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ARTICLE INFO ABSTRACT

Objectives: Botulinum neurotoxins are highly potent biological warfare agents. The unavailability of counter-
measures against these neurotoxins has been a matter of extensive research. However, no clinical therapeutics
has come to existence till date. The 8-hydroxyquinoline (8-HQ) scaffold is established privileged compound and
its potential as drug candidate against BoNTs is recently being explored.

Methods: In present work, three course studies were performed involving in silico, in vitro and in vivo cascade to
screen 8-HQ small molecule inhibitors against BONT/F intoxication. ~800 molecules obtained from open re-
positories were screened in silico and commercially obtained twenty-four 8-HQ derived small molecule inhibitors
were evaluated against rBoNT/F light chain through fluorescence thermal shift (FTS) assay. Selected compounds
were further evaluated through endopeptidase assay. Further binding affinity analysis was done through surface
plasmon resonance (SPR) based Proteon™ XPR 36 system. Finally, the in vivo efficacy of these compounds was
evaluated in mice model.

Results: Three compounds NSC1011, NSC1014 and NSC84094 were found to be highly inhibitory after screening
of 8-HQ compounds through FTS assay and endopeptidase assay. SPR based protein-small molecule interaction
studies showed highest affinity binding of NSC1014 (Kp: 5.58E-06) with BoNT/F-LC. NSC1011, NSC1014, and
NSC84094 displayed ICso of 30.47 = 6.24,14.91 *= 2.49 and 17.39 + 2.74 M, respectively, in endopeptidase
assay. NSC1011 and NSC1014 displayed marked extension of survival time in mice model.

Conclusion: NSC1011 and NSC1014 have emerged as promising drug candidate against BoNT/F intoxication
displaying higher potential than previously reported compounds.
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1. Introduction extrinsic proteases in to 100kDa heavy chain (HC) comprising of

~50kDa C-terminal cell receptor binding domain (Hcc), ~50 kDa N-

Botulinum neurotoxins (BoNTs), the most toxic substances known in
nature, are listed category A biological threat agent of Centers for
Disease Control and Prevention (CDC), USA [1]. BoNTs are classified
into seven antigenically distinct serotypes denoted BoNT/A-G of that
reported human cases are of A, B, E, and F; however, all serotypes may
potentially intoxicate human [2]. BoNT intoxication results in neuro-
paralytic illness ‘botulism’, which has been majorly related to food
poisoning [3]. These neurotoxins are produced by Gram-positive, rod
shaped, motile, non-encapsulated, spore forming anaerobic bacteria
Clostridium botulinum and strains of C. butyricum and C. baratii as
~150kDa single polypeptide chain, that is cleaved by intrinsic or

terminal translocation domain (Hcy) and light chain (LC) of ~50kDa
acting as the catalytic domain displaying endopeptidase activity [2-4].
BoNT intoxication occurs in cholinergic nerve cells through receptor
binding at the unmyelinated presynaptic membrane and internalization
of LC through translocation [5]. The clinical presentation occurs after
the Zn?* dependent metalloprotease activity of LC in the cytosol. It
cleaves one of the Soluble N-ethylmaleimide sensitive factor Attach-
ment Receptor (SNARE) proteins i.e. vesicle associated membrane
protein (VAMP)/synaptobrevin, synaptosomal associated protein
(SNAP-25), or syntaxin that prevents exocytosis of acetylcholine by
inhibiting neurotransmitter vesicle fusion [6]. All toxinotypes inhibit
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acetylcholine release at neuromuscular junctions however intensity
varies significantly due to their binding receptors and intracellular
target proteins [7,8].

