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The structural clues of substrate recognition by cal-
pain are incompletely understood. In this study, 106
cleavage sites in substrate proteins compiled from the
literature have been analyzed to dissect the signal for
calpain cleavage and also to enable the design of an
ideal calpain substrate and interfere with calpain action
via site-directed mutagenesis. In general, our data un-
derline the importance of the primary structure of the
substrate around the scissile bond in the recognition
process. Significant amino acid preferences were found
to extend over 11 residues around the scissile bond,
from P, to P,'. In compliance with earlier data, pre-
ferred residues in the P, position are Leu, Thr, and Val,
and in P, Lys, Tyr, and Arg. In position P,’, small hydro-
philic residues, Ser and to a lesser extent Thr and Ala,
occur most often. Pro dominates the region flanking the
P,-P,’ segment, i.e. positions P; and P,'-P,’; most notable
is its occurrence 5.59 times above chance in Py'. Intrigu-
ingly, the segment C-terminal to the cleavage site resem-
bles the consensus inhibitory region of calpastatin, the
specific inhibitor of the enzyme. Further, the position of
the scissile bond correlates with certain sequential at-
tributes, such as secondary structure and PEST score,
which, along with the amino acid preferences, suggests
that calpain cleaves within rather disordered segments
of proteins. The amino acid preferences were confirmed
by site-directed mutagenesis of the autolysis sites of
Drosophila calpain B; when amino acids at key positions
were changed to less preferred ones, autolytic cleavage
shifted to other, adjacent sites. Based on these prefer-
ences, a new fluorogenic calpain substrate, DABCYL-
TPLKSPPPSPR-EDANS, was designed and synthesized.
In the case of p- and m-calpain, this substrate is kineti-
cally superior to commercially available ones, and it can
be used for the in vivo assessment of the activity of these
ubiquitous mammalian calpains.

It is generally held that calpains, intracellular cysteine pro-
teases, play crucial roles in basic physiological (1-3) and path-
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ological (4) processes. This view is partially based on the fact
that calpains cleave their substrates in a limited manner, mod-
ifying, rather than terminating, their action. So far, more than
100 proteins have been identified as calpain substrates; among
them, cytoskeletal/structural proteins, membrane receptors,
enzymes, and transcription factors abound (5, 6). Despite this
wealth of data, the sequential/structural determinants of cal-
pain cleavage are little understood. Early studies on small
fluorogenic peptides (7) and peptide hormones (7, 8) have led to
the so-called P,-P; rule, which states that the preferred resi-
dues for the ubiquitous forms, w- and m-calpain, are Leu and
Val at position P,, whereas in P; Arg and Lys (and to a lesser
extent Tyr) occur most often (9). Additional, weaker, prefer-
ences have also been noted for positions P4 (Phe, Trp, Leu, Val)
and P,’ (Arg, Lys, Leu).

An elegant study encompassing all possible point mutations
at the P, position of the principal cleavage site of fodrin has
shown good correlation with the P,-P, rule (10); other studies
on protein substrates, however, displayed frequent deviations
(11, 12). These observations suggested that calpain cleavage, to
a large extent, depends on higher order structural clues. This
aspect of substrate recognition was convincingly demonstrated
in histone hydrolysis, where cleavage of sites susceptible in the
intact protein was restrained in its fragments (11). It was
concluded that calpain probably recognizes global structural
elements present in the intact protein but absent from its
smaller fragments.

This recognition has fueled efforts to uncover these putative
higher order structural elements. In the above report (11) it
was suggested that cleavage, as in histone, may never occur in
the middle of either an hydrophobic or hydrophilic cluster but
always at the border separating them. In another, comprehen-
sive treatise including most protein substrates known at the
time (5) it was found that calpain substrates often have a
calmodulin-binding motif and targeting of the enzyme may
occur by an adjacent PEST! sequence. This idea was raised in
the original proposal of the PEST hypothesis, i.e. that the
occurrence of region(s) rich in amino acids Pro, Glu(Asp), and
Ser/Thr flanked by Arg/Lys residues correlates with the short
lifetime of proteins (13, 14). Such a negatively charged region
was thought to bind Ca®" and provide both peptide bonds and
the necessary co-factor for calpain action. Subsequent experi-
mental testing of these suggestions brought controversial re-

! The abbreviations used are: PEST, Pro, Glu(Asp), and Ser/Thr re-
gion; DABCYL, 4-(4-dimethylaminophenylazo)benzoic acid; EDANS,
5-[(2-aminoethyl) aminolnaphthalene-1-sulfonic acid; FRET, Forster-
type resonance energy transfer; LY-AMC, N-succinyl-Leu-Tyr-7-amido-
4-methylcoumarine; DCM, dichloromethane; DIEA, N,N-diisopropyl-
ethylamine; RP-HPLC, reverse phase high performance liquid
chromatography; BOC, tert-butyloxycarbonyl; Fmoc, 9-fluorenylme-
thoxycarbonyl; DMF, N,N-dimethylformamide.
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sults, though. Purification of w-calpain by an immobilized pep-
tide containing the calmodulin-binding motif of plasma
membrane ATPase supported the involvement of such region(s)
(15). Attempts with the PEST motif, however, yielded equivocal
results. In some instances mutation of the PEST sequence
abolished calpain cleavage (16, 17) but was without effect in
other cases (18, 19). Thus, whether a PEST region provides a
degradation signal for calpain, is still an open issue.

In general, higher order clues still lay largely hidden in the
structure of calpain substrates, and recent reviews on the sub-
ject (2, 6, 20) resort to the P,-P; rule unveiled a long time ago.
In our view, the major drawback of this point of reference is
that it is mostly based on studies with peptides, known to be
poor calpain substrates (9). Further, the use of a small number
of peptides limits the range of amino acid combinations tested,
and thus biases the amino acid preferences observed. An in-
comparably larger and more complete set of potential substrate
sites is represented by the proteome, of which the cleavable
ones make their way into the literature as calpain substrates.
To advance our understanding of what constitutes a calpain
site, we carried out a systematic analysis of these data and
constructed a preference matrix. The sequential preferences
manifest in this matrix point to some general aspects of the
primary structure in substrate recognition by wu- and m-cal-
pain. Furthermore, the versatile applicability of this matrix in
engineering substrates of these ubiquitous calpains is also de-
scribed in this report.

MATERIALS AND METHODS

Data Collection and Analysis—49 calpain substrates with a total of
106 sequentially identified cleavage sites have been selected from the
literature. For homologous substrates cleaved at identical sites, only
one species (preferably human) was considered. The protein sequences
were downloaded from the Swiss-Prot and TrEMBL databases via the
ExPASy molecular biology server (www.expasy.ch). The sequences were
truncated to 50 amino acids in both the N- and C-terminal direction
from the scissile bond and used for further studies. Amino acid fre-
quency matrices and profile scores were calculated by a program writ-
ten in the Python programming language. The amino acid composition
of the complete Swiss-Prot and TrEMBL data base used for normalizing
matrices was taken from Swiss-Prot (us.expasy.org/sprot/). Sequential
attributes were calculated or predicted by the appropriate servers:
PEST-score with the PESTfind algorithm (www.at.embnet.org/embnet/
tools/bio/PESTfind), secondary structure with the nnPredict site (www.
cmpharm.ucsf.edu/~nomi/nnpredict.html), and hydrophobicity with
ProtScale (us.expasy.org/cgi-bin/protscale.pl). These servers are avail-
able via ExPASy. For strong and weak PEST regions detected by the
PESTfind algorithm, we arbitrarily assigned a score of 3 and 1. For
scoring the border of a weak PEST region, its flanking hexapeptide was
assigned weights of 1, 2, 4, 4, 2, and 1. For a strong PEST region,
weights of 1, 3,9, 9, 3, and 1 were used; in both cases all other residues
were set to 0.

