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ABSTRACT: Calpains are intracellular calcium-activated cysteine proteases whose unregulated proteolysis
following the loss of calcium homeostasis can lead to acute degeneration during ischemic episodes and
trauma, as well as Alzheimer’s disease and cataract formation. The determination of the crystal structure
of the proteolytic core ofi-calpain fI-11) in a calcium-bound active conformation has made structure-
guided design of active site inhibitors feasible. We present here high-resolution crystal structures of rat
ul-1l complexed with two reversible calpain-specific inhibitors employing cyclic hemiacetal (SNJ-1715)
ando-ketoamide (SNJ-1945) chemistries that reveal new details about the interactions of inhibitors with
this enzyme. The SNJ-1715 complex confirms that the free aldehyde is the reactive species of the cornea-
permeable cyclic hemiacetal. Theketoamide warhead of SNJ-1945 binds with the hydroxyl group of

the tetrahedral adduct pointing toward the catalytic histidine rather than the oxyanion holel-IThe
SNJ-1945 complex shows residue Glu261 displaced from thesif&lby the inhibitor, resulting in an
extended “open” conformation of the domain Il gating loop and an unobstructesit& IThis conformation

offers an additional template for structure-based drug design extending to the primed subsites. An important
role for the highly conserved Glu261 is proposed.

Calpains are a ubiquitous family of cysteine proteases The proteolytic active site is situated at the interface between
found intracellularly, where they are involved in a wide range papain-like domains | and Il, which together form the
of physiological functions such as cell mobility, cell cycling, proteolytic core of the enzyme. These domains contain two
and transcriptional regulatiod); As they possess a calcium-  cooperative calcium-binding sites whose occupation is neces-
dependent activity, they act by converting a local increase sary for the rearrangement of the catalytic triad and the
in calcium concentration into a proteolytic signal, resulting substrate binding site into an active conformatidh The
in the cleavage and altered function of target proteins. study of calpains in their native, full-length form is com-
Calpain overactivation is associated with the pathogenesisplicated by their susceptibility to autolysis, subunit dissocia-
of a wide range of disorders such as cataract formation, hearttion, and aggregation upon €aactivation 6). The pro-
attack, stroke, Alzheimer’s disease, and traumatic spinal cordteolytic core of the enzyme, however, appears as a stable
and brain injury. Under these pathological conditions, a loss autolysis fragment that maintains (in the rat isoform) reduced
of calcium homeostasis within the cell results in the but significant calcium-dependent proteolytic activigy).(
overactivation of and unregulated proteolysis by these Because of their stability, facile expression in heterologous
calpains, where they contribute to the consequent cell andEscherichia coliexpression systems, and ease of crystal-
tissue damage. Calpains are therefore a valuable target follization, these isolated proteolytic cores or mini-calpains are
the development of drugs in the treatment of these conditionscurrently the primary template onto which calpain structure-
(2, 3). based drug design efforts are direct&dg). This concept

All currently known calpain isoforms are multidomain has been demonstrated by the determination of the crystal
forms, and many are thought to be heterodimeric enzymes.structure$of the proteolytic core of the rat-calpain isoform
(ul-11) bound to the nonspecific protease inhibitors E~64

TThis work was funded by the Canadian Institutes for Health and leupeptin 9) and. more recently. humaml-11 with a
Research. D.C. is supported by a Natural Sciences and Engineering peptin 9 : Y, o

Research Council Studentship. T.M. is supported by a Canadian Instituter;l'?’A stabilizing mutationl(0) inactivated by ZLLY-CHF
of Health Research Postdoctoral Fellowship. P.L.D. holds a Canada

Research Chair in Protein Engineering. 1 The protein crystallographic structures mentioned in this paper can
* Coordinates and structure factors have been deposited with thebe found in the Protein Data Bank as entries 1TLBI[—leupeptin),
Protein Data Bank as entries 2G8E and 2G8J. 1TLO (ul-1l —E-64), 1KXR (uncomplexegdl-11), 1ZCM (humanul-

*To whom correspondence should be addressed: Department of Il —ZLLY-CH,), 1DIT (thrombin-CVS995), 1TMB (thrombir-cy-
Biochemistry, Queen’s University, Kingston, Ontario, Canada K7L 3N6. clotheonamide A), 1AHT (thrombino-keto acid), 1TPP (trypsino.-
Telephone: (613) 533-6821. Fax: (613) 533-2497. E-mail: keto acid), 1IRGQ (HCV protease-ketoamide), 1DXW (HCV

ricl@post.queensu.ca. protease-a-keto acid), and 1YT7 and 1TU6 (cathepsin-K-keto-

§ Queen’s University. amide).

