Accepted Manuscript =

EUROPEAN JOURNAL OF

Structure-based design of allosteric calpain-1 inhibitors populating a novel bioactivity
space A

Leen Kalash, Joel Cresser-Brown, Johnny Habchi, Connor Morgan, David J. Miller, 7
Robert C. Glen, Rudolf Allemann, Andreas Bender %

PII: S0223-5234(18)30719-0
DOI: 10.1016/j.ejmech.2018.08.049
Reference: EJMECH 10660

To appearin:  European Journal of Medicinal Chemistry

Received Date: 28 May 2018
Revised Date: 13 August 2018
Accepted Date: 17 August 2018

Please cite this article as: L. Kalash, J. Cresser-Brown, J. Habchi, C. Morgan, D.J. Miller, R.C. Glen,
R. Allemann, A. Bender, Structure-based design of allosteric calpain-1 inhibitors populating a novel
bioactivity space, European Journal of Medicinal Chemistry (2018), doi: 10.1016/j.ejmech.2018.08.049.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.ejmech.2018.08.049

ACCEPTED MANUSCRIPT

Structure-based virtual ing Di 'y of allosteric calpain-1 inhibitors with
novel structural frameworks

Vidupiprant PD150606

_|_ novel allosteric
versus SH mode of inhibition

novel allosteric classical allosteric
calpain-1 inhibitor calpain-1 inhibitor




Structure-based design of allosteric calpain-1anbis populating a
novel bioactivity space

Leen Kalash? Joel Cresser-BrowfiJohnny Habchf, Connor Morgarf.David J. Miller?
Robert C. Glert;*” Rudolf Allemanri; Andreas Bendér

1. Centre for Molecular Informatics, Department@iemistry, University of Cambridge,

Lensfield Road, Cambridge, CB2 1EW, United Kingdom

2. School of Chemistry, Cardiff University, Main Bling, Park Place, Cardiff, CF10 3AT,

United Kingdom

3. Centre for Misfolding Diseases, Department ofedlstry, University of Cambridge,

Lensfield Road, CB2 1EW, United Kingdom

4. Integrative Systems Medicine and Digestive Dise®epartment of Surgery and Cancer,
Faculty of Medicine, Imperial College London, Exitidn Road, London SW7 2AZ, United

Kingdom

*Correspondence

(AB): e-mail: ab454@cam.ac.uk
(RG): email: rcg28@cam.ac.uk
(RKA): email: AllemannRK@cardiff.ac.uk

* Equal Contribution



Abstract

Dimeric calpains constitute a promising therapeuticget for many diseases such as
cardiovascular, neurodegenerative and ischaemeéasks The discovery of selective calpain
inhibitors, however, has been extremely challengiRgeviously, allosteric inhibitors of
calpains, such as PD150606, which included a speciinercaptoacrylic acid sub-structure,
were reported to bind to the penta-EF hand caldunding domain, PEF(S) of calpain.
Although these are selective to calpains over otlysteine proteases, their mode of action
has remained elusive due to their ability to inhibe active site domain with and without the
presence of PEF(S), with similar potentiiese findings have led to the question of whether
the inhibitory response can be attributed to aasédric mode of action or alternatively to
inhibition at the active site. In order to addréisis problem, we report a structure-based
virtual screening protocol as a novel approachtha discovery of PEF(S) binders that
populate a novel chemical space. We have identé@mpoundl, Vidupiprant, which is
shown to bind to the PEF(S) domain by the TNS disginent method, and it exhibited
specificity in its allosteric mode of inhibition.oGpoundl inhibited the full-length calpain-1
complex with a higher potency @6~ 7.5uM) than the selective, cell-permeable non-peptide
calpain inhibitor, PD150606 (Kg= 19.3uM), where the latter also inhibited the active site
domain in the absence of PEF(S) /G 17.8uM). Hence the method presented here has
identified known compounds with a novel allosteriechanism for the inhibition of calpain-
1. We show for the first time that the inhibitioh enzyme activity can be attributed to an
allosteric mode of action, which may offer improveelectivity and a reduced side-effects

profile.
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I ntroduction

Calpains are proteins that belong to the familycafcium-dependent, non-lysosomal
cysteine proteases expressed ubiquitously in maserad other organismisAlthough the
physiological roles of calpains are still poorlydanstood, they have been shown to be
involved in many processes such as cell motilipgtterm potentiation in neurons and cell
fusion in myoblast$.In particular, conventional dimeric calpains h#deen reported to be
involved in the cell degeneration processes thatattierize numerous disease conditions.

Calpain-1 fi-calpain) and calpain-2 (m-calpain) are heterodiengroteases composed of a
large subunit with a molecular mass of ~80 kDayisgaa small subunit of mass ~30 kDa.
The small subunit consists of two domains, nambly penta-EF hand calcium binding
PEF(S) and glycine rich (GR) domains, which areeesal for stabilizing calpain-1 and
calpain-2* High sequence similarity of 62% is exhibited b farge subunits of calpain-1
and -2 in human$And they consist of four different domains, ane¥atinal anchor helix,
the active site domain (CysPc), a domain that rétesthe C2 membrane binding domains
of phosphokinases, known as the C2L domain, aretansl penta-EF hand calcium binding
domain known as PEF(L). The PEF(L) domain is thdemnant of the calcium
concentration that is required for protease aatwmatwhich differentiates between the two
isoforms: calpain-1 requires micromolar concenbragi of Ca', whereas calpain-2 requires
millimolar concentrations for activatioh.

Calpain-1 is a target dysregulated in many diseagel as neurodegenerative disorders,
cardiovascular diseases, ischaemic disordersjairseterosis, leishmaniasis and carftéin
most cases of disease, calpain-1 activity is edglVdand hence its inhibition would be

beneficial in treatment). However, it has been mdgesuggested that the up regulation of



calpain-1 appears to be beneficial in some cases, as stage Il Alzheimer’s disease, where
its activation could be neuroprotective and berfia controlling cellular damage.