Synthesis of FRET Substrate—The substrate, designed on the basis
of the observed amino acid preferences of calpain cleavage, is an 11-mer
peptide with the sequence of Thr-Pro-Leu-Lys-Ser-Pro-Pro-Pro-Ser-
Pro-Arg, with a fluorescent donor, EDANS (Sigma) attached to its C
terminus and a quenching acceptor, DABCYL attached to the N termi-
nus. Since the measurement of calpain activity is based on the increase
of donor fluorescence due to cessation of FRET between the EDANS and
DABCYL groups upon cleavage (21), this substrate is termed as the
FRET substrate throughout the article.

The peptide was synthesized on 0.2 g of Boc-Arg(Mts)-PAM-resin
(0.31 mmol/g) (from NovaBiochem, Laufelfingen, Switzerland) by Boc
(tert-butyloxycarbonyl) chemistry. Side chains of threonine and serines
were protected with benzyl groups, whereas the e-amino group of lysine
was blocked by an Fmoc (9-fluorenylmethoxycarbonyl) group. (All Boc
amino acid derivatives were obtained from Reanal, Budapest, Hun-
gary.) Boc protection was removed with 33% trifluoroacetic acid in DCM
(2 + 20 min) followed by washing with DCM (5 X 0.5 min), neutraliza-
tion with 10% DIEA in DCM (3 X 1 min), and DCM wash (4 X 0.5 min).
The amino acid derivatives and coupling reagents (N,N,N’-dicyclohexyl
carbodiimide and 1-hydroxybenzotriazole, at 1:1 molar ratio) dissolved
in DCM-DMF (N,N-dimethylformamide) 4:1 (v/v) were used in 3 molar
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excess for the resin capacity. The coupling reaction was continued for 60
min at room temperature, and the resin was washed with DMF (2 X 0.5
min) and DCM (3 X 0.5 min). The efficiency of coupling was checked by
ninhydrin or isatin tests.

The N-terminal Boc group was removed from the protected peptide
prior to cleavage by hydrogen-fluoride. The peptide was removed from
the resin with 10 ml of hydrogen fluoride containing 0.5 g of p-cresol.
The crude product was purified by RP-HPLC.

DABCYL was coupled to the N-terminal amino group of the purified
H-TPLK(Fmoc) SPPPSPR-OH peptide in solution. Peptide was dissolved
in DMF and reacted with DABCYL succinimide ester (Fluka, Buchs,
Switzerland) in the presence of DIEA (DABCYL succinimide/DIEA/pep-
tide = 2:1:1 mol/mol/mol). The crude product was purified by RP-HPLC.
The N-Fmoc group of the purified DABCYL-TPLK(Fmoc)SPPPSPR-OH
peptide was removed with 20% piperidine/DMF. The peptide was purified
by RP-HPLC. EDANS was attached to the C terminus of the DABCYL-
peptide in DMF, using the following molar ratio: peptide/EDANS/
EDCXHCV/1-hydroxybenzotriazole/DIEA = 1:2:4.5:6.8:9 (mol/mol). The
target peptide was purified by RP-HPLC. The peptides were character-
ized by analytical HPLC (see below), amino acid analysis using a Beck-
man (Fullerton, CA) model 6300 amino acid analyzer and by mass spectra
recorded on a PerkinElmer Life Sciences API 2000 triple quadrupole mass
spectrometer (Sciex, Toronto, Canada).

Analytical RP-HPLC was performed on a Knauer (Bad Homburg,
Germany) HPLC system using Phenomenex Synergi MAX-RP C12 col-
umn (250 X 4.6 inner diameter) with 5-mm silica (80 A pore size) as a
stationary phase. Linear gradient elution (0 min, 0% B; 5 min, 0% B; 50
min, 90% B) with eluent A (0.1% trifluoroacetic acid in water) and
eluent B (0.1% trifluoroacetic acid in acetonitrile/water (80:20, v/v)) was
used at a flow rate of 1 ml/min at ambient temperature. Sample was
dissolved in eluent B, and peaks were detected at a A of 220 nm. The
crude product was purified on a semipreparative Phenomenex Jupiter
(18 column (250 X 10-mm inner diameter) with silica (300 A pore size).
The peptides were checked by amino acid analysis using a Model 6300
amino acid analyzer, and mass spectra were recorded on an API 2000
triple quadrupole mass spectrometer.

Calpain B Mutagenesis and Autolysis Experiments—Calpain B
autolysis sites (22) were mutated with the QuikChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s rec-
ommendations using the following primers: 5'-CGAGTCATGCCGGTG-
TTCCGTCGTATGCGGGAC-3’ and 5'-GTCCCGCATACGACGGAACA-
CCGGCATGACTCG-3' for the first major site; 5'-GAAGGTGCCCGA-
GGCTGTTAACATGTTTTGG-3' and 5-CAAAACATGTTAACAGCCT-
CGGGCACCTTC-3' for the second major site (22).

Calpain B autolysis reaction was started in calpain buffer (10 mm
HEPES, pH 7.5, 150 mm NaCl, and 1 mm EDTA) with 10 mum free Ca®*
and run for 10 min. The reaction was stopped by the addition of SDS
sample buffer and 5 min of boiling. Samples were run on an SDS-
polyacrylamide gel.

Enzyme Activity Measurements—Activity measurements were car-
ried out with m-calpain, calpain A, calpain B, papain, trypsin, chymo-
trypsin, and cathepsin-B. Enzyme activity was measured with a Jasco
FP 777 spectrofluorometer at excitation/emission wavelengths of 380/
460 nm for LY-AMC (Sigma) and 320/480 nm for the FRET substrate,
in a 3 X 3 mm quartz cuvette. The reaction mixture in 50 ul of calpain
buffer (10 mm HEPES, 150 mMm NaCl, 1 mMm EDTA, 5 mM benzamidine,
0.5 mM phenylmethylsulfonyl fluoride, 10 mm B-mercaptoethanol, pH
7.5) contained various substrate concentrations and 8 mum free Ca®* in
the case of m-calpain and 19 mM free Ca®" in the case of calpain A and
calpain B. The reaction was started by rapidly mixing the enzyme in the
reaction mixture. The enzyme concentrations typically used were as
follows: 0.2 uM m-calpain, 4.8 uM calpain A, 1.8 uM calpain B, 1.0 um
papain, 1.0 puM trypsin, 40.0 uM chymotrypsin, and 10.0 uM cathepsin B.
Data were analyzed by the MicroCal Origin data analysis software to
determine the initial slope of fluorescence change.