' Current address: Department of Biochemistry, McGill University, 2 Abbreviations: DTTp,L-dithiothreitol; E-64 trans-epoxysuccinyl-
Suite 5317, 3575 Avenue du Parc, Montreal, Quebec, Canada H2X L-leucylamido(4-guanidino)butane; HEPES, 4-(2-hydroxyethyl)piper-
3P9. azine-1-ethanesulfonic acid; MES, I8-thorpholino)ethanesulfonic acid,;

U Senju Pharmaceutical Co., Ltd. Z-LLY-FMK, N-benzyloxycarbonyl-Leu-Leu-Tyr-fluoromethyl ketone.

10.1021/bi060425] CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/23/2006



Calpaino-Ketoamide and Hemiacetal Inhibitor Structures Biochemistry, Vol. 45, No. 24, 2006447

(12). These structures have allowed the inhibitor interactions A: SNJ-1715

found in the active site binding pocket of calpain to be

described. In addition, they revealed highly flexible gating

loops, comprising residues 682 in domain | and 25% . -
261 in domain I, that flank either side of the active site Q\NJ\NQ\)\O
binding pocket and are thought to be involved in the binding A
and selectivity of protein substrates among various calpain (cyelic hemiacetal form)

isoforms. “
Although they form potent serine and cysteine protease
O
I

inhibitors as tetrahedral in_termediate analogues, _pe_:ptidyl @\NiNQ\)

aldehydes such as leupeptin and calpeptin have limited in H H ;

vivo pharmacological value. The aldehyde group is thought

to react with the nucleophilic amino or thiol groups of various (inear aldehyde form)

biological substances, decreasing the bioavailability and cell

permeability of the drug?, 12). One strategy for overcoming

the chemical reactivity of the aldehyde is to “mask” it by .

- : . : > B: SNJ-1945

providing an intramolecular site where it can react via

reversible cyclic hemiacetal formation to a less reactive form. "
\O%OWOJLN H

? o]

0 *._.OH

This strategy was previously applied in the design of \)Ol\rrn
6-hydroxy-3-morpholinone calpain inhibitors, where the 4 v/
cyclic hemiacetal is formed through a hydroxyl group at the b
position otherwise occupied by the P2 amid&)([nomen-

clature of Schecter and Bergd3]. Similarly, other recently

synthesized calpain inhibitors use a 2-hydroxytetrahydrofuran

functionality, where formation of the cyclic hemiacetal occurs C: MES

via ay-hydroxyl group at P1%4, 15) (Figure 1A). In both

cases, the free aldehyde form exists in equilibrium with its Q
cyclic hemiacetal form, thus decreasing its total level of at \N_/_ﬁ‘o
exposure and potential for side reactions. / 0

Peptidyl a-ketoamides also exhibit improved metabolic

o ; . Ficure 1: Chemical structures and fitted electron density of calpain
stability compared to peptidyl aldehydes, and unlikketo i e =) SNJ-1715, (B) SNI-1945, and (C) crystallization

acids and e_SterS’ they maintain their membrane permeabi"tybuffer MES. The reversible intramolecular conversion of the cyclic
and are resistant to plasma esterases, although they typicallfyemiacetal of SNJ-1715 to the free aldehyde is shown. The observed
are limited by low solubility {6—18). Also, unlike aldehydes  electron density for the ligands is shown &,a- Fc map calculated

and o-ketoacids that bind only the unprimed subsites, for the structures omitting the ligands and contouredcatSNJ-
a-ketoamides can extend into the primed side of the active 1719 @nd SNJ-1945) 0w2MES).

