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Calpain-7 binds to CHMP1B at its second a-helical region
and forms a ternary complex with IST1
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Some intracellular proteins involved in the endosomal
sorting complex required for transport (ESCRT)
system have microtubule interacting and transport
(MIT) domains and bind to ESCRT-III protein
family members named charged multivesicular body
proteins (CHMPs) at their C-terminal regions contain-
ing MIT-interacting motifs (MIMs). While two types
of MIMs (MIM1 and MIM2) have been reported,
CHMPI1B has MIM1 and IST1 has both MIM1 and
MIM2. Previously, we demonstrated that CHMP1B
and IST1 directly interacted with a tandem repeat
of MIT domains of calpain-7 (CL7MIT) and that
autolytic activity of calpain-7 was enhanced by IST1
in vitro but not by overexpression of IST1 in HEK293T
cells. In this study, we detected enhancement of autoly-
sis of mGFP-fused calpain-7 by coexpression with
CHMP1B and observed further activation by addition-
al coexpression of IST1 in HEK293T cells. We found
that CL7MIT interacted with the second a-helical
region of CHMPIB but not with the canonical
C-terminal region containing MIM1 in vitro.
Co-immunoprecipitation assays demonstrated that the
interaction between CL7MIT and CHMPI1B and be-
tween CL7MIT and IST1 became stronger when IST1
or CHMPI1B was additionally coexpressed, suggesting
formation of ternary complex of calpain-7, IST1 and
CHMP1B. Moreover, subcellular fractionation ana-
lyses revealed increase of calpain-7 in membrane/or-
ganelle fractions by concomitant overexpression of
these ESCRT-III family member proteins.

Keywords: calpain/CHMP/ESCRT/IST1/MIT
domain.

Abbreviations: CBB, Coomassie Brilliant Blue R-250;
CHMP, charged multivesicular body protein;
CL7MIT, calpain-7 MIT domains; DTT, dithiothrei-
tol; ESCRT, endosomal sorting complex required for
transport; FBS, fetal bovine serum; EGF, epidermal
growth factor; FL, full-length; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GST,
glutathione-S-transferase; HEK, human embryonic
kidney; IgG, immunoglobulin G; IP, immunoprecipi-
tation; IST1, increased sodium tolerance 1; Lamp-1,

lysosomal-associated membrane protein-1; LIPSMIT,
LIPS MIT domains; MIM, MIT interacting motif;
MIT, microtubule interacting and transport; mAb,
monoclonal antibody; NP-40, Nonidet P40; mGFP,
monomeric green fluorescent protein; MVB,
multivesicular body; pAb, polyclonal antibody; PBS,
phosphate buffered saline; PEF, penta-EF-hand;
PVDF, polyvinylidene difluoride; VPS, vacuolar
protein sorting; WB, western blotting.

Endosomal sorting complex required for transport
(ESCRT) machineries are composed of four complexes
termed ESCRT-0, -I, -II and -III as well as an
AAA-type ATPase VPS4 complex that dissociates
ESCRT-III. Endocytosed plasma membrane receptors,
such as the epidermal growth factor (EGF) receptor,
are ubiquitinated and sequentially transferred from
ESCRT-0, -1, -II to -III and transported to intralum-
inal vesicles of multivesicular bodies (MVBs) for lyso-
somal degradation (/, 2). Other functions of ESCRT
machineries in membrane deformation/fission events
such as retrovirus budding and cytokinesis have also
been reported (3). ESCRT-III protein family members
named charged multivesicular body proteins (CHMPs)
are thought to function as a membrane deformation
apparatus. On the other hand, VPS4 complex inter-
acts with ESCRT-III proteins via the microtubule
interacting and transport (MIT) domain in VPS4 and
dissociates ESCRT complexes from the endosomal
membrane (4). X-ray crystal structure analyses have
revealed that ESCRT-III proteins are composed of
an N-terminal four-helix bundle core domain
(a-helices1-4: al—ad), an autoinhibitory helix (a5)
and one or two regions of MIT-interacting motifs
(MIMs) (5, 6). Two types of MIMs with different
structural features have been reported. While
CHMPI1A, -1B, -2A, -2B, and -3 have MIM1 that
forms an amphipathic helix (7, §), CHMP4A, -4B,
-4C and -6 have MIM?2 that forms a Pro-rich strand
(9). An ESCRT-III-related protein named IST1 has a
CHMP-like domain on its N-terminal side and two
MIMs in its C-terminal region, and both MIMs are
thought to be involved in interaction with the VPS4
MIT domain (10, 11).

Typical calpains, such as p- and m-calpains, are
intracellular Ca*"-dependent cysteine proteases that
proteolyze substrates at preferred cleavage sites
(12—14). They are composed of catalytic large subunits
and a common regulatory small subunit, which hetero-
dimerize via a domain composed of five EF-hands
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[penta-EF-hand (PEF)] present in both subunits
(15, 16). The large subunits contain a protease
domain and a C2-like domain. An activation mechan-
ism has been clarified by 3D structures of Ca*"-free
and Ca’"-bound forms of typical calpains (12—17).
Although the activation mechanism of calpains has
not been completely elucidated, these typical calpains
are expressed ubiquitously and have been suggested to
play fundamental biological roles in the cell cycle and
signal transduction (/4, 18—20). On the other hand,
calpain-7, an atypical calpain that lacks the PEF do-
mains, is the most conserved calpain among eukary-
otes. Many studies on yeast (Cpll/Rim13) and fungal
(PalB) orthologues of calpain-7 have shown roles in
the alkaline adaptation pathway (2/—23), which util-
izes a part of the ESCRT system (24—26).

