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Serine protease inhibitor Kazal type 1 (SPINK1) is a trypsin-selective inhibitor protein secreted by the
exocrine pancreas. Loss-of-function SPINK1 mutations predispose to chronic pancreatitis through either
reduced expression, secretion, or impaired trypsin inhibition. In this study, we aimed to characterize the
inhibitory activity of mouse SPINK1 against cationic (T7) and anionic (T8, T9, T20) mouse trypsin iso-
forms. Kinetic measurements with a peptide substrate, and digestion experiments with B-casein indi-
cated that the catalytic activity of all mouse trypsins is comparable. Human SPINK1 and its mouse
ortholog inhibited mouse trypsins with comparable efficiency (Kp range 0.7—2.2 pM), with the sole
exception of T7 trypsin, which was inhibited less effectively by the human inhibitor (Kp 21.9 pM).
Characterization of four chronic pancreatitis-associated human SPINK1 mutations in the context of the
mouse inhibitor revealed that the reactive-loop mutations R42N (human K41N) and 143M (human 142M)
impaired SPINK1 binding to trypsin (Kp 60 nM and 47.5 pM, respectively), whereas mutations D35S
(human N34S) and A56S (human P55S) had no impact on trypsin inhibition. Our results confirmed that
high-affinity trypsin inhibition by SPINK1 is conserved in the mouse, and the functional consequences of
human pancreatitis-associated SPINK1 mutations can be replicated in the mouse inhibitor.

© 2023 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The human exocrine pancreas expresses and secretes two major
trypsins as inactive precursors, also known as zymogens. These
proteases were named as cationic trypsinogen and anionic tryp-
sinogen based on their relative electrophoretic mobility in native
gels [1]. Trypsinogens can be proteolytically activated by the brush
border enzyme enteropeptidase upon reaching the duodenum. In
addition, trypsinogens are capable of autoactivation in a bimolec-
ular reaction when trypsin activates trypsinogen. Trypsins also
proteolytically activate several other pancreatic digestive pro-
teases; such as chymotrypsinogen, proelastase and procarbox-
ypeptidase. Premature intrapancreatic trypsinogen activation can
lead to the development of chronic pancreatitis, an irreversible
inflammatory disorder of the pancreas [2,3]. Therefore, trypsinogen
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activation is strictly regulated by the trypsin specific serine prote-
ase inhibitor Kazal type 1 (SPINK1) protein, also secreted by the
exocrine pancreas [4]. Human SPINK1 is a tight-binding canonical
inhibitor, which contributes about 2—13% of trypsinogen content
[3]. Despite its low amount, SPINK1 efficiently delays trypsinogen
activation, and prevents the onset of pancreatitis. Loss-of-function
mutations in SPINK1; including promoter variants, splice variants,
nucleotide insertion or deletions, start-loss variants, signal peptide
variants that reduce secretion, and missense variants were associ-
ated with an increased risk for the development of chronic
pancreatitis [3,5]. Missense SPINK1 mutations exert their patho-
logical effect through reduced secretion of the inhibitor or impaired
trypsin inhibition [3,5]. Apart from that, SPINK1 was described as a
cell growth and survival factor that promotes cell proliferation and
metastasis in a variety of cancers [6].

Mice carrying trypsinogen mutations resulting in spontaneous
intrapancreatic protease activation have been successfully devel-
oped to model chronic pancreatitis [7]. The mouse pancreas se-
cretes four trypsinogens, which are known as T7, T8, T9 and T20 [8].
Among mouse trypsinogens, T7 has a cationic character, whereas
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T8, T9 and T20 are all anionic trypsinogens. Each of the mouse
trypsinogens contribute about 30% of total trypsinogen, with the
exception of T20, which provides only about 10% of it [8]. Tryp-
sinogens T8, T9 and T20 share more than 90% sequence identity on
the amino acid level, whereas trypsinogen T7 shares only about
76—78% sequence identity with the other mouse trypsinogens. The
mouse pancreas also secretes a trypsin inhibitor protein encoded
by the Spink1 gene (legacy name Spink3), which is orthologous to
human SPINK1. The mouse SPINK1 inhibitor shares about 63%
sequence identity to its human counterpart.

