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Abstract: Reg-1α/lithostathine, a protein mainly associated with the digestive system, was pre-
viously shown to be overexpressed in the pre-clinical stages of Alzheimer’s disease. In vitro, the
glycosylated protein was reported to form fibrils at physiological pH following the proteolytic ac-
tion of trypsin. However, the nature of the protease able to act in the central nervous system is
unknown. In the present study, we showed that Reg-1α can be cleaved in vitro by calpain-2, the
calcium activated neutral protease, overexpressed in neurodegenerative diseases. Using chemical
crosslinking experiments, we found that the two proteins can interact with each other. Identification
of the cleavage site using mass spectrometry, between Gln4 and Thr5, was found in agreement with
the in silico prediction of the calpain cleavage site, in a position different from the one reported for
trypsin, i.e., Arg11-Ile12 peptide bond. We showed that the cleavage was impeded by the presence of
the neighboring glycosylation of Thr5. Moreover, in vitro studies using electron microscopy showed
that calpain-cleaved protein does not form fibrils as observed after trypsin cleavage. Collectively,
our results show that calpain-2 cleaves Reg-1α in vitro, and that this action is not associated with
fibril formation.

Keywords: calpain; Reg-1α; trypsin; cleavage; fibril

1. Introduction

Reg-1α [1,2] has been known for many years as PSP (Pancreatic Stone Protein) and
lithostathine due to its abundance in pancreatitis and capacity to inhibit spontaneous
CaCO3 precipitation, respectively [3,4]. The name of Reg-1α (regenerating islet-derived
protein 1-alpha) appeared afterwards due to its role in gene activation in regenerating
beta pancreatic islets. In addition to its expression in pancreatic cells, the protein was
also reported in other peripheric organs, mainly the gastrointestinal tract. The protein, a
secreted glycoprotein of 17 kDa, belongs to a large family of proteins which comprises four
groups based on their primary structure homology. The particularity of these members is
the presence of a C-type lectin domain linked to a short N-terminal peptide. The latter can
be generated by trypsin hydrolysis and was shown to be essential to the inhibitory activity
of the protein on CaCO3 crystal growth [5], or the differentiation of rodent telencephalic
neuronal precursors during brain development [6]. Moreover, biochemical studies have
revealed that Reg-1α is O-glycosylated on a unique site located in this specific part of the
molecule, Thr5 [7,8].

Reg-1α is expressed under normal and pathological circumstances, associated with
diabetes, cancer, and inflammation. Most interesting is the reported expression of the
protein in the brain and cerebrospinal fluid of patients with very early stages of Alzheimer’s
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disease [9,10]. We recently demonstrated that in the context of neurodegenerative disease
Reg-1α increases Tau phosphorylation. Additionally, it promotes Tau deposition and
the formation of intracellular aggregates where Reg-1α colocalizes with phosphorylated-
Tau [11]. Moreover, the protein was shown in vitro to form fibrils [12], which result from a
proteolytic cleavage between Arg11-Ile12 equivalent to the action of trypsin, with structural
characteristics reminiscent of amyloid fibrils [12,13], although distinct [14]. At present, the
role of the proteolytic cleavage of Reg-1α is poorly understood and the protease responsible
for such cleavage in the central nervous system is currently unknown.

The overexpression of Reg-1α in the brain in neurodegenerative diseases, and its
reported limited cleavage associated with calcium homeostasis disturbance, has led us
to focus on a particular class of proteases, the calpains. Indeed, these calcium-activated
enzymes function by making specific limited cuts in proteins so that they can modu-
late/modify their substrate activity rather than serving as degradative enzymes. Compared
to the proteasome or autophagic system, calpains are unique in that they directly recognize
and interact with their substrates. Thus, in this context where trypsin is absent from the
brain, calpains, referred to as modulator proteases [15], appear as a strong potential candi-
date for Reg-1α cleavage. Among the numerous (15 in human) members of the family, two
isoforms are ubiquitously expressed, namely calpain-1 and calpain-2 (for review see [16,17]).
The distinction between the two isoforms has been difficult, both in substrates selectivity
and functions. However, in the last decade the notion has emerged that calpain-1 and -2
play opposite functions in the brain, calpain-1 in synaptic plasticity and neuroprotection,
and calpain-2 in neurodegeneration [18–20]. The proteases were previously called micro-
(calpain1) and milli-(calpain2) calpains due to the concentration needed for their activation
in vitro—3–40 µM and 0.4–0.8 mM, respectively, although these concentrations are order of
magnitude higher than the resting calcium concentration (multi-nanomolar) inside the cell.

The two calpains’ isoforms are heterodimers, composed of a large isoform specific
subunit of 80 kDa encompassing the catalytic triad (identity >70% between the catalytic
subunits of the two isoforms) and a common small regulatory subunit of 28 kDa, required
for the stability of the molecule. The resolution of the three dimensional structures of
calpain-2 in the absence [21,22] and in the presence [23,24] of calcium has provided insight
into the understanding of the structure–function relationship and activation of the enzyme.
In particular, the catalytic triad of the enzyme, which includes the essential Cys (Cys105 in
calpain-2), becomes functional upon conformational changes induced by calcium binding.

The list of potential substrates is long, with spectrin and its breakdown products being
widely used as markers of calpain activation [25]. The wide range of protein substrates
underscores the protease involvement in numerous physiological roles such as cytoskeletal
remodeling, particularly documented in the case of cell movement (for review see [26,27]),
cell cycle progression [28], and apoptosis [29]. Moreover, the overactivation of proteases is
associated with pathophysiological processes, in both acute and chronic conditions, includ-
ing cardiac or neuronal ischemia, spinal cord injury, type-2 diabetes, muscular dystrophies,
cardiovascular diseases [15,30], and neurodegenerative diseases [31]. Interestingly, Reg-1α
is involved in many of these pathologies.

In the present study, we demonstrated that Reg-1α is a new substrate of calpain-2
in vitro with a cleavage site between residues Gln4 and Thr5, upstream from the previously
identified trypsin site. We have also found that the cleavage of Reg-1α by calpain-2
is hampered by the glycosylation of the protein on Thr5. Moreover, using structural
investigations we showed that compared to trypsin, calpain-2-cleaved Reg-1α does not
form fibrils. We discuss these results in terms of structural analysis of the calpain cleavage
site, as well as the possible role of Reg-1α (depending on its glycosylation status)/calpain-2
tandem in the central nervous system.
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2. Results
2.1. Reg-1α Is a Calpain Substrate In Vitro

To determine whether calpain-2 directly cleaves Reg-1α, we performed in vitro cleav-
age reactions by incubating purified calpain-2 (see Section 4, Figure S1) with a human
Reg-1α (MW = 17 kDa), expressed in bacteria as a NH2 terminally His-tagged protein
(Figure 1A).
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Figure 1. Reg-1α is a new calpain-2 substrate in vitro. (A) NH2 terminal sequence of human Reg-
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age is indicated by a green arrow. (B) Intact and cleaved molecules with samples corresponding to 
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products were examined by western blotting using anti-Histidine and anti-Reg-1α antibodies. Note 
the presence of dimers (*) and cleaved dimers (arrowhead) which resist complete reduction. 

Figure 1. Reg-1α is a new calpain-2 substrate in vitro. (A) NH2 terminal sequence of human Reg-1α,
including the signal peptide (blue box) compared to the isoform expressed in bacteria including the
His-tag (purple box). The glycosylated Thr is noted in bold, and the position of the trypsin cleavage is
indicated by a green arrow. (B) Intact and cleaved molecules with samples corresponding to the test of
various ratio (w/w) of enzyme/substrate (1/10, 1/20 and 1/50) during different periods of time (0, 15,
30 and 45 min) were analyzed on 13.5% acrylamide gel and visualized using the Stain-Free Imaging
Technology (see Section 4). (C) The uncleaved/cleaved (enzyme/substrate ratio 1/10) products were
examined by western blotting using anti-Histidine and anti-Reg-1α antibodies. Note the presence of
dimers (*) and cleaved dimers (arrowhead) which resist complete reduction.