We previously reported that a tandem repeat of
human calpain-7 MIT domains (CL7MIT) interacted
with IST1 at its MIMs (ISTIMIMs) and that glutathi-
one-S-transferase (GST)-fused ISTIMIMs enhanced
autolytic activity of strep-tagged mGFP-calpain-7
(mGFP-calpain-7-Strep) in vitro. However, overex-
pression of IST1 in HEK293T cells did not enhance
autolysis of mGFP-calpain-7 (27). We assumed that
ISTI is not a limited factor in cells but that there is
an unknown cooperating factor to promote calpain-7
activities. While we have reported physical interactions
between CHMPIB and calpain-7 (28), other groups
have found that CHMPIB interacts with IST1
(10, 11, 29, 30). These findings led us to investigate
whether CHMPIB is an activating cofactor of
calpain-7 in cells. In this study, we found that over-
expression of CHMPIB enhanced mGFP-clapain-7
autolysis in the expression plasmid-transfected
HEK293T cells and that additional coexpression of
IST1 further enhanced its autolytic activity. We also
found that C-terminal deletion mutants of CHMPI1B
enhanced autolytic activity of calpain-7 in cells and
that the MIT domain of calpain-7 bound to the pre-
dicted a2 region in CHMP1B but not to the C-terminal
a6 containing MIM, which is known as the binding site
for VPS4 MIT.

Materials and Methods

Antibodies and reagents

The following mouse monoclonal antibodies (mAbs) were used:
anti-FLAG mAb (clone M2, Sigma, St Louis, MO, USA) and
anti-GFP (green fluorescent protein) mAb (clone B-2, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-CD107a/Lampl mAb
(Pharmingen, Palo Alto, CA, USA) and anti-GAPDH mAb
(Chemicon, Bilerica, MA, USA).

Polyclonal antibody (pAb) against recombinant human IST1 was
raised in rabbits using 6xHis-tagged IST1 (His-IST1) as an antigen
and affinity purified using GST-IST1 that had been immobilized
to Sepharose beads. Rabbit pAb against recombinant human
CHMPIB was raised in rabbits using GST-CHMPIBANT (28)
and affinity purified using Trx-CHMPIBANT-immobilized
Sepharose beads. Anti-GFP anti-serum (catalogue no. A6455) was
obtained from Invitrogen/Molecular Probes (Carlsbad, CA, USA).
Rabbit pAb against the recombinant GST-fused MIT domain of
human calpain-7 was obtained as described previously (28).

Plasmid constructions
Constructions of the following plasmids were described previ-
ously: monomeric enhanced GFP (mGFP)-fused calpain-7
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(mGFP-calpain-7), mGFP-CL7MIT, mGFP-CHMPI1B, FLAG-
CHMPIB, FLAG-CHMP3 FLAG-IST1 and bacterial expression
plasmids for GST-MIT-pHis and GST-IST1 (27, 28). To construct
a GST-fused protein expression vector, a DNA fragment of GST
including its multi-cloning site was amplified by PCR using
pGEXA4T-3 (GE Healthcare, Buckinghamshire, England) as a tem-
plate and a pair of primers (forward, GGAGCCATGGCCCTATA
CTAGGTTATT; reverse, TTCTCCTTGGTCAGTCAGTCACGA
TGCGG; EcoT141 sites underlined). The EcoT141-digested fragment
was inserted into the EcoT14lI site of pET24d (Novagen, Darmstadt,
Germany) and the resultant vector was named pET24-GST.
Bacterial expression plasmids for GST-CHMPIA and GST-
CHMPIB were constructed as follows: the DNA fragments encod-
ing CHMPI1A and CHMPI1B were amplified by PCR using cDNA
encoding CHMP1A and CHMPIB as templates and a pair of pri-
mers (1A: forward, GGTTCCGCGTGGATCCGACGATACCCT
GTTCCAG; reverse, GATGCGGCCGCTCGAGGGTCGAGCT
AGTTCCTC; 1B: forward, GGTTCCGCGTGGATCCTCTAAC
ATGGAGAAACACCTGT; reverse, GATGCGGCCGCTCGAG
TCG; restriction sites underlined). The PCR product was inserted
into the BamHI- and Xhol-digested pET24-GST vector using an
In-Fusion® Advantage PCR Cloning Kit (Clontech, Palo Alto,
CA, USA). Bacterial expression plasmids for GST-CHMPI1B mu-
tants except for GST-CHMPIBANt were obtained by PCR-based
site-directed mutagenesis using specific primers (Supplementary
Table 1) and pET24-GST-CHMP1B as a template. Deletion mutants
of CHMPIB in this study are schematically shown in Fig. 1. To
construct mammalian expression vectors of pFLAG-CHMP1B mu-
tants and pmGFP-CHMP1Bal, the same primers as those described
above were used for mutagenesis. The mutations were confirmed by
nucleotide sequencing. To construct pGST-CHMPIBANt, a cDNA
fragment encoding 68—199 amino acids was amplified by PCR using
primers as described previously (28) and the fragment was inserted
into the EcoRI/Sall site of pGEX4T-1 vector (GE Healthcare,
Buckinghamshire, England). For a bacterial expression plasmid for
GST-LIPSMIT, a cDNA fragment corresponding to a part of LIPS
protein (1—168 amino acids) was amplified by PCR using a cDNA
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Fig. 1 Schematic representations of CHMP1B. CHMP1B has

six predicted a-helices (x1—6). The N-terminal domain (a1-5) is
conserved among CHMP proteins and C-terminal o6 contains
MIMI. The upper constructs are C-terminal deletion mutants except
for ANt, and lower constructs are segments composed of each
a-helix and its surrounding sequences. The numbers below the bars
indicate positions in amino acid residues. FL, Full-length. Secondary
structure of the core domain of CHMPI1B (a1—4) was predicted

by alignment with CHMP3 whose 3D structure was determined

(5, PDB ID: 2gd5). The C-terminal two a-helices of CHMPI1B were
taken from the 3D structure of the complex between the C-terminal
fragment of CHMPI1B and the MIT domain of spastin (32, PDB
ID: 3eab).
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clone (accession no: BC022536) obtained from Open Biosystems
Institute (Huntsville, AL, USA) and a pair of primers (forward,
TCTGAATTCATGGCCGCGCTTGCACC; reverse, TCTGAAT
TCATTGAGGAGTCTCCCCATTC; stop codon italicized and
EcoRI sites underlined). The amplified cDNA fragment was first
inserted into the Zero Blunt TOPO PCR Cloning vector
(Invitrogen), and then the EcoRI-digested fragment was inserted
into the EcoRI site of pmGFP-C2 (3/). From this intermediate con-
struct, a DNA fragment of LIPSMIT was isolated by Bg/ll/BamHI
digestion, and inserted into the Bg/Il site of pGST-PreScission-
Bgll1-PreScission-His (27).