Until recently, it has been challenging to desigfestive calpain-1 inhibitors, and this is
attributed to the fact that most compounds thaetathe active site inhibit a broad spectrum
of cysteine proteases, thereby resulting in undbkrside effectSFor example, it has been
previously reported that calpain-1 inhibitSrahich also inhibit the proteasome may induce
apoptosis, whereas selective calpain-1 inhibitoreat. Hence, it may be beneficial to design
selective calpain-1 inhibitors to avoid off-targelated side effects.

Classical allosteric inhibitors of calpain-1, whietere originally reported to bind to
PEF(S), exhibit a very specific type of chemistthat isa-mercaptoacrylic acid-based, such
as PD150606 and PD151746These inhibitors are potent, cell permeable ardctee
inhibitors of calpain-1 and calpain-2 exhibitingles#ivity towards calpain over other
cysteine proteases, with a slight selectivity falpain-1 over calpain-2. It has been reported
however that PD150606 could equally inhibit thavacsite domain of calpain-&ithoutthe
presence of PEF($).This clearly suggests that its mode of action themunclear. The
reporteda-mercaptoacrylic acid based calpain inhibitors (Fegl. A. PD150606 and B.
PD151746) and their disulfide analogues (Figur€.land D.) were synthesized by Adaets
al, and shown to bind to PEF(S) from X-ray diffractianalysis (PDB IDs: 1NX3, 4WQ2
and 4WQ3)*** Additional calpain-1 inhibitors that were reportéa inhibit the whole
calpain-1 complex, which consists of the PEF(S) @gslPc (active site domain of calpain-1),
are also depicted in Figure 1, including their cloainstructures. CHEMBL203568 shown
in Figure 1. E., is a compound reported to inhié calpain-1 complex with an 4gvalue of
4.9 nM.While CHEMBL204883°, shown in Figure 1. F., is a compound reportethhibit
the calpain-1 complex with an 4& value of 8 nM. However, CHEMBL203568 and

CHEMBL204883 have not been confirmed as PEF(S)drmde. exhibit an allosteric mode



of inhibition. Their reported confidence score is(ii ChEMBL) indicating that these
compounds might be binding to any of the subumtslved in the full-length calpain-1
complex. Hence, the use of PEF(S) (calpain-1 smaliunit) in structure-based virtual
screening may be an appealing approach for thgmediallosteric calpain-1 binders with
completely different structural architecture frone classical allosteric binders and inhibitors.
In addition, this approach is expected to answer ghestion of whether PEF(S) binding
would confer inhibition, given that the shortligiof candidates is based on the prediction of

their binding to PEF(S).
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Figure 1. PD150606A. PD151746B. bind to the PEF(S) of calpain, and show modest
selectivity for calpain-1 over calpain-2. Adaras al 2015, synthesized their disulphide

analogue<C. andD. respectively, which bind to PEF(S) and were reggBrivith improved



potencies in comparison to their monomer compoubd€HEMBL203568, a compound
reported to inhibit the calpain-1 complex (Unipibis: P04632 and P07384) with ans}C
value of 4.9 nM and confidence score oF.7 CHEMBL204883, a compound reported to
inhibit the calpain-1 complex (Uniprot IDs: P046&2d P07384) with an Kgvalue of 8 nM

and confidence score of 7

In this work, we have used the PEF(S) (PDB ID: 4W@&pain-1 small subunit) in a
structure-based virtual screening protocol to dacemwhether novel chemical series bind to
the allosteric pocket. To validate this approaamwchpasable ligands of diverse and novel
structural frameworks (very different from thosatthave been previously investigated) were
evaluatedin silico, using ligand/protein docking against PEF(S), #mel compounds were
subsequently tested in relevant assays. This pgpédir the structure-based virtual screening

protocol is depicted in Figure 2.
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Figure 2. The pipeline of the structure-based virtual scnegnprotocol followed for

shortlisting candidates of PEF(S) binders startét the collection of a pool of compounds



with diverse chemical structures (very differenonfr those that have been previously
investigated), then candidates were shortliste@édas docking into the crystal structure of
PEF(S) (PDB: 4WQ2, calpain-1 small subunit). The tanked candidates were assessed for
their chemical novelty in comparison to the clasisadlosteric binders and inhibitors using an
MDS plot. The subset of compounds was then invatdy using relevant experimental

assays.

As a general approach, we hypothesised that titifunal effect of PEF(S) binders on the
active site of calpain-1 may be predicted by cagyiout Molecular Dynamics (MD)
simulation$®*’ on the full-length calpain-1 complex (PEF(S) ang®x) in both the unbound
and the ligand bound states to the PEF(S) doméithel bound compound increases the
average distance between the substrate and theaatig residues in the active site of
calpain-1, then we further hypothesise that it womhibit the activity of the enzyme. In
contrast, if the compound decreases this distaheeguld favour the interactions between
the enzyme and the substrate, thus facilitatingeti|yme reaction. A crystal structure of the
full-length calpain-1 complex (PEF(S) and CysPckusrently unavailable, and hence we
approached the problem by using the pipeline shamvrFigure 2. Accordingly, the
compounds that are predicted to bind to PEF(S)edheer expected to inhibit or activate
calpain-1.

To explore the small molecule chemical architecttivat would most likely alter the
geometry of the calpain-1 active site, to inhibi$ isubstrate cleavage allosterically,
compounds with diverse chemical structures wereshgated computationally based on
their predicted binding affinities towards PEF(Be candidate PEF(S) binders, which were
shortlisted by the structure-based virtual scregnpmotocol depicted in Figure 2 were

sulphonamides, N3 [31(2 Jalkoxyethoxy) 5 (4 Imethoxyphenyl)s, and



[1,2,4]triazolo[4,31b]pyridazin 6 lyl]pyridines. Experimentally these compounds wes® a
shown to bind to PEF(S) by displacing TNS (whichdsi to the allosteric sité}.In addition,
three compounds were able to inhibit the full-léngalpain-1 complex (which includes
PEF(S) and CysPc) allosterically, but not the &csitve domain of calpain-1 in the absence of
PEF(S). The inhibitory activityyia a proposed allosteric mechanism is a crucial figdi
given that they show specificity in their mode ofian, which is not the case for the classical
allosteric inhibitors such as PD150606. The newbitdrs possess different scaffolds from
the classical allosteric inhibitors. These compausdrve as a novel starting point for the
expansion of the compound series (including SAR)rove their potency. In addition, this
finding suggests that compounds can inhibit theyewzactivityvia the PEF(S) domain. An
important aspect of this study is that by desigrafigsteric inhibitors, which do not inhibit
the active site domain (that is common to a wideety of cysteine proteasetflese may be
effective in treating calpain-1 related diseasethout the side effects associated with

inhibitors, which do inhibit the active site domais well*®

Results and Discussion

Structure-based virtual screening of purchasalgarids against PEF(S)

