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Calpains (calcium-dependent cytoplasmic cysteine proteinases) are
implicated in processes such as cytoskeleton remodeling and signal
transduction. The 2.3-Å crystal structure of full-length het-
erodimeric [80-kDa (dI-dIV) 1 30-kDa (dV1dVI)] human m-calpain
crystallized in the absence of calcium reveals an oval disc-like
shape, with the papain-like catalytic domain dII and the two
calmodulin-like domains dIV1dVI occupying opposite poles, and
the tumor necrosis factor a-like b-sandwich domain dIII and the
N-terminal segments dI1dV located between. Compared with
papain, the two subdomains dIIa1dIIb of the catalytic unit are
rotated against one another by 50°, disrupting the active site and
the substrate binding site, explaining the inactivity of calpains in
the absence of calcium. Calcium binding to an extremely negatively
charged loop of domain dIII (an electrostatic switch) could release
the adjacent barrel-like subdomain dIIb to move toward the helical
subdomain dIIa, allowing formation of a functional catalytic center.
This switch loop could also mediate membrane binding, thereby
explaining calpains’ strongly reduced calcium requirements in vivo.
The activity status at the catalytic center might be further modu-
lated by calcium binding to the calmodulin domains via the N-
terminal linkers.

The calpains (EC 3.4.22.17; Clan CA, family C02) are a family
of calcium-dependent cytosolic cysteine proteinases. They

seem to catalyze limited proteolysis of proteins involved in
cytoskeletal remodeling and signal transduction but are also
implicated in other physiological and pathophysiological pro-
cesses, such as cell cycle regulation, apoptosis, muscular dystro-
phies, cataractogenesis, and Alzheimer’s or Parkinson’s diseases
(1–5). In mammals, the calpain family comprises several ‘‘tissue-
specific’’ isoforms (n-calpains) besides two ‘‘ubiquitous’’ isoen-
zymes (m- and m-calpains). In lower organisms such as insects,
nematodes, fungi, and yeast, a number of ‘‘atypical’’ calpain
homologues have been found.

The ubiquitous m- and m-calpains (calpains I and II), by far the
best characterized calpains, are heterodimers comprising distinct
but quite homologous 80-kDa ‘‘large’’ L-subunits and a common
30-kDa ‘‘small’’ S-subunit. On the basis of amino acid homolo-
gies, the L- and S-subunits have been described as consisting of
four domains, dI to dIV, and of two domains, dV and dVI,
respectively, with domain dII somewhat resembling papain and
the calmodulin-like domains dIV and dVI containing EF-hands
(6, 7). On exposure to calcium at concentrations of 5–50 mM
(m-calpain) and 200–1,000 mM (m-calpain), both calpains are
activated and partially autolyzed. In vivo, both calpains seem to
be active at physiological calcium concentrations of 100–300 nM,
however, suggesting that other factors such as phospholipids
might play a role in activation in addition.

The crystal structures of rat and porcine domain dVI in the
absence and presence of calcium have been determined (8, 9).
For a full understanding of the activation mechanism and the

functioning of calpains, the structures of full-length calpain must
to be known. We (10) and others (11) have communicated
crystals of full-length human and partially truncated rat m-
calpain, respectively. In the following, we describe the funda-
mental properties of full-length human m-calpain and discuss the
possible mechanisms of calcium activation.