The ease with which they can be produced and disseminated, im-
plicates their mass destructive potential and development of effective
therapeutics is of high priority to counter bioterrorist attack. The use of
antitoxin has been prevalent in past that reduces the severity of in-
toxication but unable to provide effective therapeutic solution [9-13].
Clinical use of BoNTs in various medical conditions i.e. neuralgia, mi-
graine, spasticity and others, further complicates the situation. Re-
cently, to overcome the shortcomings the research has been focussed on
target based small molecule drug discovery. The advances in under-
standing and available solved structures of BoNTs with or without in-
hibitors have resulted in development of computational methods of
drug designing [14,15]. Inhibiting metalloprotease activity through
small molecules has been brought into light and numerous reports have
been published ever since exploring the potential of small molecule
inhibitors (SMIs) [16-29]. SMIs could act as potential drug, given their
target specificity and ability to neutralize internalized LCs. Moreover,
SMIs can prove highly effective medical countermeasure against BoNTs
due to their conformational liberty and stability. The quinolinol based
scaffold is one of screened potential drug candidates against BoNTs.
Roxas-Duncan et al. reported the potential of 8-hydroxyquinolines (8-
HQ) in inhibiting the metalloprotease activity of BoNT/A-LC and
BoNT/A holotoxin [30]. Study was further followed by discovering
more 8-HQ derivatives along with peptidic inhibitors [31]. In other
study, 8-HQ compounds were presented as an attractive scaffold to
design BoNT/A inhibitors through clinically approved Clioquinol and
Chloroxine molecules that can be repurposed [32]. Further, Mon-
tgomery et al. first described the 8-HQ based SMIs against BONT/B, C, E
and F in ex vivo assay [33]. Fluorescence resonance energy transfer
(FRET) has been employed to identify 8-HQ based inhibitors against
BoNT/A through extensive mining of 4 different scaffolds [34]. Re-
cently, quinolinol moieties derived structures against BoNT intoxication
are further elucidated in three major studies [35-37]. Present study is
focused on discovery of potential lead against lesser explored BoNT
type F. It was performed by virtual high-throughput screening of open
repositories focusing on 8-HQ, an excellent privileged scaffold posses-
sing wide range of pharmacological applications and are reported
multi-functional strong metal ion chelator. Our findings clearly signify
the potential of 8-HQ scaffold in drug discovery and designing against
BoNT/F intoxication by inhibition of Zn*>* mediated metalloprotease
activity.

2. Experimental section
2.1. Ethics statement

The care and maintenance of the animals was as per the guidelines
of the Committee for Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), India. Animals were maintained
under proper housing conditions and experimentation was carried out
as per the approved guidelines of Institutional Animal Ethics Committee
of Defence Research Development Establishment (DRDE), Gwalior.

2.2. Materials

HRP-labelled secondary antibodies, rabbit anti mouse im-
munoglobulins (P0161) & goat anti rabbit immunoglobulins (P0448)
were purchased from DAKO, Denmark. Monoclonal anti-polyHistidine
antibody produced in mouse (H1029), anti-glutathione-S-transferase
(GST)-peroxidase conjugate antibody produced in rabbit (A7340), anti-
vesicle-associated membrane protein-2 antibody produced in rabbit
(V1389) were acquired from Sigma Aldrich, USA. Chemiluminescent
peroxidise substrate (CPS350), and other required chemicals were ob-
tained from Sigma Aldrich, USA. Novex prestained protein marker
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(LC5800) was purchased from Invitrogen, USA. The recombinant GST-
VAMP-2; o6 vector was kindly provided by Dr Christian Leveque
INSERM, France. Test compounds for in vitro assays were obtained from
the Drug Synthesis and Chemistry Branch, Developmental Therapeutics
Program, Division of Cancer Treatment and Diagnosis, NCI, USA
(Bethesda, MD) and ChemBridge Corporation, San Diego, CA, USA.
RRGC a tetra-peptide inhibitor (> 95% pure) was synthesized from Bio
Basic Inc. Ontario, Canada. The purities of compounds provided by NCI
were > 99% and the compounds purchased from ChemBridge
Corporation were > 95%.

2.3. Computer simulation studies

On the basis of previous findings, 8-HQ scaffold based molecules
were used for similarity search and ~800 compounds were retrieved
from from PubChem and ChemBridge databases. In an effort to identify
potential inhibitors, high through-put in silico screening of compounds
obtained was performed in order to identify potential BoNT/F in-
hibitors and docked on the active site of BONT/F-LC (RCSB PDB: 2A8A).
The protein structure was cleared of another ligand and reserved for
small molecule interaction analysis. The flexible residues were taken as
Glu228 and Tyr368 and the grid was set around —0.953, 2.791 &
20.889 for the specific active site interaction. Docking was performed
as per AutoDock 4.2 protocol and scoring was done on the basis of
minimum binding energy (kcal/mol) of protein-ligand complex for-
mation [38]. The protein-small molecule interaction was viewed and
analyzed using UCSF Chimera [39] and AutoDock 4.2. The LigPlot
analysis was further performed to visualize the selected lead com-
pounds interactions with the BoNT/F-LC amino acids.

2.4. Invitro assays

2.4.1. Fluorescence thermal shift (FTS) assay

The 24 compounds obtained commercially were analysed through
fluorescence thermal shift (FTS) screening with 50 uM inhibitor,
800 nM rBoNT/F-LC and 5x SYPRO Orange dye after optimization
studies for determining the appropriate inhibitor and rBoNT/F-LC
concentrations. The interaction curve through the dye was obtained by
initiating the reaction as reported in our previous study [41].