36,503 commercial compounds consisting of divetsadcal structures (sulphonamide-,
amide-, pyridine-, urea-, enamine-based compoumdse docked using Glid&into the pre-
prepared (see methods for details) protein crystraicture of human PEF(S) (PED:
4WQ?2)? From the docking scores, the distribution for\sediversus inactives was obtained.
The active molecules displayed a more favourab#tridution of scores, which allowed
differentiation of actives and inactives (see mdthior details).

Candidate PEF(S) binders from the purchasable dsgalvere shortlisted on the basis of a
cut-off with the highest Mathews Correlation coatnt. The cut-off obtained was -6.35,

according to which compounds with more negativelinig score were predicted to bind. The



selected candidates were further screened agahisisP* (with regard to the recent analysis
of the use of this approach (Tropsfa))sing the FAFDrug3 ADME-Tox Filtering To6t.
Those compounds that didn’'t exhibit any potenti&lIN®s liability were considered for
evaluation of calpain-1 activity. As a result, figalphonamideg-5, two substituted N{3/
[3L(21alkoxyethoxy)5 (4 imethoxyphenyl)$-7, and three substituted [1,2,4]triazolo[4,3
b]pyridazin 6l lyl]pyridines 8-10, which were the top ranked compounds accordinthéo

virtual screening criteria, were shortlisted asdidates for PEF(S) binding.

MDS plot shows that shortlisted PEF(S) binders pgcai novel region in chemical space

An MDS plot of the chemical space was generatedisting of the ChEMBL compounds
inhibiting the full-length calpain-1 complex (PER(&d CysPc) with 1§ values< 1 uM,
and the Adams library (a library af-mercaptoacrylic acid calpain inhibitors and their
disulfide analogues)which were validated against the PEF(S) dockingleh¢see methods
for details) (Figure 3). In addition, the shortidtcandidate4-10 from the structure-based
design protocol were also included in the plot,alilénabled the assessment of the novelty of
chemical space coverage of the shortlisted PEF{®)ebs, in comparison to the classical
calpain-1 inhibitors and PEF(S) binders. FigurenmBjch is a two dimensional MDS plot
based on Morgan fingerprints of radius 2 with 90Ripse-like confidence regions, shows
that the shortlisted compoundlslO exhibited new structures in comparison to the ipresty

reported compounds by occupying a novel regiohéxchemical space of calpain-1 actives.
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. N-{3-[3-(2-methoxyethoxy)-5-(4-methoxyphenyl)-1H-
1,2,4-triazo|-1-lephenyl) Lib_ragy o .
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Figure 3. A two dimensional MDS plot based on Morgan fingens of radius 2, with 90%
ellipse-like confidence regions for 32 ChEMBL compds, 33 compounds synthesized by
Adamset al®> and the 10 shortlisted candidates from the stradbased design protocol.
These were shortlisted from a purchasable databased on their high predicted binding
affinity towards the PEF(S) domain of calpara docking with Glide. The compounds
identified belong to a new chemical space in comspar to the previously reported

compounds that bind to the PEF(S) (Adams librang the compounds which inhibit the
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full-length calpain-1 complex. Compounds 9, and 10 were then validated as novel

allosteric inhibitors of calpain-1.

FRET based Inhibition Assay

A fluorogenic assay of the full-length calpain-lngaex (which includes PEF(S) and
CysPc) was used to determine the activity of compeul-10. Amongst the identified
compoundsy], 9, and10 inhibited the full-length calpain-1 complex wit@sh values of 7.5
(x1.1), 20.5 (£1.9), and 29.7 (£5.2) uM, respediiv€lable 1). The same experimental
protocol was performed to measure the activityarhpounds against the active site domain
of calpain-1, without the presence of PEF(S), teestigate a possible allosteric mode of
action. None of the compounds showed any inhibittothe absence of PEF(S), except for
compoundl, which weakly inhibited the active site domain wah 1G; value >100 uM. In
contrast, compoun@ exhibited higher inhibitory activity against thetige site domain of
calpain-1 with an Ig value of 41.1 (£15.4) uM as compared to the faigth calpain-1
complex, which showed an activity of >100 uM, s that in the presence of PEF(S) it
preferentially binds to PEF(S). This could expltia reduction in its inhibitory activity since
it is most likely unable to alter the geometry bé tactive site while it binds allosterically.
The IG, values were also measured for the classiealercaptoacrylic acid based calpain
inhibitor, PD150606, and these were 19.3 (+1.6) with the full-length calpain-1 complex,
and 17.8 (x2.4) uM with the active site domain withthe presence of PEF(S). Hence, in
contrast to compounds 3, 9, and10, PD150606 exhibited an unspecific mode of actign b
equally inhibitingvia both binding sites (active and allosteric sites)s Iworth stating here
that compoundl is an asthma drug, Vidupiprant or AMG 853which exhibited higher
potency than PD150606 in inhibiting the enzyme vitgti The dose response curve of

compoundl (ICso = 7.5+1.1 pM) is displayed in Figure S1. Intenegly, identifying
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Vidupiprant as an allosteric inhibitor of calpainid in agreement with previous reports
showing a direct link between calpain inhibitiondaanti-inflammatory properties, where it
was shown that non-steroidal anti-inflammatory drySAIDs) inhibit calpain, and that
calpain inhibition reduces allergic inflammatiotf® Potentially, this finding could highlight