Materials and Methods
Full-length human m-calpain containing an N-terminal GlyArg-
ArgAspArgSer L-chain elongation was overexpressed in a bac-
ulovirus expression system and was purified (12). Two different
crystal forms, both of space group P21, were grown by vapor
diffusion at 15% PEG 10,000, spurious amounts of isopropanol
and guanidinium chloride, and 100 mM HepesyNaOH (pH 7.5)
at 20°C as described in (10). These crystals show Bragg spacings
to 2.1 Å (form II) and 2.8 Å resolution (form I). Of the better
form II, two different slightly unisomorphous (with 1.5 Å
differences in b axis) heavy metal derivatives (Gold and PheHg)
were found, the former of which (with cell constants a 5 51.88
Å, b 5 169.84 Å, c 5 64.44 Å, b 5 95.12°) was used for structure
solution and refinement. The derivatives Gold and PheHg were
prepared by overnight soaking of native crystals with 5 mM gold
triethylphosphine and with a spatula of phenyl mercury, respec-
tively, before transferring them via a glycerol-containing cryo-
protectant to the cold nitrogen stream. On both derivative
crystals, multiple anomalous diffraction data to 2.3 Å and 2.4 Å
were measured at the BW6 beam line at Deutsches Elektronen
Synchrotron (Hamburg), using a MAR Research (Hamburg)
charge-coupled device detector. Complete multiple anomalous
dispersion data sets were collected at the gold edge (l 5 1.0092
Å), gold peak (l 5 1.004 Å), mercury edge (l 5 1.0399 Å),
mercury peak (l 5 1.0392 Å), and at the remote wavelength (l 5
1.100 Å), respectively. Reflections (400,680 and 421,730 reflec-
tions) (10) were evaluated with DENZO (13) and were scaled and
merged to 47,236 and 48,363 independent reflections (Rmerge 5
4.5% and 4.7%, containing 95% and 93% of all reflections
expected). Three mercury and five gold positions were localized
in anomalous difference Patterson maps and were refined with
MLPHAREyCCP4 (14). In addition, a complete data set to 3.0 Å
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was collected from a native crystal of form I (10). The 223,726
reflections were merged to 25,010 unique reflections (Rmerge 5
5.6%, containing 97% of all expected reflections).

In contrast to conventional phase combination, the combina-
tion of the PheHg phases with the amplitudes from gold [SHARP
(15)] resulted in a 2.4 Å well contoured electron density map for
gold, which allowed tracing of almost 90% of the polypeptide
chain (neglecting the first 84 residues of the S-chain) on Silicon
Graphics (Mountain View, CA) workstations using TURBO
FRODO (16). This partial model was crystallographically refined,
and an improved phase-combined Fourier map allowed com-
pletion of the protein model. Calculation of the electron density
maps and crystallographic refinement were performed with
REFMACyCCP4 (14) and X-PLOR (17). Finally, water molecules
were inserted, and individual temperature factors were refined.
In the final model of an R factor of 20.6% (Rfree 26.6%) for
38,544 reflections, the polypeptide chains are fully defined from
Ala2L to Leu700L and from Thr85S to Ser268S. The final model
consists of 7,097 protein nonhydrogen atoms, 5 gold ions, and
352 water molecules. The final rms deviations from target bond
and angle values are 0.007 Å and 1.179°. Eighty-five and fifteen
percent of all main chain angles fall into the allowed and
additionally allowed regions of the Ramachandran plot.

Results and Discussion
The structure analysis shows that the m-calpain molecule forms
a flat oval disc. The upper and the lower poles (in the reference
orientation used in Fig. 1) are occupied by the two catalytic
subdomains dIIa and dIIb and the calmodulin-like domain pair
dIV-dVI, respectively. Domain dIII and the N-terminal domains
dI and dV connect the two calmodulin-like domains with both
catalytic subdomains. The overall similarity of m-calpain in our
two crystal forms suggests that the structure of calcium-free
m-calpain shown in Fig. 1 is independent of crystal packing.

