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Abstract

Calpastatin, an endogenous inhibitor of calpain, is composed of domain L and four repetitive homologous domains 1-4. Domains
1-4 inhibit calpain, whereas domain L partially reprimes L-type Ca>" channels for voltage-gated activation. In the present study, the
effects on Ca?" channel activity of four isoforms and a series of fragments of calpastatin domain L were investigated in guinea-pig ven-
tricular myocytes with the patch—clamp method. With one exception, all the isoforms and fragment peptides that contained amino acid
residues 54-64 of domain L reprimed the Ca®" channels to comparable levels (9-15% of control activity) to those observed previously
with a full-length form of calpastatin. These results suggest that the region containing amino acid residues 54-64 (EGKPKEHTEPK) is
responsible for the Ca®" channel repriming function of calpastatin domain L.

© 2006 Elsevier Inc. All rights reserved.
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A calpastatin molecule contains a unique N-terminal
region (domains L and XL) and four homologous C-termi-
nal regions (domains 1-4) [1-4]. It is well established that
domains 1-4 are responsible for the inhibition of calpain,
the calcium-dependent cysteine protease [5]. However, the
function of the N-terminal region, especially that of
domain L, is not clear, although its existence is well con-
served in tissue-type calpastatin of human, pig, rabbit,
and other mammals [6-8]. We and others have previously
suggested that calpastatin has a Ca®" channel repriming
function based on the following findings: (1) run-down of
L-type Ca®' channel in guinea-pig cardiac myocytes is
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prevented and/or reversed by cytoplasm extracted from
bovine heart, in which one of the effective components
was shown to be calpastatin [9-12]. (2) Calpastatin extract-
ed from bovine heart or expressed in Escherichia coli (E.
coli) as a recombinant protein partially reverses the run-
down [12-16]. (3) The channel-activating effect of calpasta-
tin is not mimicked by synthetic calpain inhibitors [17].
Furthermore, we have recently confirmed that this channel
activating function is localized in domain L [16]. Based on
these findings, we have proposed that calpastatin has dual
functions, namely a calpain-inhibiting function carried by
domains 1-4 and Ca®" channel-activating function carried
by domain L [16].

Based on the N-terminal sequences, calpastatin is classi-
fied into four types, type -1V [4]. Types I and II contain
the XL region in addition to domains L and 1-4, while type
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IIT starts from domain L and type IV from domain 2. In
this study, we have investigated whether these isoforms
have different effects on Ca”*" channel activity and which
specific region of the calpastatin L or XL domains is
responsible for the Ca®' channel activating function in
guinea-pig cardiac myocytes using the patch—clamp
method. We have found that the Ca®" channel activating
effect of calpastatin is restricted to domain L and that the
sequence corresponding to amino acid residues 54-64
(human cDNA, GenBank Accession No. D16217) may
be responsible for this function.

Materials and methods

Preparation of single cardiac myocytes. Ventricular myocytes from
guinea-pigs were dispersed by collagenase and protease as described
previously [18]. A female guinea-pig (weight 350-500 g) was anaesthe-
tized with sodium pentobarbital (30 mg/kg i.p.), and the aorta was
cannulated under artificial respiration. The heart was then dissected out,
mounted on a Langendorff apparatus, and perfused with Tyrode solution
for 3 min at 37 °C, followed by a nominally Ca®"-free Tyrode solution

A pCS isoforms

for 6 min, a solution containing collagenase (0.08 mg/ml, Yakult, Tokyo,
Japan) for 7-15 min, and finally washed out with a high-K™ and low-
Ca’" storage solution. The left ventricular myocytes were dispersed and
filtered through a stainless steel mesh (105 um), treated with alkaline
protease (Nagase NK-103, 0.03 mg/ml, Katayama, Osaka, Japan) and
DNase I (type IV, 0.02 mg/ml, Sigma Aldrich, St. Louis, USA) for 4 min
at 37 °C, and washed twice with centrifugation at 800 rpm for 3 min. The
isolated cells were stored at 4°C until used for the patch—clamp
experiments.