A pair of oligonucleotides encoding the 4xGGS sequence (for-
ward, GTACAAAGGAGGAAGCGGAGGCTCTGGCGGTTCC
GGAGGTTCACA; reverse, GATCTGTGAACCTCCGGAACCG
CCAGAGCCTCCGCTTCCTCCTTT) was inserted into the BspEI/
Bg/ll site of pmGFP-C2 and the resultant plasmid was named
pmGFP-GGS. The DNA sequence of the multiple-cloning site fol-
lowed by universal translation terminators encodes 22 amino acids
after the GGS linker. DNA fragments for CHMPI1B a-helices ob-
tained by PCR using specific primers except for CHMPI1Ba3 and a
pair of oligonucleotides encoding CHMP1Ba3 were inserted into the
Xhol site of pmGFP-GGS. Primers used for CHMPI1B a-helices are
shown in Supplementary Table 2.

Cell culture

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C
under humidified air containing 5% CO,.

Expression and purification of recombinant proteins and

GST pull-down assay

Escherichia coli BL21 and BL21 (DE3) cells were transformed
with each expression plasmid for GST fusion protein (pGST,
pGST-IST1, pGST-pHis, pGST-CL7MIT-pHis, pGST-CL7MIT,
pGST-LIPSMIT, pGST-CHMPIA, pGST-CHMPIB and pGST-
CHMPIB mutants). Expression of GST-ISTI, -CHMPIA,
-CHMPIB and -CHMPI1B mutants was induced with 0.5mM iso-
propyl-1-thio-B-p-galactopyranoside (IPTG) for 3 h at 30°C, and the
GST fusion proteins were purified with glutathione-Sepharose 4B
(GE Healthcare) beads according to the manufacturer’s instructions.
GST-CL7MIT and -LIPSMIT were expressed and purified essential-
ly in the same way as described above except for its induction time
(overnight). Purified proteins were dialysed against phosphate buf-
fered saline (PBS) (137mM NaCl, 2.7mM KCI, 8mM Na,HPO,
and 1.5mM KH,PO,, pH 7.3) and stored at 4°C until use.
Expression and purification of GST-pHis and GST-MIT-pHis and
recombinant CL7MIT were described previously (27).

GST pull-down assay from mammalian cell lysates

At 24h after transfection of approximately 6x10° HEK293T cells
with expression vectors by the conventional calcium phosphate pre-
cipitation method, cells were washed with PBS, and harvested cells
were lysed in 1ml of buffer A (10mM HEPES—NaOH, pH 7.4,
142.5mM  KCI, 0.2% NP-40) supplemented with protease
inhibitors (0.4 mM phenylmethylsulphonyl fluoride, 0.2mM pefa-
bloc, 6 pg/ml leupeptin, 2 M E-64 and 2 uM pepstatin) and SmM
B-mercaptoethanol. Three hundred microlitres of supernatants
(cleared lysates) obtained by centrifugation at 15,000g were incu-
bated with glutathione-Sepharose beads immobilizing 10pg of
each GST fused protein for 2h at 4°C with gentle mixing. After
Sepharose beads had been recovered by low-speed centrifugation
(700g) for 1 min and washed three times with buffer A, proteins
bound to the beads (pull-down products) were subjected to
SDS—PAGE followed by western blot (WB). Proteins transferred
to polyvinylidene difluoride (PVDF) membranes (Immonobilon-P,
Millipore, Bedford, MA, USA) were probed with appropriate anti-
bodies. Chemiluminescent signals of western blotting (WB) were de-
tected by a LAS-3000mini lumino-image analyser (Fujifilm, Tokyo,
Japan) using Super Signal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific Inc., IL, USA). Bands of GST fusion pro-
teins were detected by staining the membranes with Coomassie
Brilliant Blue R-250 (CBB).

Interaction of calpain-7 with CHVIP1B and IST1

In vitro binding assay using recombinant proteins

Ten micrograms each of GST (negative control), GST-IST1 (positive
control), GST-CHMP1A, GST-CHMP1B and GST-CHMP1B mu-
tants were immobilized on glutathione-Sepharose beads and mixed
with 10 pg of recombinant CL7MIT proteins diluted in 400 pul of
buffer B (50mM Tris—HCI, pH 8.0, 350 mM NaCl, 0.2% NP-40
and I mM DTT) for 1h at 4°C. After Sepharose beads had been
pelleted by brief centrifugation and washed three times with buffer B
(pull-down products), protein mixtures were separated on a 15% gel
by SDS—PAGE. Initial protein mixtures (input) were detected by
staining with CBB and pull-down products were subjected to WB
with anti-calpain-7 pAb.

Co-immunoprecipitation assay

One day after HEK293T cells had been seeded, cells were transfected
with mGFP-fused and FLAG-tagged protein expression plasmid
DNAs. After 24h, cells were harvested with PBS and lysed in
buffer A containing protease inhibitors as described above. The lys-
ates were incubated sequentially with anti-GFP anti-serum for 2h
and with Protein G-Sepharose 4 Fast Flow (GE Healthcare) at 4°C
for 2h, and then the beads were washed three times with buffer A
and bound proteins were subjected to WB using appropriate anti-
bodies as described above.

Subcellular fractionation

After transfection with either a FLAG-tag vector (Ctrl),
pFLAG-CHMPIB, pFLAG-ISTI or both pFLAG-CHMPIB and
pFLAG-IST1, HEK293T cells were harvested, suspended in buffer
C (10mM HEPES-KOH, pH 7.6, 10mM KCI, 1.5mM MgCl,,
0.1 mM pefabloc, 25 pg/ml leupeptin, 1 uM E-64, 1 uM pepstatin),
and homogenized by passing 20 times through a 26-gauge needle.
The supernatant (S) and pellet (P) fractions were obtained by cen-
trifugation at 10,000g for 15min. Alternatively, plasmid-transfected
HEK293T cells were lysed with buffer D (10mM HEPES—NaOH,
pH 7.4, 142.5mM KCI, 1% Triton X-100) and centrifuged at
15,000g for 15min. Total cell lysates (T), S and P fractions were
subjected to SDS—PAGE and WB as described above. Signals
for immunoreactive bands were quantified using Multi Gauge
ver3.X (Fujifilm).