In agreement with the quick protease action in vivo, we found that Reg-1α was cleaved
within 15 min using a ratio of 1/10 (enzyme/substrate, w/w) generating a large fragment
of about 14 kDa (Figure 1B), as observed using SDS-PAGE. The test of several ratios
(enzyme/substrate) showed that the cleavage was almost complete at 1/10 within a period
of 15 min, and was incomplete at 1/20 and 1/50 even after 45 min. Moreover, the absence
of immunological detection of the large fragment with an anti-Histidine tag antibody
(Figure 1C) at 5 and 15 min demonstrated that the cleavage site was located in the NH2
terminal part of the Reg-1α molecule. The presence of a band in the region of 30–32 kDa,
visible after immunoblotting, with an anti-Reg-1α, suggests intact (asterisk) and cleaved
Reg-1α dimers (arrowhead), as previously described [13,14]. Thus, Reg-1α appeared as a
new substrate of calpain-2.

Considering that the possible cleavage of Reg-1α by calpain-2 implies that the two
proteins directly interact which each other, we performed chemical crosslinking experi-
ments using the purified inactive form of calpain-2 (mutant C105S referred as C2I) (see
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Section 4, Figure S1), and carbodiimide associated with N-hydroxysuccinimide (EDC-NHS)
as bifunctional reagent. The advantage of such a mutant where the active cysteine has been
changed to a serine is the ability to solely test the interaction between the two proteins.
Figure 2 shows the result obtained after SDS-PAGE and western blot using both Reg-1α
(Figure 2A) and calpain-2 antibodies (Figure 2B). As observed, the immunodetection with
both antibodies of crosslinking products above 100 kDa (compatible with the sum of the
molecular weight of the two proteins, red frame/arrowheads) demonstrated that calpain-2
interacts with Reg-1α compared to Reg-1α alone (Reg-1α-Reg-1α).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 16 
 

 

Considering that the possible cleavage of Reg-1α by calpain-2 implies that the two 
proteins directly interact which each other, we performed chemical crosslinking experi-
ments using the purified inactive form of calpain-2 (mutant C105S referred as C2I) (see 
Section 4, Figure S1), and carbodiimide associated with N-hydroxysuccinimide (EDC-
NHS) as bifunctional reagent. The advantage of such a mutant where the active cysteine 
has been changed to a serine is the ability to solely test the interaction between the two 
proteins. Figure 2 shows the result obtained after SDS-PAGE and western blot using both 
Reg-1α (Figure 2A) and calpain-2 antibodies (Figure 2B). As observed, the immunodetec-
tion with both antibodies of crosslinking products above 100 kDa (compatible with the 
sum of the molecular weight of the two proteins, red frame/arrowheads) demonstrated 
that calpain-2 interacts with Reg-1α compared to Reg-1α alone (Reg-1α-Reg-1α).  

Indeed, these new entities are compulsorily the result of the interaction of the two 
proteins and cannot be due to the sole crosslink of calpain-2 subunits (80 + 21 kDa), prod-
uct which would react only with the anti-calpain-2 antibody. We assumed that the ob-
served covalent products corresponded to the calpain-2 catalytic subunit-Reg-1α (80 + 17), 
the whole calpain-2-Reg-1α (100 + 17 kDa) or calpain-2 catalytic subunit-Reg-1α dimer [80 
+ (2 × 17)] due to the proximity of the molecular weight of the last two entities. We also 
observed the presence of oligomeric forms of Reg-1α, only revealed by the anti-Reg-1α 
(Figure 2A, multiple asterisks), naturally present as dimer and trimer (time 0), and oligo-
meric forms of superior range (time 15 and 30 min) due to the crosslink experiment. More-
over, the interaction is already visible at 15 min, which is compatible with the quick action 
of calpain-2 on Reg-1α (Figure 1B). 

 
Figure 2. Interaction of Reg-1α with calpain-2. The cross-linking reactions (after 0, 15, and 30 min), 
namely Reg-1α + calpain-2 in its inactive form (Reg-1α /C2I) (red frame) and Reg-1α alone (Reg-1α 
/Reg-1α) were carried out as described in Section 4. SDS-PAGE was performed on a 4-15% acryla-
mide gel, and the presence of cross-linked products was evidenced after transfer of the proteins on 
a PVDF membrane by double immunodetection with anti-Reg-1α (A) and anti-calpain-2 (B) anti-
bodies. The covalent products are indicated by arrowheads. Note the presence of Reg1α monomers 
(*), dimers (**), trimers (***) initially present and tetramers (****) visible only after the crosslinking 
reaction of Reg-1α alone. 

2.2. Identification of the Calpain Cleavage Site on Reg-1α 
In order to test whether the result obtained in vitro using recombinant protein from 

bacteria origin would exist in vivo, we first used the software package GPS-CCD (calpain 
cleavage detector) developed by Liu et al. [32], recently considered to outperform other 
predictors for calpain-specific cleavage sites [33]. As shown in Figure 3 with the human 
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Figure 2. Interaction of Reg-1α with calpain-2. The cross-linking reactions (after 0, 15, and 30 min),
namely Reg-1α + calpain-2 in its inactive form (Reg-1α /C2I) (red frame) and Reg-1α alone (Reg-1α
/Reg-1α) were carried out as described in Section 4. SDS-PAGE was performed on a 4-15% acrylamide
gel, and the presence of cross-linked products was evidenced after transfer of the proteins on a PVDF
membrane by double immunodetection with anti-Reg-1α (A) and anti-calpain-2 (B) antibodies. The
covalent products are indicated by arrowheads. Note the presence of Reg1α monomers (*), dimers
(**), trimers (***) initially present and tetramers (****) visible only after the crosslinking reaction of
Reg-1α alone.

Indeed, these new entities are compulsorily the result of the interaction of the two
proteins and cannot be due to the sole crosslink of calpain-2 subunits (80 + 21 kDa), product
which would react only with the anti-calpain-2 antibody. We assumed that the observed co-
valent products corresponded to the calpain-2 catalytic subunit-Reg-1α (80 + 17), the whole
calpain-2-Reg-1α (100 + 17 kDa) or calpain-2 catalytic subunit-Reg-1α dimer [80 + (2 × 17)]
due to the proximity of the molecular weight of the last two entities. We also observed
the presence of oligomeric forms of Reg-1α, only revealed by the anti-Reg-1α (Figure 2A,
multiple asterisks), naturally present as dimer and trimer (time 0), and oligomeric forms of
superior range (time 15 and 30 min) due to the crosslink experiment. Moreover, the interac-
tion is already visible at 15 min, which is compatible with the quick action of calpain-2 on
Reg-1α (Figure 1B).

2.2. Identification of the Calpain Cleavage Site on Reg-1α

In order to test whether the result obtained in vitro using recombinant protein from
bacteria origin would exist in vivo, we first used the software package GPS-CCD (calpain
cleavage detector) developed by Liu et al. [32], recently considered to outperform other
predictors for calpain-specific cleavage sites [33]. As shown in Figure 3 with the human
sequence of Reg-1α, we found a higher rate for a cleavage site located between Gln4 and
Thr5 (Figure 3A), regardless of the presence of the His-tag (Gln16-Thr17) (Figure 3B) or the
signal peptide (Gln26-Thr27) (Figure 3C).
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form occurred between the Gln16-Thr17 at the origin of the peptide 
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Figure 3. Prediction of the calpain-2 cleavage site of Reg-1α using GPS-CCD (calpain cleavage
detector). (A,B) Result obtained using the GPS-CCD software [32] with the sequence of the recom-
binant human Reg-1α without (A) or with (B) the NH2-terminal His-tag and initial Met (natural
protein/recombinant protein expressed in bacteria) and (C) with the human Reg-1α sequence, includ-
ing the signal peptide (before processing). The position of the calpain-2 cleavage site predicted with
the higher score is highlighted in yellow and the exact position noted in red. Note that the results of
the score were obtained with the higher threshold.