Preparation of calpastatin peptides. Calpastatin isoforms and their
fragment peptides used in this study are illustrated in Fig. 1. Porcine cal-
pastatin isoforms (type I, II, III and IIIA3; GenBank Accession Nos.
AJ583407, AJ583408, and AJ583409) were generated by RT PCR from
cardiac and skeletal muscle cDNA using forward primers located in exons
1Xa, 1Xb, and 2 and a common reverse primer located in exon 7, essentially
as described previously [19], and cloned by into pGEX-4 T-1 (Amersham
Biosciences, Uppsala, Sweden). The cDNAs corresponding to amino
acid residues 3-148 (L3-148), 3-68 (L3-68), and 57-148 (L57-148) of
human calpastatin (GenBank Accession No. D16217) were inserted into
pGEX-6P-3 (Amersham Biosciences). The corresponding peptides were
expressed as glutathione S-transferase (GST) fusion proteinsin E. coli, BL21
and purified using Glutathione Sepharose 4B (Amersham Biosciences). The
GST region of human calpastatin fragments was removed by cleavage using
PreScission protease (Amersham Biosciences). Finally, expressed peptides
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Fig. 1. Schematic representation of fragments of domain L of porcine calpastatin isoforms (A) and human calpastatin (B). The corresponding range and
the exon number are shown with open box. Dotted line indicates the beginning of the domain L. Human calpastatin fragments are named with the amino
acid number of the first and the last residue. (C) Hydropathy plot in a fixed segment (average span: five residues) was calculated on Hoop & Woods
parameter by using a calculation software of Genetyx and plotted for each residue, dotted line shows the 0 level.
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were checked on SDS-PAGE and quantified by the Bradford method.
Shorter peptides corresponding to amino acid residues 17-36 (named as
L17-36),45-64 (L45-64), 54-64 (L54-64), 66-80 (L66-80), 78-85 (L78-85),
89-102 (L89-102), 103-122 (L103-122), and 118-137 (L118-137) were
prepared by custom synthesis (Sigma Aldrich Japan, Ishikari, Japan).

Solutions. Tyrode solution contained (in mM): 135 NaCl, 5.4 KCl, 0.33
NaH,PO,, 1.0 MgCl,, 5.5 glucose, 1.8 CaCl,, and 10 Hepes—NaOH buffer
(pH 7.4). Storage solution contained (in mM): 70 KOH, 50 glutamic acid,
40 KCl, 20 KH,POy,, 20 taurine, 3 MgCl,, 10 glucose, 10 Hepes, and 0.5
EGTA-buffer (pH 7.4 by KOH). Pipette solution contained (in mM): 50
BaCl,, 70 TEA-CI, 0.5 EGTA, 0.003 Bay K 8644, and 10 Hepes-CsOH
buffer (pH 7.4). The basic internal solution contained (in mM): 90 K
aspartate, 30 KCI, 10 KH,PO,4, 1 EGTA, 0.5 MgCl,, 0.5 CaCl,, and 10
Hepes—KOH buffer (pH 7.4).

Patch—clamp and data analysis. Ca®* channel activity was recorded in
the myocytes superfused with basic internal solution at 23-25 °C using a
patch pipette (2-4 MQ) containing 50 mM Ba®* and 3 uM Bay K 8644 (a
dihydropyridine class Ca?" channel activator; a generous gift from Bayer,
Leverkusen, Germany). The channel activity was elicited by a depolarizing
pulse from a holding potential of —70 mV to 0 mV at a rate of 0.5 Hz with
a patch—clamp amplifier EPC-7 (List, Darmstadt, Germany). The current
signals were filtered at 1-1.5 Hz and fed to a computer at a sampling rate
of 3.3 kHz where the capacity and the leakage currents were digitally
subtracted. The NPo value was used to represent the channel activity,
where N is the number of channels in the patch and Po is the time-aver-
aged open-state probability of the channels of each depolarizing pulse.
The NPo was calculated based on the equation NPo = I/i, where I is the
mean current during the period 5-105 ms after the onset of the test pulses,
and i is the unitary current amplitude. In each experiment, basal activity
was recorded in the cell-attached mode for 2 min, and then run-down was
induced by excising the patch membrane from the cell into basic internal
solution to establish the inside-out patch mode. One minute after the
patch excision, test solutions were applied by moving the patch into a
small inlet of the perfusion chamber, which was connected to a microin-
jection system. The test solutions were supplemented with 3 mM MgATP
(Sigma), based on our previous finding that ATP was required to reverse
run-down [9,20].