site.
. S . —20°C. Theul-ll construct is composed of Gly27Asp356
h Th_e revfrs'béesﬁilggzls mhtntors S(jNJ-l?lSd(a_ cyc:jlc from ratu-calpain (calpain 1) with an N-terminal Met and a
emiacetal) anc ) (e et(_)am] €) were designe ... C-terminal Leu-Glu-(Higjtag. This construct was expressed
for use as anti-cataract and anti-retinopathy agents with and purified as previously describe@).(
improved bioavailability and corneal permeability (Figure Determination of Crvstal Structurés of Complexds
1A,B) (14, 19). Both of these compounds demonstrate potent : - y P
inhibiti f d Ipain with | in th solution containing 13 mg/mkl-11, 10 mM HEPES/NaOH
Inhibition of m- andu-calpain with 1Go values in the 86 (pH 7.6), and 10 mM DTT was preincubated in the presence
190 nM range and exhibit efficacious anti-cataract properties opf 0 6.m,g/mL SNJ-1945 or 1 4F;ng/mL SNJ-1715 ﬂcr;h at
in a rat lens culture model. Here we present the crystal ) = : "
structures oful-1l with these two inhibitors bound at the room temperature in th_e absence of calcm_m,_tq ensure that
active site. These structures confirm the mode of action of the_ enzyme WOUI.d be in the presence of |nh|b|tor prior to
activation by calcium. The crystals were obtained using the

the cyclic hemiacetal and reveal the interaction of calpain hanaing d diffusi hod by mixing th luti
with an a-ketoamide warhead. The SNJ-1945-bound struc- 1anding drop vapor diffusion method by mixing the solution
described above with an equal volume of a precipitant

ture is the first instance of a calpain crystal structure with a solution including conditions expanding around4117 M

ligand moiety stretching into the S1-primed subsite, resulting

in an unobstructed binding pocket that suggests a potentiaIIyNaCtI’ Ilc'zhth Ca(;l,b?nd %‘1 M MES (p|-t| 5:5;'0).' T{]e dat

important switch mechanism involving the highly conserved Cr)fls at.s g \E)ve_re 0 all(n% were Icr%(oprof(tak(]: € ptrrllor I(') ata

Glu261. These structures should provide new opportunities coliection by being soaked In a solution or the mother iquor
containing 15% glycerol. Data were collected on a Rigaku

nsiahts f o ific inhibi f :
and insig ts for designing potent and specific inhibitors for RU-200 rotating anode X.ray generator (50 KV and 100 mA),
calpains. . I ;

with an Osmic mirror system and a 300 mm image plate
EXPERIMENTAL PROCEDURES detector (MAR Research). The crystals were maintained at

100 K during data collection by a cryo-cooling system

Materials. Inhibitors SNJ-1715 and SNJ-1945 were syn- (Oxford Cryosystems). Data processing and manipulation

thesized as previously described4( 19). Stocks were  were performed using Mosfln2(Q) and Scala of the CCP4
prepared in 10 mM HEPES and 10 mM DTT and stored at program suiteZ1). The inhibitor-complexed structures were
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Table 1: Summary from Data Collection and Structure Refinement
ul-1l —SNJ-1715 complex
Crystal Parameters

ul-11 —SNJ-1945 complex

space group P4;22 P2,2:2;
0 o
c(A) 117.95 110.90

Data Collection Statistics

resolution range (A) 2.2519.7 (2.25-2.35)

1.61-59.4 (1.61-1.69)

no. of measured reflections 162137 (18138) 349474 (18891)
no. of unique reflections 21383 (2465) 39736 (5072)
completeness (%) 96.7 (78.2) 95.1 (82.9)

1ol 20.7 (5.4) 7.8(3.9)

Rierg& (%) 8.4 (36.4) 6.9 (29.7)

Refined Structural Model

resolution range (A)

2.2519.7 (2.25-2.31)

1.6-59.4 (1.61-1.66)

size of free reflection set (%) 5.1(5.1) 5.0 (5.0)
Ruor® 17.7 (19.5) 19.7 (31.4)
Riree 24.4 (22.7) 22.9 (36.4)
no. of protein/solvent/Ca atoms (no H) 2640/205/2 2684/243/2
bond angle rmsd (deg) 1.755 1.268
bond length rmsd (A) 0.02 0.011
averageB-factor (A2) 26.4 16.0

B-factor from Wilson plot (&) 32.7 16.4

@ Rmerge= Y |Ij — OOVY Ij, wherel; values are individual measurements for any reflection[®fid the average intensity of the symmetry equivalent
reflections.® Reyst= Y |Fo — Fel/S Fo, WhereF, andF. are observed and calculated structure factor amplitudes, respectivigiues in parentheses

are for the outer resolution shell.

determined by molecular replacement using MOLREB) (
with the native holagul-1l (chain A of PDB entry 1KXR) as

the surface of domain | (Figure 2), as do the P3 leucyl and
4-guanidinobutane group of leupeptin and E-64 in their

the model. The refinement of the model was done using respective complexed structured,(suggesting that this is

REFMACS5 23), while XtalView/XFit (24) was used for
model building. The Dundee PRODRG2 serv2b)(was

the site to which the P3 group of most inhibitors should be
directed.

used to generate the molecular topology description of the  Both of the SNJ-1715 and SNJ-1945 complexes have

ligand. All structure diagrams were generated in PyMOL
(26).