Several studies reported that homozygous deficiency of mouse
SPINK1 results in degenerative development of the pancreas,
leading to the death of the animals within two weeks after birth
[9,10]. The lethal phenotype could be rescued by crossing the
SPINK1 deficient mice with transgenic mice expressing rat or hu-
man SPINK1 [10,11]. Additionally, the pancreas-specific expression
of rat SPINK1 in mice reduced the severity of induced acute and
chronic pancreatitis [12—14]. Numerous human SPINK1 mutations
identified in chronic pancreatitis reduce the expression and
secretion of the inhibitor. A recent study reported that the common
€.194+2T>C splice site SPINK1 mutation in heterozygous form
resulted in spontaneous development of chronic pancreatitis in
mice [15]. However, mouse models expressing chronic pancreatitis-
associated missense SPINK1 variants have not been developed so
far. To achieve this, here we performed a comprehensive in vitro
study to characterize the activity of mouse trypsins and the binding
of mouse SPINK1 to trypsins. We also assessed the effect of four
readily secreted SPINK1 variants associated with chronic pancrea-
titis on the inhibition of mouse trypsins.

2. Methods
2.1. Nomenclature

Amino acid sequence numbering of SPINK1 starts with the
initiator methionine of the primary translation product. Note that
the N-terminus of mouse SPINK1 (legacy name SPINK3) carries an
additional amino acid, therefore, the amino acid numbering is
shifted by one compared to human SPINK1.

2.2. Expression plasmids

The pTrapT7 plasmid carrying the coding DNA of mouse tryp-
sinogens were reported previously [8]. The mammalian expression
plasmid pcDNA3.1(—) containing human SPINK1-10His-minigene-
1 was described earlier [5]. DNA fragments corresponding to
mouse SPINK1 (NCBI Reference Sequence: NM_009258.5) exon-1
and exons 2—4 were custom synthesized by GeneScript and
cloned into the human SPINK1-10His-minigene-1 expression
plasmid using Xhol-Xcml and EcoRI-HindlIIl restriction sites,
respectively. Mutations were generated by overlap extension PCR
mutagenesis. The sequence of all plasmid DNA constructs were
verified by capillary sequencing.

2.3. Expression and purification of SPINK1

HEK 293T cells were grown in T75 tissue culture flasks in high-
glucose DMEM supplemented with 10% fetal bovine serum, 4 mM
glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin at 37 °C in
a cell culture incubator. At 70—90% confluence, the cells were
transiently transfected with 10 pg human or mouse SPINK1-10His-
minigene-1 plasmid DNA following a recently described protocol
[5]. The standard cell culture medium was removed and SPINK1
protein secretion was achieved in Opti-MEM medium, supple-
mented with penicillin and streptomycin in a tissue culture
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incubator. The conditioned medium was harvested after 48 h, fol-
lowed by an additional 48 h expression cycle. For a typical SPINK1
expression, eight T75 flasks were used. Conditioned media con-
taining SPINK1 were pooled and SPINK1 was purified with a 5 mL
HisPur Ni-NTA Chromatography Cartridge (Thermo Scientific)
attached to an FPLC system based on a previous protocol [5].
SPINK1 was eluted with 50 mM NaH,;P04, 300 mM NacCl, 250 mM
imidazole (pH 8.0) buffer. Fractions containing pure SPINK1 were
pooled and dialyzed against 20 mM Tris-HCI (pH 8.0) buffer. SPINK1
concentration was determined with titration against trypsin
preparations used for the binding experiments with the exception
of the defective R42N mouse SPINK1 variant, which was deter-
mined by SDS-PAGE, Coomassie Blue staining, and densitometry,
using an active site—titrated SPINK1 standard.

2.4. Expression and purification of trypsinogen

Mouse trypsinogens were expressed in E. coli BL21(DE3) cells,
isolated from inclusion bodies and refolded in vitro as previously
described [8]. Trypsinogens were purified with an ecotin affinity
column attached to an FPLC system. The ecotin column was equil-
ibrated with washing buffer (20 mM Tris-HCI (pH 8.0) and 0.2 M
NaCl buffer). Trypsinogen sample was loaded onto the column,
protein contaminants were removed from the column with
washing buffer and pure trypsinogen was eluted with 50 mM HCI
and stored in aliquots at —20 °C. If trypsin was needed, trypsinogen
was activated with human recombinant enteropeptidase (Bio-
Techne) in 0.1 M Tris-HCl (pH 8.0) and 1 mM CacCl, buffer. Ecotin
inhibited mouse trypsins with apparent dissociation constant (Kp)
values in the low picomolar range (Supplementary Table 1),
therefore trypsin concentrations were determined by active site
titration against ecotin.