Data are presented as means + SE. Student’s 7 test was used to
estimate statistical significance and a p value less than 0.05 was considered
as significant.

The experiments were carried out with permission from the Committee
of Animal Experimentation, Kagoshima University, Japan.

Results
Effects of porcine calpastatin isoforms

Four types of calpastatin protein isoforms have been
identified in porcine cardiac muscle [19]. Types I and II
contain the XL region encoded by alternative exons 1Xa
or 1Xb, exon 1Y, and exon 1Z arranged tandemly
upstream of domain L. Fig. 1 shows the first nine exons
that encode the XL and L domain, out of a total of approx-
imately 30 exons representing the whole gene. Type III
starts from an ATG translation start site in exon 2 and it
has a splicing variant that is an exon 3-deleted form (type
IIIA3). The Ca®" channel repriming effects of domain
XL-L regions of these four calpastatin isoforms were eval-
uated as the potency to recover channel activity after run-
down of the channels in the inside-out patch mode. Fig. 2A
shows an example of the experiments with domain L of
type IIIA3. The Ca*" channel was first recorded in the
cell-attached mode as control, and then the membrane
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Fig. 2. (A) Effect of 10 uM calpastatin type IIIA3 recombinant protein on
Ca®* channel activity. The NPo value was calculated and plotted against
time. Inside-out patch mode (I1.0) was initiated at the time indicated by the
arrow. Test solutions, supplemented with 3 mM MgATP, were applied as
indicated by the box. Consecutive current traces in the cell-attached mode
(a) and in the inside-out patch mode in the presence of type I1IA3 domain
L (b) are shown in the lower panel. (B) Ca>" channel activity (relative
values) induced by domain XL-L of porcine calpastatin isoforms in the
inside-out patch mode. All the test solutions were supplemented with
3mM ATP. Data are presented as means + SE with numbers of
experiments inside the data bars.

patch was excised to the inside-out patch mode (indicated
as 1.O). Channel activity was decreased in the inside-out
mode due to run-down, but application of domain L par-
tially recovered the channel activity. Channel activity
induced by domain L of type IIIA3 was small (~10% of
that in the cell-attached mode) but was significantly higher
than that observed with 10 uM GST (4.0 £ 1.6%, n = 4;
p <0.05) or 2 mg/ml BSA (5.2 +0.9%, n=15; p <0.05).

The effects of domain XL-L of types I-11I were similar
to or slightly higher than that of type IIIA3. Values of rel-
ative channel activity for domain XL-L of types I, II, III,
and IITIA3 (10 pM) were 14.5 +3.9% (n=4), 12.8 + 3.0%
(n=25), 144+44% (n==6), and 9.1 £2.0% (n=2>6),
respectively (Fig. 2), and these values were significantly
higher than those for controls GST and BSA (p <0.05).
However, in mutual comparison, these values are not sig-
nificantly different from each other (p > 0.05). These results
suggest that XL region and exon 3 are not necessary for the
activation of the Ca*" channel, and therefore that they are
not effective regions for repriming the Ca®" channels.
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Effects of L3-148

Domain L of human calpastatin is composed of 150
amino acids. L3-148 is a peptide that has 2-amino acid
omissions at N- and C-termini. The relative channel activ-
ity in the presence of 10 uM L3-148 in the inside-out mode
was 10.6 + 1.7% (n = 7) of that in the cell-attached mode
(Fig. 4A). This value was not different from that reported
previously for the full-size domain L [13,16], suggesting
that the omission of the initial and the final two amino
acids did not influence the Ca*" channel repriming func-
tion of calpastatin and its domain L.