RESULTS

Although crystallized under similar conditions, the calpain

hydrogen bonds formed between the peptidyl backbone of
the inhibitor (carbonyl oxygen and amide nitrogen of the

P2 residue and the amide nitrogen of the P1 residue) and
residues Gly271 and Gly208 of the active site binding pocket
(Figure 3). These hydrogen bonds are conserved in the

inhibitor complexes presented here crystallized in different €upeptin- and ZLLY-Chbound structures and likely

space groups. The SNJ-1715 complex exhibifet22
symmetry, and the SNJ-1945 complex exhibite®;2;2;
symmetry, both with a single molecule present in the

represent canonical interactions that are also formed with
the peptide backbone of a substrate.

The P2 leucine side chains of both inhibitors fit within

asymmetric unit (Table 1). Despite the different space groups,the S2 hydrophobic pocket in an identical conformation as

the twoul-Il structures exhibit a high degree of similarity
between theini-carbon backbones (rmse0.36 A) and with
previously determined structures of free and complexed

observed in the leupeptin complex (Figure 2). The positions
of the backbone and side chain of the P2 Leu as well as the
backbone and side chafi+ and y-carbons of the P1 Phe/

Il (9). Both inhibitors were observed as electron densities homo-Ser align almost perfectly with each other and with
stretching along the S-unprimed subsites of the enzymethe corresponding atoms of leupeptin (P2 Leu and P1 Arg)

(Figure 1A,B), with the density for the SNJ-1715 complex

in its complex withul-l1l. The high degree of structural

clearly corresponding to the hemithioacetal of the free alignment of the P1 side chains appears to be due to a shallow
aldehyde rather than the cyclic hemiacetal. In the S-primed pocket formed by the backbonex®f Gly113 that restricts
subsites of the SNJ-1715 complex, electron density with a the rotation of the P1 residue around fhe(Ca—Cp) bond

morphology matching that of a molecule of the crystallization
buffer MES [2-(N-morpholino)ethanesulfonic acid] was also
fitted (Figure 1C).

in one direction (for both the SNJ-1715- and SNJ-1945-
complexed structure) and the Leu260 side chain in the
domain Il gating loop in the other direction (for the SNJ-

The P3 diethylene glycol group of SNJ-1945 shows weak 1715-complexed structure only).

electron density, indicative of high flexibility and minimal
interactions with the binding site, consistent with its role in
improving the bioavailability and solubility of the compound
without significantly impacting inhibitory potencyL9). Two
potential conformers of this group were fitted. Both the
higher-occupancy conformer of the diethylene glycol of SNJ-

The aldehyde warhead of SNJ-1715 interacts with the
active site in a manner identical to that of leupeptin’s
aldehyde warhead by forming a stable hemithioacetal bond
with the catalytic cysteine9j, with the resulting hydroxyl
group pointing toward the oxyanion hole formed by the side
chain of GIn109 and the backbone amide nitrogen of Cys115

1945 and the P3 phenylthiourea group of SNJ-1715 lie along (Figure 3). Thex-ketoamide warhead of SNJ-1945 also acts
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SNJ-1718 SNJ-1718

i 345

=

Leupeptin Leupeptin

Ficure 2: Structural overlap of three calpain inhibitors. The overlap of leupeptin, SNJ-1945, and SNJ-1715 was obtained from the structural
alignment of the polypeptide chain of each structure. Inhibitors are shown in stick representations, with carbon atoms colored as follows:
magenta for leupeptin, cyan for SNJ-1945, and green for SNJ-1715. A surface representatibrdofmain | from the SNJ-1945 complex

is shown with carbons in white, nitrogens in blue, and oxygens in red. Domain Il and the low-occupation conformer of the ethylene glycol
chain of SNJ-1945 were omitted for clarity.