Calpain Activity Measurements in Vivo—In vivo calpain activity was
measured in cultured Drosophila S2 cells. The cell cultures were main-
tained in Drosophila SFM (Invitrogen) medium supplemented with 20
mM L-glutamine, 50 units/ml penicillin, and 50 ug/ml streptomycin at
23 °C. Four hours prior to starting the experiments, 200 ul of S2 cells
(8 X 10° cell/ml) were lipofected with 200 ul of FRET substrate (giving
a final substrate concentration of 280 uM in the medium) either without
or with 15 uM calpastatin, using Cellfectin (Invitrogen) reagent. The
protocol provided by the manufacturer was followed. Control cells were
treated with the same amount of Cellfectin, but without the addition of
the FRET substrate.

Before measurement, lipofected cells were collected by centrifugation
at 1000 rpm for 4 min at room temperature and were resuspended in
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400 ul of phosphate-buffered saline. This washing procedure was re-
peated twice to remove all the remaining substrate from the medium.
50 ul of cell suspension was transferred to a 3 X 3 mm quartz cuvette
for recording fluorescence. Measurements with lipofected and control
cells were started by the addition of 10 uM ionomycin either with or
without 500 nm E-64 or calpain inhibitor II (both are cell permeable
calpain inhibitors). The fluorescence measurements and data analysis
were done similarly to the in vitro experiments.

COS-7 Cell Extracts—COS-T7 cells were grown in Dulbecco’s modified
Eagle’s medium (Sigma) at 37 °C and 5% CO, content. Confluent cells
were washed three times with phosphate-buffered saline and were
scraped in 1 ml of ice-cold phosphate-buffered saline. Cells were col-
lected by centrifugation at 1500 X g for 2 min at 4 °C. Collected cells
were resuspended in a buffer containing 100 mM Tris-HCI, 5 mm EDTA,
1 mMm dithioerythritol, 5 mM benzamidine, 0.5 mM phenylmethylsulfonyl
fluoride, and 10 mm B-mercaptoethanol and were sonicated four times
for 10 s with 1-min breaks. After sonication, the lysate was centrifuged
at 15,000 X g for 20 min at 4 °C to remove the cell debris, and the
supernatant was used for fluorometric calpain activity measurements.

Proteins—The 80-kDa large subunit and the 21-kDa truncated small
subunit of rat m-calpain was expressed in Escherichia coli and purified
according to the method described in Ref. 23. Drosophila calpain A and
calpain B were expressed in E. coli using the method described in Ref.
24. Human calpastatin domain 1 was prepared as given in Ref. 25.
Other enzymes for activity measurements, such as papain (P-3375),
trypsin (T-8003), a-chymotrypsin (C-4129), and cathepsin B (C-6286),
were purchased from Sigma. These lyophilized enzymes were dissolved
in calpain buffer just prior to the experiment and were kept on ice until
use.

Other Methods and Materials—SDS-polyacrylamide gel electro-
phoresis was carried out according to Ref. 26. Calpain inhibitors were
purchased from Calbiochem. For N-terminal sequence analysis, sam-
ples were run on SDS-PAGE gels and blotted onto polyvinylidene di-
fluoride membranes (Sigma). N-terminal sequence analysis was per-
formed using a modified Edman degradation sequencer program.

RESULTS

The Preference Matrix—The 106 sites of 49 substrates are
listed in Table I. The number of proteins known to be calpain
substrates is actually significantly higher than this. For most
proteins, however, the exact site of cleavage has not been
determined. Cleavage by wu- and m-calpain has not been distin-
guished, because the two ubiquitous isoforms have nearly iden-
tical substrate preferences (6, 9), and the quantity of data
would not allow such a fine distinction to be made.

The amino acid preferences of calpain in positions P, through
P,’ of the substrate has been calculated by determining the
frequencies for each position in the 106 sites and dividing this
percentage with the average amino acid occurrence values for
the entire Swiss-Prot and TrEMBL data base (these in percent-
age are: Ala, 7.64; Gln, 3.94; Leu, 9.55; Ser, 7.06; Arg, 5.20; Glu,
6.47; Lys, 5.96; Thr, 5.56; Asn, 4.34; Gly, 6.87; Met, 2.36; Trp,
1.21; Asp, 5.25; His, 2.25; Phe, 4.09; Tyr, 3.15; Cys, 1.63; Ile,
5.84; Pro, 4.89; Val, 6.62). Therefore, the matrix generated
(Table II) is normalized to the chance occurrence and thus
represents the preference of calpain for each amino acid in
these positions. Outside this region, no significant preference
can be seen (not shown).

In the matrix, amino acids that occur at least two times as
frequently as by chance are bolded. Apart from values in sup-
port of the classical P,-P; rule, most notable is the abundance
of Thr in P,, Ser in P,’, and Pro in positions P; and P,'-P,’. The
paucity of some amino acids in certain places is also conspicu-
ous: the virtual absence of Val and Ile from P, and Pro from P,’
seems to be the most significant. Other marked deviations from
chance occurrence (e.g. the preference for Trp but avoidance of
Cys in Pg') are also observable; their significance, however, can
not be established due to the limited size of our data base and
the low frequency of these amino acids in Swiss-Prot and
TrEMBL. A further interesting point, nevertheless, is that
positions P;’-P;’ correspond to the consensus inhibitory subdo-
main of calpastatin, the specific inhibitor of calpain (TIPPXYR,
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Ref. 27, underlined in Table II). The similarity, however,
breaks down in P;. Here Val, Glu, and Asp can be found in the
four inhibitory domains of human calpastatin. In general, the
matrix as a whole is a much better representation of calpain
preferences than the classical P,-P; rule, and its use has three
important ramifications.

Predicting Calpain Cleavage Sites—The first important use
of the extended preferences is that they can be used to score
potential cleavage sites within a sequence. This can be done by
scoring the sequence with the preference matrix, i.e. calculat-
ing a profile value for each peptide bond along the chain via
adding up the corresponding matrix values for each position in
the putative flanking P,-P;’ 11-mer sequence; a maximum is
expected where calpain actually cleaves the protein. To dem-
onstrate this possibility, the scan was carried out for all 106
sites collected and analyzed; to make the score independent of
the actual substrate site, the scan was always made with a
unique matrix calculated by leaving the actual sequence out
(Fig. 1). The average of distributions underscore the significant
inclination for calpain to cleave at a position where the score
reaches a maximum (Fig. 1A). Characteristic plots of 106 scans,
for which cleavage occurs in the global maximum (vimentin,
Fig. 1B), in a local maximum (von Willebrand factor, Fig. 1C) or
elsewhere (p53, Fig. 1D) are also shown. Out of the 106 sites
considered, 16 was found to fall into the global maximum, 59
are in local maxima, and there are only 31 cases where calpain
cleaves in a site with a low profile score. To emphasize this
point further, the profile score plot of a typical substrate with
multiple cleavage sites (tau protein) is shown in Fig. 1E. This
plot is a composite of 9 separate scans, each made with a weight
matrix independent of the actual cleavage site. Of the 9 sites, 7
fall into local maxima, and only two are found at positions of
low score.