Effects of L3—68 and L57-148

Domain L was then divided into two parts, L3-68 and
L57-148, to explore which part contained the functional
region. The effect of 10 uM L57-148 (with 3 mM ATP) is
shown in Fig. 3A. The activity of the channels decreased
in inside-out patch in the basic internal solution, but
application of L57-148 recovered the channel activity.
The relative channel activity was 13.6 4+ 2.2% (n =5), sig-
nificantly higher than that observed with GST (p <0.01)
or BSA (p <0.01). The relative channel activity induced
by 10 uM L3-68 (with 3 mM ATP) in the inside-out patch
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Fig. 3. Effect of 10 uM L57-148 (A) and L54-64 (B) on Ca®" channel
activity. The NPo value was calculated and plotted against time. Inside-
out patch mode (I.O) was initiated at the time indicated by the arrow. Test
solutions, supplemented with 3 mM MgATP, were applied as indicated by
the box. Consecutive current traces in the cell-attached mode (a), and in
the inside-out patch mode in the presence of L57-148 (A,b) and L54-64
(B,b) are shown in the lower panel of (A,B), respectively.

mode was 7.6 + 1.9% (n = 5) (Fig. 4A). This value was not
statistically different from those for controls (GST and
BSA). These results indicated that the Ca?" channel repri-
ming function is likely to be in a region within L57-148.

Effects of L54-64 and other short peptides

Considering that L57-148 was effective, we designed
several shorter peptides (8-20 amino acids) from this
region considering hydropathy of the residues and predict-
ed secondary structures, i.e., L54-64, L66-80, L78-85,
L89-102, L103-122, and L118-137. Among these peptides,
L54-64, with 11 amino acids, showed the highest channel
activating effect. As shown in Fig. 3B, after run-down in
inside-out patch, the application of 10 uM L54-64 restored
the channel activity to 13.9 4+ 2.3% (n = 11) of that record-
ed in cell-attached mode (p <0.05 vs. GST and BSA),
which is comparable to those observed with L13-148,
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Fig. 4. Effects of fragments of human calpastatin domain L on Ca®"
channel activity. (A) Summary of the repriming effects of domain L
fragments (10 pM). Control values were recorded with no protein/peptide
(none), 10 uM GST, and 2 mg/ml BSA. Data are presented as means + SE
with numbers of experiments. Significant differences are marked by
*p < 0.05 or **p <0.01 vs. GST and BSA. 'In L45-64, the effect was not
significant at 10 uM, but significant (p <0.05) at 80 uM. Broken line
indicates 8% level in the relative channel activity. (B) Concentration-
dependence of the channel-repriming effect of L54-64 and L17-36. Data
are presented as mean + SE (rn = 3-11). Significant differences are marked
by *p <0.05 or **p <0.01. All the test solutions were supplemented with
3 mM ATP in (A,B).
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L57-148 (Fig. 4), as well as full-size calpastatin and its
domain L [11,12,15,16].

The other peptides, L66-80, L78-85, 1.89-102, L103—
122, and L118-137, each at 10 uM were less effective, with
the relative channel activities in the presence of these
peptides being less than 5%. When the concentrations of
these peptides were increased to 50-100 uM, the relative
channel activities were slightly increased: 9.7 + 1.6%
(n=15) for 100 uM L66-80, 6.7 +2.1% (n = 5) for 50 uM
L78-85, 9.4+26% (n=7) for 100uM L89-102,
59+2.7% (n==6) for 50 uM L103-122, and 8.2 +£2.1%
(n=25) for 100 pM L118-137. Nevertheless none of these
effects was statistically significant (p > 0.05 vs. GST or BSA).

L45-64, which overlaps with L54-64, also recovered the
channel activity. Although the relative channel activity in
the presence of L45-64 (10 uM) was not significant
(10.0 4+ 3.3%, n =13, p > 0.05 vs. GST or BSA), it was sig-
nificantly higher with 80 uM L45-64 (9.6 +1.2%, n =15,
p < 0.05). These results suggest that the Ca*" channel acti-
vating function of calpastatin domain L with 150 amino
acids in length can be covered by a short peptide of only
11 amino acids.