Results

Effects of CHMP1B and its mutant on autolytic
activity of mGFP-calpain-7 in the expression plasmid
transfected cells

In our previous studies, expression of mGFP-calpain-7
in HEK293T cells generated ~30, 45 and 60-kDa
autolytic fragments (designated 30K, 45K and 60K,
respectively), and those bands were not detected in
the case of its inactive mutants (mGFP-calpain-
72995y (27). We also reported that binding ability of
ISTI to calpain-7 is the strongest among ESCRT-III-
and ESCRT-III-related proteins and that ISTI
enhanced autolytic activity of mGFP-calpain-7-Strep
in vitro, though overexpression of IST1 did not en-
hance autolytic activity in cells (27). Secondly to
IST1, CHMPI1B bound to calpain-7 more efficiently
among ESCRT-III protein family members in previous
interaction analyses (27, 28). Calpain-7—-CHMPIA
interaction was also detected in one of those studies,
but it was weaker than calpain-7—-CHMPIB inter-
action under the conditions used (28). Studies on spas-
tin MIT domain showed that spastin MIT interacted
with  CHMPIB but not with CHMPIA (32).
Therefore, we focused on CHMPIB in this study. To
investigate whether CHMP1B affects autolytic activity
of mGFP-calpain-7 in cells, we first coexpressed
FLAG-CHMPI1B with mGFP-calpain-7 in HEK293T
cells and analysed the total cell lysates by western
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Fig. 2 Enhancement of autolytic activity of mGFP-calpain-7 by CHMPIB in cells. pmGFP-calpain-7 was cotransfected with pFLAG-tagged
CHMP or a blank vector (Ctrl) indicated above the panels into HEK 293T cells. (A) CHMPIB and CHMP3, (B) CHMPIB wild type and
mutant. Total cell lysates were subjected to SDS—PAGE and WB with anti-GFP mAb (upper panels) and anti-FLAG mAb (lower panels),
respectively. Bands of full-length (FL), 60 kDa (60K), 45kDa (45K) and 30 kDa (30K) are indicated by an arrow and grey, closed and open

triangles, respectively. FL, Full-length.

blotting (WB) using anti-GFP mAb. Coexpression
with CHMP1B generated slightly more 30K than did
coexpression with CHMP3 (negative control) (Fig. 2A,
upper panel, open arrowhead). We investigated effects
of coexpression of CHMPIB with IST1 on the autoly-
sis of mGFP-calpain-7 since CHMPI1B is known to
bind IST1 (10, 11). The production of 60K and 30K
was significantly enhanced with decrease in full-length
mGFP-calpain-7, but other combinations of coexpres-
sion were not effective (Fig. 2A, upper panel, grey and
open arrowheads).

The MIT domain of VPS4 is known to interact with
CHMP proteins by recognizing MIT-interacting
motifs (MIMs) present in the C-terminal region of
each CHMP protein except for CHMPS (33). We pre-
viously reported that CL7MIT bound IST1 at its
C-terminal MIMs (MIM1 and MIM2) and that
an IST1 mutant-lacking MIMs (ISTIAMIMI, 2) still
possessed a weak binding ability to CL7MIT and
suppressed autolysis of calpain-7 (27). To determine
whether the enhancing activity of CHMPIB for
mGFP-calpain-7 autolysis correlates with
calpain-7—-CHMP1B interaction, CHMP1BAa6 lack-
ing MIM1 (Fig. 1) was coexpressed with mGFP-
calpain-7. Although the mutant was not expected to
interact with CL7MIT, the coexpression produced a
larger amount of autolytic bands of mGFP-calpain-7
than did coexpression with wild-type CHMPIB
(Fig. 2B). Additional coexpression with IST1 did not
show an apparent synergistic effect on enhancement
of autolysis except for further decrease in the amount
of full-length mGFP-calpain-7 in the case of
CHMPI1BAwa6. Coexpression with IST1 also caused
changes in autolysis patterns: disappearance of 45K
and appearance of 60K. Appearance of 60K may
relate with the nature of autolysis (see discussion
below).

GST-MIT pull-down assay of CHVIP1B

Since CHMPI1BAa6 enhanced autolytic activity of
calpain-7, we speculated that CL7MIT bound to
CHMPIB in a region other than the C-terminal
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MIM. To investigate whether CHMPIBAMIM inter-
acts with CL7MIT, we performed pull-down assays
using GST-fused CL7TMIT (Fig. 3). Since LIPS, a regu-
latory protein of VPS4, has a tandem repeat of MIT
domains (LIPSMIT), GST-LIPSMIT was used for
comparison. Purified GST-MITs were immobilized
on glutathione-Sepharose beads and incubated with
lysates of HEK293T cells expressing CHMPIB or
CHMPIBAMIM. After incubation, cleared lysates
(Input, left panel) and proteins bound to the beads
(pull-down products) were separated by SDS—PAGE
and subjected to WB using anti-FLAG mAb
(pull-down, upper panels). Pull-down products were
also visualized with CBB staining (CBB, lower
panel). LIPSMIT pulled down CHMPIB (FL) but
did not pull down CHMPIBAMIM. In contrast,
CL7MIT pulled down both CHMPIB and
CHMPIBAMIM, and the amount of
CHMPIBAMIM pulled down was larger than that
of CHMPIB. As for GST (negative control, Ctrl), no
immunoreactive bands were detected under the
conditions used. Since spastin MIT needs an additional
sequence adjacent to the N-terminal side of MIM1 in
a6 of CHMPIB for binding (32), the entire sequence
of a6 was assumed to be involved in interaction
with CL7MIT. However, the binding ability of
calpain-7 was not significantly different between
CHMPIBAMIM (1-185) and CHMP1BAwa6 (1—174)
(Supplementary Fig. 1).