the importance of considering calpain inhibitors flee development of new anti-asthmatic

therapies.
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Table 1. ICso values for compounds-10, andPD150606 determined by the FRET based
inhibition assay, with the full-length calpain-1naplex and the active site domain of calpain-
1, reported as mean +/- standard deviations frametindependent experiments (NR = no

response)
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The allosteric inhibitory activity exhibited by c@mundsl, 9, and 10 validates the design
approach, which shortlisted PEF(S) binders. Theettactive compounds include scaffolds,
which are distinct from the classical allosteribibitors. The G, values obtained could be
improved by efficient choice of substituents usstgndard medicinal chemistry approaches.
In particular compound, which is a sulphonamide, exhibited specificityiig allosteric
inhibition of calpain-1, and was more potent (14) than PD150606 (19.gM), which
additionally inhibits the active site domain, inetabsence of PEF(S), with a similarsdC

value.

TNS Displacement Assay

TNS, which is a sensitive fluorophore that bindsP&F(S) was used to probe protein
dynamics and conformational change. It fluorescethe bound state i.e. in a hydrophobic
environment, whereas when another compound displiécés fluorescence gets quenched.
This fluorophore was used previously to assessbihding of PD150606 to PEF(S), a
compound which has been already shown to bind #&(®Boy X-ray crystallography (PDB
ID: 1INX3).1%*?|n this work, PD150606 (as a control), compodnthe most potent allosteric
inhibitor, compound, a weak allosteric inhibitor, and compourijgl and5, which did not
exhibit any inhibitory activity, have been tested PEF(S) binding by the TNS displacement
method. The results for compoun@sl0 were unreliable as it became apparent that they
fluoresced under the assay conditions, therefaréhfs reason these results were omitted. As
shown in Figure 4, all tested compounds, exceptéonpoundb, quenched the fluorescence
of TNS, exhibiting a similar trend in their quenodieffect to that of the known PEF(S)
binder, PD150606, hence confirming their bindingRBF(S). Therefore, it appears that
compound-4 do indeed bind to PEF(S) in a similar fashion tmpoundl, but they either

weakly inhibited or failed to allosterically altdre geometry of the active site.
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Figure 4. PD150606, which was shown by X-ray crystallograpdypind to PEF(S) (PDB
ID: 1NX3), compoundl (the most potent allosteric inhibito, which was the least potent
among the identified allosteric inhibitorg, and 4, which did not exhibit any inhibitory
activity, all quenched the fluorescence of TNS. @&impounds showed a similar effect to that
of PD150606 confirming their binding to PEF(S), egt for compound, which neither

exhibited any inhibitory activity nor displaced TNS

Analysis of molecular docking studies of represtrgacalpain-1 inhibitorsl and 10, and
compound®-5

Docking studies predicted molecular interactions thé sulphonamidel and the
[1,2,4]triazolo[4,3-b]pyridazin-6-yl]pyridinel0 with the PEF(S) protein crystal structure
(PDB ID: 4WQ2).Figure 5.A.shows the 2-chloro-4-cyclopropylsulfonamido pheriyt of
compoundl is n-stacked with Higi, and the carbonyl of its carboxylic acid moietybbirds
with same residue, the carbonyl of its amide moli¢yonds with Trpss, and the phenyl ring
attached to the tert-butylcarbamoyl moietyristacked with the same residue. Figure 5.B.

shows ar-stacking interaction betweehe pyridine ring of compountd and Trpes, and H-

17



bonding of the nitrogen in that ring with the sanesidue. The hydrophobic interactions
predicted for compoundd and 10 with Trpes are also seen in the co-crystallised
ligand/protein crystal structure (PDB ID: 4W@Q@3)n addition, a more favourable binding
affinity towards PEF(S) was predicted for compodn@dCso = 7.5 1.1 pM) as compared to
compoundl0, (ICsp = 29.7 5.2 uM), which could be the reason for tingher inhibitory
activity exhibited by compoundl. In order to further explore the activities of qumundsl-

10, MD simulations on the full-length calpain-1 complevhich includes the PEF(S) domain
would be beneficial once the crystal structureviailable. The inhibitory activity of each
compound is predicted to correlate with the avemrdigeance between the substrate and the

interacting residues in the active site of calphin-

I TRP 168
A. 'j/ B.

}t TRP 168

HIP 131

Figure 5. Docking studies predicted molecular interactioh£ompoundsl and 10 with
the human PEF(S) of calpain-1 small subunit (régmasubunit) protein crystal structure
(PDB ID: 4WQ2).A. The 2-chloro-4-cyclopropylsulfonamido phenyl rin§ aompoundl
showsn-stacking with Higs; and the carbonyl of its carboxylic acid moiety bhlds with the
same residue. The carbonyl of its amide moiety Hdsowith Trpes and the phenyl ring
attached to the tert-butylcarbamoyl moietytistacked with the same residBieThe pyridine

ring of compoundlO is n-stacked with Trgg and the nitrogen of that ring H-bonds with

18



same residue. The hydrophobic interactiond ahd10 with Trpggare also seen in the co-