The 80-kDa L-chain starts with an ‘‘anchoring helix’’ in a
semicircular cavity of dVI and runs straight to dIIa, clamping
both domains together. At Gly19L [mature human m-calpain
numbering (Fig. 2), with suffices L and S indicating residues of
the large and small subunit], the L-chain contacts dIIa, where it
folds in one a-helix and in multiple turns to form the outer polar
surface. From Thr93L onwards, the L-chain folds into the
catalytic domain, which is topologically related to papain. How-
ever, the domain is broken into two separate subdomains, which
differ significantly from the equivalent halves in papain (18),
both in length and conformation (Fig. 3). The helical subdomain
dIIa shares with papain the N-terminal loop, leading to the
catalytic Cys105L, and helices a2II, a4II, and a6II, but includes
additional helices and a number of novel strands, including a
regular b-hairpin (Figs. 2 and 3). The chain segments and
residues that play important roles in substrate binding and
catalysis (Gln99L, Cys105L, Gly197L-Gly198L) are arranged as
in papain.

At the Gly209L-Gly210L ‘‘hinge,’’ the L-chain passes over to
the barrel-like subdomain dIIb, forming the typical six-stranded
b-pleated sheet (strands b5II to b10II) rolled into an open barrel
carrying helices a9II, a7II, and a8II (Figs. 2 and 3). Although this
barrel has a similar shape as in papain, the b7tb8 and in
particular the b9tb10 loop are quite extended. Noteworthy, the
central Asn286L-Pro-Trp288L segment following b8II (with
Asn286L representing the third catalytic residue) exhibits a
different conformation than the characteristic Asn-Ser-Trp loop
in papain (18). Similar to papain, the sixth barrel strand b10II
traverses over to IIa, before turning through an open loop and
entering dIII.

Domain dIII, essentially made of two opposing b-sheets, each
comprising four antiparallel strands, exhibits the tertiary fold of
a compact b-sandwich (Fig. 4), with a topology that [only
distantly related to C2 domains of phospolipases C and protein

kinases C (19)] resembles the tumor necrosis factor a monomer
(20) and several virus coat proteins. Noteworthy are the basic
His415L-His427L loop situated in the calpain center and the
solvent-exposed negatively charged b2tb3 loop, which carries 10
acidic residues within the 11-residue Glu392L-Glu402L segment
(Figs. 2 and 4). This latter loop, including all side chains, is
extended but fully defined in our structure. It is spatially adjacent
to helix a7II and the open loop of dIIb, and certainly interacts
electrostatically with the many positive charges of both dIIb
segments.

After leaving dIII, the chain runs alongside the calmodulin-
like dIV in an extended conformation, presenting several acidic
residues toward the solvent. At Ile530L, the L-chain enters dIV,
which has a similar fold and structure as the isolated dVI
domains from rat and porcine calpains (8, 9) (Fig. 5). Both
domains have been shown to resemble other calcium-binding
EF-hand proteins (21). dIV comprises eight a-helices connected
through characteristic linkers, together forming five well known
EF-hand supersecondary structural elements (8, 9).

The N-terminal part of the calpain S-chain, rich in glycine
residues, is not represented by clear electron density, but might
be arranged on the front side (Fig. 1) of m-calpain. The visible
part of dV, from Thr85S onwards, runs to the molecular
periphery, where it enters dVI (Figs. 1 and 5). This domain,
likewise equipped with five EF-hand motifs (8, 9), together with
dIV forms a quasi-symmetrical heterodimer, with helices a6, a7,
and a8 and the a7ta8 linkers involved in symmetrical interdimer