We speculated that calpain-7 bound to CHMP1B by
recognizing a short sequence other than C-terminal
MIM. To identify a binding site for CL7MIT in
CHMPI1B, we constructed monomeric GFP (mGFP)-
fused CHMPIB mutants including each predicted
a-helix shown in Fig. 1 with a flexible 4xGGS linker.
GST-MIT pull-down assays were performed using
lysate from cells expressing mGFP-CHMPI1B a-helix
mutants, which were expressed at similar levels (Fig.
4, input, left panel). As shown in the right panels of
Fig. 4 for pull-down product analysis, GST-LIPSMIT
interacted with mGFP-CHMPI1Ba6 containing
MIM (middle panel, doublet bands probably due to
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Fig. 3 GST-MIT pull-down assays of FLAG-CHMP1B and FLAG-CHMP1BAMIM. HEK293T cells were transfected with pFLAG-CHMP1B
(FL), pFLAG-CHMPIBAMIM (AMIM) and pFLAG vector (Ctrl) as a negative control. At 24 h after transfection, cells were lysed, and
the cleared lysates were incubated with recombinant GST-fused CL7MIT, LIPSMIT, or unfused GST (negative control, Ctrl) that had been
immobilized on glutathione-Sepharose beads. The beads were then pelleted by low-speed centrifugation and washed with lysis buffer. The
cleared lysates (input) and proteins in the pellets (pull-down product, pull-down) were subjected to SDS—PAGE and WB with anti-FLAG
mAb. Immunoreactive bands were detected by the chemiluminescence method (upper panels). Input, 6% (analysis of 1.1% of total protein
corresponding to 18% of pull-down products). The gel of pull-down products was also stained with CBB (lower panel).
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30-

e
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Fig. 4 GST-MIT pull-down assays of mGFP-CHMP1B a-helices. HEK293T cells were transfected with pmGFP-CHMPI1B (FL),
pmGFP-CHMPI1B a-helices (Fig. 1) and pmGFP-GGS as a negative control (Ctrl). At 24 h after transfection, cells were lysed, and the
cleared lysates were incubated with recombinant GST-fused tandem repeat of CL7MIT (right top panels), LIPSMIT (right middle panels) and
unfused GST (right bottom panels) that had been immobilized on glutathione-Sepharose beads. The beads were then pelleted by low-speed
centrifugation and washed with lysis buffer. The cleared lysates (Input, left panel) and proteins in the pellets (pull-down product, pull-down,
right panels) were subjected to SDS—PAGE and WB with anti-GFP mAb. The gels of pull-down products were also stained with CBB (lower
panels). Immunoreactive bands were detected by the chemiluminescence method (upper panels). Input, 7.5% (analysis of 1.9% of total protein
corresponding to 25% of pull-down products).

N-terminal truncation of mGFP). On the other hand, Direct interaction between recombinant CL7MIT and
GST-CL7MIT interacted with mGFP-CHMP1Ba2 GST-CHMP1B proteins

containing 39-92 amino acids of CHMPIB but not Since the results of all GST pull-down assays shown in
with mGFP-CHMP1Ba6 (top panel). Figs 3 and 4 were obtained by using cleared lysates of
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cL7MmIT

Fig. 5 In vitro binding assays using recombinant CL7MIT and
GST-CHMPI1B mutants. Purified recombinant CL7MIT (1-165
amino acids), CL7MIT, was incubated with GST (negative control,
Ctrl), GST-IST1 (positive control), GST-CHMP1A, GST-CHMPI1B
(FL) and its mutants (Fig. 1) that had been immobilized on
glutathione-Sepharose beads and subjected to GST pull-down
assays. Purified CL7MIT (left panels), initial protein mixtures
(input, right upper panel) and pull-down products (pull-down, right
lower panel) were resolved on 15% gels by SDS—PAGE and
subjected to CBB staining (upper panels) or WB using anti-CL7MIT
pAD (lower panels). Open triangle indicates bands of recombinant
CL7MIT. Input, 3.8% (analysis of 0.95% of total protein
corresponding to 25% of pull-down products).

HEK?293T cells, there remained the possibility that un-
known factors might mediate CL7MIT-CHMPIB
interaction. To exclude this possibility, we performed
in vitro GST pull-down assays using purified recom-
binant CL7MIT and GST-fused CHMPI1B mutants
(Fig. 5). Immunoreactive bands for CL7MIT were
barely detected or not detected in the pull-down prod-
ucts by GST-CHMPI1A, GST-CHMPIB (FL),
GST-CHMPIBAMIM and GST-CHMPI1Bal in com-
parison with GST (negative control, Ctrl). However,
bands were detected in pull-down products of
GST-CHMPIBANt, GST-CHMPI1Bal-4, GST-
CHMPI1Bal-3 and GST-CHMP1Ba1-2, though inten-
sities were weaker than GST-IST1 (positive control).
Considering amino acid sequences of CHMP1BANt
(68—199 amino acids) and CHMPIBal-2 (2-92
amino acids), the binding site for calpain-7 in
CHMPIB should exist between 68 and 92 amino
acids To demonstrate this possibility, we expressed
GST-fused CHMPI1Ba2 in bacterial cells, but it was
so susceptible to degradation in bacterial cells that
we could not use it for in vitro binding assays.

Enhancement of interaction between CL7MIT

and CHMP1B by IST1

In the GST pull-down assays using GST-CL7MIT
and cleared cell lysates, FLAG-CHMPI1BAMIM was
efficiently pulled down, whereas no interaction was
observed between CL7MIT and CHMPIBAMIM
mutant in the pull-down assays using both recombin-
ant proteins in vitro. These discrepant results may re-
flect conformational differences of CHMPIB between
in vitro and in cells. Since CHMP proteins form open
and closed conformations by the core CHMP domain
composed of al—ad (6, 34, 35), the calpain-7-binding
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site at o2 may be sequestered under the in vitro assay
conditions but exposed in cells. As cellular factors may
induce conformational change of CHMPI1B to interact
with calpain-7, the most likely candidate seems to be
IST1 because coexpression with CHMPIB enhances
autolysis of mGFP-calpain-7 and IST1 also interacts
with calpain-7 (Fig. 2, 27). To investigate this possibil-
ity, we performed a co-immunoprecipitation assay of
mGFP-CL7MIT by coexpressing either FLAG-
CHMPIB or FLAG-ISTI1 alone or both FLAG-
CHMPIB and FLAG-ISTI1. As shown in the upper
right panels of Fig. 6, immunoreactive bands for
both CHMPIB and IST1 are faint but above the back-
ground signals by mGFP (negative control) in the
case of their single expression. However, bands for
CHMPIB and IST1 were significantly enhanced by
their coexpression in spite of similar expression levels
(input, upper left panels).