crystallised ligand/protein crystal structure (PDB 4WQ3)?>

Docking studies predicted molecular interactionthefsulphonamidez 5 with the PEF(S)
protein crystal structure (PDB ID: 4WQ2), which gagt that the hydrophobic interactions
with Trpies are essential for PEF(S) binding. Figure 6.A. shdiat the phenyl ring of
compound2, which is attached to the sulfonyl moietyristacked with Trgs, and the same
residue H-bonds with the carbonyl of the amide grdbe hydroxyl of its cyclohexyl ring H-
bonds with Glag, and its sulfonyl group H-bonds with Hig Figure 6.B. displays the
predicted molecular interactions between compaoBiiaesd the PEF(S) crystal structure, and
these are H-bonding between its carboxyl moiety toed Lys;, and Trpeg residues, H-
bonding between its sulfonyl group and Hisandzr-stacking with the Tryg via its pyridine
ring. Figure 6.C. demonstrates the predicted mddecuteractions for compound, the
amino group of its amide moiety H-bonds with theigzhnd Trpes residues, the phenyl ring
of its benzamide group-stacks with Trpsg, and the carbonyl of its amide moiety H-bonds
with Lys;7». Figure 6.D. shows the H-bonding interactions ted for the carbonyl of the
oxopyrrolidin-1-yl moiety in compoun8 and the Lys;» and Trpgs residues, and H-bonding
interactions for its sulfonyl moiety with Hig, andzn-stacking of the same residue with the
phenyl ring of its trifluoromethylbenzene moiety.eiite, the hydrophobic interactions
predicted for compound$-4 with Trpies are also seen in the co-crystallised ligand/pnotei
crystal structure (PDB ID: 4WQ3).However, compounds was predicted to exhibit
hydrophilic interactions with Trgs, which could explain why it didn’t displace TNS,
suggesting that the hydrophobic interactions whis tresidue are essential for PEF(S)

binding.

19



HIS 131 ¢ .[ HIS 131

#/"’“ St %:\f&/? :?336’(

GLN 100

TRP 168

TRP 168
HIS 131
C. D.
&
LYS 172 \ )é/,/ E . /}(i
LYS 172 ¢ i\
0 ]
[ ]

TRP 168

TRP 168

Figure 6. Docking studies predicted molecular interactiohshe sulphonamide2-5 with
the PEF(S) protein crystal structure (PDB ID: 4WQ®@hich suggest that hydrophobic
interactions with Trgsg are essential for PEF(S) bindiag The phenyl ring of compouri)
which is attached to the sulfonyl moietynsstacked with Trps, and the same residue H-
bonds with the carbonyl of its amide group, therbygil of its cyclohexyl ring H-bonds with
Glnyoq and its sulfonyl group H-bonds with HigB. H-bonding interactions are predicted to
occur between the carboxyl moiety of compoudnd the Lyg;, and Trpes residues, H-
bonding between its sulfonyl group and Hisandr-stacking with the Trgg via its pyridine
ring C. The amino group of the amide moiety for compoudn#i-bonds with Gly; and
Trpies, @and the phenyl ring of its benzamide grawugtacks with Trpss, and the carbonyl of
its amide moiety H-bonds with Lys D. H-bonding interactions are predicted to occur
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between the carbonyl of the oxopyrrolidin-1-yl mgiéor compounds and the Lys;, and
Trpies residues, H-bonding between its sulfonyl moiety &fis 3;, and n-stacking of the

same residue with the phenyl ring of its trifluoretmylbenzene moiety.

Computational assessment of CNS permeability foresentative calpain-1 inhibitors and
10

Given that calpain-1 may serve as a therapeutietdor neurodegenerative disorders, the
computational assessment of the CNS permeabilitgdmpoundsl and 10 was performed
with FAFDrug3® to see whether these compounds could be consideregbod starting
points to target these diseases. Their physicodanuroperties were calculated using
FAFDrug3.Following this, CNS diagrams were obtained andpaesented in Figure S2. A
and B. CompoundlL did not pass the CNS filter, which takes into ¢oesation the
assessment of its ability to pass the blood bramidr. Hence, it is predicted not to exhibit
the desired permeabilify,since the values of all the descriptors for cormutili(logP, HBD,
HBA, MW, tPSA (blue line)) fall outside the CNStél area (light blue). As for compound
10, it is predicted to exhibit medium permeabilityee all the descriptors, except for the
HBA, have passed the CNS filter. Hence, compaolthdight serve as a good starting point

for analogue development to target neurodegenerdiseases.

Conclusions

In this work, we have successfully validated ouucure-based design method, which has
led to the discovery of chemically novel allostanihibitors of calpain-1, and we have shown
for the first time an allosteric mode of action.@moundsl, 9, and 10 inhibited the full

length calpain-1 complex (which includes PEF(S) @ydPc) with IGy values of 7.5 (+1.1),
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20.5 (£1.9), and 29.7 (£5.2) uM respectively. Commits9 and10 did not inhibit the active
site domain of calpain-1 in the absence of PER{B(, compound. inhibited the active site
domain weakly with an I§ value >100 pM. In contrast, compouBdexhibited higher
inhibitory activity against the active site domaoh calpain-1 with an Ig value of 41.1
(x15.4) pM as compared to the full-length calpaircdmplex, which was >100 puM
suggesting that it preferentially binds to PEF(8)addition, the 1G, values were measured
for PD150606, giving 19.3 (x1.6) uM with the fuldgth calpain-1 complex and 17.8 (£2.4)
UM with the active site domain (without the preserad PEF(S)). In comparison to the
classicali-mercaptoacrylic acid based calpain inhibitor, POA®, compounds$, 9, and10,
exhibited specificity in their allosteric mode adft@n, since they didn’t inhibit the active site
domain in the absence of PEF(S).

Furthermore, PD150606, compouhdthe most potent allosteric inhibitor, compoud)ca
weak allosteric inhibitor, and compounésand 4, (which did not exhibit any inhibitory
activity) have been tested for PEF(S) binding bg fiNS displacement method. All
compounds X-4) quenched the fluorescence of TNS, exhibiting a lamirend in their
guenching effect to that of the known PEF(S) bin&&150606.

IC50 values obtained for compounds 9, and 10 may be good starting points for
optimisation, having novel scaffolds. Allosteridihitors discovered by this approach could
exhibit more selectivity towards calpain-1 sinceytrare unlikely to inhibit the active site
domain, which is similar for a wide variety of cgste proteases. This could translate to more

effective treatments with less side effects fopaai-1 related diseas®s.

Materials and M ethods
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Extracting purchasable compounds for structure-blagetual screening against PEF(S), the
calpain small subunit 1 (regulatory subunit)

Purchasable compounds (36,503) with diverse chgm(stilphonamide-, amide-, pyridine-,
urea-, enamine-based compounds), were downloadmu the Aldrich market select

database-201%8.