Fig. 1. Ribbon structure of human m-calpain in the absence of calcium,
shown in reference orientation. The 80-kDa L-chain starts in the molecular
center (green, dI), folds into the surface of the dIIa subdomain (gold, I3 II
linker), forms the papain-like left-side part of the catalytic domain dII (gold,
dIIa) and the right-side barrel-like subdomain dIIb (red), descends through the
open II3 III loop (red), builds domain dIII (blue), runs down (magenta, III3 IV),
and forms the right-side calmodulin-like domain dIV (yellow). The 30-kDa
S-chain becomes visible from Thr95S onwards (magenta, dV) before forming
the left-side calmodulin domain dVI (orange). The catalytic residues Cys105L,
His262L, and Asn286L together with Trp106L, Pro287L, and Trp288L (top) are
shown with all non-hydrogen atoms. The figure was made with SETOR (34).
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contacts. Astonishingly, the overall fit of our dIV-dVI-m-calpain
heterodimer to the calcium-bound rat dVI-dVI homodimer
succeeds slightly better than that to the rat apo-homodimer (8).
A comparison of our calcium-free calpain structure with the
calcium-bound homodimer (8) reveals neither large overall
structural deviations nor considerable differences in hydropho-
bic surface exposure. Thus, the calmodulin-like domains of
calpains would appear to play a structural rather than a regu-
latory role (22). Noteworthy, however, is the unfolding of the
linkers involved in the three calcium-binding EF-hand motifs (8),
which change their local geometry on calcium binding, mainly to
allow the involved acidic residue side chains to coordinate the
bound calcium ions (Fig. 5). Domains dIV and dVI might
nevertheless help to direct m-calpain to certain target proteins
(23). It is possible that calcium binding is not favorably com-
patible with the interheterodimer contacts and might facilitate
heterodimer separation, in agreement with data indicating dis-
sociation of human and rabbit calpains (24, 25).

As mentioned above, the catalytic domain is broken in two
halves. For superposition of both calpain subdomains with both
papain halves, the barrel-like dIIb would have to be rotated and
translated by 50° and 12 Å, respectively (Fig. 3). Thus, the active
center of calcium-free m-calpain is disrupted, so that Cys105L Sg
is 10 Å apart from the catalytic His262L Nd1. The hydrogen bond
between His262L N«2 and Asn286L Nd2, however, is not, as in
papain, shielded against the bulk solvent by the indole moiety of

Trp288L, which, because of a main chain kink at the interme-
diate Pro287L, is differently placed (Fig. 3). In addition to the
active-site residues, the whole substrate binding cleft is disrupted
and open, incompatible with productive binding of peptide
substrates.

The overall homology with papain strongly suggests that in
active m-calpain both subdomains dIIa and dIIb fuse into a
papain-like catalytic domain. A simple movement of dIIb toward

Fig. 2. Sequence of the 80-kDa L- and the 30-kDa S-chain of human m-
calpain [accession nos. P17655 and P04632 (6, 7)]. b-strands and a-helices are
indicated by arrows and cylinders colored as in Fig. 1, and the topologically
defined domain boundaries are given by meeting black arrows. Active-site
residues and other notable residues (dIIa and dIIb) are marked by red and black
triangles, acidic residues of the switch loop (dIII) and opposing alkaline
residues (dIIb and II-.III) by red and blue circles, and the residues of domain
dVI known to be involved in normal calcium binding (8) by black circles,
respectively. The figure was made with ALSCRIPT (35).

Fig. 3. Superposition of the m-calpain catalytic domain and papain. The
papain-like part of the catalytic domain (gold, dIIa) and the barrel-like sub-
domain dIIb (red) are superimposed with papain (18) (blue) after optimal fit
of the left-side papain half to the helical subdomain dIIa. The active site
residues Cys105L, His262L, and Asn286L, and Pro287L, Trp288L, and Trp106L
are shown in full structure. This ‘‘standard view’’ of papain-like cysteine
proteinases (18) is obtained from Fig. 1 by a 90° rotation around a horizontal
axis. The figure was made with SETOR (34).

Fig. 4. Ribbon plot of domain dIII (blue) and contacting segments from
subdomains dIIa (gold) and dIIb (red). The side chains of the right-side acidic
loop and of the left-side basic loop, and some polar and hydrophobic residues
forming the polar (center, left) and hydrophobic (center, right) interface
between both catalytic subdomains and domain dIII are given. Reference
orientation is as in Fig. 1. The figure was made with SETOR (34).
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dIIa leads to considerable sterical hindrance in the domain
center, mainly caused by the Pro287L-Trp288L loop. In active
calpain, this peptide must certainly be flipped over, so that the
His262L imidazole side chain would approach Cys105L, and so
that its hydrogen bond to Asn286L would become shielded from
bulk water by the Trp288L indole moiety. Furthermore, at the
reverse side (Fig. 3), the acidic residues of Asp96L and Glu172L
(dIIa) would come into close contact with Glu320L and Asp321L
(dIIb), so that the charge repulsion would request charge
compensation (by calcium?). Upon such a ‘‘fusion,’’ an active-
site cleft with relatively low rims would be formed, which could
accommodate peptide substrates in a papain-like manner (18).
The P2 side chain would extend into a shallow, essentially
hydrophobic groove based on Ala263L, suggesting a papain-like
specificity.