Subcellular localization of calpain-7, CHMP1B

and IST1

To investigate biological significance of the interaction
of calpain-7 with the ESCRT-III-related proteins, we
first performed a rough subcellular fractionation in the
absence of non-ionic detergent by single high centrifu-
gation at 10,000g of the lysates of HEK293T cells
that had been transfected with expression plasmids
for either FLAG-tagged IST1 or CHMPIB or both.
Obtained fractions of 10,000g pellets (P) and 10,000g
supernatants (S) were analysed by SDS—PAGE fol-
lowed by WB using specific antibodies. A representa-
tive result of three independent experiments is shown
in Fig. 7A. Marker proteins of late endosome/lyso-
some (Lamp-1) and cytosol (GAPDH) showed ex-
pected distribution patterns, which were not affected
by overexpression of FLAG-CHMPI1B and FLAG-
IST1. On the other hand, the relative amount of en-
dogenous calpain-7 in P fraction was increased in cells
that overexpressed these proteins when compared with
control cells that were transfected with empty vector
(Ctrl), and this increase (40.5+5.1% vs 26.2+3.3%)
was statistically significant (P<0.01, Panel C).
However, overexpression of exogenous CHMPIB or
IST1 alone did not increase the amount of calpain-7
in P fraction. Increases in relative amounts of
FLAG-CHMPIB and FLAG-IST1 as well as endogen-
ous IST1 in P fractions were observed in cells by over-
expressing both proteins (A, second and fourth panels
from the top). Endogenous CHMPIB could not be
detected by WB (A, third panel from the top). Lysis
of cells in the presence of 1% Triton X-100 solubilized
most calpain-7 and Lamp-1 (Panel B), and 3—6% of
calpain-7 remained in P fractions (Panel C).

Next, we performed immunofluorescence micro-
scopic analyses to investigate effects of overexpression
of IST1 and CHMPI1B on subcellular distributions of
calpain-7. Fluorescence signals attributable to over-
expressed Strep-IST1 (probed with anti-IST1 pAb)
and GFP-CHMPIB (detected by GFP fluorescence)
showed punctate distribution around nucleus and
merged with the signals of FLAG-calpain-7“%°%
(Supplementary Fig. 2, Panels E—L). In control experi-
ments, fluorescence signals of FLAG-calpain-7-2°%
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Fig. 6 Co-immunoprecipitation of FLAG-IST1 and -CHMP1B with mGFP-CL7MIT. HEK293T cells were transfected with
pmGFP-CL7MIT, pFLAG-IST1 and pFLAG-CHMPIB as indicated above the panels. At 24 h after transfection, cleared cell lysates (input, left
panels) were subjected to immunoprecipitation (IP, right panels) with anti-GFP serum followed by WB with anti-FLAG mAb (upper panels)
and anti-GFP mAb (lower panels), respectively. Input, 3% (analysis of 0.54% of total protein corresponding to 18% of IP products).
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Fig. 7 Effects of overexpression of CHMP1B and IST1 on subcellular localization of endogenous calpain-7. (A) After HEK293T cells were
transfected with expression plasmids for FLAG-tagged proteins (CHMP1B and IST1), or a blank vector (Ctrl) shown above the panels,

cells were homogenized and fractionated by centrifugation at 10,000g as described in Materials and Methods section. Fractions of P (cell debris
and a crude nuclear, mitochondrial and organelle-enriched pellet) and S (10,000g supernatant) as well as total cell lysate (T) were subjected
to WB analyses using antibodies indicated. (B) Transfected cells were lysed with buffer containing 1% Triton X-100 and fractionated into
supernatants (S) and pellet (P) by centrifugation at 15,000g. Fractions were similarly analysed by WB. (C) The intensities of signals of en-
dogenous calpain-7 in S and P fractions were estimated by densitometry and relative amounts of calpain-7 in P fraction were calculated using
following equation: 100 x P/(S 4 P). The difference between overexpression of CHMPI1B-IST1 and vector is highly significant. *P<0.01.
Values are expressed as means of three independent experiments + SEM.
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(Panel A) also showed puncta and the signals partly
merged with those for endogenous IST1 (Panel C), but
the degree of colocalization was much less than the
case of coexpression of the three individual proteins.

Discussion

Human calpain-7 has a tandem repeat of microtubule-
interacting and transport (MIT) domains (CL7MIT),
and we previously reported that CL7MIT interacts
with IST1, CHMPI1B, CHMPIA and to lesser extent
to CHMP4b, CHMP4c, CHMP2A and CHMP7 but
does not bind CHMP3 and CHMP6 (27, 28). Although
little is known about structural properties of MIT do-
mains of calpain-7, differences in binding specificities
to ESCRT-III- and ESCRT-III-related proteins are
found in comparison with lower eukaryotic calpain-7
orthologues. PalB has a single MIT domain and binds
Vps24 (orthologue of CHMP3) (36). Although yeast
Rim13p has been shown to interact with Vps32p
(also named Snf7p, orthologue of CHMP4) by the
yeast two-hybrid assays (37), it lacks an apparent
MIT domain.