Ligand Preparation

The entire set of extracted ligands were prepaseddcking with LigPrep 238 using the
default settings and the Epiption, which introduces energy penalties assotiatéh
ionization and tautomerizatiofl.

Receptor Preparation of PEF(S)

Docking with Glidé® was performed against human PEF(S), calpain-1 |ssulunit
(regulatory subunit) of the protein crystal struet@PDB® ID: 4WQ2Y bound to (Z)-3-(6-
bromondol-3-yl)-2-mercaptoacrylic acid@he structure was prepared using the protein
preparation wizard of Maestro F3following the default protocol, which accounts for
energy refinement, hydrogen addition, jpEssignment, and side-chain rotational isomer
refinement. Resolved water molecules were discaatelcthe structure was centred using the
co-crystallized ligand as the centre of the recegtal generated for the protein structure.
The co-crystal structure of the human calpain PER{®tein crystal structure (PDB ID:
4WQ2) bound to (Z)-3-(6-bromondol-3-yl)-2-mercaptndic acid was selected as the target
structure.

Cut-off generation for compound selection from @dogknodel

In an attempt to validate the docking model, ao$énown active and inactive compounds

were docked against the PEF(S) protein crystatttre to ensure that it enriched actives. 32

ChEMBL®*' compounds with 1§ values< 1 uM (protein complex of the calpain-1, catalytic
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and small regulatory subunits: P07384, P04632 wiahfidence scores of 6 or 7) were
docked against the PEF(S) model. In addition, 2@time compounds from PubCh&mf the
PEF(S)alpain-1 small regulatory subunit (Uniprot ID: B32) were docked.

A good separation was obtained for the mediarmdooking score distribution for actives
versus inactives for the docking model indicatihgttthe actives are enriched. Figure S3.
shows the separation of the medians for the PE#@§&)ing model, -7.48 (actives) vs. -4.60
(inactives). In addition, the indole and the phanyhercaptoacrylic acid-based inhibitors and
their disulfide analogues, which were synthesizgdAdamset al®> and shown by X-ray
crystallography to bind to PEF(S), were docked ragfathe PEF(S) docking model. The
median of the docking score distribution obtained7.25 in comparison to the median of
inactives, which is -4.60 (Figure S4., supportinfprmation), which further validates that the
model enriches these set of actives. Mann-Whitasty tvhich included statistical analysis on
the active and inactive docking score distributjomas performed with & using the script
provided by Kalaslet al ** The differences in the medians was significanhwitvalues less

than 0.05.

The Matthews correlation coefficient (MCC), whicakés into account true and false
positives and negatives, was computed using a Ryshopt* for all the docking scores of
the ChEMBL actives and PubChem inactives for thelehoA search was performed for a
docking score threshold that gave the highest M@Ghe docking model in order to shortlist
purchasable candidates of PEF(S) binders, whicpladied docking scores that are lower

than that with the highest MCC for the PEF(S) dogkinodel (which was -6.35).

Docking
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The purchasable compounds, prepared accordingeteribiocol described, were docked
against the PEF(S) protein crystal structure (PDB4WQ?2). The Glide docking parameters
included extra precision (XP) and the flexible hdasampling option. These were deduced
from docking experiments using known actives arattives against the protein model. The
highest ranked compounds with respect to prediatédity towards PEF(S) were selected
for binding assessment and calpain-1 activity eatéda i.e. those which displayed docking
scores that are lower than that with the highestCM@r the PEF(S) docking model, which
was -6.35. The compounds that did not exhibit pie®AINS>? liabilities upon virtual
screening with the FAFDrug3 ADME-Tox filtering tqQolvere selected for experimental
validation?® The shortlisted compounds exhibited diverse strest with five sulphonamides
1-5, two substituted N{3[[3[(2Jalkoxyethoxy)/5 (4 methoxyphenyl)s6-7, and three
substituted [1,2,4]triazolo[4,®]pyridazin 16/ lyl]pyridines 8-10.

Multi-Dimensional Scaling (MDS) analysis of the ghsted compound$-10

This step of the analysis aimed to plot the chehspace of ChEMBL compounds which are
active against the full-length calpain-1 compleXhwCsg values< 1 uM (protein complex of
calpain-1, catalytic and small regulatory suburit®7384, P04632 and confidence scores of
6 or 7), and the Adams libraPywhich were validated against the PEF(S) dockinglehan
addition, the shortlisted candidates from the stm@ézbased design protocol were included in
the same plot. This analysis enables an assesshéhe novelty of the chemical space
coverage of the shortlisted compourid$0. For this purpose, the SMILES of all compounds
involved were standardized using the ChemAxon Conulane Standardizer, where the
following options were selected: “Remove Fragmerfkeep largest), “Neutralize”,

“RemoveExplicitH”, “Clean2D”, “Mesomerize” and “Téamerize”*®

Subsequently, Morgan fingerprints (radius 2, 1024) bvere generated for all the compounds

using KNIME 2.11.3° The workflow generated Morgan fingerprints in thalldwing
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sequence: It (a) read chemical data from an S (l) generated RDKit molecules from a
molecule string representation (SDF), (c) generhtshed bit-based fingerprints for an input
RDKit Mol column (d) converted RDKit molecules intstring based molecule

representations (SDF or smiles) (e) excluded coturinom the input table (f) renamed

columns (g) and saved data table into a CSV file.

A 2D-similarity matrix based on Euclidean distams@s computed with R, using the
generated Morgan fingerprints. Then, a metric rdiftensional scaling of the similarity
matrix was computed by embedding it into two dimens (k=2). Subsequently, a 2D-plot
was obtained, with the x-axis and the y-axis laukllIDimension 1 and Dimension 2
respectively. These are two relative and unit-ldissensions that recapitulate the pairwise
similarity of all points observed in the distributi of Euclidean distances in a lower
dimensional space. For each data set in the potggponding to Adams library, ChEMBL
compounds, and the shortlisted compounds), 90%idande ellipses were computed using
the ellipse package. Finally, based on the gerdndi@gan fingerprints, an MDS plot with

90% ellipse-like confidence regions was obtainddgithe R ggplot2 packagé.

