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Ca?* activation of diffusible and bound pools of p-calpain

in rat skeletal muscle

Robyn M. Murphy, Esther Verburg and Graham D. Lamb

Department of Zoology, La Trobe University, Bundoora campus, Melbourne, Victoria 3086, Australia

Skeletal muscle fibres contain ubiquitous and muscle-specific calcium-dependent proteases
known as calpains. During normal activity, intracellular [Ca**] in muscle fibres increases to
high levels (~2-20 pM), and it is not apparent how this can be reconciled with the activation
properties of the calpains. Calpains evidently do not cause widespread proteolytic damage within
muscle fibres under normal circumstances, but do have a role in necrosis in dystrophic muscle
fibres. In this study, we examined the in situ localization and regulation of calpains in muscle
fibres in order to identify how they are attuned to normal function. The sarcolemma of individual
muscle fibres of the rat was removed by microdissection (fibre ‘skinning’) in order to determine
the compartmentalization and diffusibility of the two most Ca**-sensitive calpains, p-calpain
and calpain-3, and to permit precise manipulation of cytoplasmic [Ca®*] under physiological in
situ conditions. Passive force production in stretched fibres, which indicates the patency of the
important elastic structural protein titin, was used as a sensitive assay of the amount of diffusible
proteolytic activity in individual fibre segments and in muscle homogenates at set [Ca?*]. All
calpain-3 is bound tightly within a fibre, whereas most p-calpain (~0.2 M) is initially freely
diffusible in the cytoplasm at resting [Ca®*] but binds within seconds at high [Ca®*]. [Ca**]
has to be raised to > 2 uM for > 1 min to initiate detectable autolysis of p-calpain and to
activate appreciable proteolytic activity. If the [Ca*>*] is raised sufficiently for long enough to
initiate substantial autolysis of u-calpain, the Ca** sensitivity of the proteolytic activity is greatly
increased, and it remains active even at 300 nm Ca**, with activity only ceasing if the [Ca®*] is
decreased to ~50 nm Ca**, close to the normal resting [Ca®*]. These findings on the Ca®*- and
time-dependent binding, autolytic and proteolytic properties of pi-calpain under physiological
conditions demonstrate how it is precisely attuned to avoid uncontrolled proteolytic activity
under normal circumstances, and indicate why it could lead to substantial proteolytic damage
if resting or localized [Ca®*] is elevated, as is likely to occur after eccentric contraction and in
dystrophic muscle.
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Calpains are non-lysosomal Ca’'-activated cysteine
proteases. Skeletal muscle fibres contain both the
ubiquitous calpains, p-calpain and m-calpain, and a
muscle-specific calpain, known as calpain-3 or p94 (Goll
et al. 2003; Bartoli & Richard, 2005). The precise roles and
normal regulation of the calpains in skeletal muscle are
currently unclear, though they are likely to be involved
in differentiation, atrophy and regeneration of muscle,
and it is evident that they have a major involvement
in certain types of muscular dystrophy. It is particularly
important to understand how these potentially damaging
Ca’*-dependent proteases are regulated in skeletal muscle
because, inherent to its normal function, a skeletal muscle
cell experiences what is probably the largest rise in
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intracellular free [Ca®*] of all cell types, with such
rises typically happening repetitively for extended
periods during normal activity. Resting [Ca’"] in a
fast-twitch mammalian muscle fibre is in the range
~20-50nm and peak free [Ca*"] during tetanic
stimulation in murine muscle has been reported to
be ~1-2 um (Allen & Westerblad, 2001) and even as
high as 20 um very transiently (Baylor & Hollingworth,
2003). This is not readily reconciled with the report by
Belcastro (1993) that u-calpain from quiescent skeletal
muscle of the rat displays 10% and 50% of maximal
proteolytic activity at 100 nm and 1 um Ca**, respectively,
because that seemingly implies that there would be a
substantial level of proteolytic activity going on
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throughout normal muscle activity. This highlights the
need for a detailed examination of the localization and
Ca**-and time-dependent activation of the calpains, in
particular of p-calpain, under the physiological conditions
prevailing in a muscle fibre. Such an examination can also
provide insights into the expected activity of calpains at
the [Ca®"] prevailing in dystrophic muscle.

In vitro studies of p-calpain and m-calpain in
various tissues indicate that they require ~3-50 um and
~400-800 M free [Ca®*], respectively, for half-maximal
proteolytic activity, but that the presence of phospholipids,
small endogenous proteins or even specific substrates can
substantially reduce the level of Ca’* needed for activity
(Pontremoli et al. 1990; Melloni et al. 1998; Goll et al.
2003). Importantly, Ca**-dependent activation is typically
accompanied by autolysis of the calpains, which reduces
the [Ca’"] required for continued in vitro proteolytic
activity to ~0.5-2 um for p-calpain and to ~50-150 um
for m-calpain (Goll et al. 2003). p-calpain is autolysed
from its 80 kDa full-length form to a 78 kDa and then to a
76/75 kDa form. It has been reported that the 80 kDa form
displays proteolytic activity in erythrocyte membranes
(Molinari et al. 1994), whereas others have shown that
proteolytic activity closely parallels the formation of
the autolytic products (Baki et al. 1996; Melloni et al.
1996). In erythrocytes, full-length p-calpain is primarily
cytosolic and in the presence of Ca*" some partitions to
the surface membrane and autolyses to the 78 kDa form
and is stabilized there by the membrane, with only a
small proportion autolysing further to the 76 kDa form
and again becoming readily diffusible (Melloni et al. 1996;
Michetti eral. 1996). The proteolytic activities of j1-calpain
and m-calpain are inhibited in a Ca*"-dependent manner
by the endogenous protein calpastatin (Kapprell & Goll,
1989), which in unstimulated cells is found in bound
aggregates rather than in a freely diffusible form (De Tullio
et al. 1999). Calpastatin has a much higher affinity for the
autolysed forms of p-calpain than the unautolysed form
(Melloni et al. 1996).

In normal rested skeletal muscle, the ubiquitous calpains
are found predominantly in their unautolysed form (Goll
et al. 2003; Murphy et al. 2006). In the study by Belcastro
(1993), the calpains were isolated and purified before
examining the Ca’"-dependence of their proteolytic
activity; however, the extent of autolysis was not examined,
and so it seems quite possible that the observed high
Ca’*" sensitivity may have been caused by autolysis of
some of the calpain. The ubiquitous calpains do seem to
be important in Duchenne muscular dystrophy (DMD).
Total Ca*"-activated protease activity is elevated in muscle
from humans with DMD (Kar & Pearson, 1976), and over-
expression of calpastatin reduces dystrophic pathology in
the mdx mouse dystrophic model, indicating that one
or both of the ubiquitous calpains is involved in the
pathology (Spencer & Mellgren, 2002). However, the role
and basis of activation of calpains are currently unclear.
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The cellular distribution of the ubiquitous calpains in
skeletal muscle is also not entirely clear. It has been
reported that p-calpain and m-calpain are present at a
higher density in the Z-disk region than in the I-band and
A-band regions (Yoshimura et al. 1986; Kumamoto et al.
1992) and are also associated with the sarcolemma, the
muscle surface membrane (Dayton & Schollmeyer, 1981),
with a higher proportion associating with the sarcolemma
in mdx mice than in wild-type mice (Spencer & Tidball,
1996). However, it may be that the ubiquitous calpains
are normally quite mobile or differently distributed in
fibres in vivo and that they rapidly bind or redistribute
during fixation or fractionation and other experimental
procedures.

The situation for calpain-3 is understood even less well.
It was originally reported that calpain-3 readily autolyses in
a Ca’"-independent manner and disappears from muscle
(Sorimachi et al. 1993), but subsequent studies reported
that it can be stably expressed in vivo (Spencer et al. 2002)
and thatitautolysesina Ca’>"-dependent manner at micro-
molar levels of Ca** (Branca et al. 1999; Murphy et al.
2006). Calpain-3 binds to titin at the N2A line, adjacent
to the extensible PEVK region of this large elastic protein
(Sorimachi et al. 1995; Keira et al. 2003) and possibly also
binds at the M-line (Ojima et al. 2005). Calpain-3, like
p-calpain and m-calpain, can cleave titin, with cleavage
occurring at the PEVK region and the M-line but not at
the N2A line where calpain-3 is bound (Kramerova et al.
2004). Absence or decreased activity of calpain-3 leads to
the development of limb girdle muscle dystrophy type 2A
(Richard et al. 1995), but the actual role of calpain-3 in
muscle remains unclear.