2.5. Analysis of -casein digestion by SDS-PAGE

-casein at 0.2 mg/ml was incubated with 10 nM trypsin in 0.1 M
Tris-HCl (pH 8.0) buffer supplemented with 1 mM CaCl, and 0.05%
Tween 20 at 37 °C. At given time points 0.1 ml aliquots were
withdrawn and the reaction was terminated by adding 10% final
trichloroacetic acid. Precipitated proteins were centrifuged at
16,000 g for 10 min and re-dissolved in 15 ul Laemmli buffer con-
taining 0.1 M dithiothreitol, heat-denatured for 5 min at 90 °C and
electrophoresed by 15% SDS-PAGE. Protein bands in the gels were
stained with Coomassie Brilliant Blue R-250. Gel images were taken
by the Azure 600 Imaging System (Azure Biosystems). Loss of the
intact B-casein band was quantified by densitometry using Quan-
tity One software 4.6.6 (Bio-Rad).

2.6. Enzyme kinetic measurements

Enzyme kinetic parameters of mouse trypsins were determined
using Suc-Ala-Ala-Pro-Lys-p-nitroanilide chromogenic substrate.
Substrate concentrations varied between 0.025 mM and 0.8 mM in
0.1 M Tris-HCI (pH 8.0), 1 mM CaCly and 0.05% Tween 20 buffer.
Measurements were initiated by the addition of 25 nM final trypsin.
The release of the yellow p-nitroaniline was followed for 1 min at
405 nm using a BioTek Synergy H1 multimode microplate reader,
and the rate of substrate cleavage was determined from the linear
portions of the curves. Km and Vpax values were calculated from
hyperbolic fits to plots of velocity versus substrate concentration.

2.7. Inhibitor binding assays

Binding of SPINK1 to trypsins were assessed by measuring the
apparent dissociation constant (Kp) values as reported previously
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[5]. Trypsin in a fixed concentration was incubated with increasing
concentrations of inhibitor in 0.1 M Tris—HCl (pH 8.0), 150 mM
NaCl, T mM CaCl,, and 0.05% Tween 20 buffer. When reaching
equilibrium, trypsin activity was measured by the addition of
0.15 mM final concentration of Z-Gly-Pro-Arg-AMC fluorogenic
substrate at 380 nm excitation and 460 nm emission wavelength
with a fluorescent plate reader. Apparent Kp values were calculated
by plotting the free trypsin concentration as a function of the total
inhibitor concentration and fitting the data points to the following
equation: y = E — (E + X + K-sqrt((E + x + K)? — 4Ex))/2, where the
independent variable X represents the total inhibitor concentration,
the dependent variable y is the free protease concentration in
equilibrium, K is Kp, and E designates the total protease concen-
tration. Association rate constant (ko) and dissociation rate con-
stant (koff) measurements were carried out as described earlier [5],
with the exception of the R42N SPINK1, in which case binding to
trypsin was monitored with bio-layer interferometry. An Anti-
penta-His biosensor was attached to the BLItz instrument (For-
teBio). SPINK1-10His and T7 trypsin were diluted with Tris-
buffered saline (pH 7.5) containing 0.05% Tween 20 to 1 uM and
50 nM final concentrations, respectively. All steps were carried out
with vigorous agitation at 2200 rpm at 22 °C. SPINK1-10His protein
was immobilized by dipping the biosensor tip in the inhibitor so-
lution until reaching equilibrium. The association and the dissoci-
ation measurements were performed by submerging the biosensor
tip in trypsin solution for 2 min and in Tris-buffered saline (pH 7.5)
containing 0.05% Tween 20 for additional 3 min, respectively. A
baseline without trypsin was also recorded and subtracted from the
results.