2.4.2. Endopeptidase assay

These 24 compounds were also tested for inhibition of rBoNT/F-LC
enzymatic activity on rVAMP-2 through endopeptidase assay [40].
Reactions were performed in buffer at 37 °C where rBoNT/F-LC was
taken at the concentration of 5 nM, substrate (rVAMP-2) at 500 nM and
the small molecule compounds were initially taken at 250 uM. The
products were resolved by electrophoresis on a 13% SDS-PAGE fol-
lowed by western blotting and developed by ECL. The amount of un-
cleaved substrate and cleaved product were then estimated by densi-
tometry (GS800, BioRad Laboratories, USA). The compounds with
higher inhibitory potential as obtained were again analyzed at 100 and
50 pM concentrations. The experiments were performed at least thrice
independently.

2.4.3. Surface plasmon resonance (SPR) assay

The ProteOn™ XPR36 protein interaction array system from Bio-Rad
Laboratories, USA was used for requisite interaction analysis.
Simultaneous real-time analysis of six different concentrations/ligands
could be done with six different/concentration analytes in 6X6 array
format through XPR36 system. SPR analysis was performed by im-
mobilizing rBoNT/F-LC as ligand at varied concentration (10.0, 5.0,
2.5, 1.0 and 0.5 uM) along with PBS as control for optimal binding on a
GLM chip. The standard procedure was followed as per protocol re-
ported elsewhere [41]. The small molecules NSC1011, NSC1012,
NSC1014, NSC84087 and NSC84094 were taken as analytes at 10 uM
concentrations prepared in phosphate buffered saline-tween 20, pH 7.4.
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Table 1
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Binding energies and inhibitory concentrations of small molecules analyzed in vitro as observed in silico through Autodock 4.2.

Benzamide derivatives

S. no.

Name and score

Structure

NSC297124
N-(2-0xo0-5,5-diphenyl-tetrahydro-furan-3-yl)-benzamide
Molecular weight: 357.4

B.E.: —10.88 kcal/mol

Ki: 10.53 nM

NSC201576
3-Chloro-N-[(diphenyl-phosphinoyl)-furan-2-yl-methyl]-N-methyl-benzamide
Molecular weight: 449.87

B.E.: —10.33 kcal/mol

Ki: 26.99 nM

NSC36167
N-[2-(Benzylidene-amino)-1,2-diphenyl-ethyl]-benzamide
Molecular weight: 404.5

B.E.: —11.67 kecal/mol

Ki: 2.8 nM

NSC157924
N,N'-[(1,2-Diphenyl-1,2-ethanediyl)bis(imino-2,1-ethanediyl)]dibenzamide
Molecular weight: 506.64

B.E.: —10.23 kcal/mol

Ki: 31.57 nM

Amines

S. no.

Name and Score

Structure

NSC1006
5-(2,2-Dimethyl-propyl)-5-methyl-imidazolidine-2,4-dione
Molecular weight: 184.24

B.E.: —7.86 kcal/mol

Ki: 1.72 uM

NSC1009
3-Hydroxy-6-hydroxymethyl-2-(phenyl-phenylamino-methyl)-pyran-4-one
Molecular weight: 323.34

B.E.: —10.21 keal/mol

Ki: 32.73nM

NSC1017
2-[(3-Chloro-phenylamino)-phenyl-methyl]-3-hydroxy-6-hydroxymethyl-
pyran-4-one

Molecular weight: 357.79

B.E.: —11.03 kcal/mol

Ki: 8.19nM

NSC1018
N-(2,4-Dinitro-phenyl)-N'-(1-methyl-heptylidene)-hydrazine
Molecular weight: 308.33

B.E.: —7.22kcal/mol

Ki: 5.12 yM

OH

ClI

(continued on next page)
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Table 1 (continued)
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Amines

S. no.

Name and Score

Structure

5

NSC84079
{4-[1,3-Bis-(4-chloro-benzyl)-imidazolidin-2-yl]-phenyl}-bis-(2-chloro-
ethyl)-amine

Molecular weight: 537.35

B.E.: —8.31 kcal/mol

Ki: 808.81 nM

NSC84080
{4-[1,3-Bis-(4-chloro-benzyl)-imidazolidin-2-yl]-3-methyl-phenyl}-bis-(2-
chloro-ethyl)-amine