In this study, we have examined the
compartmentalization and autolysis of p-calpain in
individual fibres from fast-twitch skeletal muscle of the
rat, removing the sarcolemma by microdissection in order
to gain access and accurately vary the intracellular [Ca*"]
throughout the fibre under physiological conditions. In
this way, we have been able to show that in contrast to
calpain-3, p-calpain is mostly freely diffusible in the
cytoplasm in a resting fibre, and that it binds at high
[Ca*"] but does not readily autolyse and increase its Ca**
sensitivity unless the intracellular [Ca®"] is maintained
at a relatively high level (> 2 um Ca?*) for a prolonged
time. These findings demonstrate how p-calpain is
precisely attuned to avoid chronic proteolytic activity
under normal circumstances, and indicate why there can
be substantial proteolytic damage if resting or localized
[Ca**] is elevated, as is likely to occur after eccentric
contraction and in dystrophic muscle.

Methods
Preparation

Male Long-Evans hooded rats (~4-8 months old) were
killed by overdose of fluothane (2% v/v) in a restricted
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air space, and then both extensor digitorum longus (EDL)
muscles were swiftly excised. All experimental procedures
were approved by the La Trobe University Animal Ethics
Committee. Whole muscles used for homogenates were
maintained in saline solution containing (mm): NaCl 140,
KCl 5, CaCl, 2.5, MgCl, 1 and Hepes 10; pH 7.3 at room
temperature and used within 5-30 min. When obtaining
single fibres, muscles were pinned at resting length under
paraffin oil (Ajax Chemicals, Sydney, Australia) in a Petri
dish and kept cool (~10°C) on an icepack. Individual
muscle fibres were mechanically skinned with fine forceps
as shown in Fig. 1. By mechanically skinning (or ‘peeling’)
single skeletal muscle fibres, it is possible to accurately
determine how much of a particular calpain present in
a muscle fibre at rest is in close association with the
sarcolemma and how much is freely diffusible in the
cytoplasm or bound within the fibre. In this procedure
the entire sarcolemma from a section of a single fibre is
rolled back by microdissection, forming a ‘cuff, allowing
itto be completely removed with little or no contamination
with any of the underlying myofibrillar network (Fig. 1).
As shown previously, the transverse tubular (T)-system
inside the muscle fibre seals off completely when the
sarcolemma is rolled back and it remains within the
skinned regions as a separate, polarisable compartment
(Lamb et al. 1995; Launikonis & Stephenson, 2004) such
that the skinned fibre segments fully retain the capacity for
normal action potential-mediated excitation—contraction
coupling (Posterino et al. 2000; Verburg et al. 2006).

In some experiments, a segment of the skinned fibre
(length, ~3 mm; diameter, ~50 um) was attached to a
force transducer (AME801, SensoNor, Norway) at resting
length or stretched as described in the text, and then placed
in various solution baths (2.0 ml) or alternately moved
under paraffin oil between different solution droplets
(5-20 ul). In other cases, the skinned fibre segment
was transferred through sequences of various solutions
(5-10 1) in 0.6-ml microfuge tubes. Where required,
the sarcolemma (< 1% of fibre mass) and the associated
skinned fibre segments were analysed separately using
SDS-PAGE and Western blotting. All experiments were
conducted at room temperature (24 = 2°C) unless stated
otherwise. All data show mean values with the standard
error of the mean (s.e.M.) in the text and figures.

Figure 1. Skinning a skeletal muscle fibre by
microdissection

A single skeletal muscle fibre was dissected away from a
rat extensor digitorum longus muscle under paraffin oil.
Individual myofibrils within the fibre run axially, and a
group of myofibrils (‘minor portion’) were pulled away
from the fibre, causing the entire sarcolemma along the
fibre segment to roll back as a ‘cuff’ of membrane,
which then could be dissected away and analysed
separately from the resulting ‘skinned’ fibre portions
that remain (major and minor portions pooled together
as required).
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Solutions

All chemicals were purchased from Sigma-Aldrich
(St Louis, MO, USA), unless specified otherwise.
Purified p-calpain (referred to as exogenous p-calpain)
was purchased from Calbiochem (San Diego, CA,
USA) and was derived from human erythrocytes. As
previously described (Posterino et al. 2000; Verburg
et al. 2005, 2006), the solutions were designed to
mimic the major aspects of the normal cytoplasmic
conditions, with K* (126 mm) as the major cation
(with 36 mm Na®) and with impermeant divalent
anions rather than Cl-, and 1 mm free Mg?t, 90 mm
Hepes (pH 7.1) and osmolality of 295 45 mosmol 1.
The total divalent anion concentration was 68 mm
and was composed predominantly of either
hexamethylene-diamine-tetraacetate (HDTA?*"; Fluka,
Buchs, Switzerland) or EGTA?~—CaEGTA?~ mixtures.
Solutions were made with 8 mm ATP and 10 mm creatine
phosphate, or without any ATP or creatine phosphate
(‘rigor’ solutions) so as to prevent all Ca*" uptake.
Solutions with various [Ca®*] were made by altering the
ratio of EGTA to CaEGTA and in some cases up 5 mm
fast Ca®* buffer BAPTA was also present. The free [Ca’"]
in solutions (for 50 nm and above) was measured with
a Ca*"-sensitive electrode (Orion Research, Cambridge,
MA, USA). The caffeine-Ca** solution used for very brief
dipping was similar to the CaEGTA rigor solution though
not isosmotic as it also contained 5 mm additional Ca?*
and 30 mwm caffeine.

Passive force measurements

Force responses were recorded simultaneously on both a
chart recorder (Linear) and a computer with Powerlab
series 4/20 amplifier/AD converter card and Chart 5
software (AD Instruments, Sydney, Australia). Fibres were
stretched on the transducer to twice the resting length,
reaching the final level within ~3 s. Peak force was defined
as the force 30 s after applying the stretch, as this was highly
reproducible and depended on the final length and not on
the rate at which the stretch was applied. For calculations of
rates of decline of passive force (in percentage per minute),
the 100% level was defined as the level on the slow declining

Intact region

Rolled back sarcolemma
(cuff)

Skinned
regions

Major
portion

Minor
portion
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phase following the initial 2 min of treatment in control
rigor solution (or the equivalent time when kept only in
oil); this was the passive force level immediately before
applying the test treatment.

Exposure of fibres to muscle homogenate

Muscle homogenates made with free [Ca’"] heavily
buffered to a given level were applied to stretched skinned
fibres to test whether the raised [Ca®*] activated a readily
diffusible compound that disrupted the patency of titin
and reduced passive force production. Muscle samples
were homogenized in Ca’'-containing rigor solution
(with 50 mm total EGTA/BAPTA) with 2-20 M free Ca’*
(0.25 g tissue per 1 ml). In some preparations, the [Ca**]
was raised to 20 uM for 5 min to allow for initiation of
any Ca*"-activated processes, and then lowered to a new
setlevel. These whole homogenates were then immediately
used to treat a skinned fibre. The effect on passive force was
tested as above, but with the skinned fibres being immersed
for 1-3 min in the homogenate instead of Ca** -containing
rigor solution. This was compared to control treatments
using homogenates prepared without raising the [Ca*"]
or with 1 mm leupeptin added.

Collection and treatment of fibres

All fibres were collected into a total volume of 15 ul,
containing a control rigor solution and sample loading
buffer (0.125m Tris-Cl (pH 6.8), 4% SDS, 10% glycerol,
4 M urea, 10% mercaptoethanol and 0.001% bromophenol
blue). For fibres undergoing specific treatments, 10 ul
aliquots of solution were placed in 0.6-ml microfuge
tubes. Skinned fibres were transferred into the solution
and then removed after the required time and treated
as detailed above. Sample loading buffer was then added
to the solution. Samples were heated to 95°C for 4 min
before being stored at —20°C until required for analysis by
Western blotting. Treatment solutions consisted of either
control rigor solution or a rigor solution containing 1, 2,
5, 8 or 40 uM free [Ca®"] for times indicated in results
(solutions described above).