As the prediction site is different from the known trypsin site, between Arg11-Ile12,
we next verified this prediction using MALDI-TOF mass spectrometry. We submitted the
recombinant protein digested by calpain-2 to Rapiflex MALDI-TOF (Matrix-Assisted-Laser-
Desorption-Ionisation Time-Of-Flight) using both linear (m/z 7000–25,000) (Figure 4A) and
reflectron mode (Figure 4B,C) (m/z 500–3000). We observed, after calpain-2 cleavage, that
the original peak at m/z 17,886 (inset in Figure 4A) was changed to 15,820 in the linear
mode (Figure 4A) with the appearance of fragments at 1983.0 and 2004.9 in the reflectron
mode (Figure 4B). The analysis of the sequence showed that the cleavage of the bacterial
form occurred between the Gln16-Thr17 at the origin of the peptide MKHHHHHHASH-
MQEAQ of predicted value 1982.87481 [M + H]+, which is less than 0.13 Da away from
the experimental one. We observed on a larger scale (Figure 4C) additional peaks at 2004.9
[M + Na]+ and 2020.9 [M + K]+ which are visible in the reflectron mode, and correspond to
sodium and potassium adducts, respectively. Thus, these data confirm the prediction that
calpain-2 cleaves the peptide bond Gln4-Thr5 of the original sequence.
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Figure 4. Identification of the calpain-2 cleavage site using MALDI-TOF mass spectrometry.
(A) MALDI-TOF spectra showing Reg-1α treated with calpain-2 in the linear mode (m/z values
from 7000 to 25,000). Inset, profile of the uncleaved protein and (B) the cleaved fragment in the
reflectron mode (m/z 600–3000). (C) Enlargement of the spectrum of (B) obtained in the region of
m/z 1960–2030. Note the presence of both sodium [M + Na]+ and potassium [M + K]+ adducts. The
molecular weights, in Da, are shown above the peaks of each major entity.

2.3. Calpain-2 Is Not Able to Cleave the Glycosylated Form of Reg-1α

As mentioned earlier, the human Reg-1α has a Thr5-O-linked glycan that could influ-
ence the cleavage of the protein by calpain-2. Considering the proximity of the glycosylation
with the potential calpain cleavage site, we tested the cleavage of the recombinant protein
from bacterial origin, deprived of any glycosylation, and compared it with a eukaryotic
form of Reg-1α (expressed in HEK cells) with possible glycosylation. We first analyzed the
eukaryotic form using MALDI-TOF with linear mode and found multiple peaks, indicating
that the eukaryotic form contained multiple glycan derivates (Figure 5A) compared to the
bacterial form (Figure 4A, inset). Having checked that the eukaryotic form was glycosy-
lated, we performed calpain-2 and trypsin cleavage on both forms of Reg-1α and analyzed
the results using SDS-PAGE (Figure 5B) and MALDI-TOF (Figure 5C,D). As shown in
Figure 5B using SDS-PAGE, calpain-2 cleavage was observed only with the bacterial form
(lanes 2 and 4). With this technique, it is not possible to distinguish between the full-size
protein and the form deprived of only four amino acids in the case of the eukaryotic form
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(lanes 3 and 4). However, we could observe that this isoform displayed a slightly higher
molecular weight compared with the bacterial form (lane 3 vs. lane 1). Regarding trypsin
cleavage, both forms of protein appeared cleaved by the protease (lanes 6, 8 compared with
lanes 5, 7).
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Figure 5. O-glycosylation of Reg-1α protects it from the calpain-2-mediated cleavage in vitro.
(A) MALDI spectra of the eukaryotic Reg-1α (Euk. Reg-1α) obtained in the linear mode (m/z
16,000–19,000); (B) Both recombinant isoforms obtained from eukaryotic (Euk. Reg-1α) and bacterial
(Bact. Reg-1α) sources were tested for calpain-2 (lanes 1–4) or trypsin cleavage (lanes 5–8) (ratio 1:10
and 1:100), respectively; samples were analyzed on 13.5% acrylamide gel and visualized using the
Stain-Free Imaging Technology (see Section 4). Note that the protein from eukaryotic source displays
a slightly higher molecular weight (see arrows) compared to the protein from bacteria due to the
presence of glycosylation; arrowhead indicates the presence of calpain-2 (lanes 2,4). (C,D), MALDI
reflectron mode spectra (m/z 300–650) of the glycosylated form of Reg-1α (Euk. Reg-1α) before
(C) and after calpain-2 cleavage (Euk. Reg-1α /C2) (D). The position of the calpain inhibitor (E-64)
used to stop the reaction is indicated.



Int. J. Mol. Sci. 2022, 23, 8591 8 of 16

Thus, in order to assess if the presence of glycosylation impedes the cleavage of the
eukaryotic form of Reg-1α, we compared MALDI profiles in reflectron mode before and
after calpain-2 cleavage of the eukaryotic Reg-1α (Figure 5C,D). The results did not reveal
any change in the profiles of the full length in the linear mode (data not shown) or the
presence of any fragment at the predicted value of 475.21 [M + H]+, corresponding to the
expected peptide QEAQ (Figure 5D). In the latter case, we could expect a cyclization of the
free Gln to 5-oxoproline (pGlu), commonly observed with ionization technique [34], which
predicted value would be 458.18 due to the loss of ammonia (17,026 Da). In this molecular
range (MW = 400–500 Da), none of these two fragments (475.21 and 458.18) were observed.
However, three small peaks, namely 444.9, 460.9, and 476.9 both observed with the non-
treated (Figure 5C) and the calpain-2-treated eukaryotic Reg-1α (Figure 5D) are certainly the
fact of the matrix, although we cannot exclude impurity in the original protein preparation.
We also observed the presence of a peak at m/z 358.0 after calpain-2 cleavage (Figure 5D),
which was identified as E-64 (predicted value of 358.21, [M + H]+), the irreversible inhibitor
of calpain used to stop the cleavage reaction. The analysis of the trypsin cleavage of Reg-1α
using MALDI-TOF showed that the pancreatic protease cleaved both bacterial (Figure S2)
and eukaryotic (Figure S3) forms at the predicted position [12], i.e., between Arg11 and Ile12

regardless of the protein source. Taken together, our results show that calpain-2, contrary
to trypsin, cleaves Reg-1α only when the protein is non-glycosylated.

2.4. Calpain2-Cleaved Reg-1α Does Not Form Fibrils

Reg-1α has been described to form fibrillar aggregates after N-terminal truncation
with trypsin, showing fibrils organized as quadruple-helical filaments (QHF) [13,14,35].
The discovery of a possible calpain cleavage of Reg-1α regulated by glycosylation raises
questions regarding fibril formation. The idea was thus to test the formation of fibrils with
both the unglycosylated and glycosylated form of Reg-1α post calpain-2 or trypsin cleavage.

We used transmission electron microscopy experiments (TEM) to test the fibril for-
mation with both recombinant Reg-1α proteins (bacterial and eukaryotic) in conjunction
with the effect of calpain-2 treatment, compared to trypsin. As shown in Figure 6A, using
both isoforms of Reg-1α, we did not observe any fibril formation 1 h after the calpain-2
treatment (middle panels, left), compared to the same experiment performed using trypsin
(middle panel, right). As expected from previous studies with trypsin [12,13], the fibrils
were of various lengths, from tens of nanometers to several micrometers. They were clearly
visible after 1 h, and appeared organized in large bundles of 100–200 nm width after long
incubation time (Figure 6A, right panel, 8–10 days) with Reg-1α of bacterial (top panel)
compared to eukaryotic origin (bottom panel), indicating a possible influence of glycosy-
lation on supramolecular organization of the fibrils. On the other side, even after a long
period of calpain-2 incubation and regardless of the origin of Reg-1α, we did not observe
fibril formation (data not shown).