MIT domains are found in several cytoplasmic pro-
teins involved in the endosomal sorting system, retro-
virus budding, cytokinesis and membrane trafficking
and interact with ESCRT-III- and ESCRT-III-related
proteins by recognizing short sequences called
MIT-interacting motifs (MIMs) located in their
C-terminal regions. MIT domains are composed of
three helices in a bundle (Helices 1, 2 and 3).
Elucidation of 3D structures of MIT—MIM complexes
has revealed diversity in MIT—MIM interactions.
MIM1 (amphipathic helix) of CHMPIB and MIM?2
(Pro-rich strand) of CHMP6 bind to a different
groove formed by two helices of VPS4A MIT:
MIMI1, Helices 2 and 3; MIM2, Helices 1 and 3
(7—9, 33). On the other hand, spastin MIT binds to
a6 of CHMPIB with a mode different from binding
of VPS4 MIT to MIM1: a6 bound between Helices 1
and 2 (32). Although CHMPS5 lacks a discernible MIM
in its C-terminal region and does not interact with the
MIT domain of VPS4, it binds to LIPSMIT via its fifth
a-helix (38). We found that CL7MIT does not recog-
nize the conventional MIMs in the sixth a-helix (a6) of
CHMPI1B but binds to o2 in in vitro binding experi-
ments using cell lysates (Fig. 4). Although the detected
signal was much weaker than the full-length
CHMPIB, this is the first evidence that CL7MIT is
unique among MIT domains in binding to an
N-terminal a-helical region of CHMPI1B.

The interaction of GST-CL7MIT with FLAG-
CHMPIBAMIM or FLAG-CHMPI1BA«6 was stron-
ger than that of wild-type FLAG-CHMPI1B (Fig. 3,
Supplementary Fig. 1). Deletion of the C-terminal
region from CHMP1B, mimicking the effect of binding
of MIT domains to MIMs, may transform its structure
into open conformation (7, 32—35). However, using
recombinant proteins of both GST-CHMPIBAMIM
and CL7MIT, no interaction was observed between
CHMPIBAMIM and CL7MIT (Fig. 5). Discrepancy
between the results of GST pull-down experiments
using cell lysates (enhancing effect by deletion of
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Fig. 8 Binding model for ternary complex of calpain-7, CHMP1B
and IST1. Calpain-7-binding site in the second a-helical region in
CHMPIB is sequestered in the closed form of CHMP1B. When IST1
binds to CHMPI1B, conformational change occurs in CHMP1B, and
the second a-helical region (o2) starts to interact with CL7MIT.
CL7MIT interacts with both CHMP1Ba2 and ISTIMIM. At least
those three binding surfaces may contribute to stabilization of the
ternary complex.

MIM, Fig. 3) and recombinant proteins (no effect by
deletion of MIM, Fig. 5) may be due to the presence of
cellular factor(s). Co-immunoprecipitation assays
demonstrated that the interaction of CL7MIT with
CHMPI1B became stronger when IST1 was also coex-
pressed, suggesting ISTI1 is such a cellular factor
involved in CL7MIT—CHMPIB interaction (Fig. 6).
Based on results of mutational and structural ana-
lyses of CHMP3, a5 and the N-terminal side of o2
were reported to be involved in auto-inhibition (35).
Results of the pull-down assays of CL7MIT with
GST-CHMPIBANt and GST-CHMP1Bal-4 lacking
putative important amino acids for auto-inhibition
agreed with the proposed auto-inhibition model of
CHMP proteins. To summarize the results of the pre-
sent study, we depict a model as shown in Fig. 8. In
this model, a calpain-7-binding site in the second
a-helical region in CHMPI1B (a2) may be sequestered
in the closed form of CHMPI1B. Binding of IST1 to
CHMPI1B opens the binding site to be accessible to
CL7MIT. Since IST1 also binds CL7MIT, IST1 may
function as an adaptor that bridges CHMPI1B and
calpain-7. In our previous studies, we detected direct
interaction between ISTIMIMI, 2 and CL7MIT by
in vitro binding assays (27). Regardless of deletion or
mutation of MIM1 and MIM2 in ISTI1, interaction
between ISTIAMIMI, 2 and CL7MIT was not com-
pletely abolished, with faint signals for interaction still
being observed in co-immunoprecipitation assays
using cells expressing FLAG-ISTI mutants and
CL7MIT fused with mGFP (27). According to our
model, endogenous CHMPIB is involved in this inter-
action. These mutual interactions proposed in this
model may stabilize this ternary complex and influence
conformation and activities of calpain-7. Indeed, coex-
pression of CHMPIB and IST1 enhanced autolysis
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and increased interaction of calpain-7 synergistically
(Figs 2 and 6). Almost the same stoichiometric
intensity of immunoreactive signals of bands for
FLAG-IST1 and FLAG-CHMPIB in Fig. 6 indicate
that CHMP1B/IST1 complex may contribute to tern-
ary complex formation. Mutational analyses based on
3D structures of CHMP3 show that amino acids in o2
near the al—a2 hairpin and those in o5 are involved in
the conformational change of CHMP3 (6). This is
partly consistent with the results of our in vitro inter-
action analyses showing that the interactions of o2-
and oS5-containing constructs (full-length and
AMIM) of CHMPIB with CL7MIT were inhibited
but that the interactions of those constructs lacking
either al—02 hairpin (ANt) or a5 (a1—4, a1-3 and
al—2) with CL7MIT were activated (Fig. 59).
However, in the pull-down assays using cell lysates,
deletion of MIM was sufficient to activate the binding
(Fig. 3). To investigate the role of a5 in CL7MIT bind-
ing, we expresssd mGFP-CHMPI1Bal-4 in cells.
However, the expressed protein was recovered in the
detergent-insoluble pellet fraction (data not shown).
These results suggested that o5 and o6 contribute to
a stepwise conformational change of CHMPI1B.

Although yeast Istlp bound to MIM of Did2p
(yeast homologue of CHMPIB) (30), FLAG-
CHMPIBAw6 interacted with mGFP-IST1 more
efficiently than did full-length CHMPIB in our
co-immunoprecipitation assay (Supplementary
Fig. 3). This result indicated that MIM1 in CHMPI1B
was dispensable for CHMPIB to interact with IST1
and suggested that the deletion of a6 affected the con-
formation of CHMPI1B. Although the binding site in
CHMPIB for ISTI1 interaction was reported to be
located between 61 and 156 amino acids, a more pre-
cise binding site was not determined (/7). We used
our single a-helix mutants of CHMPIB for a
co-immunoprecipitation assay with ISTI, but no
a-helix showed interaction with IST1 in our experi-
mental conditions (Supplementary Fig. 4). A larger
structural surface of CHMP1B may be necessary for
IST1 interaction (5). On the other hand, a short amino
acid sequence in o2 in CHMP1B may be sufficient for
CL7MIT interaction with CHMP1B (Fig. 4).