Western blotting

pn-calpain and calpain-3 were analysed by Western
blotting as previously described (Murphy et al. 2006).
In brief, denatured protein from single fibres or muscle
homogenates was separated on 8% SDS-PAGE gels (100 V
for 15 min, followed by 160 V for 60 min) and transferred
to nitrocellulose (15 V for 60 min). Following transfer, gels
were stained with BioSafe Coomassie (Bio-Rad, Hercules,
CA, USA). After a series of washes, membranes were
exposed overnight to either mouse anti-calpain-3 (1 : 100,
Novocastra monoclonal 12A2, Newcastle, UK) or mouse
anti-p-calpain (1:1000, Sigma), both diluted in 1%
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bovine serum albumin in phosphate-buffered saline with
0.025% Tween (PBST). Following a number of washes in
blocking buffer (5% skimmed milk powder in tris-buffered
saline with 0.025% Tween (TBST)), the membranes
were exposed to secondary antibody (goat anti-mouse
horseradish peroxidase, Bio-Rad), diluted 1:20000 in
blocking buffer for 60 min. Following a further series
of washes in TBST, bands were visualized using
either colorimetric (Opti-4 CN substrate, Bio-Rad) or
chemiluminescent (Pierce, IL, USA) detection. Images
were collected using a CCD camera attached to a
ChemiDoc XRS chemiluminescent detection system
(Bio-Rad) and using Quantity One software (Bio-Rad).
Densitometry was performed with the Quantity One
software.

To verify that the detection of p-calpain by Western
blotting showed a linear response for amounts in the
range of a single skeletal muscle fibre segment and
below, a series of dilutions equivalent to 1, 0.5, 0.25
and 0.13 fibre segments were analysed as described
above. Linear regression analysis indicated a near linear
relationship between band density and fibre quantity
over the range examined (data not shown; r* =0.9996,
x-intercept = 0.04 fibre segment). As total protein could
not be determined for the same individual muscle fibre
segments used in the Western blotting, where relevant the
band intensities on a given Western blot were normalized
by theamount of myosin heavy chain (MHC) presentin the
analysed segment as seen by Coomassie staining of the gel
following transfer. To validate this approach, we examined
the linearity of the amount of MHC remaining in a gel
following transfer. As for p-calpain, a linear response
was observed for MHC (data not shown; r> =0.9858,
x-intercept = — 0.15 fibre segment) indicating that the
amount of MHC left in the gel after transfer was a
valid indicator of the amount of protein loaded. Similar
responses were seen for p-calpain and MHC in three
separate analyses.

Titin analyses

For analysis of titin, treated single fibres were added
to 5 ul titin extraction buffer (8.7% SDS, 0.1 m Tris-Cl
(pH 8.8), 5mm EGTA and 50 mm dithiotreitol), heated
at 65°C for 5 min and left at room temperature (RT) for
90—120 min before being spun at 13 000 g for 20 min. The
supernatant was then mixed 1:1 with 50%
glycerol in PBS with bromophenol blue and stored
at —20°C until required for analysis within 1 week. Low
percentage (2.8%) acrylamide gels with silver staining
were used to detect titin, as previously described (Verburg
et al. 2005). Electrophoresis was performed at RT (10 mA
for 30 min, 20 mA for 3 h and 30 mA for ~90 min). Gels
were silver stained using GelCode SilverSNAP Stain Kit
II (Pierce, IL, USA). To determine the ratio of full-length
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titin (T1) to degraded titin (T2), densitometry of the
bands was quantified using Quantity One software
(Bio-Rad).

Results

Sarcolemmal, diffusible and bound pools of calpains
in muscle fibres

Examination of individual skinned fibres from freshly
dissected EDL muscles of the rat showed that the majority
of the p-calpain is present in the bulk of the fibre

n in skeletal muscle fibres 599
(skinned parts) and only a small proportion is closely
associated with the sarcolemma. In the six cases examined
where no detectable myosin heavy chain (MHC) was
present with the excised sarcolemma (i.e. no myofibrillar
contamination, see lane C2 in Fig.2A), the percentage
of the total p-calpain found with the sarcolemma was
16 6% (all data are means =+ s.e.M.). In accord, the
amount of p-calpain in skinned fibre segments was on
average 90 = 20% of that found in intact (i.e. unskinned)
fibre segments, consistent with relatively little of the total
p-calpain being associated with the sarcolemma (n=12
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Figure 2. Diffusible and bound pools of i-calpain in single muscle fibres at rest
A, Western blots for calpain-3 and p-calpain, and corresponding Coomassie stain of myosin heavy chain (MHC),
in an intact section of each of two extensor digitorum longus (EDL) fibres (I) and in the total skinned segments

(S1 and Sy) and the associated sarcolemmal cuffs (C4

and Cy) of two other EDL fibres. Calpain-3 and u-calpain

were present predominantly in their unautolysed full-length forms (94 and 80 kDa, respectively). B, u-calpain and
corresponding MHC remaining in the skinned fibre (F) or lost to the wash solution (W), after washing single skinned
EDL fibre segments for the indicated time. (Each W on left side of corresponding F). Wash solution was a K*-based

physiological solution with free [Ca2*] buffered at 20
exposed to 20 nm Cat wash solution for 3 or 30 mi

nmM. C, similar experiment with calpain-3 in skinned fibres
n. Calpain-3 is not lost from the fibre even with extensive

washing. D, time course of washout of u-calpain from single skinned EDL fibres; values are the mean (& s.e.m.)

u-calpain remaining in the skinned segment (expressed

as a percentage of the total present in the skinned segment

and wash solution) in indicated number of fibre segments.
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skinned and 16 intact segments, first normalizing density
of p-calpain to MHC in each fibre segment, and then
comparing values for skinned and intact fibres). It is
important to note that the p-calpain present in intact and
skinned fibres was found to be almost exclusively in its
unautolysed (80 kDa) form, with < 5% of the total in the
partially autolysed 78 kDa form. It is interesting that the
relative proportion of total p-calpain in the 78 kDa form
was noticeably higher in the sarcolemma than in the rest
of the fibre in every case examined (e.g. Fig. 2A). This
activation was not attributable to exposure to extracellular
Ca’* during the skinning procedure, as the skinning was
always done with the fibre in paraffin oil and also was no
different if the muscle was presoaked in a 0 Ca** external
solution (data not shown).

The p-calpain present within the skinned parts
of a muscle fibre could be further subdivided into
cytosolic and bound pools by determining how much of
the calpain readily diffused out of the skinned segments
when they were bathed in a comparatively large volume of
solution mimicking the normal intracellular environment
(K*-based solution with ~20nm free Ca’*; solution
volume 5 or 10 ul compared to ~6nl for skinned
fibre segments). Because the fibres were skinned under
paraffin oil, they initially contained all normal cytoplasmic
constituents, including any calpain. When transferred to
the bathing solution, ~70% of the p-calpain initially
present in the skinned fibre segments was rapidly lost from
the fibre with a time constant of ~25 s, consistent with free
diffusion (Nguyen et al. 1998), with the other ~30% being
bound and diffusing only relatively slowly out of the fibre
over up to 60 min (Fig. 2Band D). The extent of washout of
u-calpain was not noticeably different at any free [Ca®"]
in the range 1-200 nM, nor was it different with in the
presence or absence of ATP.

In contrast to p-calpain, there was no detectable
calpain-3 associated with the sarcolemma (Fig. 2A), and all
of the calpain-3 remained bound within the skinned fibre
segments in its 94 kDa unautolysed form over a 60-min
washout period in 20 nm free Ca** (Fig. 2C).

Absolute amount of p-calpain in a muscle fibre

An estimate of the absolute amount of p-calpain
present in a segment of an EDL fibre was ascertained
from Western blotting by comparing the density of bands
from fibre segments with that for known amounts of
purified p-calpain (three repetitions). There was ~150 pg
p-calpain in a fibre segment, typically ~3 mm long and
~50 um in diameter. This means that the total amount
of w-calpain in EDL fibres (expressed relative to total
fibre volume) is ~0.2 uMm. Single intact fibres from rat
soleus muscle contained on average 79 +8% (n=11) of
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the p-calpain present in EDL fibres (values normalized to
amount of MHC in each fibre segment).