3. Results
3.1. Characterization of mouse trypsin isoforms

Four trypsins expressed and secreted by the mouse pancreas are
highly homologous proteases. To functionally characterize and
compare the specificity of mouse trypsins, we measured their
enzyme Kkinetic parameters using a short chromogenic peptide
substrate (Table 1). The rate constant (kcat) values for trypsins T7,
T9, T20 were about 28.2—32.5 s~!, whereas the ke, value for T8 was
somewhat lower (21.9 s~1). The Michaelis constant (Ky,) values for
T7 and T9 were about 146 uM and 140 uM, whereas the K, values
for T9 and T20 were somewhat lower at 99.9 uM and 74.6 uM,
respectively. Based on the enzyme kinetic parameters, the calcu-
lated specificity constant (kcat/Km) values of mouse trypsins
exhibited only a two-fold difference in the range of 2.0 x 10° and
44 x 10°M~1s7L,

As natural protein substrates are more relevant in biological
systems to study the efficacy of pancreatic trypsins, we compared
the activity of mouse trypsins by following the degradation of f-
casein over time by protein gel electrophoresis (Fig. 1). Mouse
trypsin T7 digested B-casein effectively, and even higher degrada-
tion rates were detected for trypsins T8, T9 and T20. Interestingly,
the banding pattern of digested B-casein by T7 was similar to that

Table 1

Enzyme kinetic parameters of mouse trypsins. Measurements were performed using
Suc-Ala-Ala-Pro-Lys-p-nitroanilide substrate as described in Methods. Kinetic pa-
rameters were determined using hyperbolic functions fitted to the average of three
measurements.

T7 T8 T9 T20
keat (s71) 28.7 + 0.8 219 + 0.6 299+ 14 325+ 25
K (LM) 146 + 12 99.9 + 9.7 140 + 20 74.6 + 17.6
keat/Kem (M~1s71) 2.0 x 10° 2.2 x 10° 2.1 x 10° 44 x 10°
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produced by T20, but differed from the cleavage patterns generated
by T8 and T9. The cleavage pattern of B-casein with trypsin T8
resembled that of T9.

3.2. Binding of human and mouse SPINK1 to mouse trypsin
isoforms

Canonical protease inhibitors bind to the active site of protease
targets through an exposed surface loop called reactive loop. Hu-
man SPINK1 is a tight-binding canonical inhibitor of human
cationic and anionic trypsins. To study how human SPINK1 inhibits
mouse trypsins, we measured the apparent dissociation constant
values (Kp) in equilibrium (Fig. 2). We found that human SPINK1
inhibited mouse trypsin T7 with a Kp value of 21.9 pM, in contrast,
an order-of-magnitude lower Kp values (1.5—2.2 pM) were detected
against trypsins T8, T9 and T20. We also determined the Kp values
of the orthologous mouse SPINK1 against mouse trypsins. Inter-
estingly, mouse SPINK1 strongly inhibited T7 and all other mouse
trypsins, indicated by the low Kp values in the range of 0.7—1.9 pM.

3.3. Binding of mouse SPINK1 variants to mouse trypsins

Reduced inhibitory activity of human SPINK1 against trypsin
predispose to chronic pancreatitis. We expressed and purified the
D35S (human N34S), R42N (human K41N), 143 M (human 142M)
and A56S (human P55S) readily secreted mouse SPINK1 variants,
originally identified in patients with chronic pancreatitis and
sometimes in healthy subjects. The position of the mutations in the
primary structure of SPINK1 is shown in Fig. 3. First, we measured
the apparent equilibrium Kp values of the mouse SPINK1 variants
against T7 trypsin to compare their binding to the wild-type in-
hibitor (Fig. 4 and Table 2). Trypsin inhibition by the D35S SPINK1
variant was comparable to that of the wild-type. The A56S variant
possessed around 3-fold weaker binding to T7, whereas the R42N
and 143M reactive loop variants had about 37,000-fold and 30-fold
weaker binding to T7 than wild-type SPINK1, respectively. Consis-
tent with this notion, the D35S and A56S variants were highly
effective inhibitors of T8, T9, and T20 trypsins, while the reactive
loop variants inhibited trypsins by several orders of magnitude
weaker (Fig. 5 and Table 2).