Finally, we were interested in testing the formation of fibrils with the truncated form
after the elimination of the cleaved NH2 sequence. Indeed, the fibrils previously found
were observed after trypsin cleavage, in the presence of the undecapeptide [12] which
could influence fibril formation. Thus, taking advantage of the presence of an His-Tag
in the N-terminal part of Reg-1α of bacterial origin, we purified the truncated molecules
after calpain-2 (Reg-1α∆N1−4) or trypsin (Reg-1α∆N1−11) cleavage, and verified their purity
using both SDS-PAGE (Figure 6B) and MALDI analysis (Figures S4 and S5). In a similar
manner, electron microscopy using these truncated molecules showed the presence of
fibrils only in the case of Reg-1α∆N1−11 obtained after trypsin cleavage (Figure 6C, bottom
compared to top panels). Of note is the tendency of the fibrils to pack when Reg-1α∆N1−11

was 8–10 days old (Figure 6C bottom right panel). Taken together these results demonstrate
that the calpain2-treated Reg-1α does not form fibrils as observed after trypsin cleavage.
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Figure 6. Reg-1α fibrils are only formed post cleavage of the undecapeptide. (A) The two recombinant
forms (Bact. or Euk. Reg-1α) of the protein were analyzed after calpain-2 or trypsin cleavage at 1h and
8–10 days (8–10D) using electron microscopy. (B) Gel electrophoresis of the COOH-terminal domains
of Reg-1α (Reg-1α∆N molecules) after purification using Ni-NTA-agarose beads (see Section 4). Lane
1, intact Reg-1α from bacteria source; lanes 2–3, supernatant obtained post Ni-NTA resin incubation
after calpain-2 (Reg-1α∆N1-4) or trypsin (Reg-1α∆N1-11) cleavage. Note the difference in the
molecular weight of the two purified fragments (double arrow). (C) Electron micrographs of the
purified Reg-1α∆N molecules, post calpain-2 (top panel) and trypsin (bottom panel) cleavage after
1 h and 8–10D. Scale bars: 200 nm.

3. Discussion

In the present study, we identified calpain-2 as the potential protease of Reg-1α in vitro
and revealed a unique cleavage site for the protein in its NH2 terminal, between Gln4 and
Thr5, which is distinct from the previously reported one for trypsin [36]. This type of prote-
olysis, typical of calpains, called modulatory proteolysis, consists in regulating substrate
functions by limited proteolysis. Doing so, it is considered as one of the most essential
posttranslational modifications (PTM) of proteins. Our result is strengthened by the demon-
stration of the direct interaction between the substrate and the protease. Moreover, the
result of such cleavage being regulated by the O-glycosylation of the protein shows that
both PTMs are likely to play a central role in Reg-1α function. Finally, the difference in
fibril formation observed between the calpain- and trypsin-cleaved Reg-1α raises questions
in the context of neurodegenerative diseases where calpains are overexpressed.

The identification of the calpain cleavage site in Reg-1α benefited from the in silico
prediction tool GPS-CCD [32], based on sequence alignment, and was confirmed by mass
spectrometry using the most advanced MALDI-TOF system. Several reports have pointed
out that the cleavage of calpain substrate would be regulated by both primary and high-



Int. J. Mol. Sci. 2022, 23, 8591 10 of 16

order structures (disordered regions), which explains the limited action of calpain [37,38].
Indeed, looking at calpains, the active-site cleft was found to be deeper and narrower
than that of papain. Due to this constraint, it is assumed that the substrate must be in a
fully extended conformation with its backbone stretched. This finding explains calpain
preference for proteolyzing inter-domain unstructured regions [30]. From this point of view,
Reg-1α with its 13 first residues disordered [39] appeared as a good/potential candidate
for calpain cleavage.

Considering the Reg-1α cleavage site, significant amino acid preferences were found
to extend over 11 residues around the scissile bond (noted P4 to P’7, see Table 1) where
Pro was shown to dominate the region flanking the cleavage site [38]. The authors also
showed that the segment C-terminal to the cleavage site resembles the inhibitory region of
calpastatin, the specific endogenous inhibitor of calpains, acting as a substrate analog. We
have thus analyzed (Table 1) the NH2 terminal sequence of human Reg-1α and found that
3 amino acids in the P’ position (P’1, P’4, and P’7) were conserved with calpastatin. The Gln4

and Glu6 found in the P1 and P’2 positions correspond to the preferred amino acid position
for calpain cleavage [33,37,38]. The presence of a hydrophobic residue in the P2 position,
namely Ala in the Reg-1α sequence, is frequently observed [40]. Moreover, considering
the high frequency of cleavage by calpains around position 11 from the NH2 terminal [37],
one could speculate that the presence of an His-tag next to the calpain cleavage site could
influence the natural cleavage of Reg-1α. The prediction using the GPS-CCD ruled out this
possibility showing that regardless of the presence of a His-tag, the cleavage site between
Gln4 and Thr5 showed the higher score. Altogether, this analysis corroborates our data.

Table 1. Sequence alignment of Reg-1α NH2 terminus around the cleavage site with a sequential
preference matrix of calpain according to [38].
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As part of the cleavage site, the influence of O-glycosylation, naturally occurring on the
unique Thr5 of Reg-1α, was investigated. The demonstration that the eukaryotic protein,
shown to be glycosylated, would not be cleaved by calpain-2 underscored the importance
of such PTM as a means of regulation. O-glycosylation has long been reported to confer
resistance to proteolysis [41], although a recent study using in silico analysis pointed
out that it could be more complex than initially reported [42]. Moreover, it is generally
accepted that the closer the O-glycan resides to the scissile bond, the greater the impact is
on cleavage [43]. A well-known example of such regulation is brought by the prevention
of an ectodomain shedding of membrane proteins due to O-glycosylation [44,45]. Reg-1α
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belongs to the 12% of glycosylated proteins which are exclusively O-glycosylated [46]. It is
noteworthy that, although no distinct consensus sequence is known, O-glycosylations were
shown to be favored in Pro-rich sequences, with a particular importance of the presence
of a Pro at +3 [47]. Note that this Pro corresponds to P’4 in the preferred amino acids for
calpain cleavage (Table 1).

Our results clearly question the impact of Reg-1α cleavage by calpain-2 depending on
its glycosylation status, the formation of Reg-1α fibrils, and the impact of the undecapeptide
in such structures. Trypsin was already shown to cleave Reg-1α at the origin of fibrils
resembling QHF [13], without demonstration of the influence of glycosylation of Reg-
1α on such cleavage. In our study, we showed for the first time that Reg-1α can be
cleaved by trypsin regardless of the presence of glycosylation, demonstrating that such
PTM does not influence this specific cleavage or fibril formation. We also noticed that the
presence of the undecapeptide seemed to influence the packing, since no large bundles were
observed when the experiment was performed using purified Reg-1α∆N1−11 molecules
(Figure 6A,C). Moreover, we showed that the fibrils formed post-trypsin cleavage after an
extended period (8–10 days), with the glycosylated Reg-1α displaying a slightly different
organization (with no large packing) when compared with the large bundles observed
within the same period using the non-glycosylated form of Reg-1α (Figure 6A, top and
bottom right panels). The presence of glycosylation on the undecapeptide could inhibit
such packing, compared to the non-glycosylated peptide, possibly by steric hindrance. This
result suggests that glycosylation could affect not only the calpain cleavage of Reg-1α, but
also the supramolecular organization of fibrils. Altogether, we can speculate that both
glycosylation and the presence of the undecapeptide generated post-trypsin cleavage could
influence the 3D organization of the fibrils.