Binding and autolysis of diffusible p-calpain pool
upon raising cytosolic [Ca2™]

The effect of cytoplasmic [Ca’>*] on the distribution and
activation of p-calpain was examined by transferring
freshly skinned single fibres from the paraffin oil straight
into a rigor solution with free [Ca*"] buffered in the range
0.5-40 uM. In contrast to the results at 20 nm cytosolic
[Ca**], the majority of the pu-calpain remained in the
skinned fibre during the first 1-3 min of washing when
the [Ca*"] was > 1 um (e.g. Fig.3). This retention of
the p-calpain in the skinned fibre may have been due
to some extent to the fibre segment contracting (as end-
ogenous ATP was still initially present in the fibre), which
could have interfered with the diffusional loss. However,
this seems unlikely to fully account for the substantially
slower diffusional loss seen at 1 um Ca?*, a [Ca®*] that
triggers only submaximal contraction in these rat EDL
fibres (Lamb & Posterino, 2003), nor would it account for
the high retention of p-calpain even over 30 min at 40 um
Ca’t (70 +6% retained, n=7). Furthermore, when
fibre segments were fixed at resting length on the force
transducer the majority of the p-calpain remained in the
fibre when it was treated with 40 um Ca?* for 3 min
(72 +£10% retained, n=3). Given that the diffusible
cytoplasmic pool of p-calpain is normally able to wash
out very rapidly (see above), this slow loss suggests that
a substantial part of the diffusible pool of pu-calpain
must bind within seconds to sites within the skinned
fibre when the cytosolic [Ca*"] is raised to high
levels (> 10 um).

There was no detectable autolysis of p-calpain when
a skinned fibre was kept in a solution with either 50 or
200 nM free [Ca®*] even for 60 min (n = 3 fibres each, data
notshown). When the free [Ca?t ] was maintained at 1 M,
it still did not trigger substantial autolysis of the p-calpain,
as seen by the large proportion that remained in the
unautolysed 80 kDa form even over 30 min (e.g. Fig. 3A).
However, when the cytoplasmic [Ca”"] was maintained at
a higher level (540 um), a appreciable proportion of the
p-calpain was autolysed to the 78 kDa and 76 kDa forms
(Fig. 3Band C), with the amount of autolysis increasing in
both a Ca?*-dependent and time-dependent manner (e.g.
~50% autolysed after 30 min at 5 um Ca**; > 50% within
3 min at 40 um Ca’*).

Ca?*-dependent autolysis of diffusible and bound
pools of u-calpain

In order to examine whether the diffusible and bound
pools of p-calpain within a skinned fibre segment
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(~60% and 25% of total in a fibre, respectively) are
each individually autolysed in the presence of elevated
[Ca’*], the two pools of calpain were separated by
washing skinned fibres in 20 nm Ca>* for 60 s and then
the [Ca’"] was raised separately in the wash solution
(containing the freely diffusible cytosolic constituents) and
in the fibre. As expected from Fig. 2, the majority of the
w-calpain was found in the cytosolic pool (i.e. in the wash
solution). When the [Ca?*] wasraised to 20 ;tM, noticeable
autolysis occurred in both pools within 3 min, and more
than 50% autolysis occurred within 60 min (e.g. Fig. 4).
With the longer exposure, the majority of the -calpain in
both pools was autolysed to either the 78- or 76 kDa forms,
and some 60 kDa product was also apparent in a number
of cases (e.g. Fig. 4).
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Passive force measurements and proteolysis of titin

The proteolytic activity of muscle p-calpain was assayed
by measuring its effect on passive force production, which
indicates the patency (i.e. functional integrity) of the
important muscle structural protein, titin. Skinned fibres
have no surface membrane or extracellular matrix and
consequently the passive force produced by a stretch is
predominantly dependent on the extent of titin elongation
(Horowits et al. 1986). Figure 5A shows the passive force
produced in a rat skinned EDL fibre that was mounted on
a force transducer and stretched (over a few seconds) to
twice its resting length. As typically observed with a rapid
stretch of this order, force transiently peaked at a high level
(similar in magnitude to the maximum Ca*"-activated
force level that could be generated in such a fibre) and
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Figure 3. Diffusible pool of ji-calpain rapidly binds in presence of raised cytosolic [Ca?™]

A, Western blot of u-calpain and corresponding Coomassie stain of myosin heavy chain (MHC) for individual
skinned fibres that were first exposed to a rigor wash solution (W) with the free [Ca?*] buffered at 1 um. The
majority of the u-calpain remained in the skinned fibre (F) when the wash was for only 3 min (left-hand pair of
lanes), but most was lost from a fibre with a 30-min wash (right-hand pair of lanes). B and C, similar experiments
with wash solution containing 5 M and 40 um free Ca?*, respectively. The proportion of u-calpain lost from the
fibre decreased at higher [Ca*], and the extent of autolysis of u-calpain increased. The total of all u-calpain
in the fibre and wash (normalized to MHC) remained approximately the same as in untreated skinned fibres.
D, percentage of u-calpain remaining in a skinned fibre when the fibre was washed in a rigor solution with
indicated free [Ca%*] for 1, 3 or 30 min (or 60 min at 50 nm and 200 nm Ca2*). Values are based on the total
amount of u-calpain present in the fibre and wash, irrespective of whether it was autolysed. Values are means
(& s.e.m.) with number of fibres indicated, except for five cases at 1-8 um Ca?* where values for individual fibres

are shown.
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then declined rapidly over the first minute and then much
more slowly in the following minutes. This force is entirely
‘passive’, resulting from the stretch of elastic elements, and
it does not involve any active force production by myosin
cross-bridges. When a stretched fibre was returned to its
resting length for several minutes and then re-stretched
to twice the resting length again, the passive force showed
very similar behaviour, although the peak force was usually
decreased by ~5% if the first stretch was briefand by ~10%
if the fibre had been kept stretched for ~10 min.

We used this method to examine the proteolytic action
of both endogenous and exogenous p-calpain. As the
skinned fibre segment was stretched to twice its normal
resting length, there was no overlap of the actin and
myosin at the level of the sarcomere, and consequently
there could be no active force production, nor could there
be any rigor force if ATP was removed. The baseline rate of
passive force decline in each skinned fibre was established
by bathing the fibre in solution with [Ca?*] buffered to
20 nMm (orlower), and changing this to a ‘rigor’ solution (i.e.
one with no ATP) had no effect on the force, as expected
(Fig. 5A). The absence of ATP ensured that there could be
no Ca’* pump activity within the skinned fibre that might
alter the free [Ca*"] set by the buffering, and hence that all
regions within the fibre would be subjected to that same
[Ca®t].

In contrast to our previous findings in toad fibres
(Verburg et al. 2005), once a rat skinned fibre had been
washed for several minutes, raising the [Ca’*] to 40 um
had little if any effect on passive force production, causing
no noticeable change in the rate of force decline (data

20 uM Ca?*
3 60°
W F W F
: 80 kDa
~cal
Heapal — — =3 — 78 kDa
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__ 60 kDa
ML e

Figure 4. Cytosolic and bound pools of p-calpain are both
autolysed at elevated [Ca?™]

Western blot showing that p-calpain residing in both the cytosolic and
bound pools in quiescent fibres is autolysed in a Ca?*- and
time-dependent manner. Skinned extensor digitorum longus fibre
segments (examined in pairs for better detection) were washed for

60 s in 20 nm Ca%t solution to separate cytosolic pool of u-calpain,
and then cytosolic constituents (W) and fibre segments (F) were
separately exposed for 3 or 60 min to a solution at 20 uMm free [Ca2™].
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not shown), nor any more reduction in peak passive force
(measured upon subsequent re-stretch; Fig. 5C, left-hand
column) than seen in untreated fibres stretched for a
similar time (see above). A similar lack of effect on passive
force was found when treating a fibre in open solution
at any [Ca’"] in the range 1-125 um (data not shown).
This demonstrates that neither calpain-3, nor the ~25%
of w-calpain that remains bound within the fibre after
washing in low [Ca?*], are readily able to disrupt titin,
even when the fibre is stretched. (As described later in
Fig. 8C, a very small but significant decline in passive force
is detected if a washed fibre is exposed to 20 um Ca** and
then placed back in oil so as to entrap any of the remaining
endogenous proteases that may have become active and
diffusible).