Expression and purification of PEF(S)

The codon optimised gene encoding human PEF(S)pweshased from Epoch Biolabs
(Texas, USA) in a pET21d vector. Human PEF(S) waslyced inE. coli BL21-CodonPlus
(DE3)-RP (Agilent Technologies), and purified usitige same procedure previously

described for PEF(S).

Evaluating calpain-1 activity of the shortlistednchdates of PEF(S) bindefs10
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This assay uses a fluorogenic peptide from theatalp substrate-spectrin, containing a
FAM-DABCYL FRET pair (HN-K(FAM)-EVYGMMK(DABCYL)-OH). Cleavage by
calpain-1 occurs between the Tyr-Gly residues asdlits in enhanced fluorescence as the
guenching effect is relieved. The assays usingdfipdrporcine calpain-1 (CalBiochem, 25
nM) were performed in a buffer containingu¥l calpain-1 substrate, 10 mM HEPES, 10 mM
DTT, 0.5 mM EDTA, bovine serum albumin (0.1%) pH.6The assay was carried out using
a fluorescent plate reader (BMG Optistar) with mafi assay volume of 10Ql at a
temperature of 37°C, using an excitation band fiétes centred at 490 nm and emission
detected at 520 nm. The compounds were added @@stay mixture before the reaction was
initiated by the addition of Cag&l(5 mM). None of the compounds had significant
fluorescence at this wavelength. The compounds wmE®lved in DMSO at 40 mM and
diluted into assay buffer to give range of concamdns from 5 nM to 20@QM. In each assay
run, the effect of DMSO alone over the concentratised was also measured. Although
there was no effect of DMSO at lower concentratiomsome assay runs, DMSO at 0.005%-
0.5% produced some inhibitory effect. This DMSOeeff (which was only relevant for
compounds with poor inhibitory ability) was subtext before constructing the inhibition
curves® The 1Gs values were obtained by fitting the data with fioear regression witthe
SigmaPlot softwarg® and the reported results are the mean +/- stardarigtion of three
independent experiments.

TNS displacement for compourids

10 uM PEF(S) in 20 mM Tris base, 1.1 mM CaCl mM EDTA and pH 7.4 was incubated

with 46.7uM 2-p-toluidinylnaphthalene-6-sulfonate (TNS, 1mkck in 40% ethanol) in a

Greiner CELLSTAR 96 well black flat bottom plate o minutes at 25 °C.
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Compoundsl-10 were stored as 40 mM stock solutions in DMSO, ttiduted from 500
uM to 500 nM by serial dilution over 10 wells with dntegra Viaflow 96 multichannel

pipette in triplicate.

The plates were then incubated in a FLUOstar Onpdgge reader at 25 °C for 5 minutes
then were analysed using an excitation waveleng@5 nm and an emission wavelength of

450 nm with 10 flashes per well with orbital averag

The baseline (just TNS) was subtracted from therflscence (B). B was then subtracted
from the Bnhax (With no inhibitor) to invert the data. The datasvplotted in excel as bar
diagrams for the mean +/- standard deviation oédhindependent experiments (n=3) in
triplicate as shown in Figure 4. Whereas for conmais6-10, their fluorescence interfered
with TNS, (refer to Figure S5. for the blanks ob& for compound4-10) for this reason

their results were omitted.

Compounds and reagen@ompoundl was purchased froriocris, and compound2-10
were purchased from Ambinteand used without further purification. PD150606 was

purchased from Sigma Aldrich and used without ferrburification.

Cloning of CysPC gene

The pET28a-GB1-MAAKLVFF plasmid, a kind gift fromrBCornelius Krasel of the Institut
fur Pharmakologie (Marburg, Germany), was used¢ate a Golden Gate acceptor plasmid
by standard PCR, overlap extension PCR, endonucldagestion and T4 DNA ligase
reactions. When subjected to Golden Gate digesigatibn with Bsal and T4 DNA ligase
with an appropriate complimentary PCR product,rdsealting plasmid has a section of DNA

encoding RF under a constitutive promotor remowvedi the PCR product is incorporated in
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such a fashion that the translation product costtie protein of interest with an N-terminal
hexahistidine tag GB1 fusion tag that can be remdwe the action of tobacco etch virus

protease (TEV).

Digestion/ligation proceeds as expected despit@tésence of an additional Bsal site within
the sequence encoding RFP. The CysPC domain ddinalpwas inserted into this acceptor

by PCR with the following primers:
Fwd: CGACTAGTGGTCTCCAGTCCATGGGTCGCCATGAGAA

Rev: CGACTAGTGGTCTCCATCAGTCCGGGGTCAGGTTACA for ligatiorusing the

golden gate protocol into the pET28a-GB1-MAAKLVFRgmid*
Plasmid Sequencing

T7 Fwd

TAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCAT

CATCATCATCACACTTACAAATTAATCCTTAATGGTAAAACATTGAAAGGC GAAAC

AACTACTGAAGCTGTTGATGCTGCTACTGCAGAAAAAGTCTTCAAACAATACGCT

AACGACAACGGTGTTGACGGTGAATGGACTTACGACGATGCGACTAAGACCTTA

CAGTTACTGAACATATGGAAAACCTGTATTTTCAGTCCGAGACCTTTACGATAGC

TCAGCCCTAGGTATTATGCTAGCTACTAGAGAAAGAGGAGAAAAACTAGTATGGTT

AGCAAAGGCGAGGAGCTGATTAAGGAGAATATGCACATGAAACTGTACATGGAAG

GCACCGTGAACAACCACCACTTCAAGTGCACCAGCGAGGGTGAAGGCAAACGT

ATGAAGGCACCCAGACCATGCGTATCAAAGTGGTTGAGGGTGGCCCGCTAIGTT

CGCGTTTGATATTCTGGCGACCAGCTTCATGTACGGTAGCCGTACCTTTATAACCA

CACCCAGGGCATTCCGGATTTCTTTAAACAGAGCTTCCCGGAAGGTTTTACTGGG

AGCGTGTGACCACCTACGAAGACGGTGGCGTTCTGACCGCGACCCAGGATKCA
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GCCTGCAAGATGGCTGCCTGATCTATAACGTGAAGATTCGTGGTGTTAACTTCCG
AGCAACGGCCCGGTGATGCAGAAGAAAACCCTGGGTTGGGAGGCGAACACGA
AATGCTGTATCCGGCGGATGGTGGCCTGGAGGGCCGTAGCGACATGGCGGAAG