As trypsin is not present in the brain, the identification of calpain-2 as a novel protease
for the cleavage of Reg-1α could thus be of great interest. Considering our previous results
on the role of Reg-1α in the central nervous system, the study of the impact of Reg-1α
cleavage by calpain-2 appears pertinent for a better understanding of the structure–function
relationship of Reg-1α in both physiological and pathological contexts. Indeed, we previ-
ously showed that during development the whole molecule was able to promote neurite
outgrowth, and that this was the fact of the undecapeptide action [6,48]. In situations where
the amount of glycosylation is altered and calpains overactivated, such as neurodegenera-
tive diseases or diabetes, calpain cleavage of Reg-1α would generate two new entities: i.e.,
a peptide of only four amino acids, and the Reg-1α∆N1−4 fragment. As we demonstrated,
such fragments—being deprived of any capacity of fibril formation—could have different
functions compared to their trypsin homologs. Moreover, Reg-1α could be the target of
calpain-2 before glycosylation occurs since the calcium protease has been located in the
ER [49], and the signal peptide does not hamper its action as predicted using GPS-CDD.
This increased cleavage would lead to intracellular accumulation of the Reg-1α∆N1−4. Fur-
ther investigations will be required to test the intracellular effect of the calpain-2 cleavage of
Reg-1α depending on its glycosylation status, on model of neurons overexpressing Reg-1α,
glycosylated or not, and in conditions where calpains will be overactivated.

In conclusion, we have shown that Reg-1α is a new substrate of calpain-2 depending on
its glycosylation status, and that this cleavage, in opposition to trypsin, does not allow fibril
formation in vitro. The decrease in glycosylation processes associated with the hyperactiva-
tion of calpain-2, and the overexpression of Reg-1α observed in Alzheimer disease, prompt
us to further investigate the calpain-2/Reg-1α crosstalk as well as the role of this new
cleavage and its regulation by glycosylation in the context of neurodegenerative diseases.
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4. Materials and Methods
4.1. Materials

Bacterial His-tagged Reg-1α (Bact. Reg-1α) was purchased from Biovendor, and the
eukaryotic form (Euk. Reg-1α) with no tag was from Bio-Techne (R&D systems, Noyal
Chatillon sur Seiche, France). E-64 was purchased from Sigma-Aldrich (St Louis, MO, USA)
and Ni-NTA agarose from Qiagen (Les Ulis, France).

4.2. Calpain-2 Purification (80/21kDa)

Recombinant active rat Calpain-2 and its inactive form (mutant C105S) were expressed
in E. coli using the co-expression of the two subunit cDNAs (pET24d and pACpET24 with
double selection kanamycin + ampicillin respectively, a generous gift from Pr P.L Davies),
corresponding to the whole catalytic subunit (80 kDa) plus the regulatory subunit deprived
of the N-terminal glycine-rich region (21 kDa), which is equivalent to the natural autolysis
product. The co-expression procedure has been shown to be necessary for the proteinase
activity. The heterodimer was purified as described [50,51] with minor modifications. In
our procedure, the bacteria were lysed using a mechanical breaker (1500 bars/2 passages).
The purified active and inactive proteins are presented in Figure S1.

4.3. Gel Electrophoresis and Immunoblotting

SDS-PAGE was performed using a Mini-PROTEAN Tetra Cell apparatus (Bio-rad)
on 13.5% (or specified under Figure legends). Coloration was obtained using either col-
loidal Coomassie Blue (InstantBlue, Expedeon, Abcam, Cambridge, UK) or the Stain-Free™
system including addition of 2,2,2-trichloroethanol (Sigma, T54801, 1:100) in the polyacry-
lamide gel. After migration, gels were activated by UV exposition (45 s) and pictured
with Chemidoc system (Bio-Rad, Marnes-La-Coquette, France). For western blot analysis,
SDS-PAGE gels were transferred (1 h at 100 V) to PVDF membranes (0.22 µm; Bio-Rad) by
standard electroblotting. Membranes were blocked for 1 h with 3% BSA in PBS containing
0.05% (v/v) Tween 20 followed by 1 h incubation with primary antibodies at room tem-
perature. Primary antibodies were rabbit anti-Reg-1α (Abcam, Cambridge, UK, ab47099,
1:1000), anti-Calpain-2 (Cell Signaling, Ozyme, Saint Quentin Yvelines, France, 2539, 1:1000),
and mouse anti-His (Sigma, Saint Quentin Fallavier, France, H1029, 1:3000). After 5 washes
of 8 min with PBS/Tween, membranes were incubated for 1 h with peroxidase-conjugated
goat anti-rabbit (Sigma, Saint Quentin Fallavier, France, A6154, 1:2000) or anti-mouse IgGs
(Sigma, A4416, 1:2000); finally, after 5 washes, immunolabeling was revealed by chemilumi-
nescence reaction using the ECL western blot detection reagents associated with Chemidoc
System (Bio-Rad).

4.4. Mass Spectrometry

Molecular masses of the proteins/peptides were determined by MALDI-TOF (matrix-
assisted laser desorption/ionization time-of-flight) mass spectroscopy on a Rapiflex (Bruker
Daltonics, Bremen, Germany) mass spectrometer in positive linear mode and reflectron
mode. Mass spectra were acquired in the mass ranges of m/z 500–3000 and 5000–25,000
for the reflectron and linear modes, respectively. Intensity and number of laser shots were
adjusted to obtain an optimal signal-to-noise ratio; most data resulted from 5000 shots at a
laser frequency of 5000 (linear)–10,000 (reflectron) Hz. External calibration was performed
with Bruker peptide and protein standard kits. The samples were mixed 1:1 (v/v) with
a solution of sinapinic acid (SA) at 10 mg/mL or a saturated solution of alpha-cyano-
4-hydroxycinnamic acid (HCCA) for linear and reflectron modes, respectively. Peptide
sequences were identified by manual analysis of fragment ions and subsequent comparison
of predicted (ProtParam tool—Expasy for linear mode and sum of the monoisotopic mass
of the amino-acids for the reflectron mode) and experimentally-obtained fragment patterns.
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4.5. Cross-Linking Experiments

Reg-1α and calpain-2 in its inactive form (mutant C105S, Reg-1α-C2I, molar ratio of
2/1) or Reg-1α alone (Reg-1α-Reg-1α) were incubated in buffer 50 mM Hepes, pH 7.3,
100 mM NaCl, 1 mM DTT, 1 mM EGTA (buffer A). The complexes were cross-linked
with 10 mM EDC/NHS. The reactions were allowed to proceed for 30 min, and reactions
terminated by the addition of an SDS-PAGE loading buffer and heating at 95 ◦C during
4 min. The cross-linked species were separated by gel electrophoresis (4–15%) and further
analyzed by immunodetection using both anti-Reg-1α and anti-calpain-2 antibodies.

4.6. Protein Cleavage

Non glycosylated form (bact. Reg-1α) of Reg-1α, diluted in 50 mM Hepes, pH 7.3,
1 mM DTT, 1 mM EGTA was treated with calpain-2 using a ratio of enzyme/substrate
varying from 1:50 to 1:10 (w/w) for a maximum of 45 min. Calpain-2 activation was
obtained after addition of 4 mM CaCl2. The reaction was stopped by the addition of
SDS-PAGE loading buffer and heating at 95 ◦C during 4 min. For samples used for MALDI
analysis, the cleavage was performed using a ratio of 1:10 (w/w) during 30 min and the
reaction was stopped by the addition of 3 µM E-64. For trypsin cleavage, the protein
diluted in 50 mM Tris-HCl, pH 8 was treated with trypsin (Promega) at a ratio of 1:100
(w/w), during 30 min. For samples used for TEM, the calpain-2 or trypsin cleavages were
performed using a ratio of 1:10 (w/w) or (1:100), respectively, during 1 h or 8–10 days
(8–10 D).