It seems to be justified to assume that both calpain subdomains
possess the inherent tendency to fuse, forming a functional
catalytic domain, and that this fusion is hindered in the absence
of calcium. How can calcium binding trigger this fusion? It is
generally accepted that m-calpain exhibits (depending on cal-
cium concentration) three to four calcium binding sites in each
calmodulin-like domain (8, 9, 25). Because of participation of
Asp154S in the EF2-hand calcium binding site (Fig. 5), calcium
binding to dVI would disrupt the Lys7L-Asp154S salt bridge
between the L-chain anchoring helix and dVI, facilitating liber-
ation of this helix and its possible unfolding, a prerequisite for
any (autocatalytic) cleavage at Ala9L-Lys10L and Gly19L-
Ser20L (26). Release of the N-terminal helix might mechanically
relieve tension between dVI and dIIa, facilitating the latter’s

approach to dIIb and formation of a functional catalytic domain,
in agreement with the observed lower calcium requirement of
autolyzed m- and m-calpain (22). The lost anchoring capability
of the autolyzed m-calpain species would explain the easier
dissociation of autolyzed calpain.

Calcium binding to both calmodulin-like domains could, fur-
thermore, be signaled to the catalytic domain through the
noncovalent contacts via dIII. If the conformational changes in
the m-calpain heterodimer on calcium addition should be equally
small as those observed in the crystals of the rat dVI homodimer
(8) (Fig. 5), however, it is difficult to understand how calcium-
induced changes in the calmodulin-like domains alone could
push both catalytic subdomains together. We believe that our
m-calpain structure provides good evidence that dIII itself plays
a major role in calcium regulation of the calpain activity.

Based on sequence alignment and calcium binding studies, a
‘‘sixth’’ calpain EF-hand motif f lanking His319L-Phe331L was
predicted for calpains (27). This hypothetical ‘‘EF6-hand’’ was
located to the region between dII and dIII but is now identified
as an integral constituent of dIIb, where it forms the central loop
leading to b9II and is f lanked by a8II and a9II (see Figs. 1–3).
Upon subdomain fusion, the contained acidic residues Glu320L
and Asp321L would come into the neighborhood of acidic
residues from dIIa. Binding of calcium here would facilitate or
even trigger such a fusion. This negatively charged cluster
created in the catalytic domain center does not resemble any
typical proteinaceous calcium binding site, however.

A much better calcium binding candidate seems to be the
extended, extremely acidic b2tb3 loop of dIII, whose 10 nega-
tively charged side chains all extend away from one another
because of strong electrostatic repulsion. This acidic loop di-
rectly contacts the amphipathic a7II-helix and the open loop of
dIIb, which provide the basic side chains of Lys residues 226L,
230L, and 234L, and Lys residues 354L, 355L, and 357L (Fig. 4).
A few of these acidic and basic residues form direct interdomain
salt bridges, and the negative and the positive electrostatic
potentials mutually attract one another. It is tempting to spec-
ulate that positively charged particles such as calcium ions would
bind to this acidic loop under (partial) charge compensation. The
large number of clustered, negatively charged residues suggests
that not only one but two or even three calcium ions might be
bound to this loop in close proximity. This could create a more
compact fold of this loop but also reduce its strongly negative
potential. Lowering the electrostatic interaction would allow
dIIb to turn over to dIIa, leading to the inherent fusion of the
catalytic domain. The hydrophobic interface between dIIb-
strands b5II and b10II and dIII-strands b3III, b5III, and b7III
would easily allow such a rolling motion of dIIb whereas dIIa,
clamped through many polar contacts to dIII via the novel
hairpin loop and a5II and a6II, would remain rigidly oriented
with respect to dIII (Fig. 4).