Alternatively, mouse SPINK1 binding to trypsin can be charac-
terized by measuring the rate constants of the inhibitor, as detailed
in Fig. 6 and Table 2. The association rate constant (ko) values of
wild-type mouse SPINK1 were in the range of 7.1 x 10° and
82 x 108 M~! s7! against T7, T8 and T9, while a somewhat
increased ko, value (20.3 x 10® M~! s™') was determined against
T20 (Fig. 6A). Comparable ko, values were detected for D35S, [43M
and A56S mouse SPINK1 variants against mouse trypsins. The
dissociation rate constant (kofr) values of wild-type mouse SPINK1
were between 0.6 x 10~ and 1.2 x 107> s~! against the mouse
trypsins, and the ko values for D35S and A56S variants remained
below 5.3 x 10> s~! (Fig. 6B). In contrast to wild-type mouse
SPINK1, the ko values of the 143M variant against mouse trypsins
were increased by at least an order-of-magnitude. Overall, the
elevated koff value and the relatively unchanged ko, values of the
143M variant contributed to the increased Kp values and decreased
trypsin inhibition. Due to technical difficulties, we were unable to
determine the rate constants of the R42N mouse SPINK1 variant
with trypsin activity based methods, therefore we compared as-
sociation and dissociation kinetics of the wild-type SPINK1 and
R42N variant using biolayer interferometry (Fig. 6C). The mea-
surements indicated that the highly elevated Kp value of the R42 N
variant is due to impaired association with trypsin.
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Fig. 1. Digestion of B-casein by mouse trypsins. Representative gel images (A) and densitometric evaluations (B) are shown. Experiments were carried out as described in

Methods. Mean + SD of three experiments are shown.

3.4. Auto-activation of T7 trypsinogen in the presence of wild-type
mouse SPINK1 and inhibitory loop variants

The physiological role of SPINK1 is to prevent premature intra-
pancreatic protease activation by delaying trypsinogen auto-
activation. We studied the effect of wild-type mouse SPINK1, and
the R42N and 143M variants on the auto-activation of T7 trypsin-
ogen (Fig. 7). Under the experimental conditions, the wild-type
mouse SPINK1 delayed trypsinogen activation by about 40 min.
The inhibitory effect of 143M variant was comparable to the wild-
type inhibitor, while R42N variant had no delaying effect on tryp-
sinogen auto-activation.

4. Discussion

Despite the increasing number of articles on mouse trypsins, the
substrate specificity and kinetic parameters of these proteases
remained mostly uncharacterized. In this study, first we compared
the kinetic parameters of mouse T7, T8, T9 and T20 trypsins using a
short chromogenic peptide substrate with Lys at the cleavage site.
We found that the primary substrate specificity of trypsins are
relatively unchanged, only T20 possessed a slightly higher speci-
ficity constant value. Recently published kinetic parameters of
mouse trypsins on another short peptide substrate with Arg at the
cleavage site confirmed that T20 is the most efficient one among
mouse trypsins [16]. Protein substrates are more relevant to
compare the activity of trypsins. Therefore, we determined the
cleavage rates of mouse trypsins using the dietary B-casein protein
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Fig. 2. Inhibition of mouse trypsins by human and mouse SPINK1. Representative binding experiments of human SPINK1 and mouse SPINK1 to mouse T7 trypsin was char-
acterized by determining the dissociation constant (Kp) values in equilibrium (A). Equilibrium Kp values of human and mouse SPINK1 against mouse trypsins (B). Measurements
were carried out as described in Methods. Data point represents the mean + SD of three or four experiments.
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Fig. 3. Sequence comparison of human and mouse SPINK1 inhibitors. Amino acid sequence alignment of human SPINK1 and mouse SPINK1 indicating the mutation sites of
interest in grey (A). The sequence of the reactive loop is underlined, where P1—P1’ (Schechter-Berger numbering) indicates the scissile peptide bond. Schematic structure of human

versus mouse SPINK1 showing the investigated mutation sites (B).

as substrate. The results indicated comparable cleavage rates by all
mouse trypsins. Interestingly, trypsin T7 generated similar f-casein
fragments to T20, but differed from the cleavage pattern achieved
by T8 and T9. Although not thoroughly investigated, these results

suggested that there are certain alterations in the substrate speci-
ficity of mouse trypsins.