When a stretched skinned fibre was exposed to
exogenous active p-calpain (0.25 um), passive force
declined steeply, decreasing over a 1-min exposure to only
~25% of the level just before the exposure to p-calpain
(Fig. 5A). In accord, when the fibre was returned to resting
length and then re-stretched to twice the resting length
again, peak passive force production was also greatly
reduced. (In all experiments reported here there was
invariably close correlation in the results when assessing
passive force either by the change in the steady level of
passive force or by the change in the peak force upon
re-stretch). It is important to note that if the skinned fibre
was not stretched during the application of the exogenous
calpain, the reduction in passive force production was
relatively small (Fig.5B and C). In these experiments,
the exogenous p-calpain was pre-activated by a 5-min
exposure to 20 um Ca®*, which was sufficient to cause
substantial autolysis of the p-calpain (see Fig.7), and
this calpain was then applied to the skinned fibre in
the presence of 1 uM free Ca®*. The method utilizes the
fact that once ju-calpain has undergone Ca*"-dependent
autolysis it shows proteolytic activity at relatively low
[Ca?t] (~0.3 um and above) (Goll et al. 2003). The
procedure was designed to minimize Ca*"-dependent
activation of any endogenous calpain still present in the
skinned fibre, though it is apparent from the data above
that the endogenous calpains that remained in the fibres
after washing did not cause a significant decrease in
passive force production. The rate of passive force decline
was approximately linearly related to concentration of
exogenous p-calpain added over this range, with the rate
of decline with 0.1 um calpain being on average 24 4 8%
(n=23) of that in fibres examined in the same experiment
with 0.5 pum calpain (and all other conditions unchanged),
indicating that the decline in passive force could indeed
be used as an assay of pu-calpain activity. Furthermore,
the effect of exogenous p-calpain on passive force was
inhibited by leupeptin (see next section) and entirely
Ca’*-dependent, there being no detectable decrease in
passive forceat < 10 nm Ca®* and with the rate of declinein
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forceat 50 nm Ca®* onaverage being3 £ 1% (n = 4) of that
at 1 um Ca’". After washout of exogenous ju-calpain for
1-2 min with rigor solution (20 nm Ca?*), raising [Ca*"]
to 1 or 40 um caused no detectable decline in passive
force.

The extent of proteolysis of titin was also directly
visualized by silver staining of SDS-PAGE gels of the
proteins in a subset of the fibres used in the passive
force experiments. In freshly isolated fibres, most titin
is in its full-length form (T1, ~3700kDa). It could be
readily proteolysed to its degraded form (T2, ~2500 kDa)
(Kimura ef al. 1992) by warming a whole muscle in vitro
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for a prolonged period (Fig. 6). The amount of titin in the
degraded form was increased significantly in the skinned
fibres that had been exposed to exogenous active p-calpain
while stretched on the transducer, but in the remaining
treatment groups it was not significantly different from
that in untreated fibres (Fig. 6).

In summary, the above data demonstrate that titin is
proteolysed by exogenous p-calpain, provided the fibre is
stretched, and that the passive force decline is indicative of
the patency of the titin and is a useful assay of p-calpain
activity. The data also show that in rat skinned fibres, after
washout of the freely diffusible cytoplasmic constituents,
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Figure 5. Passive force changes with activated exogenous p-calpain

A, stretching a skinned fibre (in solution with < 1 nm Ca?*) to twice its resting length (at upwards arrow) elicited
a force response with a large transient peak followed by a gradual further reduction over many minutes. This
‘passive force’ is due to stretching the elastic structural protein, titin. During the slowly declining phase, the fibre
was transferred to two successive baths containing rigor solution (0 ATP, 10 nm Ca?*), which had no effect on
force production (except for force artefacts when transferring the fibre between solutions). Exposure for 1 min to
pre-activated exogenous yu-calpain (0.25 M, in the presence of 1 um Ca?t) produced a rapid decline in passive
force. Slackening the fibre to the original resting length (downwards arrow) and then reapplying the stretch to
twice the resting length produced only a small passive force response. B, when another skinned fibre was exposed
to activated p-calpain while at its resting length (in rigor solution, causing small rigor force development), there
was subsequently only a relatively small decrease in the level of passive force produced in response to a stretch
to twice the resting length. C, mean (& s.t.M.) passive force production following indicated treatment, measured
by reapplying a stretch to twice the resting length. Number of fibres shown on each bar. *Significantly different
from pretreatment level (P < 0.05). #Effect of activated calpain treatment significantly different in stretched and

unstretched fibres.
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raising the cytoplasmic [Ca’"] results in little or no
proteolysis of titin by the bound endogenous p-calpain
(and calpain-3) still present in the fibre.

Proteolytically active forms of u-calpain at 1 um Ca?*

We also examined which of the unautolysed and autolysed
forms of the exogenous p-calpain were proteolytically
active under the conditions used. The exogenous p-calpain
obtained from the supplier (see Methods) consisted
of approximately equal proportions of the 80-, 78-
and 76kDa forms (Fig.7A, lane 4). By exposing this
calpain to physiological solution with various [Ca’']
for up to 24 h, it was possible to obtain a whole range
of different combinations of p-calpain forms (Fig.7A)
and then to apply each of these to a skinned fibre
under the same final conditions (e.g. at 1um free
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Figure 6. Proteolysis of titin by activated exogenous p-calpain
A, 2.8% SDS-PAGE gel showing silver staining of titin in rat extensor
digitorum longus fibres following passive force measurements and
treatments as in Figure 5. Fibres with ‘no treatment’ were skinned but
not mounted on a transducer. Degraded titin was produced by
incubating fibres at 30°C for 60 min. B, mean percentage (& s.e.M.) of
total titin in full-length form in fibres given indicated treatments. One
of the stretched fibres exposed to u-calpain broke during re-stretch
and could not be included in the results in Figure 5C. *Significant
difference in proportion of full-length titin remaining compared with
other treatments (one way ANOVA with Newman—Keuls post hoc test,
P < 0.05).
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[Ca*"]) in order to determine its level of proteolytic
activity. Exposure to 20 um Ca’" caused relatively slow
autolysis of the full-length (80kDa) protein, but any
partially autolysed 78 kDa calpain rapidly autolysed
further to the 76 kDa form (Fig. 74, lanes 3 and 7), where it
accumulated before eventually autolysing even further (to
~35 kDa and possibly to other undetected products) if the
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Figure 7. Activation and proteolytic activity of exogenous
p-calpain

A, Western blot of p-calpain following treatment with 0.5 um
exogenous u-calpain with 1 or 20 um free Ca2* for different times.
Exogenous p-calpain was initially present in almost equal proportions
in the 80-, 78- and 76 kDa forms (lane 4). Exposure to 20 um CaZt for
5 min (lane 3), 30 min (lane 7), 4 h (lane 1), 24 h (lane 2) or to 1 um
Ca?* for 7 min (lane 5) or 39 min (lane 6). B, proteolytic activity
(assayed as in Figure 5A by rate of decline of passive force in the
presence of 1 um Ca%t) compared with the amounts of 80 kDa (0),
78 kDa (D) and 76 kDa (A) u-calpain present. The amount of each
form present (band intensity) was expressed as a percentage of total
initially added (i.e. total of all forms present in untreated exogenous
u-calpain). Linear regression analysis of data for 76 kDa form gave a
best fit line (continuous line) with a gradient significantly different
from zero, indicating a direct relationship between amount of 76 kDa
isoform present and proteolytic activity (at 1 um Ca2*) of that sample
(r = 0.48, P < 0.01, dotted lines indicate 95% confidence limits of
fit).
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Figure 8. Washout of cytoplasm reduces endogenous
Ca?*-dependent proteolytic activity

A, a skinned fibre kept in paraffin oil and stretched to twice resting
length (upwards arrow) displayed a steep decline in passive force in
the period following a very brief (< 1s) dip in a solution designed to
raise the cytoplasmic [CaZt] (30 mm caffeine solution with added
Ca?*); most of the normal cytoplasmic constituents would have been
still present in the fibre after such a brief dip. The force decline was
subsequently stopped by transferring the fibre out of the oil and into a
solution with the [Ca2*] strongly buffered at < 1 nm (W2). A
subsequent re-stretch to twice resting length (second upwards arrow)
confirmed the reduction in passive force production. B, when the
normal cytoplasmic constituents in a skinned fibre were first washed
out (2 min in solution with [Ca2*] weakly buffered at 20 nm (W1)),
raising intracellular [Ca®*] by a dip in the caffeine-Ca®* solution had
little if any effect on the passive force response. C, mean (& s.e.M.) rate
of decline in passive force immediately after caffeine-Ca%* dip in
skinned fibres that had no prior wash or a 15-s or 2-min wash (n = 3
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exposure continued for 4-24 h (Fig. 7A, lanes 1 and 2).
Autolytic products of p-calpain smaller than 76 kDa had
no detectable proteolytic activity in the passive force assay
at either 1 or 20 um Ca**. Although it was not possible
to obtain conditions where only the 76 kDa form was
present, linear regression analysis of the combined data
over the whole range of combinations indicated that
the level of proteolytic activity in the presence of 1 um
Ca** was directly related to the amount of the 76 kDa
autolytic product present and showed no apparent
relationship with the amount of the full-length (80 kDa)
form present (Fig.7B). The range of conditions where
there was substantial amounts of the 78 kDa product
present was too limited to make any conclusion about
whether the 78 kDa product did or did not contribute
significantly to the total proteolytic activity at 1 um Ca**.
With exogenous pt-calpain that had been pre-activated at
20 um Ca’t for 5-30 min, addition of 1 mm leupeptin
stopped all detectable proteolytic activity at 1 um Ca**
and reduced activity at 20 um Ca®t 10-fold but did not
completely eliminate it (n = 6 fibres).