The fact that this scoring scheme cannot unequivocally pin-
point calpain cleavage sites underscores the importance of
more distant structural clues in substrate recognition. To test
for such clues, various sequential attributes have been scanned
and correlated with the site of cleavage. We found no particular
correlation with hydrophobicity (data not shown), although
cleavage sites were previously claimed to fall within regions
separating hydrophobic and hydrophilic clusters (11). Second-
ary structure, on the other hand, does have an influence on
where calpain attack occurs. Although the enzyme cleaves in
rather disordered regions (70% of the cases irregular, 8%
B-sheet, and 22% a-helix, Fig. 24), in the immediate vicinity of
the scissile bond a significant deviation from these values is
seen. On the N-terminal side, the B-sheet value goes up to
almost 20%. In contrast, within the C-terminal decapeptide
both a-helix and B-sheet values drop sharply, and irregular
structure occurs almost 90% of all cases. Furthermore, in the
very few cases where calpain cleaves in an a-helical segment of
a substrate with known three-dimensional structure, this site
is preferably located close to the chain terminus, where it can
easily undergo local unfolding prior to cleavage (data not
shown). In the case of PEST regions, some correlation with
calpain cleavage is also apparent. It should not be ignored,
though, that the occurrence of a PEST region is not required for
calpain cleavage in general, as many calpain substrates have
no PEST region at all (19). For calpain substrates with a
significant PEST region, nevertheless, cleavage tends to occur
at the C-terminal border of PEST regions, as its position coin-
cides with the global maximum of the arbitrary PEST border
score (Fig. 2B).

Interfering with Calpain Cleavage: the Case of Calpain B
Autolysis—The second point of practical importance is that the
preference matrix can be used for designing targeted substrate
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The sequential positions of 106 cleavage sites in 49 substrates of u- and m-calpain have been collected from the literature. The sequence of the
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TABLE 1
Cleavage sites in calpain substrates

hexapeptide around the site and the position of the residue at P, is given.

Substrate Species Cleavage site Ref.
ABP Human Pro-GIn-Tyr'"®'-Thr-Tyr-Ala SwissProt P21333
Actin Human  Val-Gly-Arg®*-Pro-Arg-His 48
Annexin I Bovine Thr-Val-Lys?6-Gly-Ser-Lys 49
Arrestin Bovine Phe-Val-Phe®”"-Glu-Glu-Phe, Gln-Asn-Leu®%°-Lys-Asp-Ala 50
Calpain 30K Chicken  Val-Ser-Met®"-Val-Asp-Pro 51
Alpain 80K Chicken  Arg-Leu-Arg'’-Ala-Glu-Gly 51
CaMK IV Mouse Val-Cys-Gly***-Thr-Pro-Gly, Thr-Glu-Asn**-Leu-Val-Pro 52
CaM-PDE1A2 Bovine Val-Val-GIn'2¢-Ala-Gly-Ile 53
Caspase-9 Human  Gln-Leu-Asp®*°-Ala-Ile-Ser, Pro-Glu-Ile''*-Arg-Lys-Pro 54
c-Fos Rat Ser-GIn-Thr°-Arg-Ala-Pro 55
c-Jun Rat Leu-Asn-Leu*?-Ala-Asp-Pro, Leu-Leu-Thr®2-Ser-Pro-Asp, Ile-Thr-Thr®’- 55
Thr-Pro-Thr,” Ser-Leu-His'®*-Ser-Glu-Pro
Connexin50 Ovine Leu-Thr-Glu?*°-Val-Gly-Met, Pro-Leu-Ser®°°-Ala-Lys-Pro 56
B-Crystallin A3 Bovine Glu-Leu-Glu''-Ser-Leu-Pro, 57
Thr-Thr-Lys'?-Met-Ala-Gln 58
dystrophin Human Pro-Leu-Glu'®?2-Tle-Ser-Tyr, Val-Thr-Thr®°-Arg-Glu-GIn® 59
EGFR Human  Arg-Leu-Leu®®®-Gln-Glu-Arg, Trp-Ile-Pro”*®-Glu-Gly-Glu, Ser-Thr- 60
Ser'%¢_Arg-Thr-Pro, Ser-Cys-Pro'°#*-Ile-Lys-Glu, Asp-Thr-Phe!%¢2-
Leu-Pro-Val, Ser-Thr-Phe''??-Asp-Ser-Pro, Pro-Asn-Gly''¢'-Ile-
Phe-Lys
GluR-1 Human  Ala-Ile-Arg®®®-Thr-Ser-Thr, Ser-Ile-Asn®*!-Glu-Ala-Ile 61
a-Hemoglobin Human  Asn-Val-Lys'’-Ala-Ala-Trp 62
b-Hemoglobin Human Glu-Glu-Lys®-Ser-Ala-Val 62
Histone H2A Bovine Arg-Leu-Leu®*-Arg-Lys-Gly 11
Histone H2B Bovine Gly-Thr-Lys''6-Ala-Val-Thr 11
Histone H3.2 Bovine Ala-Thr-Gly**-Gly-Val-Lys 11
HMG-CoA reductase Rat Pro-Lys-Lys®%3-Ala-Gln-Asp 63
Integrin B, Human Thr-Val-Met"%2-Asn-Pro-Lys, Lys-Leu-Lys’**-Ser-GIn-Trp, Pro-Leu- 64
Phe™*-Lys-Ser-Ala
Integrin B, Human Glu-Arg-Ala”?-Arg-Ala-Lys, Trp-Asp-Thr’4!-Ala-Asn-Asn, Pro-Leu- 65
Tyr’#"-Lys-Glu-Ala, Ser-Thr-Phe”**-Thr-Asn-Ile, Ile-Thr-Tyr"*°-Arg-
Gly-Thr
Interleukin-la Dog Lys-Pro-Arg'°®-Ser-Val-Ala, 66
Human Lys-Pro-Arg''2-Ser-Ser-Pro 67
MAP2c Rat Val-Val-Thr?®-Ala-Glu-Ala -
MBP Bovine Asn-Ile-Val®®-Thr-Pro-Arg, Ala-Ser-Ala*¢-Ser-Thr-Met, His-Tyr-Gly®®- 68
Ser-Leu-Pro, Thr-Pro-Arg®-Thr-Pro-Pro
Merlin Human  Val-Asn-Lys***-Leu-Ile-Leu, Ile-Leu-GIn**®-Leu-Cys-Ile 69
MIP Rat Ile-Leu-Lys?*®-Gly-Ala-Arg 70
Myosin-V (brain) Chicken  Pro-Leu-Arg!!*°-Met-Glu-Glu, Pro-Leu-Ser®!*-Arg-Thr-Pro 71
NKEF-B Human Lys-Glu-Tyr'93-Phe-Ser-Lys, Ser-Asp-Thr'®2-Ile-Lys-Pro 72
NMDAR 2A Rat Leu-Gln-Phe'?"-Gln-Lys-Asn, Leu-Phe-Ser'?3°-Val-Pro-Ser 73
p35 Mouse Ser-Thr-Phe®-Ala-Gln-Pro 74
p53 Human Trp-Lys-Leu?*-Leu-Pro-Glu 75
pADPRT Bovine Ala-Val-His***-Ser-Gly-Pro, His-Leu-Leu**°-Ser-Pro-Trp, Lys-Ser-Gly®°2- 76
Ala-Ala-Pro, Lys-Leu-Thr®-Val-Asn-Pro
Phospholipase C-81 Bovine Ala-Leu-His®®*-Ser-Gln-Pro, Glu-Asn-Pro'?°®-Gly-Lys-Glu 77
Phosphorylase kinase g Rabbit Pro-Arg-Gly®°%-Lys-Phe-Lys 78
PKC-a Human Gly-Asn-Lys®'6-Val-Ile-Ser, Lys-Ala-Lys®*°-Leu-Gly-Pro, Glu-Asp-Arg®24- 79
Lys-Gln-Pro
PKC-B Human Lys-Ile-Gly®*!!-GIn-Gly-Thr, Glu-Glu-Lys®2°-Thr-Ala-Asn 79
PKC-y Human Pro-Ser-Ser®?!-Ser-Pro-Ile, Arg-Cys-Phe®*®-Phe-Gly-Ala 79
PMCA-2 Human Gly-Leu-Asn**35-Arg-Tle-Gln, Glu-Leu-Arg''?*-Arg-Gly-Gln 80
RyR1 Rabbit Met-Met-Thr'4°°-Gln-Pro-Pro, Ile-Ser-Gln?#*4-Thr-Ala-Gln 81
Spectrin all Human  Glu-Val-Tyr!'7¢-Gly-Met-Met 57
Spectrin b Human Lys-Ser-Thr?°%8.Ala-Ser-Trp 57
Talin Human Val-Leu-GIn**3-GIn-GIn-Tyr 82
Tau Human Glu-Val-Met!'-Glu-Asp-His, Gly-Leu-Lys**-Glu-Ser-Pro, Val-Val-Arg?3°- 83
Thr-Pro-Pro, Asp-Leu-Lys?°*-Asn-Val-Lys, Asn-Val-Lys?*”-Ser-Lys-Ile,
Asn-Leu-Lys?¢"- His-Gln-Pro, Ile-Val-Tyr?!°- Lys-Pro-Val,
Glu-Val-Lys®4°-Ser-Glu-Lys, Ile-Val-Tyr**-Lys-Ser-Pro
Tyrosine 38-hydroxylase Bovine Ala-Tle-Met?°-Ser-Pro-Arg, Glu-Leu-Asp??-Ala-Lys-Gln 84
Vimentin Murine Arg-Leu-Arg™-Ser-Ser-Val, Gly-Ser-Gly'®-Thr-Ser-Ser, Gly-Thr-Ser?°- 85
Ser-Arg-Pro, Val-Thr-Thr®2-Ser-Thr-Arg, Arg-Thr-Tyr®’-Ser-Leu-Gly,
Ser-Leu-Gly*°-Ser-Ala-Leu, Ser-Leu-Tyr®?-Ser-Ser-Ser, Val-Thr-Arg®-
Ser-Ser-Ala
von Willebrand factor Human  Leu-Leu-Lys'®'3-Ser-His-Arg, Ser-Lys-Arg’®*-Ser-Leu-Ser 86