SPINK1 is a trypsin-specific inhibitor protein, which binds to the
active site of the protease in a substrate-like manner [17]. Human
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Fig. 4. Inhibition of T7 trypsin by mouse SPINK1 wild type and variants. Binding of SPINK1 to trypsin was characterized by measuring the dissociation equilibrium constant (Kp)
values in equilibrium as described in Methods. Data from three experiments were fitted globally. Data points represent mean + SD. Symbol size may be larger than the error bars.

and mouse SPINK1 are highly homologous canonical inhibitors that
differ only at the P1 (Lys vs Arg) and P2 (Thr vs Pro) positions
(Schechter-Berger numbering) in the reactive loop (see Fig. 3A).
Phage display selection of SPINK1 against trypsin suggested that P1
Lys or Arg is required to ensure inhibitor binding and P2 Thr or Pro
is essential to maintain structural stability of the inhibitor [18].
Here we compared the binding of human SPINK1 and mouse
SPINK1 to all four mouse trypsins. Kp values in the low picomolar
range indicated that both human SPINK1 and mouse SPINK1 bind
to mouse trypsins with high affinity, effectively inhibiting them.
The only notable difference between human and mouse SPINK1
was observed when assayed against trypsin T7. In a previous
comprehensive study, we found equally strong binding of human
SPINK1 to recombinant non-sulfated human cationic and anionic
trypsins [5]. In vivo, human trypsins are posttranslationally sulfated
near the active site, which somewhat decreases human SPINK1
binding affinity [ 19]. As rodent trypsins are not sulfated, we assume
that trypsin inhibition in the mouse pancreas is even more
effective.

Loss-of-function mutations in human SPINK1 are associated
with the inflammatory disorder chronic pancreatitis [3]. To date,
about 20 missense SPINK1 mutations were identified in subjects
diagnosed with chronic pancreatitis. In this study, the functional
consequences of four mutations were investigated in the mouse

orthologous inhibitor. Mutations N34S and P55S located in the in-
hibitor scaffold are common in healthy human populations [5].
Genetic analyses revealed that the N34S mutation is strongly
associated with chronic pancreatitis [20,21]. However, several
functional studies demonstrated that the mutation has no effect on
either human SPINK1 secretion or inhibitory activity as compared
to the wild-type inhibitor [5,22—28]. Most likely, the N34S muta-
tion is inherited together with another mutation located in the 5’
region upstream of the gene and predispose to chronic pancreatitis
by diminishing SPINK1 mRNA expression [29]. Genetic studies
indicated that the P55S mutation is clinically insignificant, as it was
identified in both subjects with chronic pancreatitis and healthy
individuals with similar frequencies [5,21]. Functional character-
izations demonstrated that the mutation has no effect on secretion
and it only slightly weakens the inhibition of human trypsins by
SPINK1 [5,24,25]. The Asn34 and Pro55 are not evolutionarily
conserved amino acid residues. Mutations D35S and A56S are the
mouse equivalents of the N34S and P55S human SPINK1 mutations.
Both the D35S and A56S mouse SPINK1 variants are readily
secreted. Similarly to the wild-type inhibitor, the D35S mouse
SPINK1 effectively and uniformly inhibited all mouse trypsins.
Consistent with studies on human SPINK1, the A56S mouse SPINK1
variant exhibited comparable binding to mouse trypsins T8, T9 and
T20 and an inconsequentially weaker binding to T7.
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Table 2

Equilibrium dissociation constant (Kp(eq)) values and association (kon) and dissoci-
ation (kof) rate constants determined for mouse SPINK1 wild type and variant
against mouse tryspins. Measurements of at least three experiments are shown.
Measurements were carried out as described in Methods. Alternatively, Kp values
were calculated by dividing ko by kon. ND — not determined.

mouse SPINK1 T7 T8 T9 T20
wild type

kon (x10°M~1s~1) 7.1 +05 72 +04 82+04 20.3 + 0.6
ko (X103 s~ 1) 12+02 0.7 + 0.1 0.7+ 03 0.6 + 0.05
Kp(caic) (pM) 1.7 1.0 0.9 0.3

Kp(eq) (PM) 1.6 +0.2 1.9+06 1.8+ 06 0.7 + 03
D35S

Kon (x10°M~'s™") 82405 83+03 52+03 20.8 + 0.6
Kogr (X103 s71) 38+09 1.1+0.1 1.7+ 04 0.07 + 0.02
Kp(catc) (PM) 46 13 3.3 0.03

Kpeq) (PM) 1.9+0.7 29+04 40+08 03 +0.1
R42N

Kon (x10° M~ 1s~1) ND ND ND ND

kogs (X103 s~ 1) ND ND ND ND

Kp(caic) (pM) ND ND ND ND

Kp(eq) (LM) 0.060 + 0.001 0.18 +0.01 1.06+0.16 1.13 +0.13
143M

kon (x10° M~ 's™") 6.6+ 05 111+03 68+05 228 +05
Kofr (X107 s71) 15.1 + 2.1 212+08 323+56 104+19
Kp(calc) (PM) 229 19.1 475 4.6