A: SNJ-1715

G271 ,’

v,

B: SNJ-1945

Ficure 3: Hydrogen bonding interactions betweehll and its inhibitors. All intermolecular polar interactions betweenll and (A)
SNJ-1715 and (B) SNJ-1945 of3 A are shown. Carbon atoms are colored as in Figure 2, with water molecules shown as small red
spheres. The two images are shown in the same orientation.

as an analogue of the tetrahedral intermediate but forms abond to the backbone oxygen of Gly271 (3.1 A), forming a

larger number of significant polar contacts to stabilize the stably trapped intermediate. The carbonyl oxygen of the
bound form of the inhibitor. The position of theketoamide carboxyamide further stabilizes this trapped intermediate
adduct within the active site indicates that covalent attach- through two hydrogen bonds with the canonical oxyanion
ment of the inhibitor arises from the nucleophilic attack of hole consisting of GIn109 and Cys115. The hydrogen bonds
the activated thiol on thee face of thea-keto carbonyl, formed with the oxyanion holes are shorter for the carboxy-
with His272 subsequently donating a proton to the oxyanion amide of SNJ-1945 (2.7 and 2.8 A to theeNatom of

of the tetrahedral adduct. The resulting hydroxyl group GIn109 and the backbone amide nitrogen of Cys115,
remains stabilized by a potentially strong hydrogen bond to respectively) than for the hydroxyl group formed by the

No1 of His272 (2.7 A) and a presumed weaker hydrogen aldehyde warhead of SNJ-1715 (3.4 and 3.2 A, respectively),
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gating loop A: SNJ-1715, MES
/ Ilme",l Ilclwedlﬂ [

SNJ-1945

= / Glu261 A

Ficure 4: Displacement of Glu261 by the Pdyclopropyl group

in the SNJ-1945-bound structure. The polypeptide portions of six
ul-1l structures are shown superimposed. Inhibitor SNJ-1945 bound
to Cys115 is shown as sticks, along with the side chain of Glu261
from all six structures. The gating loop (residues2261) appears

in a “closed” conformation with Glu261 obstructing the' Stibsite

in five of the six structures but in an “open” conformation with a
displaced Glu261 in the SNJ-1945-bound structure (cyan). The
polypeptides are colored as follows: cyan for the SNJ-1945
complex, green for the SNJ-1715 complex, magenta for the
leupeptin complex, yellow for the E-64 complex, salmon for the
uncomplexed:-l1l C115S, and white for the Z-LLY-FMK-human

ul-1l complex.

FiIGURE 5: Active site binding pocket ofl-Il bound to SNJ-1715
suggesting a stronger interaction in the former. The amide @nd SNJ-1945. (A) The SNJ-1715 complex (with a MES molecule

- _ . occupying the Ssubsites) displays a closed gating loop with Glu261
nitrogen of the SNJ-1945 warhead is not observed to form obstructing the Sisite. (B) Conversely, the SNJ-1945-bound

any polar interactiolns withl-1l but forms a hydrogen bond  gtrycture displays an open'SLibsite. The ligand atoms are shown
with crystallographic water HOH57 (2.9 A). as sticks of the same color as in Figure 2, with MES carbon atoms
The cyclopropyl ring of SNJ-1945 extends into the colored yellow. The enzyme is shown in surface representation with
S-primed subsites from a shallow cleft formed by the indole Cart;]‘)“s '8 white, SU'.fUrl.'”h?ra'c‘ige'hChar%ed.tOXyge”S. In ddalzkb'ied'
. . ! uncharged oxygens in light red, charged nitrogens in dark blue,
””9 of Trp_298, Q@ of Gly113, and the side chain of GIn109. and uncharged nitrogens in light blue. Both figures are shown in
This cleft is not observed in the uncomplexed, SNJ-1715- the same orientation.