“ In the original report, the cleavage site is erroneously given as 75-76, but in reality its position in the sequence is 90-91.
® In the original study, rabbit dystrophin is reported but only the human sequence is available.
¢ P. Friedrich, M. Pulai, and P. Tompa, unpublished observations.

mutations for either increasing or decreasing sensitivity to
calpain attack. This feature is demonstrated by inhibitory mu-
tations in the autolysis sites of Drosophila calpain B. Fig. 3

shows that mutations hamper autolytic cleavage of the given
site: amino acids were replaced on either one, or both sides of
the two major autolytic sites with amino acids not accepted by
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TaBLE II
Amino acid preferences of calpain around the cleavage site

The occurrence of each residue in positions P4—P7’ for all 106 cleavage sites (Table I) has been counted and normalized to the frequency of the

same amino acid in Swiss-Prot and TrEMBL.

P, P, P, P, Py’ Py’ P, P, Py’ Py’ P,
Trp 0.00 2.34¢ 0.00 0.00 0.00 0.00 3.12¢ 0.79 0.00 2.38“ 0.79
Tyr 0.90 0.00 0.30 2.69° 0.00 0.30 0.60 0.60 1.81 1.52° 0.30
Phe 0.23 0.23 0.23 1.84 0.46 0.46 0.23 1.39 0.00 0.94 1.17
Leu 0.59 0.59 2.97¢ 0.59 0.59 0.40 0.20 0.40 0.90 0.60 1.01
Ile 0.32 1.13 0.81 0.16 0.65 0.65° 0.97 0.33 0.33 0.33 0.99
Val 0.71 1.57 2.00¢ 0.14 0.71 0.71 0.57 1.58 1.01 1.16 0.29
Ala 111 0.74 0.12 0.25 1.73 1.36 0.99 1.00 0.75 0.88 0.88
Gly 0.69 0.83 0.14 1.24 0.69 1.24 0.55 1.25 1.53 0.84 1.26
Ser 1.20 1.60 0.93 0.80 3.33 1.87 0.80 1.08 1.88 1.36 1.49
Thr 2.03“ 1.02 2.71¢ 1.86 1.86° 0.68 0.85 171 1.03 1.55 0.69
Pro 1.54 2.32¢ 0.77 0.58 0.19 2.89% 5.59“° 2.92° 1.75 1.77 1.18
Asp 0.72 0.36 0.54 0.36 0.18 0.72 0.36 0.73 0.73 0.92 0.73
Glu 1.31 1.60 0.73 0.44 0.73 1.31 0.73 0.29 0.88 0.89 0.89
Gln 1.68 0.48 0.72 0.96 1.20 1.68 1.44 0.97 0.48 1.22 0.73
Asn 1.08 0.65 1.30 0.65 0.43 0.65 0.65 1.53 1.75 0.88 0.66
Lys 111 1.42 0.47 2.84¢ 111 1.42 1.42 0.96 0.96 0.81 1.45
Arg 1.45 1.09 0.36 2.54° 1.82 0.36 0.91 0.55 0.92 0.74 2,22
His 1.68 0.84 0.00 1.26 0.42 0.42 0.84 0.85 0.85 0.85 0.85
Cys 0.00 0.00 1.75 0.00 0.00 0.58 0.00 0.59 1.18 2.37 0.00
Met 0.80 0.40 0.40 1.59 0.80 0.40 1.19 0.00 0.00 0.00 1.22

“ Values exceeding 2.00 are in bold.

® Values corresponding to the consensus calpastatin inhibitory segment in positions P, '-P,’ (i.e. TIPPXYR) are underlined.

calpains (22). The following changes were made: the first au-
tolytic site Ala-Gln-Asn’4-Ala-Ser-Tyr was mutated to Ala-Gly-
Val”-Pro-Ser-Tyr; the second autolytic site Pro-Glu-Asn223-
GIn-Asn-Met was changed to Pro-Glu-Ala®?3-Val-Asn-Met.
These modified calpain B forms were expressed in E. coli,
purified, and tested for Ca?"-induced autolysis. As a result of
these mutations, autolysis at the original site was arrested,
and its site shifted to new, nearby peptide bonds. In the case of
site 223, two new sites emerged: one at Phe?'>~Thr?'¢ and one
at Gly?3°-Arg?®!, as identified by N-terminal sequencing. In
the case of site 74, altered autolysis gave rise to low intensity,
blurred band(s), which could not be analyzed by sequencing.
These new sites were more sluggish than the original ones: the
activation lag phase with the “autolysis mutant” was longer
than with wild-type calpain B (data not shown).