4.7. Preparation of the Reg-1α∆N Molecules

After cleavage of the bacterial form of Reg-1α with an His-tag in the NH2 terminus
either by calpain-2 or trypsin (as described elsewhere), the mixtures were incubated 1 h at
room temperature with Ni-NTA agarose beads (previously washed with PBS/Tween) using
a gentle agitation. Finally, after centrifugation 30 s at 10,000× g, the pellet containing the
His-tag associated to the cleaved peptide was discarded, and the supernatants containing
the Reg-1α∆N molecules were collected and a fraction of each preparation was loaded on
polyacrylamide gels.

4.8. Transmission Electron Microscopy

A drop (8–10 µL) of 20 µM solution of the various Reg-1α samples was applied to a
Formvar/carbon-coated copper grid (Agar Scientific, Gometz-La-Ville, France), negatively
stained with freshly filtered 2% uranyl acetate, dried and viewed using a JEOL JEM-
1400Flash (JEOL Europe SAS, Croissy Sur Seine, France) electron microscope operating at
80 kV.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23158591/s1.

Author Contributions: F.T., A.M. and M.-C.L. designed the research and analyzed the data. M.D.
and M.-C.L. performed the immunoblot studies. M.-C.L. also performed protein cleavage, calpain-2
production, and cross-linking experiments. J.T. performed TEM experiments. G.V. performed Mass
Spectrometry. M.-C.L. wrote the manuscript. A.M. and F.T. contributed to the writing and revision
process of the manuscript; N.M.-F. proofread it. A.M. supervised the work. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms23158591/s1
https://www.mdpi.com/article/10.3390/ijms23158591/s1


Int. J. Mol. Sci. 2022, 23, 8591 14 of 16

Acknowledgments: We are very grateful to P.L. Davies for providing the rat calpain-2 cDNAs and to
S. Gauthier for technical advice regarding the protein expression. We acknowledge the platforms of
MEA (Microscopie Électronique et Analytique), LMP (Laboratoire de Mesures Physiques) and Y. Boublik at
the Platform of Recombinant Protein production (CRBM, BioCampus).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AD: Alzheimer disease; BSA, bovine serum albumin; C2, calpain-2; C2I, inactive calpain-2;
DAPI, di aminido phenyl indol; DTT, dithiothreitol; ECL, enhanced chemiluminescence; EDC, 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide; EGTA, ethylene glycol-bis(2-aminoethyl-ether)-N,N,N’,N’-
tetraacetic acid; GPS-CCD, group-based prediction system-calpain cleavage detector; HCCA, alpha-
cyano-4-hydroxycinnamic acid; MALDI-TOF, Matrix-Assisted-Laser-Desorption-Ionisation Time-Of-
Flight; NHS, N-hydroxysuccinimide; Ni-NTA, nickel-nitrilotriacetic acid; PBS, phosphate buffer saline;
PBST, phosphate buffer saline tween; PTM, post translational modification; PVDF, polyvinylidene
difluoride; QHF, quadruple-helical filaments; Reg-1α, regenerating islet-derived 1-alpha; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; TEM, transmission electron microscopy.

References
1. Iovanna, J.L.; Dagorn, J.-C. The multifunctional family of secreted proteins containing a C-type lectin-like domain linked to a

short N-terminal peptide. Biochim. Biophys. Acta 2005, 1723, 8–18. [CrossRef] [PubMed]
2. Chen, Z.; Downing, S.; Tzanakakis, E.S. Four Decades After the Discovery of Regenerating Islet-Derived (Reg) Proteins: Current

Understanding and Challenges. Front. Cell Dev. Biol. 2019, 7, 235. [CrossRef] [PubMed]
3. Multigner, L.; De Caro, A.; Lombardo, D.; Campese, D.; Sarles, H. Pancreatic stone protein, a phosphoprotein which inhibits

calcium carbonate precipitation from human pancreatic juice. Biochem. Biophys. Res. Commun. 1983, 110, 69–74. [CrossRef]
4. Geider, S.; Baronnet, A.; Cerini, C.; Nitsche, S.; Astier, J.P.; Michel, R.; Boistelle, R.; Berland, Y.; Dagorn, J.C.; Verdier, J.M. Pancreatic

lithostathine as a calcite habit modifier. J. Biol. Chem. 1996, 271, 26302–26306. [CrossRef]
5. Bernard, J.P.; Adrich, Z.; Montalto, G.; De Caro, A.; De Reggi, M.; Sarles, H.; Dagorn, J.C. Inhibition of nucleation and crystal

growth of calcium carbonate by human lithostathine. Gastroenterology 1992, 103, 1277–1284. [CrossRef]
6. Varilh, M.; Acquatella-Tran Van Ba, I.; Silhol, M.; Nieto-Lopez, F.; Moussaed, M.; Lebart, M.-C.; Bovolenta, P.; Verdier, J.-M.;

Rossel, M.; Marcilhac, A.; et al. Reg-1α Promotes Differentiation of Cortical Progenitors via Its N-Terminal Active Domain. Front.
Cell Dev. Biol. 2020, 8, 681. [CrossRef]

7. De Caro, A.M.; Adrich, Z.; Fournet, B.; Capon, C.; Bonicel, J.J.; De Caro, J.D.; Rovery, M. N-terminal sequence extension in the
glycosylated forms of human pancreatic stone protein. The 5-oxoproline N-terminal chain is O-glycosylated on the 5th amino
acid residue. Biochim. Biophys. Acta 1989, 994, 281–284. [CrossRef]

8. De Reggi, M.; Capon, C.; Gharib, B.; Wieruszeski, J.M.; Michel, R.; Fournet, B. The glycan moiety of human pancreatic lithostathine.
Structure characterization and possible pathophysiological implications. Eur. J. Biochem. 1995, 230, 503–510. [CrossRef]

9. Ozturk, M.; de la Monte, S.M.; Gross, J.; Wands, J.R. Elevated levels of an exocrine pancreatic secretory protein in Alzheimer
disease brain. Proc. Natl. Acad. Sci. USA 1989, 86, 419–423. [CrossRef]

10. Duplan, L.; Michel, B.; Boucraut, J.; Barthellémy, S.; Desplat-Jego, S.; Marin, V.; Gambarelli, D.; Bernard, D.; Berthézène, P.;
Alescio-Lautier, B.; et al. Lithostathine and pancreatitis-associated protein are involved in the very early stages of Alzheimer’s
disease. Neurobiol. Aging 2001, 22, 79–88. [CrossRef]

11. Moussaed, M.; Huc-Brandt, S.; Cubedo, N.; Silhol, M.; Murat, S.; Lebart, M.-C.; Kovacs, G.; Verdier, J.-M.; Trousse, F.; Rossel, M.;
et al. Regenerating islet-derived 1α (REG-1α) protein increases tau phosphorylation in cell and animal models of tauopathies.
Neurobiol. Dis. 2018, 119, 136–148. [CrossRef] [PubMed]

12. Cerini, C.; Peyrot, V.; Garnier, C.; Duplan, L.; Veesler, S.; Le Caer, J.P.; Bernard, J.P.; Bouteille, H.; Michel, R.; Vazi, A.; et al.
Biophysical characterization of lithostathine. Evidences for a polymeric structure at physiological pH and a proteolysis mechanism
leading to the formation of fibrils. J. Biol. Chem. 1999, 274, 22266–22274. [CrossRef] [PubMed]