bound, or leupeptin-bound structures @fll due to the

presence of Glu261 in the cleft (Figure 4). The gating loop revealed that two cysteine proteaseketoamide complexes
containing residues 25861 has little density for the  of cathepsin K as well as aa-ketoamide and am-keto
backbone and side chain atoms of the SNJ-1945-boundacid complex with the hepatitis C NS3 serine protease show
structure, indicating a high degree of flexibility in this region.  the warhead adopting a binding mode similar to that observed
The location of these residues was fit to what density was with the calpair-SNJ-1945 complex27—30). Conversely,
present. In contrast, the backbone atoms of residues 256 the serine proteases thrombin and trypsin in complex with
261, including the side chain atoms of Glu261, are fairly o-ketoamide andx-keto acid inhibitors consistently show
well defined in the SNJ-1715-bound structure despite the the hydroxyl group of the tetrahedral adduct stabilized by
absence of stabilizing interactions from the crystal packing. the canonical oxyanion hole of serine proteases (formed by
the backbone N atoms of the catalytic Ser195 and Gly193)
DISCUSSION and the carboxyamide oxygen pointed toward the imidazo-
Calpain inhibitor SNJ-1715 was designed with a 2-hy- lium group of the catalytic histidine3(—34). This suggests
droxytetrahydrofuran warhead to mask the reactivity of its @ difference in the mode of binding of the-ketoamide
aldehyde and improve permeability and bioavailabiliy, ( warhead to proteases of different families, depending on
15) (Figure 1A). The electron density found at the active Which face of the electrophilic ketone produces a stable
site of the SNJ-1715-bound structure unambiguously corre-intermediate upon attack by the thiolate. This specificity for
sponds to the hemithioacetal of an aldehyde warhead with aa particular binding mode could potentially be exploited to
P1 homoserine residue, thus confirming that the reactive increase the selectivity af-ketoamide inhibitors.
species of the cyclic hemiacetal is the free aldehyde. In previously determinegl-1l structures, residues 251
Interestingly, the adduct formed from theketoamide 261 of domain Il form a flexible loop with variable (but
warhead of SNJ-1945 and the protease core qf-@dlpain typically low) electron density known as the gating lo@p (
has the hydroxyl of the tetrahedral adduct pointing toward 11). This region is usually modeled with a conformation
the catalytic histidine rather than the oxyanion hole, which similar to that observed in the SNJ-1715-bound structure,
is occupied by the carboxyamide oxygen (Figure 3B). with residue Glu261 occupying the 'Slibsite in the binding
Inspection of the crystal structures of other proteaséeto cleft (Figures 4 and 5A). Whereas this loop shows reasonably
inhibitor complexes deposited in the Protein Data Bank well-defined density in the SNJ-1715-bound structure, in the
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I
r=CAFN1 234 LYQIILKALERGSELGCSINISD----- IRDLBAITFK
h-CAPN1 234 LYOIILEALERGSHELGCSIDISS-——-—- VLDMEAITFE
h-CAFPNZ 224 LFEIIQKALQKGSELGCSIDITS-——-—-— AADSBAITFQ

h-CAPN3 248 MYKIMKKAIERGSEMGCSIDDGTNM* IIPVQYETRMAC RGEIAY GLDEVPFKG

h-CAPNS 214 LFERMLEVHSRGGHISASIEAVT-—-—- ELAC DVEEVRLGH
h-CAFNG 228 LFGELYKTFTEGGHRICCSIESPN ETDW
h-capn? 422 SPRMLYQRFHKGDVLITASTGMMT-------EAEGEKW
r-CAFPNS 224 LYYIIQKALREGSHBLGCSIDVIT-———-— AAEABATTERQ
h-CAPND 216 FYEILEKALKRGSELGCFIDTRS-——---— AAES RTPF
h-CAPN10 199 RPGRWEHRTCROLEHLKDQCLIS----CCVLSPRAGARE
h-CAPN11 221 LLRLLREAVERSSEMGCSIEVTS-———-—-— DSELISMTDK
h-CAPN12Z 224 LFSALRHALAKESEVGATALSDR- YRTEE

h-CAPN13 212 LVEAVKTATKAGSHITCATPIGP- ~TDTAQAMEN
Dm-calpk 262 LFTILQKAAERNSMMGCSIEPDP-——--——-— ETFQ
Ce-tral 214 LFNDLKTAFDKGAIVVAAIAART ————— ESLDC

Ficure 6: Conservation of Glu261 within the catalytic subunit of calpain isoforms. The sequence of residu€8@3from helix 7 to

pB-strand 11 inclusive) from rat-calpain (r-CAPN1) was aligned with the sequence of other calpain isoforms from human (h-), rat (r-),
Drosophila melanogastefDm-), and Caenorhabditis eleganfCe-) using ClustalW 38). The accession numbers for each isoform are
AAH61880 (r-CAPN1), AAH75862 (h-CAPN1), AAH11828 (h-CAPN2), P20807 (h-CAPN3), AAH18123 (h-CAPN5), AAH00730 (h-
CAPNBG), AAH56202 (h-CAPN7), NP_579843 (r-CAPN8), AAW49735 (h-CAPN9), Q9HC96 (h-CAPN10), AAH33733 (h-CAPN11),
Q6ZSI19 (h-CAPN12), NP_653176 (h-CAPN13), CAA86993 (Dm-calpA), and Q22036 (Ce-tra3). The level of identity between isoforms
is indicated in black (100%), dark gray (#300%), and light gray (5675%). The arrow points to the highly conserved Glu261 residue.