Ca?*-activation of diffusible proteolytic factors
present in the normal cytoplasm

We next examined whether the normal endogenous
cytoplasm in a muscle fibre contained diffusible
Ca?*-dependent proteolytic factors. This was achieved by
very briefly (< 1s) dipping a freshly skinned muscle fibre
into a solution with caffeine and high Ca®* in order to
raise the cytoplasmic [Ca®*] without major loss of the
normal cytoplasmic constituents (the fibre was kept under
oil before and after the dip). This brief caffeine—Ca®"
exposure immediately caused a large and rapid decline in
passive force production in every fibre examined (Fig. 8A
and C), demonstrating that the normal cytoplasm contains
a large amount of a proteolytic factor that can be rapidly
activated by raising the free [Ca®*]. It was further found
that almost all of this activity was lost with washout of
the normal cytoplasm for ~15-120s; the same brief dip
in caffeine-Ca*" solution caused no significant reduction
in passive force when the normal cytoplasm had already
been washed out (Fig.8B and C). Because the actual
change in cytoplasmic [Ca’*"] was not controlled in the
caffeine-Ca** dip experiment, it might be argued that
in the washout case the rise in [Ca?*] was not sufficient
to activate proteolysis. However, this seems very unlikely
given the very high concentrations of Ca?* and caffeine

and 1 fibres, respectively). Right-hand column shows data for six fibres
that were washed for 2 min and then equilibrated for 15 s in a solution
with 20 um Ca?* before being transferred back to oil to monitor the
resultant decline in passive force. Values were determined after
subtracting the rate of force decline in the same fibre immediately
before treatment. *Significantly different from zero (P < 0.05).
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present in the dip solution (5 mm and 30 mm, respectively)
and the fact that the initial wash solution had only weak
Ca** buffering (0.5 mM total EGTA). Furthermore, when
the normal cytoplasm was washed out for 2 min and the
fibre exposed for 15 s to a solution heavily buffered at a
known high free [Ca*"] (20 um) before moving the fibre
into oil, the rate of passive force decline in the oil was
very much smaller than when raising the [Ca®*] in the
caffeine-Ca®* dip experiment with the normal cytoplasm
still present (Fig. 8C). Thus, it is clear that most of the
important diffusible Ca®*-dependent proteolytic factor
normally present in the cytoplasm (i.e. that capable of
disrupting passive force production) is readily diffusible
at resting Ca”" levels and is easily washed out of the fibre.
At least some part of this factor is likely to be the diffusible
pool of pt-calpain that is present endogenously in a resting
fibre (Fig. 2).

It is also worth noting that the small but significant
decrease in passive force seen in the fibres exposed
to 20 um Ca’>" and then returned to oil (right-hand
column in Fig. 8C) indicates that some finite amount of a
Ca’*-dependent proteolytic factor is retained within the
fibre even after a 2-min washout of the normal cytoplasm
and that it is able to disrupt passive force production when
the [Ca®*] is raised. As raised [Ca?T] had no detectable
effect on passive force in fibres open to the bathing
solution, one possible interpretation of the data is that the
disruption to passive force comes about because some of
the remaining j-calpain within the fibre dissociates from
its binding site and produces a detectable level of titin
proteolysis because it remains trapped within the cyto-
plasmic space.

Proteolytic activity of muscle homogenates
at controlled [Ca?"]

The Ca**-dependence of the proteolytic activity present
in quiescent muscle was determined by homogenizing
EDL muscles in K™-based physiological solution with the
[Ca**] very heavily buffered with EGTA and BAPTA at
levels in the range < 10nm to 20 uM. We have recently
shown that this results in autolysis of both p-calpain and
calpain-3 in a Ca’"-and time-dependent manner, with
slight though detectable autolysis of -calpain occurring
within 1 min ata [Ca*"] of ~2.5 um (Murphy et al. 2006).
Freshly made homogenates were applied here within
10 min to a skinned fibre and passive force monitored as in
Fig. 5. Homogenates prepared with [Ca**] maintained at
< 50 nM showed no proteolytic activity (i.e. no decline in
passive force, Fig. 9B). Homogenates made with [Ca’"]
set at 2 um showed a small but significant level of
proteolytic activity even within 2 min of being produced,
and the amount of activity increased in a graded manner
with [Ca*"] up to 20 um (Fig. 9B). Dilution of a given
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homogenate in alarger volume of the same solution caused
an approximately proportional decrease in measured
proteolyticactivity. Addition of 1 mm leupeptin toahomo-
genate that had been made and kept in 20 um Ca’* for
5 min, reduced its proteolytic activity 4-fold but did not
completely abolish it (Fig. 9B) and 100 um E64c another
calpain inhibitor similarly caused only partial inhibition
of the activity (data not shown). Other homogenates were
made with the free [Ca?*] at 20 M for 5 min and then the
[Ca*"] reduced to a lower level. Proteolytic activity was
little if at all affected by reducing the [Ca**] to 2 um, and
importantly it was still present even at 0.3 um Ca** (~30%
of thatat 20 um Ca®*), but there was no significant activity
when the [Ca®"] was reduced to 50 nm (Fig. 9C), which is
close to the normal cytoplasmic [Ca®*] in a resting fibre.

Progression of pu-calpain autolysis in muscle
homogenates

Finally, noting that when exogenous p-calpain in free
solution was exposed to 20 um Ca** the 78 kDa product
rapidly autolysed further to the 76 kDa product (Fig. 7A),
whereas when muscle homogenates or single fibres were
exposed to 20 um Ca’" there was accumulation of
p-calpain in the intermediate 78 kDa product (e.g. Fig. 4),
we examined what happened when muscle homogenates
were exposed to even higher [Ca®*]. As seen in Fig. 10, in
the presence of 5 mm Ca** alarge fraction of the full-length
p-calpain rapidly autolyses to the 78 kDa product within
25's, but its further autolysis to the 76 kDa product is very
slow, with the result that much of the p-calpain is found
in the 78 kDa form even after 30-60 min. The finding that
a small amount of 76 kDa product was evidently formed
quite rapidly (within 25 s in 5 mm Ca?*; lane 3 in Fig. 10)
may have been due to some unbound full-length p1-calpain
quickly autolysing all the way to the 76 kDa form without
becoming membrane-associated; association of y-calpain
with membranes probably slows its transition from the
78 kDa to the 76 kDa form (see Introduction).

Discussion

Amount, distribution and properties of p-calpain
in a muscle fibre

In this study we have characterized the amount,
compartmentalization and Ca®*-dependent autolytic and
proteolytic properties of p-calpain in skeletal muscle
fibres under the physiological conditions prevailing in
situ. The results show how the properties of j-calpain
are very well attuned to the [Ca®*] changes occurring in
skeletal muscle, explaining why p-calpain does not readily
cause generalized proteolytic damage with normal activity,
and why it could do so in certain circumstances, such
as following eccentric exercise and in some dystrophic
conditions.
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The total amount of u-calpain present in a rat
fast-twitch fibre was found to be ~0.2 um (expressed
relative to total fibre volume). At the normal resting [Ca®*]
in a quiescent fibre (~20-50 nm), ~15% of the total was
closely associated with the sarcolemma, ~60% was freely
diffusible in the cytoplasm and ~25% was tightly bound
or constrained within the fibre (Fig. 2). The concentration
of freely diffusible p-calpain is also equivalent to ~0.2 um
when expressed relative to cytoplasmic water volume. In
comparison, the concentrations of phosphocreatine kinase
and pyruvate kinase in the cytoplasm are ~100 um and
~80 um, respectively, (Maughan et al. 2005) and the
equivalent value for titin is ~5-8 um (total titin molecules
expressed relative to fibre volume). Thus, p-calpain is
present in a fibre at almost 500-fold lower levels than key
enzymes involved in maintaining cellular energylevels,and
also at a 30-fold lower level than titin, one of its important
substrates.