13. Grégoire, C.; Marco, S.; Thimonier, J.; Duplan, L.; Laurine, E.; Chauvin, J.P.; Michel, B.; Peyrot, V.; Verdier, J.M. Three-dimensional
structure of the lithostathine protofibril, a protein involved in Alzheimer’s disease. EMBO J. 2001, 20, 3313–3321. [CrossRef]
[PubMed]

14. Laurine, E.; Grégoire, C.; Fändrich, M.; Engemann, S.; Marchal, S.; Thion, L.; Mohr, M.; Monsarrat, B.; Michel, B.; Dobson, C.M.;
et al. Lithostathine quadruple-helical filaments form proteinase K-resistant deposits in Creutzfeldt-Jakob disease. J. Biol. Chem.
2003, 278, 51770–51778. [CrossRef] [PubMed]

15. Ono, Y.; Saido, T.C.; Sorimachi, H. Calpain research for drug discovery: Challenges and potential. Nat. Rev. Drug Discov. 2016, 15,
854–876. [CrossRef]

16. Goll, D.E.; Thompson, V.F.; Li, H.; Wei, W.; Cong, J. The calpain system. Physiol. Rev. 2003, 83, 731–801. [CrossRef]

http://doi.org/10.1016/j.bbagen.2005.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15715980
http://doi.org/10.3389/fcell.2019.00235
http://www.ncbi.nlm.nih.gov/pubmed/31696115
http://doi.org/10.1016/0006-291X(83)91261-5
http://doi.org/10.1074/jbc.271.42.26302
http://doi.org/10.1016/0016-5085(92)91516-7
http://doi.org/10.3389/fcell.2020.00681
http://doi.org/10.1016/0167-4838(89)90305-1
http://doi.org/10.1111/j.1432-1033.1995.tb20589.x
http://doi.org/10.1073/pnas.86.2.419
http://doi.org/10.1016/S0197-4580(00)00182-2
http://doi.org/10.1016/j.nbd.2018.07.029
http://www.ncbi.nlm.nih.gov/pubmed/30092268
http://doi.org/10.1074/jbc.274.32.22266
http://www.ncbi.nlm.nih.gov/pubmed/10428794
http://doi.org/10.1093/emboj/20.13.3313
http://www.ncbi.nlm.nih.gov/pubmed/11432819
http://doi.org/10.1074/jbc.M306767200
http://www.ncbi.nlm.nih.gov/pubmed/13129929
http://doi.org/10.1038/nrd.2016.212
http://doi.org/10.1152/physrev.00029.2002


Int. J. Mol. Sci. 2022, 23, 8591 15 of 16

17. Campbell, R.L.; Davies, P.L. Structure-function relationships in calpains. Biochem. J. 2012, 447, 335–351. [CrossRef] [PubMed]
18. Baudry, M.; Bi, X. Calpain-1 and Calpain-2: The Yin and Yang of Synaptic Plasticity and Neurodegeneration. Trends Neurosci.

2016, 39, 235–245. [CrossRef]
19. Baudry, M. Calpain-1 and Calpain-2 in the Brain: Dr. Jekill and Mr Hyde? Curr. Neuropharmacol. 2019, 17, 823–829. [CrossRef]
20. Wang, Y.; Liu, Y.; Bi, X.; Baudry, M. Calpain-1 and Calpain-2 in the Brain: New Evidence for a Critical Role of Calpain-2 in

Neuronal Death. Cells 2020, 9, E2698. [CrossRef]
21. Hosfield, C.M.; Elce, J.S.; Davies, P.L.; Jia, Z. Crystal structure of calpain reveals the structural basis for Ca(2+)-dependent protease

activity and a novel mode of enzyme activation. EMBO J. 1999, 18, 6880–6889. [CrossRef]
22. Strobl, S.; Fernandez-Catalan, C.; Braun, M.; Huber, R.; Masumoto, H.; Nakagawa, K.; Irie, A.; Sorimachi, H.; Bourenkow,

G.; Bartunik, H.; et al. The crystal structure of calcium-free human m-calpain suggests an electrostatic switch mechanism for
activation by calcium. Proc. Natl. Acad. Sci. USA 2000, 97, 588–592. [CrossRef] [PubMed]

23. Hanna, R.A.; Campbell, R.L.; Davies, P.L. Calcium-bound structure of calpain and its mechanism of inhibition by calpastatin.
Nature 2008, 456, 409–412. [CrossRef] [PubMed]

24. Moldoveanu, T.; Gehring, K.; Green, D.R. Concerted multi-pronged attack by calpastatin to occlude the catalytic cleft of
heterodimeric calpains. Nature 2008, 456, 404–408. [CrossRef]

25. Saido, T.C.; Yokota, M.; Nagao, S.; Yamaura, I.; Tani, E.; Tsuchiya, T.; Suzuki, K.; Kawashima, S. Spatial resolution of fodrin
proteolysis in postischemic brain. J. Biol. Chem. 1993, 268, 25239–25243. [PubMed]

26. Franco, S.J.; Huttenlocher, A. Regulating cell migration: Calpains make the cut. J. Cell Sci. 2005, 118, 3829–3838. [CrossRef]
27. Lebart, M.-C.; Benyamin, Y. Calpain involvement in the remodeling of cytoskeletal anchorage complexes. FEBS J. 2006, 273,

3415–3426. [CrossRef]
28. Magnaghi-Jaulin, L.; Marcilhac, A.; Rossel, M.; Jaulin, C.; Benyamin, Y.; Raynaud, F. Calpain 2 is required for sister chromatid

cohesion. Chromosoma 2010, 119, 267–274. [CrossRef]
29. Raynaud, F.; Marcilhac, A. Implication of calpain in neuronal apoptosis. FEBS J. 2006, 273, 3437–3443. [CrossRef]
30. Sorimachi, H.; Ono, Y. Regulation and physiological roles of the calpain system in muscular disorders. Cardiovasc. Res. 2012, 96,

11–22. [CrossRef]
31. Mahaman, Y.A.R.; Huang, F.; Kessete Afewerky, H.; Maibouge, T.M.S.; Ghose, B.; Wang, X. Involvement of calpain in the

neuropathogenesis of Alzheimer’s disease. Med. Res. Rev. 2019, 39, 608–630. [CrossRef]
32. Liu, Z.; Cao, J.; Gao, X.; Ma, Q.; Ren, J.; Xue, Y. GPS-CCD: A novel computational program for the prediction of calpain cleavage

sites. PLoS ONE 2011, 6, e19001. [CrossRef] [PubMed]
33. Liu, Z.-X.; Yu, K.; Dong, J.; Zhao, L.; Liu, Z.; Zhang, Q.; Li, S.; Du, Y.; Cheng, H. Precise Prediction of Calpain Cleavage Sites and

Their Aberrance Caused by Mutations in Cancer. Front. Genet. 2019, 10, 715. [CrossRef]
34. Purwaha, P.; Silva, L.P.; Hawke, D.H.; Weinstein, J.N.; Lorenzi, P.L. An artifact in LC-MS/MS measurement of glutamine and

glutamic acid: In-source cyclization to pyroglutamic acid. Anal. Chem. 2014, 86, 5633–5637. [CrossRef]
35. Milhiet, P.-E.; Yamamoto, D.; Berthoumieu, O.; Dosset, P.; Le Grimellec, C.; Verdier, J.-M.; Marchal, S.; Ando, T. Deciphering the

Structure, Growth and Assembly of Amyloid-Like Fibrils Using High-Speed Atomic Force Microscopy. PLoS ONE 2010, 5, e13240.
[CrossRef]

36. De Reggi, M.; Gharib, B. Protein-X, Pancreatic Stone-, Pancreatic thread-, reg-protein, P19, lithostathine, and now what?
Characterization, structural analysis and putative function(s) of the major non-enzymatic protein of pancreatic secretions. Curr.
Protein Pept. Sci. 2001, 2, 19–42. [CrossRef]