The FRET Substrate—The third practical application of the
preference matrix of calpain cleavage is to design a novel and
optimized substrate, offering an improvement in both in vitro
and in vivo experiments. The amino acids with the highest
scores in the matrix were selected, and an 11-mer peptide with
TPLKSPPPSPR sequence was constructed. A fluorescent donor
(EDANS) and quenching acceptor (DABCYL) were attached to
its C- and N-terminal ends, respectively, yielding the novel
substrate based on the FRET principle. As shown in Fig. 44,
before cleavage by calpain, the level of fluorescence is low and
calpain cleavage results in an about 3-fold increase in fluores-
cence intensity. This fluorescence change is enough to be fol-
lowed in time course measurements. Judging from the kinetic
parameters shown in Fig. 4B, the FRET substrate is cleaved by
m-calpain with a much better efficacy than the widely used
fluorescent dipeptide substrate (LY-AMC) for which the K,
and k., values were 2.21 mm and 0.092 liter/s, respectively (7).
These measurements were done with the Drosophila calpains,
calpain A and calpain B as well giving the following kinetic
values: K,, was 0.12 mu, k&, was 0.04 liter/s for calpain A; 0.25
mM and 0.17 liter/s for calpain B, respectively. The other pro-
teases showed variable activity toward the FRET substrate;
the kinetic parameters proved to be the best for m-calpain (Fig.
4B, inset).

Next we compared the FRET substrate and the dipeptide
substrate with respect to their efficiency in detecting calpain
activity in COS-7 cell lysates. Substrate cleavage was followed

with and without 20 mm Ca®". As shown in Fig. 5, the dipeptide
gave a very high background activity, which led to a marginal
(7%) difference between activities measured in the absence and
presence of calcium. In contrast, almost no background activity
was measured with the FRET substrate and the difference in
the fluorescent change was four times higher. This difference is
sufficient to follow subtle alterations in calpain activity.

We also tested the applicability of this novel substrate in an
in vivo system. The Cellfectin lipofection system was used to
transfer the substrate into living Drosophila S2 cells and to
check the emission spectrum of lipofected cells before and after
the addition of 10 uM ionomycin (Fig. 6A4). The spectra are
similar to those in the in vitro measurements (Fig. 4A), thus
proving that the method is appropriate for assaying the calpain
activity in vivo. The applicability of the FRET substrate in vivo
was further supported by time course measurements (Fig. 6B).
As shown, the fluorescence intensity of the cells did not in-
crease without the addition of ionomycin, i.e. without calcium
there is no cleavage of the substrate. The slight decrease of the
fluorescence intensity was due to the slow sedimentation of
cells. After the addition of 10 um ionomycin, the fluorescence
intensity increased, indicating calpain activation and substrate
cleavage. This change was truly due to the activity of the
endogenous calpains of Drosophila cells, as calpain inhibitors
(calpain inhibitor II and E-64) abolished any detectable fluo-
rescence intensity change, when added to the cell suspension
either at the start or during the measurement (E-64). No cal-
pain activity could be detected either, when calpastatin was
added in 15 puM concentration to the medium during lipofection.

It should be noted that a similar fluorogenic substrate was
produced previously for assaying retroviral proteases (21);
however, that peptide was only an 8-mer with different se-
quence. Despite the longer distance between the two fluoro-
phores, the FRET substrate described here proved to be effi-
cient to monitor calpain activity.

DISCUSSION

Calpains play important roles in many different physiologi-
cal and pathological processes, and the mechanisms underlying
their substrate recognition have been studied. Nevertheless it
has remained an open question whether local or global sequen-
tial or other, higher order, signals are recognized and accepted
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Fic. 1. Profile scores of selected C
substrates. Each substrate sequence has
been scored with a preference matrix cal-
culated, such as that in Table II except 184
that the actual substrate was always left
out. The resulting profile scores have 161
been averaged (A) or are shown for the
primary site of vimentin (B) and von Wil-
lebrand factor (C), and for the sole site of
p53 (D). For tau, a composite profile score
covering all 9 cleavage sites has been plot-
ted (E). For creating this plot, adjacent
scans were truncated halfway between
their cleavage sites and fit together. The 64
sites of cleavage are marked by vertical
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by calpains. Early studies on peptides and a limited number of
proteins have led to the concept that calpain shows recogniz-
able sequential preferences only in the P, and P; position of the
substrate (7, 8). These preferences, however, do not apply to all
substrates, which points to the importance of global structural
clues in recognition (5, 11). Further research has led the re-
searchers to conclude that calpain may need PEST or PEST-
like sequences to recognize a protein as its substrate, but a
susceptible cleavage site is also necessary for cleavage to occur
(5). In this review the authors also referred to the P,-P; rule as
the site of calpain cleavage, allowing the possibility that other
restrictions might exist. A comprehensive analysis of cleavage
sites within potentially physiological substrate proteins has
not been carried out.

Our statistics on 106 protein sites shows that amino acid
preferences extend over 11 positions around the scissile bond:
these data corroborate, correct, and extend the classical P,-P,
rule. We found that in positions P, and P, the prevalent view is
correct with the minor correction that Thr is more preferred
than Val in P,. In P,’, a very strong, and so far missed, pref-

20 250 300 350 400

position

erence for Ser is seen. An entirely unexpected feature is the
frequent occurrence of Pro in positions P; and P,'-P,’: the
highest value in the entire preference matrix is 5.59 for Pro in
Pg. Overall, the primary structure around the scissile bond is
probably more important in calpain recognition than previ-
ously thought. The correlation of cleavage sites with profile
values scored by the preference matrix highly supports this
conclusion. Distinct aspects of these observations provide novel
mechanistic insight into the process of substrate recognition by
calpains, as follows.