Almost all of the p-calpain in a quiescent fibre exists
in the unautolysed (80 kDa) form (Fig.2), and exposure
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under physiological conditions to tightly controlled [Ca®*]
produced no detectable autolysis even over 1h if the
[Ca’*] was maintained at < 200 nm. There was also little
if any autolysis of p-calpain even if the [Ca’*] was kept
(i) for 30 min at ~1 um (e.g. Fig.3A), a level sufficient
to elicit submaximal force, or (ii) for 1-2 min at 2 um,
a level producing near maximal force in the rat EDL
fibres here in these ionic conditions (Lamb & Posterino,
2003). However, if the [Ca*"] was held at 5 um for a
number of minutes, a fraction of the u-calpain was
autolysed in both single EDL fibres (Fig. 3A) and muscle
homogenates (Fig.9A), with the extent and rate of
autolysis increasing at higher [Ca?*], consistent with our
previous observations in EDL muscle homogenates
(Murphy et al. 2006). In addition, the mobility of the
diffusible pool of p-calpain in the skinned fibres was
greatly reduced when the [Ca®*] was raised (Fig.3D).
This may have been due to Ca?*-dependent binding of
the unautolysed w-calpain to membranes (e.g. those of
the sarcoplasmic reticulum (SR) or transverse T-system,
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Figure 9. Ca2*-dependence of proteolytic activity in muscle homogenates

A, Western blot of p-calpain present in extensor digitorum longus muscle homogenized with free [Ca*] strongly
buffered at particular levels for indicated time. Autolysis becomes more apparent at higher [Ca?*]. B, rate of
decline in passive force when muscle homogenates made at indicated [Ca2*] were applied within 1-5 min to a
stretched skinned fibre (as in Figure 5A). Right-hand column shows rate with 1 mm leupeptin and 20 um Ca?*.
C, rate of decline in passive force when muscle homogenates were made at 20 M Ca2* and then [Ca2*] decreased
after 5 min to indicated level before applying the homogenate to skinned fibre. *Significantly greater than zero
(i.e. greater than rate of decline measured in same fibre segment in control solution immediately before and after
applying the homogenate). Note that rate of decline at 20 um Ca®* is very similar in 8 and C if data are normalized
by final level of homogenate dilution (5-fold and 9-fold dilution, respectively).
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not the sarcolemma, which had been removed), with its
subsequent autolysis and stabilization there in the 78 kDa
form; this would be analogous to membrane-dependent
events observed with p-calpain in erythrocytes (Melloni
et al. 1996; Michetti et al. 1996; see Introduction). Such
a scenario could explain why in the presence of Ca*" the
pu-calpain was found to accumulate in the 78 kDa form in
skinned fibres and muscle homogenates (Figs 3 and 10),
whereas isolated (. -calpain in solution autolysed rapidly to
the 76 kDa form (Fig. 7). It is also interesting to note that
Raynaud et al. (2003) observed that exogenous pi-calpain
bound to (but did not proteolyse) skeletal muscle
a-actinin in a Ca’>"-dependent manner and their electron
micrograph of a permeabilized bovine fibre (their Fig. 6A)
showed that the p-calpain bound in a Ca*"-dependent
manner not only near the Z-disk (possibly to «-actinin,
or to titin itself; Raynaud et al. 2005) but also seemingly
clustered at the triad junctions, a membrane-dense region
where the SR abuts the T-system. Gilchrist ef al. (1992)
have also reported calpain binding to the SR and triad
junctions.

Passive force assay of proteolytic activity
and the patency of titin

We have used changes in passive force production in
stretched muscle fibres as an assay of diffusible proteolytic
activity. This assay is a relevant measure because it
indicates how much diffuse cellular damage might be
expected from the proteolytic activity being assayed, as
it depends on the ability of the proteolytic factor(s) to
reach fixed sites (irrespective of whether or not the factor
then becomes largely fixed). If instead one were to assay
proteolytic activity using a diffusible substrate, it would
not distinguish between diffusible and fixed proteases, and
yet it is the diffusible proteases that could be expected
to have the wider ranging effects. This is not to say that
bound proteases are not of very considerable functional

80 kDa
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importance in particular localized regions (also see below).
Using exogenous jt-calpain, it was demonstrated that the
decline in passive force production accurately indicated
the relative level of proteolytic activity present, in that
(i) it showed an approximately linear relationship with
the amount of p-calpain added, (ii) the effect was totally
Ca’*-dependent and operated over the expected range
for activated pu-calpain (Goll et al. 2003) and (iii) it
was inhibited by leupeptin. Passive force production in
stretched skinned fibres depends predominantly on the
extent of titin elongation (Horowits et al. 1986) and hence
the irreversible reductions in the passive force assay here
should reflect disruptions in the patency of titin. It was
also shown here that titin was cleaved following exogenous
pu-calpain treatment under the same circumstances as
those where passive force was disrupted (Figs 5and 6), and
the large titin fragment remaining was the size expected
with cleavage by calpain (Goll et al. 2003). Certainly too, it
is known that titin is very readily proteolysed by calpains
(Goll et al. 2003). It is nevertheless quite possible that
calpain first proteolyses some other structural protein in
the fibre, such as in the Z-disk, and that this then disrupts
passive force production by titin and also allows titin to be
cleaved. However, if this is the case, it would still mean the
passive force measure used here was a useful assay of the
relevant proteolytic activity of calpain.

The size of the degraded titin relative to the full-length
titin observed here is consistent with cleavage in the PEVK
region of titin (Kimura et al. 1992; Kramerova et al. 2004).
This cleavage site is located in the I-band, slightly closer
to the M-line than the N,A line. The triad junction is
also located in this general region in the vicinity of the
N,A line. Calpain-3 is normally bound to titin at the N,A
line, but significantly it does not proteolyse titin at this
site (Kramerova et al. 2004). The situation is likely to be
similar for p-calpain, in that it could be expected to be
able to reach the PEVK site and proteolyse titin when in
a readily diffusible form, but probably cannot do so when

76 kDa
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Figure 10. Time course of u-calpain autolysis in extensor digitorum longus (EDL) muscle homogenate

at 5 mm Ca?t

Western blot of u-calpain isoforms present at indicated time in an EDL muscle homogenate made with 5 mwm free
Ca?* (lanes 3-10) or with 5 mm EGTA (< 1 nm free Ca?*; lane 2). Lane 1 contains a mixture of homogenates
exposed to 5 mm CaZt or to EGTA, in order to show all three bands together. Approximately half of the full-length
(80 kDa) p-calpain autolyses to the 78 kDa product within 25 s, but further autolysis to the 76 kDa product occurs

with a much slower time course.
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bound on membranes such as at the triad junction or on
other sites on titin itself.

The assay of proteolysis used here is also of obvious
direct relevance to muscle function, because the substrates
are normal muscle proteins rather than an exogenous
unmuscle substrate which perhaps might have atypical
susceptibility to proteolysis. Furthermore, the ability of the
factor to disrupt the patency of titin in particular (either
directly or secondarily) is a relevant aspect of the assay,
because dismantling of the normal sarcomeric structure is
aprecursor to further proteolytic degradation (Kramerova
et al. 2004; Bartoli & Richard, 2005; Costelli et al. 2005).
The use of highly stretched fibres in the passive force assay
should not be mistaken as meaning that whole muscles
would ever undergo such stretches in vivo. The in vitro
use of such fibres in the assay is valid nonetheless, and
it also yielded the additional interesting finding that titin
in rat muscle fibres is considerably more susceptible to
proteolysis by calpain when the sarcomere is stretched
compared to when it is not stretched (Figs 5 and 6). This is
similar to what is seen in toad fibres (Verburg et al. 2005).
The likely physiological importance of this is that it would
mean that ‘popped’ sarcomeres (Morgan & Proske, 2004)
and other damaged sarcomeres where the myosin filaments
are grossly misaligned, and hence where titin must be
overextended at least on one side, would be more
susceptible to calpain proteolysis, possibly aiding the
dismantling or remodelling of such sarcomeres.