Our ternary complex model explains how CHMP1B
interacts with MIT domains of calpain-7 by the pres-
ence of IST1. In parallel, calpain-7 may be catalytically
activated in this ternary complex. A pattern of auto-
lytic fragments was changed by coexpression of
FLAG-IST1 (Fig. 2). Although the exact cleavage
sites have not been determined yet, 30- and 45-kDa
fragments (designated 30K and 45K, respectively)
were estimated to be generated by cleavage near the
C-terminal ends of mGFP and the MIT domains, re-
spectively, in our previous study (27), whereas cleavage
at somewhere in the protease domain may generate
60K based on apparent molecular weight estimated
by SDS—PAGE. Thus, cleavages for 30K and 45K
may occur by inter- and/or intra-molecular events,
but 60K should be exclusively generated by inter-
molecular proteolysis. This interpretation is partly sup-
ported by the results of exogenous coexpression of
both mGFP-fused and Strep-tagged wild-type and

Interaction of calpain-7 with CHVIP1B and IST1

catalytically inactive mutants of calpain-7 (substitu-
tion of active-site cysteine with serine, C290S)
(Supplementary Fig. 5). Fragments (60K and 30K) de-
tected by WB using anti-GFP antibody were generated
under coexpression of cofactors (FLAG-IST1 and
FLAG-CHMPIB or FLAG-CHMPI1BAw6) by limited
proteolysis of mGFP-calpain-7“*% (substrate) with
Strep-tagged calpain-7 (enzyme) but not with Strep-
calpain-7-2°"S. The relative amounts of 60K—30K gen-
erated by Strep-calpain-7 (enzyme) were greater than
those by mGFP-calpain-7 (enzyme and substrate)
when FLAG-IST1 was co-overexpressed with
FLAG-CHMPIB or FLAG-CHMPIBAw6. Intermo-
lecular cleavage of mGFP-calpain-7*°"® by Strep-cal-
pain-7 was also observed for generation of 45K by
overexpressing FLAG-CHMPIBAwa6 in the absence
of FLAG-IST1 (data not shown). Recombinant IST1
protein is reported to exist in monomer but also form
dimer and oligomer depending on ionic concentrations
(6), Since IST1 alone can bind CL7MIT (Fig. 5), acti-
vated calpain-7 as ‘enzyme’ and inter-molecularly
cleavable calpain-7 as ‘substrate’ may have different
conformations due to differences in binding proteins
(IST1/CHMPIB dimer, IST1 of either monomer or
dimer/oligomer). Indeed, FLAG-ISTI was estimated
to be expressed in 2—3 fold molar excess over coex-
pressed FLAG-CHMP1B or FLAG-CHMP1BA«6 in
the transfected cells as shown by WB using anti-FLAG
antibody (Fig. 2, lower panels). The 45K-cleavage site
in mGFP-calpain-7 might be blocked by IST1 dimer/
oligomer. Alternatively, 45K becomes highly sensitive
to further cleavage at the 30K-cleavage site and rapidly
disappears.

Since the ternary complex of mGFP-calpain-7/
FLAG-IST1/FLAG-CHMPIB is much more stable
than the binary complexes of mGFP-calpain-7/IST1
and mGFP-calpain-7/CHMPI1B (Fig. 6), autolytic ac-
tivity of mGFP-calpain-7 may be enhanced most ef-
fectively by interaction with both IST1 and
CHMPIB, and the degree of enhancement may be
influenced by the relative amounts of these three pro-
teins. We presume that amount of endogenous IST1 is
in far excess of CHMP1B based on failure in detection
of CHMPI1B by WB using specific antibodies (Fig. 7
and Supplementary Fig. 6). In comparison with the
amounts of FLAG-tagged proteins, the amount of en-
dogenous calpain-7 seems equal to or slightly less than
that of IST1. Overexpression of FLAG-CHMP1BA«w6
alone, however, significantly enhanced the autolysis re-
gardless of plausible shortage of IST1 (Fig. 2B). This
fact apparently disagrees with the proposed ternary
complex model. Although CHMPIB is the scarce cel-
lular factor, CHMPI1A, the closest paralogue of
CHMPI1B, may substitute for ternary complex forma-
tion to some extent. The IST1/CHMP1B binary com-
plex may dissociate from the ternary complex, rebind
to free calpain-7 and enhance autolysis either
inter-molecularly or intra-molecularly. The IST1/
CHMPI1BAa6 complex seems more stable than IST1/
CHMPI1B complex (Supplementary Fig. 3) and might
have a greater turnover rate of dissociation from the
processed calpain-7 and re-association with the unpro-
cessed enzyme for autolysis in the cells, where other
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unknown cellular factors might be also involved.
Overexpression of FLAG-IST1 and FLAG-CHMPI1B
did not cause apparent autolysis of endogenous
calpain-7 but induced translocation of calpain-7 to
membrane/organelle fractions (Fig. 7). This transloca-
tion of enzyme may increase chances to proteolyse po-
tential substrates that are also recruited to the
membrane by binding to scaffold formed by ESCRT
and its associating proteins. However, activation of
calpain-7 itself for intra-molecular autolysis may not
need such membrane translocations. Binding of these
ESCRT-III family member proteins to both enzyme
and substrates hampers analyses of proteolytic activa-
tion. The finding of CHMPI1B as a novel co-factor
synergistically enhancing calpain-7 autolysis may con-
tribute to the search for calpain-7 substrates in the
future. Identification of endogenous substrates would
clarify the effects of overexpression of IST1, CHMPI1B
and their mutants on activation of calpian-7 by clearly
distinguishing enzyme and substrates.

Supplementary Data

Supplementary data are available at JB online.
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