Kpeq) (PM) 475 + 3.5 170 + 14 338 + 56 353 +57
A56S

Kon (x10° M~ 1s™1) 53 +04 136+04 115+12 226+05
ko (x1073 57 1) 53 +20 02+004 02+007 07+0.1
Kp(calc) (PM) 10.0 0.1 0.2 0.3

Kp(eqy (PM) 5.1+0.7 1.6 +£03 24+03 1.4+03

Both K41N and 142M are uncommon human SPINK1 mutations
described only once in a case of early-onset recurrent acute
pancreatitis [30,31]. The patient carrying the 142M mutation also
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carried a chymotrypsin C mutation and a cystic fibrosis trans-
membrane conductance regulator (CFTR) protein mutation,
whereas the patient carrying the K41N mutation also carried a
chronic pancreatitis-associated CFTR mutation. In agreement with
a previous functional study [5], the corresponding R42N and 143M
mouse SPINK1 variants are readily secreted in transfected
mammalian cells. Both mutations are situated in the reactive loop
of SPINK1 and markedly affect trypsin inhibition. The R42N variant
bound 4 to 6 orders-of-magnitude weaker to mouse trypsin than
wild-type mouse SPINK1, whereas the 143M variant caused an
order-of-magnitude weaker mouse trypsin inhibition than the
wild-type inhibitor. The determination of the rate constant values
indicated that the 143M mouse SPINK1 variant exhibited a weaker
trypsin inhibition due to increased dissociation rate and relatively
unchanged association kinetic. Our measurements on the R42N
variant suggested that the defective association of mouse SPINK1
resulted in reduced trypsin inhibition.

The human exocrine pancreas expresses much lower amount of
SPINK1 than trypsin [3]. SPINK1 is a temporary inhibitor as it is
inactivated and degraded by trypsin over time [5,32]. The role of
SPINK1 is to delay trypsinogen auto-activation, thereby, protecting
the pancreas against auto-digestion and the development of
inflammation [3]. To compare the effect of mouse SPINK1 variants
on trypsinogen auto-activation, we activated mouse T7 trypsinogen
in the absence and presence of mouse SPINK1 and measured
trypsin activity. In agreement with the binding studies, the R42N
mouse SPINK1 variant did not inhibit trypsinogen activation. In
contrast, the inhibition of trypsinogen activation by the 143M
mouse SPINK1 variant was closely identical to that of the wild-type
inhibitor under the experimental conditions. The results suggest
that the R42N mouse SPINK1 variant has a physiologically relevant
negative impact on trypsinogen auto-activation.
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Fig. 5. Inhibition of mouse trypsins by mouse SPINK1 wild type and variants. Binding of SPINK1 to trypsin was characterized by measuring the dissociation equilibrium constant
(Kp) values in equilibrium as described in Methods. Data points represent mean + SD of three experiments.
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Fig. 6. Binding kinetics of mouse SPINK1 wild type and variants to mouse trypsins.
Relative association (A) and dissociation (B) rate constant values are shown. The as-
sociation and dissociation kinetics of the R42 N variant and wild-type mouse SPINK1
were determined to T7 trypsin with biolayer interferometry (C). Measurements were
performed as described in Methods.

Taken together, we demonstrated that mouse SPINK1 is a high
affinity inhibitor of mouse trypsins. Functional effects of designated
missense SPINK1 mutations identified in chronic pancreatitis were
replicable in the experiments with mouse SPINK1. Our results
would likely contribute to the development of a genetically engi-
neered SPINK1 mouse model.
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Fig. 7. Effect of mouse SPINK1 wild type and variants on the activation of T7
trypsinogen. Trypsinogen at 1 uM final concentration was incubated with 30 nM
initial trypsin in the absence and presence of 40 nM SPINK1 in 0.1 M Tris-HCl (pH 0.8),
1 mM CaCl, and 0.05% Tween 20 buffer at 37 °C. At indicated time points aliquotes
were withdrawn and trypsin activity was measured by the addition of 300 uM final
Suc-Ala-Ala-Pro-Lys-p-nitroanilide substrate in the same buffer. Average of three
experiments + SD is shown.
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