsin inhibition may offer one possible
explanation.
Despite naked mole and mouse SPINK1 featuring identical

binding loops to the human T40P and T40P K41R variants, Kd
values varied up to 10-fold under physiological conditions. At
lower pH values, the differences amplified up to 40-fold. In
previous studies, loop exchange variants of the Kunitz
inhibitors amyloid precursor protein inhibitor domain
(APPI) and bovine pancreatic trypsin inhibitor (BPTI)
interacting with mesotrypsin were described, and differences
in affinity between both scaffolds ranged from negligible up to
10-fold depending on the specific binding loop sequence.13

Additionally, large differences in kcat values were reported,
indicating an influence of the inhibitor scaffold beyond
supporting the canonical binding loop. The authors concluded
that the binding affinity depends mostly on the binding loop,
whereas proteolysis of the inhibitor by mesotrypsin can be
highly scaffold-dependent. Our results indicate that, in the case
of Kazal inhibitors, the inhibitor’s scaffold can contribute
significantly to the overall affinity and should not be
discounted as a major contributor. Against the backdrop of
recent proposals such as using SPINK2 as a scaffold for
therapeutic inhibitors and several filed patents describing
SPINK1 and related mutants as therapeutic molecules in
coagulation and cancer therapy, our findings suggest that, while
very potent inhibitors can be obtained from a single Kazal
scaffold, performing a secondary scaffold screen will likely
create more potent, specific, and resistant inhibitors.15−17

Furthermore, we show scaffold and loop selectivity to be
protease- and species-specific, implying that care must be taken
when optimizing inhibitors in different animal models. For
pancreatitis and trypsin-targeting molecules specifically, trans-
ferring results obtained from animal models to clinical trials is
often not possible, and outcomes are mostly unpredictable.31

Here, we offer insights into the kinetic and thermodynamic

behavior of different trypsin-inhibiting Kazal inhibitors, partly
explaining the lack of correlation between results from animal
models and clinical trials.
In conclusion, we identified a hSPINK1 T40P variant

displaying 10-fold increased potency for trypsin inhibition. We
also show high scaffold dependency and illuminate the
underlying kinetic and thermodynamic contributions to the
different binding behaviors of scaffolds containing identical
binding loops.

■ CONCLUSIONS
Our data show that inhibitor−protease pairs form one highly
integrated unit, and a secondary scaffold screen after
optimizing the canonical binding loop is advisable. Optimizing
the binding loop supporting scaffold can increase affinity,
specificity, pH resistance, and complex stability, resulting in
higher potency inhibitors. In the context of pancreatitis, our
results offer a biophysical framework for protease−inhibitor
interactions and may help transfer results obtained from animal
models to clinical trials.
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■ ABBREVIATIONS
CD, circular dichroism; ka, association rate; Kd, dissociation
constant; kd, dissociation rate; Ki, inhibition constant; NM,
naked mole; SPINK1, serine protease inhibitor Kazal type 1;
SPR, surface plasmon resonance; t1/2, half-life; TRY1, human
cationic trypsin; TRY2, human anionic trypsin; ΔG, change in
free energy; ΔH, change in enthalpy; ΔS, change in entropy
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