37. Shinkai-Ouchi, F.; Koyama, S.; Ono, Y.; Hata, S.; Ojima, K.; Shindo, M.; duVerle, D.; Ueno, M.; Kitamura, F.; Doi, N.; et al. Predic-
tions of Cleavability of Calpain Proteolysis by Quantitative Structure-Activity Relationship Analysis Using Newly Determined
Cleavage Sites and Catalytic Efficiencies of an Oligopeptide Array. Mol. Cell. Proteomics. 2016, 15, 1262–1280. [CrossRef]

38. Tompa, P.; Buzder-Lantos, P.; Tantos, A.; Farkas, A.; Szilágyi, A.; Bánóczi, Z.; Hudecz, F.; Friedrich, P. On the sequential
determinants of calpain cleavage. J. Biol. Chem. 2004, 279, 20775–20785. [CrossRef]

39. Bertrand, J.A.; Pignol, D.; Bernard, J.P.; Verdier, J.M.; Dagorn, J.C.; Fontecilla-Camps, J.C. Crystal structure of human lithostathine,
the pancreatic inhibitor of stone formation. EMBO J. 1996, 15, 2678–2684. [CrossRef]

40. duVerle, D.; Takigawa, I.; Ono, Y.; Sorimachi, H.; Mamitsuka, H. CaMPDB: A Resource for Calpain and Modulatory Proteolysis.
In Genome Informatics 2009; Imperial College Press: London, UK, 2010; pp. 202–213.

41. Jentoft, N. Why are proteins O-glycosylated? Trends Biochem. Sci. 1990, 15, 291–294. [CrossRef]
42. King, S.L.; Goth, C.K.; Eckhard, U.; Joshi, H.J.; Haue, A.D.; Vakhrushev, S.Y.; Schjoldager, K.T.; Overall, C.M.; Wandall, H.H.

TAILS N-terminomics and proteomics reveal complex regulation of proteolytic cleavage by O-glycosylation. J. Biol. Chem. 2018,
293, 7629–7644. [CrossRef] [PubMed]

43. Gram Schjoldager, K.T.-B.; Vester-Christensen, M.B.; Goth, C.K.; Petersen, T.N.; Brunak, S.; Bennett, E.P.; Levery, S.B.; Clausen, H.
A Systematic Study of Site-specific GalNAc-type O-Glycosylation Modulating Proprotein Convertase Processing. J. Biol. Chem.
2011, 286, 40122–40132. [CrossRef] [PubMed]

44. Goth, C.K.; Halim, A.; Khetarpal, S.A.; Rader, D.J.; Clausen, H.; Schjoldager, K.T.-B.G. A systematic study of modulation of
ADAM-mediated ectodomain shedding by site-specific O-glycosylation. Proc. Natl. Acad. Sci. USA 2015, 112, 14623–14628.
[CrossRef]

http://doi.org/10.1042/BJ20120921
http://www.ncbi.nlm.nih.gov/pubmed/23035980
http://doi.org/10.1016/j.tins.2016.01.007
http://doi.org/10.2174/1570159X17666190228112451
http://doi.org/10.3390/cells9122698
http://doi.org/10.1093/emboj/18.24.6880
http://doi.org/10.1073/pnas.97.2.588
http://www.ncbi.nlm.nih.gov/pubmed/10639123
http://doi.org/10.1038/nature07451
http://www.ncbi.nlm.nih.gov/pubmed/19020623
http://doi.org/10.1038/nature07353
http://www.ncbi.nlm.nih.gov/pubmed/8227089
http://doi.org/10.1242/jcs.02562
http://doi.org/10.1111/j.1742-4658.2006.05350.x
http://doi.org/10.1007/s00412-010-0255-z
http://doi.org/10.1111/j.1742-4658.2006.05352.x
http://doi.org/10.1093/cvr/cvs157
http://doi.org/10.1002/med.21534
http://doi.org/10.1371/journal.pone.0019001
http://www.ncbi.nlm.nih.gov/pubmed/21533053
http://doi.org/10.3389/fgene.2019.00715
http://doi.org/10.1021/ac501451v
http://doi.org/10.1371/journal.pone.0013240
http://doi.org/10.2174/1389203013381233
http://doi.org/10.1074/mcp.M115.053413
http://doi.org/10.1074/jbc.M313873200
http://doi.org/10.1002/j.1460-2075.1996.tb00628.x
http://doi.org/10.1016/0968-0004(90)90014-3
http://doi.org/10.1074/jbc.RA118.001978
http://www.ncbi.nlm.nih.gov/pubmed/29593093
http://doi.org/10.1074/jbc.M111.287912
http://www.ncbi.nlm.nih.gov/pubmed/21937429
http://doi.org/10.1073/pnas.1511175112


Int. J. Mol. Sci. 2022, 23, 8591 16 of 16

45. Park, M.; Reddy, G.R.; Wallukat, G.; Xiang, Y.K.; Steinberg, S.F. β1-adrenergic receptor O-glycosylation regulates N-terminal
cleavage and signaling responses in cardiomyocytes. Sci. Rep. 2017, 7, 7890. [CrossRef]

46. Apweiler, R.; Hermjakob, H.; Sharon, N. On the frequency of protein glycosylation, as deduced from analysis of the SWISS-PROT
database. Biochim. Biophys. Acta 1999, 1473, 4–8. [CrossRef]

47. Thanka Christlet, T.H.; Veluraja, K. Database analysis of O-glycosylation sites in proteins. Biophys. J. 2001, 80, 952–960. [CrossRef]
48. Acquatella-Tran Van Ba, I.; Marchal, S.; François, F.; Silhol, M.; Lleres, C.; Michel, B.; Benyamin, Y.; Verdier, J.-M.; Trousse, F.;

Marcilhac, A. Regenerating islet-derived 1α (Reg-1α) protein is new neuronal secreted factor that stimulates neurite outgrowth
via exostosin Tumor-like 3 (EXTL3) receptor. J. Biol. Chem. 2012, 287, 4726–4739. [CrossRef]

49. Hood, J.L.; Brooks, W.H.; Roszman, T.L. Differential compartmentalization of the calpain/calpastatin network with the endoplas-
mic reticulum and Golgi apparatus. J. Biol. Chem. 2004, 279, 43126–43135. [CrossRef]

50. Graham-Siegenthaler, K.; Gauthier, S.; Davies, P.L.; Elce, J.S. Active recombinant rat calpain II. Bacterially produced large and
small subunits associate both in vivo and in vitro. J. Biol. Chem. 1994, 269, 30457–30460. [CrossRef]

51. McCartney, C.-S.E.; Davies, P.L. Bacterial Expression and Purification of Calpains. Methods Mol. Biol. 2019, 1915, 13–27.

http://doi.org/10.1038/s41598-017-06607-z
http://doi.org/10.1016/S0304-4165(99)00165-8
http://doi.org/10.1016/S0006-3495(01)76074-2
http://doi.org/10.1074/jbc.M111.260349
http://doi.org/10.1074/jbc.M408100200
http://doi.org/10.1016/S0021-9258(18)43835-5

	Introduction 
	Results 
	Reg-1 Is a Calpain Substrate In Vitro 
	Identification of the Calpain Cleavage Site on Reg-1 
	Calpain-2 Is Not Able to Cleave the Glycosylated Form of Reg-1 
	Calpain2-Cleaved Reg-1 Does Not Form Fibrils 

	Discussion 
	Materials and Methods 
	Materials 
	Calpain-2 Purification (80/21kDa) 
	Gel Electrophoresis and Immunoblotting 
	Mass Spectrometry 
	Cross-Linking Experiments 
	Protein Cleavage 
	Preparation of the Reg-1N Molecules 
	Transmission Electron Microscopy 

	References