Proteolytic activity in muscle homogenates and fibres

It was found that muscle homogenates made with the
free [Ca*"] set at 2 um displayed a significant though
relatively small degree of diffusible proteolytic activity,
and that the extent of the proteolytic activity increased
in a graded manner with [Ca*"] in the homogenate at
least up to 20 um Ca’* (Fig.9B). If the [Ca*"] in the
homogenate was kept at < 50 nm, the homogenate showed
no detectable proteolytic activity. It is important to note
that if the homogenate was made at 20 M Ca?* for 5 min
and then the [Ca’"] decreased to 2 um, the activity was
little if at all reduced, and the activity still remained at
~30% of that at 20 uM Ca?* even when the free [Ca®*]
was decreased to 0.3 um (Fig. 9C). Thus, if the [Ca**]
was raised to levels where there was significant autolysis
of u-calpain (Fig. 9B and also see Murphy et al. 2006),
the homogenate showed heightened proteolytic activity
at low [Ca®*] (0.3-2 um). This is fully consistent with
the known increase in Ca’" sensitivity for proteolytic
activity of p-calpain over this same [Ca®t] when the
u-calpain is autolysed by exposure to high [Ca®*] (see
Introduction and Goll et al. 2003). Furthermore, it was
found here that muscle fibres initially contain a large
amount of diffusible Ca** -activated proteolytic factor that
is almost completely lost by washout of the cytoplasm
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for 15-120 s (Fig. 8), which is consistent with the rapid
washout of the diffusible cytoplasmic pool of p-calpain
initially present in a quiescent fibre (Fig.2). In contrast,
calpain-3 remained tightly bound in the skinned fibres
at 20nm Ca*" and showed no detectable washout over
30-60 min (Fig. 2), strongly suggesting that it could not
be responsible for the observed proteolytic activity. In
confirmation of this, we also found no difference in
proteolytic activity in muscle from calpain-3-knockout
mice compared to wild-type mice (authors’ unpublished
observations). Itis quite possible, however, that m-calpain,
the other ubiquitous calpain present in skeletal muscle,
contributes to the observed activity. We presume that its
contribution is substantially smaller than that of j-calpain
because in vitro studies indicate that it is proteolytically
activeonlyat > 100 um Ca*" even after autolysis (Goll et al.
2003), but there may be factors present in muscle fibres
that increase its sensitivity further. It nevertheless seems
likely that a substantial proportion of the Ca**-dependent
proteolytic activity present in the muscle homogenates and
in the normal fibre cytoplasm is attributable to -calpain
activity.

This is also consistent with the level of proteolytic
activity expected for the amount of pu-calpain
present endogenously in the fibres; 0.5 um of exogenous
u-calpain pre-activated in 20 um Ca’" resulted in
the passive force declining at ~220% min~!, or
~440% min~! per um p-calpain. In the experiments
where the cytoplasmic [Ca*"] was elevated (though
to an unknown level) in a single fibre with most
of the endogenous p-calpain (~0.2 um) still
present, passive force declined at ~23% min~' (see
Fig.8), or ~120% min~! per um p-calpain. When
endogenous p-calpain was applied in a fresh muscle
homogenate activated in 20 um Ca**, passive force
declined ~10% min~' and ~5% min~' when the
endogenous calpain (~0.2 um) was diluted in the
homogenate by a factor of 5-fold and 9-fold, respectively
(Fig. 9B and C), equivalent to a passive force decline
of ~220-250% min~' per um pu-calpain. Thus, the
proteolytic activity found in a muscle fibre at 20 um Ca**
can be accounted for by the activity of the u-calpain
present, because this activity was totally Ca**-dependent
(Fig. 9B) and was ~50% of that measured when applying
a similar concentration of pre-activated exogenous
wu-calpain.

Calpain activity in muscle fibres in various
circumstances

The findings here help explain how the presence of calpains
is compatible with normal muscle function. Even though
the cytoplasmic [Ca*"] reaches 1-2 um or perhaps even
higher during a tetanus, it is typically only at such levels
for the order of a second or less (Allen & Westerblad,
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2001) and not maintained at a sufficiently high level for
significant autolysis of -calpain to occur, which requires
a [Ca’*] > 1 um for several minutes, and even a large
number of successive brief rises in [Ca?*] may be relatively
ineffective. This conclusion is strongly supported by our
finding that there is no significant autolysis of p-calpain
after sprint exercise in untrained humans or with sustained
exercise to exhaustion at a lower power level in trained
subjects (Murphy et al. 2006). It is important to note
that proteolytic activity of unautolysed p-calpain is low
and short-lived, ceasing if [Ca*"] is <1 um. Even if
some j4-calpain were autolysed, its proteolytic activity still
stops if the [Ca’*] drops back to normal resting levels
(20-50 nm) (Fig. 9C). The very high Ca*" sensitivity of
proteolytic activity in rested muscle reported by Belcastro
(1993) (see Introduction) may reflect unintended
autolysis during calpain isolation or may be due to
the non-physiological conditions used in the proteolysis
assay, and may not be truly indicative of the situation in
functioning muscle. Another key point about p-calpain
activity is that when the [Ca®*] reaches high levels, much
or all of the freely diffusible pool of w-calpain rapidly
binds to sites within the fibre, and it is no longer free
to readily move, which would greatly reduce its ability to
cause diffuse proteolytic damage. Even if the p-calpain is
autolysed, it appears to be stabilized to some extent in
the 78 kDa form and does not readily autolyse further
to the putatively more diffusible 76 kDa form (Fig. 10).
Finally, though the calpastatin endogenously present in
muscle fibres evidently did not prevent all proteolytic
activity when the cytoplasmic [Ca’"] was raised, given
the very high affinity of calpastatin for autolysed forms
of the ubiquitous calpains, it could well be that any
generalized proteolytic activity of autolysed p-calpain is
eventually controlled or reduced by calpastatin. This is
one explanation of why the muscle homogenates used here
showed greatly reduced proteolytic activity at times longer
than 30 min after homogenization even though Western
blotting showed that the p-calpain was not autolysed
beyond the 76 kDa form (data not shown). In summary,
the Ca®* dependence of j-calpain autolysis, binding and
proteolyticactivity are attuned quite perfectly such that the
range of [Ca?*] occurring in a muscle at rest and during
normal activity would not readily lead to uncontrolled
p-calpain activity.

However, there are certain situations in muscle where
the operating range of intracellular [Ca®*] could lead
to excessive p-calpain activity. Firstly, subjecting normal
muscles to eccentric (or lengthening) contractions, leads to
appreciable entry of extracellular Ca** (Allen et al. 2005)
and a long-term rise in the resting intracellular [Ca*"]
(Lynch et al. 1997). Secondly, when dystophin is missing
from the sarcolemma, as in human DMD and mouse mdx
muscle, there is also increased influx of extracellular Ca?*
which is particularly marked with eccentric contractions
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(Allen et al. 2005), and the resting free [Ca*"] in the sub-
sarcolemmal region of mdx muscle is estimated to be raised
3-fold over levels in normal muscle (115 nm and 40 nm,
respectively; Mallouk ef al. 2000). Thus, in these cases
with increased Ca?* influx augmenting the Ca’* released
during normal contraction, there is quite likely to be
increased autolysis of t-calpain, and furthermore the rise
in resting [Ca®*] would mean that any autolysed p-calpain
present would be proteolytically active to some extent for a
much larger proportion of the time than occurs in muscle
normally. Thus, the properties of p-calpain described in
the present study help in understanding the mechanistic
basis of the deleterious role of calpains which may occur
with eccentric contraction and in certain dystrophies (Kar
& Pearson, 1976; Spencer & Mellgren, 2002; Allen et al.
2005).

Finally, we emphasize that the constraints on widespread
p-calpain activity in normal muscle by no means
precludes p-calpain or the other calpains from having
vital proteolytic roles in specialized local regions. Indeed,
we suggest that calpains probably mediate the disruption
of the normal coupling of the T-system excitation to SR
Ca’" release that evidently occurs at the triad junction
if intracellular [Ca®*] is maintained at levels of 2 uM for
several minutes (Lamb et al. 1995; Verburg et al. 2005)
and occurs very rapidly if the local [Ca?*] near the triad
junction reaches very high levels (Verburg et al. 2006).
This phenomenon may play an important feedback role
by terminating Ca’>" release from the SR if it becomes
excessive, and seems likely to be the cause of long-duration
muscle weakness after excessive exercise and eccentric
contractions (Lamb et al. 1995; Westerblad et al. 2000;
Allen etal. 2005; Verburg et al. 2006). The calpains involved
mightbe normally fixed close to the triad junction or might
be part of a diffusible pool that becomes bound near there
owing to the highlocal [Ca*"] occurring with normal Ca**
release. In either case, they could become proteolytically
active on adjacent triadic substrates if or whenever the local
[Ca**] rises to an appropriate level.

In conclusion, the present findings demonstrate how
the properties of p-calpain are well attuned to avoid
uncontrolled proteolytic activity in muscle under normal
circumstances, and why they could lead to substantial
proteolytic damage after eccentric contraction and in
dystrophic muscle.
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