Such an ‘‘electrostatic switch mechanism’’ could account for
different calcium activations: m-calpains possessing the largest
number of acidic residues in the switch loop (Fig. 4) might
require the highest calcium concentration for full charge com-
pensation, because of charge repulsion of clustered calcium ions;
for m-calpains, with ‘‘only’’ eight negative charges distributed
over a longer segment, this charge repulsion might be slightly
weaker; the atypical calpains (1, 28), with a shorter and less acidic
loop, might not need calcium compensation. A similar order is
seen for the opposing basic residues of dIIb: Lys226L is found
only in m-calpains, and Lys230L is present in all vertebrate
calpains, whereas residue 234L always exists as Arg or Lys (1);
similarly, Lys357L occurs only in m-calpains, and Lys355L is
present in all m- and m-calpains, whereas almost all calpains
possess a basic residue at position 354L. Stronger switch loop-
dIIb interactions would require higher calcium concentrations
for release of dIIb. Of note, p94, which lacks basic residues at

Fig. 5. Ribbon plot of the calmodulin-like domains dIV (yellow) and dVI
(orange) superimposed with the calcium-containing rat dVI-dVI homodimer
(8, 9) (white and green). Shown are also the 2 3 3 calcium ions (pink spheres
I to III) and the acidic residues found in the homodimer at medium calcium
levels and involved in calcium binding, respectively (8). Reference orientation
is as in Fig. 1. The figure was made with SETOR (34).
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positions 354L, 355L, and 357L, will lack a strong switch-dIIb
attraction, in agreement with proteolytic activity even in the
presence of EGTA (1, 28). It is conceivable that release of dIIb
exposes a novel surface site for interaction with calpastatin (29).
We note that an electrostatic switch mechanism has been
postulated for the calcium-binding C2A domain of the synaptic
vesicle exocytosis-involved synaptotagmin I, for which binding of
three closely packed calcium ions to two adjacent acidic loops
attached to a similar sandwich structure has been shown by
NMR (30).

The calcium levels observed in target cells in vivo are much
lower than required for activation of solubilized mym-calpains in
vitro, pointing to the additional involvement of cellular compo-
nents such as membranes or calpain ‘‘activators’’ (31). Occupa-
tion of the calcium coordination spheres of dIII might remain
incomplete in the isolated calpain and attract additional ligands,
as provided by the negatively charged phosphatidyl head groups
of acidic phospholipids. Indeed, acidic phospholipids such as
phosphorylated phosphatidyl inositols greatly reduce the cal-
cium concentration necessary for activity, with the calcium
requirement shifted to lower concentrations with increasing
degree of phosphorylation (32). In the cell, the calcium ions
might target and link the m-calpain molecules to membranes.

Upon membrane binding, several basic residues clustered at the
back of dIIb (Fig. 3) could come into close contact with the
cognate membrane surface, making favorable electrostatic in-
teractions. We note that the p94 insertion sites IS1 and IS2,
suggested to locate this tissue-specific calpain to the nucleus, are
situated on the same molecular side as the switch loop, offering
additional membrane binding sites.

Our structure explains the inactivity of m-calpain in the
absence of calcium, and the postulated switch model can be
checked by well defined experiments in the near future. Several
questions, including the role of the S-chain, the calcium require-
ment of chimeras (33), the interaction geometry of calpastatin
(29), or the real interaction site of ‘‘specific’’ calpain inhibitors
such as PD150606 (9, 34), remain open and are the subject for
future studies.
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