As summarized in Fig. 4A, the peptides that contain the
region of amino acid residues 54-64 show the Ca®*-channel
repriming effect, with exception of L3-68. This finding
strongly suggested that L54-64 carried the Ca”*"-channel
repriming effect.

Dose-dependence of L5464

Finally, we investigated concentration-dependence of
the effect of L54-64. For comparison, L17-36, a shorter
peptide derived from the N-terminal regions of L3-68,
was also examined. As shown in Fig. 4B, the channel rep-
riming effect increased with increasing concentration of
L54-64 up to 100 uM. On the other hand, the effect of
L17-36 was not significant even at 100 pM (5.1 4+ 1.3%,
n=1>5), although a slight concentration-dependent effect
was seen. These results further support the view that the
Ca®" channel repriming effect is located in the region of
amino acid residues 54-64 of domain L.

Discussion

We have found that a short peptide of calpastatin
domain L, L54-64, shows a comparable effect on Ca®*
channel activity to that of full-size domain L. This provides
strong support that domain L, whose function is unknown,
has a Ca®"-channel repriming function, and hence calpast-
atin has dual functions, namely inhibition of calpain
(domains 1-4) and the regulation of the Ca®' channel
(domain L).

Based on the N-terminal sequences, calpastatin is classi-
fied into four types, I-IV [4]. Types I and II contain the XL
region (reflecting different promoter usage or alternative
splicing) in addition to domain L and inhibitory domains
1-4, while type III mRNA is generated from a promoter

upstream of exon 1U and is translated from exon 2 (part
of domain L). Type IV arises from a promoter upstream
of exon 14 (part of inhibitory domain 2). Accordingly types
I-1IT each have unique N-terminal sequences and are
expressed widely in tissues, while type IV is expressed only
in testis [3,19,21]. In this study, XL-L regions of type I-III
of porcine calpastatin showed repriming effects on Ca®*
channel run-down in inside-out patches, to an extent simi-
lar to that of domain L. This result suggests that the XL
region is not necessary for the effect on Ca*>" channels.

A possible role of exon 3 on channel activity was also
examined by using type I1IA3 isoform, in which exon 3 is
deleted by alternative splicing [4,19]. The exon 3 has been
suggested to confer membrane binding characteristics or
to be a nuclear translocation signal [22]. It is mostly spliced
out in skeletal muscle but not in cardiac muscle [23], sug-
gesting a difference between these muscle types in the func-
tion of domain L. In this study, however, it is found that
type IIIA3 reprimes the channel to a comparable level to
that observed with other isoforms. This result suggests that
a functional role of exon 3 cannot be attributed to the
channel repriming effect.

We have found that four peptides that contain amino
acid residues 54-64, but not L3-68, show the Ca®>"-channel
repriming effect. Furthermore, L54-64 showed a concen-
tration-dependent effect with the ECs, of about 10 uM.
This value is comparable to that of domain L (2.6 uM)
[16]. These findings strongly suggest that the channel-repri-
ming effect of calpastatin can be mapped to L54-64, a
region corresponding to exon 5. It is interesting to note
that exon 5 is frequently spliced out in tissues such as in
tumor cells, but not in cardiac muscle [22].

Amino acid sequence analysis of domain L for second-
ary structures by New Joint method [24] predicts that only
four regions can form higher structures (*QAVK?™,
BKLSVVH®, ¥ KKAV®* and '"“VAGITAI'?), while
other regions including L54-64 seem to form random coils.
Hydropathy analysis of domain L shows that there is a
hydrophilic region spanning 62 amino acid residues from
44 to 105, including 1.54-64 (Fig. 1). These analyses suggest
that the region of L54-64 may be exposed on the surface of
calpastatin molecule and ready to interact with other pro-
teins such as ion channels. Domain L of calpastatin is rich
in basic amino acid residues, arginine, and lysine [22].
However, the channel-repriming effect of domain L cannot
be explained simply by the basic nature (high pl) of the
peptides (Table 1). For example L3-68, L17-36, L78-85,
and L118-137 have pl values higher than 10, but have no
significant effect on the channel. It seems that the effect
of L54-64 on the Ca>" channel is specific and is based on
its amino acid sequence. Although overall amino-acid
sequence homology of domain L among species (human,
monkey, cow, sheep, pig, rabbit, rat, and mouse) is low
compared to that of domains 1-4, the sequence of exon 5
is relatively conserved (amino acid homology ~40%).