Because Pro is the poorest a-helix- and B-sheet-forming res-
idue (28), and it tends to dominate intrinsically unstructured/
disordered regions of proteins (29, 30), the observed prefer-
ences imply an affinity of calpain for disordered regions in
proteins, especially on the C-terminal side of the scissile bond.
Predictions of the secondary structure also support this view:
the predicted a-helix and B-sheet potential drops very low in
the C-terminal decapeptide of the cleavage site suggesting that
one major structural attribute calpain is likely to recognize is
protein disorder. Proteases in general tend to cleave their sub-
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FiG. 2. Structural clues of calpain
cleavage. Secondary structural ele-
ments, i.e. a-helix, B-sheet, and irregular E’
(I) structure (A) and PEST segments (B, - ’
continuous line) have been predicted via
online servers and averaged for the 100- T
residue segments around all 106 calpain 40
cleavage sites. An arbitrary PEST border
score has also been calculated and is
shown by a dashed line (B). Vertical lines B
mark the site of cleavage between posi- 08
tions 0 and 1. The URL address of the i
servers and the definition of the PEST
border score are given in “Materials and
Methods” under “Data Collection and [+]
Analysis.” 0.6 g
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1 2 3 4 in protein-protein interactions, such as with SH3 domains of
kDa L ; ;
regulatory proteins in signal transduction (33, 34). This aspect
104 —» — of the recognition of substrate proteins by calpain, i.e. the
96 —> e > 1 possible interference of calpain with signal transduction is
worthy of consideration. This may also ensue from the high
frequency of the (S/T)P dipeptide in the P,’-P," and P,'-Ps’
positions (5-10X the average in Swiss-Prot and TrEMBL) in
81 —» > 1 1 calpain substrates. This dipeptide is the consensus site of Pro-

Fic. 3. Autolysis of wild type and autolysis-site mutant calpain
B forms. Drosophila calpain B autolysis reactions were run for 10 min
in the presence of Ca®", and then samples were run on an SDS gel. 1,
calpain B control; 2, calpain B where the two autolytic products are
indicated by arrowheads; 3, calpain B N223Q — A223V mutant (81-kDa
autolytic site), the 81-kDa autolytic product split into two bands, as
indicated by arrowheads; 4, autolyzed calpain B QN74A — GV74P,
N223Q — A223V double site mutant, both autolytic products are split
into two bands, as indicated by arrowheads.

strates in sterically accessible and flexible regions (31, 32), but
this preference seems particularly important for calpain. This
may be an important component of its regulatory function, i.e.
that often it separates regulatory and catalytic domains of
enzymes causing activation of the latter (1-3). Besides lower-
ing the occurrence of ordered secondary structural elements,
prolines may also play an active role in this enzyme-substrate
recognition: Pro-rich regions are known to be directly involved

directed kinases, such as mitogen-activated protein kinase,
GSK3, and cyclin-dependent kinases, which play central roles
in signal transduction (35-37). This raises the possibility of the
regulatory interplay of protein phosphorylation and calpain-
mediated activation in signal transduction; phosphorylation by
Pro-directed and other kinases does in fact interfere with cal-
pain action (38, 39).

Another notable aspect of the observed preferences is the
unmistakable similarity of the conserved inhibitory segment of
the endogenous, specific calpain inhibitor, calpastatin (TIP-
PXYR) to the sequence of the ideal substrate on the C-terminal
side of the scissile bond (see Table II). This implies that cal-
pastatin may bind to the S;’-S;’ pocket of the enzyme as a
substrate analog, in perfect agreement with the observed mode
of competitive inhibition of the enzyme (40). An old and intrigu-
ing observation concerning calpastatin action can also be ratio-
nalized via this similarity. Calpastatin has four homologous
inhibitory domains, each of which is capable of inhibiting one
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Fic. 4. Calpain activity measure-
ment with the FRET substrate in
vitro. A, digestion of the FRET substrate
by m-calpain in vitro. 400 um FRET sub-
strate was digested with 0.5 uM m-calpain
in calpain buffer for 40 min, and the flu-
orescence spectrum of the substrate was
recorded before (solid line) and after
(dashed line) digestion. The excitation
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wavelength was 320 nm. B, Lineweaver- 2000
Burk plot of m-calpain kinetics with the 10060
FRET substrate. The FRET substrate
was added to the reaction mixture (con- 0
taining 5 mM free CaCl, and 0.2 uM m- d
calpain,) in various concentrations and
the initial rate of fluorescence change was
determined. This rate was normalized to
the total change that was attained at high
enzyme concentration and long incuba-
tion time, to calculate absolute V,and &,,, .
values. Inset, comparison of kinetic pa- B
rameters for some proteases with the 09
FRET substrate. Calcium concentrations g -
used were: 5 mM free CaCl, in the case of 0,8
m-calpain, 19 mMm free CaCl, in the case of ]
calpain A and calpain B in calpain buffer 0,7-
and no CaCl, in the case of the other ]
proteases. The following enzyme concen- 0,6
trations were used: 0.2 uM m-calpain, 4.8
uM calpain A, 1.8 uM calpain B, 1.0 um -~ 05
papain, 1.0 uM trypsin, 40.0 uM chymo- - K, (mM) Kmfpd) Wm"m"j
trypsin, and 10.0 uM cathepsin B. Excita- 0.4 0.093 0.65 69.8
tion and emission wavelengths were 380 012 0.04 358
and 460 nm, respectively, in the case of 0,3 - CalpB 0.25 017 6.81
the LY-AMC and 320 and 480 nm for the Papain 0.12 0.24 200
FRET substrate. 0,2 Trypsin 026 10 385
Chymotrypsin 209 0.01 0.05
0,14 Cathepsin-B ND. ND.  NotDetectable
f - v r T . T . . . —
0,02 0,00 0,02 0,04 0,06 0,08 0,10
ST
domains of human calpastatin, Val (domain I), Glu (domains II
25 l and III), and Asp (domain IV) can be found N-terminal to the
” ] | conserved TIPPXYR motif. According to our statistics, Val
?;, 204 (0.14) practically never occurs in the P, position of calpain
E substrates, whereas Glu (0.44) and Asp (0.36) are moderately
; acceptable. Judged by that, one would expect that only domain
@ 15 I of calpastatin acts as a perfect competitive inhibitor, and the
j“é" other three behave more like a suicide substrate. In fact, sep-
8 404 arate domains of calpastatin were found not to be equally
§ effective: domain I is the most effective and domain III is the
o weakest (27).
S 054 : The role of PEST regions in calpain cleavage may also need
= a reappraisal in light of our data. As mentioned, this issue is
| still not settled, as mutations of PEST regions either abrogate
00
LY-AMC FRET substrate sensitivity to calpain (16, 17) or have no effect at all

Fic. 5. Calpain activity in COS-7 cell lysates. COS-7 cell lysates
were prepared as described under “Materials and Methods.” Calpain
activity was followed by fluorometric measurements. Either 5 mm
EDTA (white columns) or 20 mM free CaCl, (gray columns) was added
to 30-ul lysates. The change in fluorescence intensity was monitored
with LY-AMC (1 mMm) or the FRET substrate (100 um). Each column
represents the mean values of four independent measurements.

calpain molecule. Still, the inhibition is perfect only up to one
equivalent of the enzyme, above which the inhibitor slowly
starts degrading, way before the theoretical equivalence point
of 4:1 is reached (41, 42). In the four homologous inhibitory

(18, 19). It appears that PEST regions, or rather the PEST
score, is not directly linked to calpain action. This also follows
from the fact that a significant fraction of calpain substrates
have no PEST region at all (19); here we found that close to half
the sites have no PEST region within 50 residues in either
direction. On the other hand, the position of a PEST region in
substrates, where it occurs at all, is not random with respect to
the site of calpain cleavage: most often it occurs at the C-
terminal end. We reckon that the PEST score does express
something important for calpain, perhaps the lack of structure
also manifest in the high frequency of prolines, as discussed
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Fic. 6. Recording calpain activity
in Drosophila S2 cells. A, emission
spectrum of the FRET substrate in S2
cells. S2 cells were suspended in Drosoph-
ila SFM medium at a 3 X 10° cell/ml cell
number and were lipofected with 200 um
FRET substrate. Calpain activity was in-
duced with the addition of 10 uM ionomy-
cin. Solid line, difference spectrum of li-
pofected and non-lipofected cells before
the addition of ionomycin. Dashed line,
difference spectrum of lipofected and non-
lipofected cells 40 min after the addition
of ionomycin. B, time course of calpain - 0
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activity in S2 cells. S2 cells were sus-
pended in Drosophila SFM medium at a
3 X 10° cell/ml cell number and were li-
pofected with 200 um FRET substrate. In
vivo calpain activity was measured in a
3 X 3 mm quartz cuvette with a Jasco
FP777 fluorometer. Calpain activity was
induced by the addition of 10 uM ionomy-
cin, except for the control measurement,
where no ionomycin was added. Cells
were measured for 30 min, and each