CTGGTTGGTGGCGGTCACCTGATCTGCAACTTCAAAACCACC

T7 Rev

CGGGCTTTGTTAGCAGCCGGATCTCAGTGGTGGTGGTGGTGGTGCTCGATGATC
AGGAGACCGCTAGTTCAGTTTGTGACCCAGCTTGCTCGGCAGATCGCAAIACGC
GCAACCGCCACTTCGTGTTGCTCAACGTAGGTCTCTTTATCCGCTTCCTRACGC
TCCAGACGGTGATCAACATAGTACACACCCGGCATTTTCAGGTTCTTCGCGGTTT
CTTGCTACGATAGGTGGTTTTGAAGTTGCAGATCAGGTGACCGCCACCAACAGC
TTCAGCGCCATGTCGCTACGGCCCTCCAGGCCACCATCCGCCGGATACABCTTC
GGTGTTCGCCTCCCAACCCAGGGTTTTCTTCTGCATCACCGGGCCGTTGCEGA
AAGTTAACACCACGAATCTTCACGTTATAGATCAGGCAGCCATCTTGCAGETGGT
GTCCTGGGTCGCGGTCAGAACGCCACCGTCTTCGTAGGTGGTCACACGCTCAG
GTAAAACCTTCCGGGAAGCTCTGTTTAAAGAAATCCGGAATGCCCTGGGTGBGGT
TGATAAAGGTACGGCTACCGTACATGAAGCTGGTCGCCAGAATATCAAACEGAA
CGGCAGCGGGCCACCCTCAACCACTTTGATACGCATGGTCTGGGTGCCTATACG
GTTTGCCTTCACCCTCGCTGGTGCACTTGAAGTGGTGGTTGTTCACGGTGCTCC

ATGTACAGTTTCATGTGCATATTCTCCTTAATCAGCTCCTCGCCTTTGCTACCATAC

Expression and purification of CysPC
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BL21-CodonPlus (DE3) RP cells containing the huroalpain-1 CysPC gene were grown at
37 °C in kanamycin selective LB media until &= 0.6 then induced with 1 mM IPTG.
The protein was expressed overnight at 20 °C atid barvested by centrifugation in a
Sorvall RC6 Plus centrifuge (Thermo Fisher Scientinc, MA, USA) using an SLA-3000
rotor at 6080 RCF for 20 minutes at 4 °C. The ce#se re-suspended in 20 mM HEPES,
100 mM NacCl, 0.5 mM TCEP pH 7.6 (buffer A) and Igd&y sonication for 5 mins (pulsed 5
s on, 10 s off). The lysate was clarified by céngation at 4 °C for 40 minutes at 30310 RCF
in a Sorvall RC6 Plus centrifuge. The supernataad passed through a Q& syringe filter
and applied to a Ni-NTA column. The bound proteiaswvashed with 15 CV buffer A and
eluted with 10 CV buffer A containing 250 mM imidde, which was further dialyzed in
buffer A overnight in a 10 kDa membrane containingnL aliquot of TEV protease. The
cleavage product was then passed back throughNarAlieolumn to remove the 6xHis-GB1
solubility tag and TEV protease, with the flow thgh containing active CysPC as confirmed

by SDS-PAGE, mass spectrometry and calpain-1 actgsay.

Expression and purification of TEV protease

BL21 (DE3) cells containing the TEV gene codon med forE. coliexpression was

obtained from Prof. Nigel Richards (Cardiff Univigys.

Thecells containing the TEV protease gene were grawndive’C in ampicillin selective LB
media until ORge = 0.6 then induced with 1 mM IPTG. The protein eapressed overnight
at 20 °C and cells harvested by centrifugation iBaavall RC6 Plus centrifuge (Thermo
Fisher Scientific, Inc, MA, USA) using an SLA-308&tor at 6080 RCF for 20 minutes at 4
°C. The cells were re-suspended in 20 mM HEPES,mPDNaCl, 0.5 mM TCEP pH 7.6

(buffer A) and lysed by sonication for 5 mins (mds5 s on, 10 s off). The lysate was
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clarified by centrifugation at 4 °C for 40 minutas 30310 RCF in a Sorvall RC6 Plus
centrifuge. The supernatant was passed through @n®syringe filter and applied to a Ni-
NTA column. The bound protein was washed with 15 lGiNfer A and eluted with 10 CV
buffer A containing 250 mM imidazole. The eluentswaixed with 20% v/v glycerol (20 mL

final volume), and stored at -80 °C in 1 mL alicgiot
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ACCEPTED MANUSCRIPT

Graphical Abstract
Structure-based virtual screening Discovery of allosteric calpain-1 inhibitors with
novel structural frameworks
Vidupiprant PD150606

N novel allosteric
versus mode of inhibition

novel allosteric classical allosteric
calpain-1 inhibitor calpain-1 inhibitor
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Highlights

Compoundl, Vidupiprant was shown to bind to the PEF(S) damai

Compoundl inhibited calpain-1 with a higher potency than BDA06.

Compoundl has shown specificity in its allosteric mode ofimtion.

Novel allosteric mechanism for calpain-1 inhibitivas identified.

The PEF(S) crystal structure was employed in virkgeeening for the first time.
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Highlights

The PEF(S) crystd structure was employed in virtual screening for the first time.
Compound 1, Vidupiprant was shown to bind to the PEF(S) domain.

Compound 1 inhibited calpain-1 with a higher potency than PD150606.
Compound 1 has shown specificity in its alosteric mode of inhibition.

Novel alosteric mechanism for calpain-1 inhibition was identified.