Besides L-type Ca®" channels, there is no report of the
direct activation of other ion channels by calpastatin
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Table 1

Distribution of charged residues in human calpastatin fragments

Peptide No. of amino Arg Lys His Asp Glu Sum of charge values® pl¢

acid residues

L3-148* 146 1 29 5 5 14 +13.5 10.3
L3-68 66 0 16 4 0 8 +10 10.5
L57-148" 92 1 17 2 5 8 +6 10.0
L17-36 20 0 6 2 0 1 +4 10.5
L45-64° 20 0 5 2 0 4 +2 9.4
L54-647 11 0 3 1 0 3 +0.5 7.8
L66-80 15 0 1 1 2 0 —0.5 5.1
L78-85 8 0 2 1 0 0 +2.5 10.6
L89-102 14 0 3 0 0 2 +1 7.2
L103-122 20 0 0 0 1 1 -2 3.1
L118-137 20 0 6 0 1 1 +4 10.5

2 Peptides showing a statistically significant effect on Ca®" channel activity.

® Charge values were calculated with Arg and Lys as +1, His as +0.5, and Asp and Glu as —1.

¢ Isoelectric points (pI) were calculated by Genetyx software.

domain L, although calpastain seems to regulate activity of
some ion channels through inhibition of calpain (e.g., [25]).
It is possible that calpastatin might regulate a wide variety
of ion channels via domain 1-4 (calpain inhibition) or
domain L (possibly direct action), especially for the
Ca”"-permeable channels.

According to our findings and other reports, there are
several factors that may be involved in the reversion of
Ca®" channel run-down including crude cytoplasm of
bovine heart [9-11], a high molecular weight fraction of
bovine heart extract [12], calpastatin [12,14,16], ATP [20],
PKA [26], G-protein [27], calmodulin [28], and calmodu-
lin-dependent protein kinase II (Hao et al., unpublished
data). The mechanisms by which these factors act on the
channel are complicated and have not been fully deter-
mined. The short peptide L54-64 can be a good tool to
investigate interactions and functional cross-talk among
the regulating factors and the channels.

Among the above-mentioned Ca®'-channel repriming
factors, compared with the effects of crude cytoplasm and
calmodulin, the channel-repriming effect of calpastain is
limited. Full-length calpastatin, purified from bovine heart
or produced as a recombinant protein, can reprime the
channels to only 20-40% of original activity [12,14-16].
This incomplete potency of calpastatin is seen also with
domain L (devoid of domains 1-4), and its peptide frag-
ments, even though the concentration was increased to
100 uM (Fig. 4B). These results suggest that the limited
effect on the channel may be an intrinsic character of cal-
pastatin. In contrast to the limited effect of calpastatin on
the run-down channels, calpastatin can maintain channel
activity when applied before the channel runs down [13],
or it can reactivate the channels to about 60-90% level
when applied together with ““H fraction’, a high-molecular
fraction of cardiac cytoplasm [12]. Therefore, the effect of
calpastatin seems to depend on a particular state of the
channel, the molecular basis of which is not clear. Further
studies are needed to clarify this channel status dependency
of calpastatin’s effectiveness.

Calpastain, as the endogenous inhibitor of calpain, can
also be digested by calpain [29,30] and other protease such
as caspase [31]. At low Ca*" concentration (<20 pM), mod-
erate degradation of calpastatin by p-calpain occurs and
produces a 15 kDa protein with enhanced calpain inhibito-
ry activity and some other fragments with low molecular
mass [29]. At higher Ca>" concentration, extensive degra-
dation of calpastatin by m-calpain occurs and the calpain
inhibitory activity disappears completely [29,30]. Our cur-
rent result suggests that even if calpastatin was digested
to small fragments, the Ca®" channel activating function
might still remain. The small but persistent effect of cal-
pastatin might be important to the cell function.
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