The black bar corresponds to the flexible gating loop in domain Il. The central region (44 residues) of the insertion sequence of calpain 3
(hCAPN3) has been omitted (*).

SNJ-1945-bound structure the'RYclopropyl moiety of the the SNJ-1945 complex, this secondary amine would be in a
inhibitor occupies the position of the Glu261 side chain in position to interact with the carbonyl oxygen from the
previous structures (Figures 4 and 5B), and little density is Leul12 backbone.
observed for residues 25@61. This suggests that the'P1 The presence of a MES molecule in the S-primed binding
cyclopropyl displaces Glu261 from the 'Slte, resulting in subsites of thal-Il —SNJ-1715 complex (Figure 5A) is likely
an extended flexibility of the gating loop and a structure with an artifact of crystallization in th&4;22 space group, as
a conformation much more open than that previously the electron density is relatively weak and there are no reports
observed. The conservation of Glu261 within human calpain that MES buffer acts as a competitive inhibitor of calpains.
isoforms and those of other organisms, further emphasizedNonetheless, it suggests a potential functional group that is
by its location adjacent to a nonconserved region of domain structurally complementary with the primed subsites. Indeed,
I, suggests that it has a critical functional role in calpains calpain inhibitor AK-295 was designed with a MES-like
(Figure 6). One possible role is the involvement of this morpholinopropyl moiety at Pthat was found to increase
residue in signaling the presence of a substrate bound to thehe solubility of the compound relative to that of the
active site, possibly via interactions that require other analogous compound with a Pdthyl (AK-275) while
domains not present in the isolated proteolytic core. A second preserving the potency and selectivity of the inhibit8r)(
possibility is that the residue is designed to either promote Though the lack of polar interactions suggests a structural
or hinder catalysis, possibly by interacting with the acyl = complementarity that may be generalized to a cyclohexyl
enzyme intermediate. group, the wide open cleft in the primed subsites suggests a
The displacement of Glu261 from the 'Slte creates an  large variety of structures may otherwise occupy this
active site cleft that is more open and more representativeposition.
of a substrate-bound conformation of the enzyme (Figure In conclusion, we have illustrated how the determination
5B). The SNJ-1945-bound model is therefore of great value and scrutiny of calpairinhibitor complexes can lead to
for the structure-based design of fragments extending toinsight that may be applied to the design of calpain-specific
primed subsites. One of the difficulties encountered in the inhibitors. To further generalize and improve the knowledge
development of therapeutically viable active site-directed base of calpairtinhibitor interactions necessary for structure-
inhibitors for calpains is the lack of target specificity relative based drug design, the need for more experimentally
to other intracellular cysteine proteases, such as cathepsinsletermined calpain structures, especially with fragments that
B and L, that have P1 and P2 preferences similar to thoseextend into S-primed subsites, is evident. The SNJ-1945-
of calpains 85). We have recently shown that primed side bound structure highlights a novel movement of the gating
interactions are important determinants in the calpain hy- loop to give an open conformation of the primed side binding
drolysis of peptide substrate36). Designing inhibitors that  pocket as a result of a substrate or inhibitor fragment
interact with primed subsites is a potential tactic for occupying primed subsites. This high-resolution structure
improving calpain specificity that remains to be fully provides a significant improvement over previous modeling
exploited. Although this is the first reported structure of the templates for primed side extending inhibitors of calpains
active site of calpain with an inhibitor that extends into the and should contribute greatly to the field of structure-based
S-primed subsites, the cyclopropy! group at 8as only a drug design for these pathologically important enzymes.
limited potential for interactions. Previous work on an
inhibitor series exhibiting a structure very similar to that of ACKNOWLEDGMENT
SNJ-1945 has shown that the presence of a secondary amine We are grateful to Dr. Zongchao Jia (Department of
in place of the cyclopropyl ring increased the potency of Biochemistry, Queen’s University) for providing the facilities
inhibition by greater than 10-foldB}. From the structure of  for X-ray crystallography data collection.
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