B

measurement was repeated at least three E-64
times. Symbols: [], S2 cells without iono- 1850 4
mycin; @, S2 cells with 10 uM ionomycin; 1800
V, S2 cells with 10 uM ionomycin and 500 b
nM calpain inhibitor II (the inhibitor was 1750 7
added to the cells immediately before the 7
start of the measurement); A, S2 cells £ 1700
with 10 puM ionomycin and 500 nm E-64
(the inhibitor was added to the cells im- B 16504
mediately before the start of the measure-
ment); O, S2 cells lipofected with cal- 1600 4 J
pastatin and the FRET substrate; H, S2 600 Y —~ o
cells with 10 uM ionomycin and 500 nMm 1550 Je y e ® s g Y oy 5/ Vo v, v, 7 N '
E-64 (the inhibitor was added 20 min af- = : L) O .
. s O
ter starting the measurement). 1500 Tonomycin Dl 1. T O 0 O
1450 I
1
ﬂ L] x L] L} L] r T T * I d 1 1 * L] L}
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previously (29). Furthermore, PEST regions have flanking pos-
itive charges, whereas calpain shows a strong preference for
Lys and Arg in P,, which is another reason for correlation to
occur.

Our statistical analysis also entails important applications
in calpain studies. Probably the most important dividend of the
preference matrix is that it significantly improves our capacity
to manipulate calpain-substrate systems. One of the practical
aspects is that it enables us to design point mutations, which
interfere with the action of calpain in very specific ways. For
example, substituting Val (Ile) at P, or Pro at P,’ for the actual
residue would probably seriously impair cleavage by calpain,
without much interfering with the structure and function of the
substrate in any other way. We used this approach to design
two mutant calpain B forms, both having changed amino acids
at the site of autolysis. As shown by our results, these mutant
calpain B forms lacked the ability of normal autolysis, thus
proving that it is indeed possible to interfere with calpain
cleavage. The fact that new autolysis sites appeared suggests
that calpain cleavage site might not be strictly fixed, and as a
response to changes in the substrate molecule other, less pre-
ferred sites may be promoted to cleavage sites. This point
seems to be supported by a recently published work (43) where

the researchers observed abnormal calpain cleavage of the
fibrillized a-synuclein. In vitro, a-synuclein was cleaved after
amino acid 53, whereas fibrillized a-synuclein was cleaved in
the region of amino acid 120.

In apparent contrast, it was observed that an FF mutation at
the m-calpain autolysis site completely arrested autolysis (44).
It should be remembered, however, that the N-terminal seg-
ment of m-calpain is very short (9 amino acids) compared with
the very large (224 amino acids) and disordered N-terminal
segment of calpain B (22). It is likely that on the N-terminal
segment of m-calpain only a simple site is sterically available to
calpain attack.

All these facts seem to support the observation that apart
from sequential clues calpains recognize other, higher order
structural elements as well. Applying the matrix to other,
known calpain substrates allows us to design and synthesize
other mutant proteins as well, thus gaining a deeper insight of
the calpain-substrate systems.

The second practical aspect of our findings is that by using
this matrix we managed to construct a substrate, which is
superior to the commercially available ones. Since the widely
used fluorescent dipeptide substrate (LY-AMC) is not specific
to calpain and is quite poor in kinetic terms, there have been
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attempts to create better substrates for specific applications.
For the lack of a clear insight into the mechanism of calpain
cleavage, researchers have been left with the only possibility of
using the sequences of known calpain substrates. One of the
preferred choices for this purpose is a-spectrin, a protein that is
specifically cleaved by calpain. Vanderklish et al. (45) con-
structed a vector encoding for an 11-amino acid long sequence
of a-spectrin flanked by two fluorescent protein domains to
serve as an in vivo FRET substrate. This construct led to
identifying dendritic spines in which calpain is activated dur-
ing the excitatory synaptic activity. Another group followed a
similar approach to design two FRET substrates using the
same a-spectrin sequence (46). In a previous attempt we used
a different protein substrate of calpain, MAP2, labeled with
DTAF to be able to monitor calpain continuously (47). While all
three approaches worked well under the given experimental
circumstances, they did not provide a substrate, which is easy
to construct and handle and is appropriate to measure calpain
activity in different environments, in vivo and in vitro. The new
FRET substrate tested in this study is designed on the basis of
the analysis of more than 100 calpain cleavage sites and thus
presents an ideal calpain cleavage site. This substrate is water
soluble, its synthesis is relatively simple, and its use is reliable
and accurate. It is to be noted that the substrate primarily
targets u- and m-calpains, the cleavage preferences of which its
development has been based on. Its kinetic preference for these
mammalian forms versus Drosophila calpains (Fig. 4B) points
to its probable specificity for these ubiquitous calpain forms.
Given the conservation of the sequence preference of calpains
(9), this result probably translates to u- and m-calpains from
other species. With respect to other mammalian isoforms (e.g.
p94, calpain 10), the utility of the FRET substrate cannot be
ascertained for the lack of sufficient data. Further work will be
needed to clarify this point.

Detecting calpain activity in crude cell and tissue extracts
has always been a great challenge, because the commercial
substrates are cleaved by many other proteases as well, and
they are quite poor calpain substrates. These peptides may
even escape calpain cleavage, since in a crude extract, other,
much better calpain substrates abound and these peptides are
incapable of successfully competing with them. All these result
in a high background activity, making the correct measure-
ment of the calpain activity very difficult. Although the FRET
substrate is not absolutely specific, in particular with respect to
trypsin and papain (Fig. 4B), it represents a significant devel-
opment in our capacity of assessing calpain activity in vitro an
in vivo: as demonstrated by COS-7 cell lysates, one may expect
much less interference by other proteases than with the com-
mercial dipeptide substrate. In fact, the background activity is
close to zero with the FRET substrate. The FRET substrate is
a much stronger competitor of the endogenous substrates than
the commercial peptide substrates hence it is capable to detect
the actual calpain activity more precisely, and to give informa-
tion about weak calpain inhibition or activation.

In summary, our data show that various functions such as
amino acid preferences, secondary structure and PEST seg-
ments correlate with the cleavage site selected by calpain.
These correlations and the success of applying the preference
matrix for practical purposes suggest that the information en-
coded in the primary structure is important for calpain select-
ing its site of cleavage and underscore that by carefully placed
point mutations we might interfere with calpain action in a
very specific manner even in intact cells or tissues.
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