Molecular weight: 551.38

B.E.: —11.19 kcal/mol

Ki: 6.24 nM

NSC84082
4-{1,3-Bis[4-(dimethylamino)benzyl]-2-imidazolidinyl}-N,N-bis(2-
chloroethyl)-3-methylaniline

Molecular weight: 568.62

B.E.: —9.27 kcal/mol

Ki: 160.8 nM

NSC84083
[3-(Cyano-phenyl-methyl)-2-hexyl-tetrahydro-pyrimidin-1-yl]-phenyl-
acetonitrile

Molecular weight: 400.56

B.E.: —12.44 kcal/mol

Ki: 3.04nM

NSC84085
{3-[Cyano-(4-methoxy-phenyl)-methyl]-2-phenyl-tetrahydro-pyrimidin-1-
yl}-(4-methoxy-phenyl)-acetonitrile

Molecular weight: 452.55

B.E.: —11.73 kcal/mol

Ki: 2.54nM

L D
Hﬁﬁ

=1

D

CHa HaC

1 \
Hac—N N,
:L N N- j:

HsC

N

A
H3C/o mj/O/o\cm
il é |N|

8-hydroxyquinolines

S. no.

Name and Score

Structure

NSC1008
7-(Phenyl-phenylamino-methyl)-quinolin-8-ol
Molecular weight: 326.39

B.E.: —11.05 kcal/mol

Ki: 7.97 nM

NSC1010
7-[(4-Nitro-phenylamino)-phenyl-methyl]-quinolin-8-ol
Molecular weight: 371.39

B.E.: —10.98 kcal/mol

Ki: 8.96 nM

NSC1011

4-{ [(8-Hydroxy-quinolin-7-yl)-phenyl-methyl] -amino}-benzoic acid
Molecular weight: 370.4

B.E.: —9.98 kcal/mol

Ki: 48.05nM

NH OH

‘ IS
=
N

NH OH

OoH

(continued on next page)
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Table 1 (continued)
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8-hydroxyquinolines

S. no.

Name and Score

Structure

4

10

11

NSC1012
2-{[(8-Hydroxy-quinolin-7-yl)-phenyl-methyl]-amino}-benzoic acid
Molecular weight: 370.4

B.E.: —10.4kcal/mol

Ki: 23.99 nM

NSC1013
7-[(4-Nitro-phenyl)-phenylamino-methyl]-quinolin-8-ol
Molecular weight: 371.39

B.E.: —10.33 kcal/mol

Ki: 26.7 nM

NSC1014

7-[(4-Methyl-pyridin-2-ylamino)-phenyl-methyl] -quinolin-8-ol
Molecular weight: 341.41

B.E.: —10.73 kcal/mol

Ki: 13.61 nM

NSC1015

2-{[(8-Hydroxy-quinolin-7-yl)-phenyl-methyl]-amino}-benzoic acid ethyl

ester

Molecular weight: 398.45
B.E.: —11.28 kcal/mol

Ki: 5.35nM

NSC66811
2-Methyl-7-(phenyl-phenylamino-methyl)-quinolin-8-ol
Molecular weight: 340.42

B.E.: —10.21 keal/mol

Ki: 32.68 nM

NSC66812

2-{[(8-Hydroxy-2-methyl-quinolin-7-yl)-phenyl-methyl]-amino}-benzoic acid

methyl ester

Molecular weight: 398.45
B.E.: —10.75kcal/mol
Ki: 13.24nM

NSC84086
7-[(2-Bromo-phenylamino)-phenyl-methyl]-quinolin-8-ol
Molecular weight: 405.29

B.E.: —10.77 keal/mol

Ki: 12.72nM

NSC84087
7-[(2-Methoxy-phenylamino)-phenyl-methyl]-quinolin-8-ol
Molecular weight: 356.42

B.E.: —9.87 kcal/mol

Ki: 58.29nM

NH OH

Br

(continued on next page)
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Table 1 (continued)
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8-hydroxyquinolines

S. no.

Name and Score

Structure

12

13

14

15

16

17

18

19

NSC84090
7-[(4-Chloro-phenylamino)-phenyl-methyl]-quinolin-8-ol
Molecular weight: 360.84

B.E.: —11.28 kcal/mol

Ki: 5.39 nM

NSC84092
7-[(Naphthalen-1-ylamino)-phenyl-methyl]-quinolin-8-ol
Molecular weight: 376.45

B.E.: —11.53 kcal/mol

Ki: 3.54 nM

NSC84093
7-(Phenyl-p-tolylamino-methyl)-quinolin-8-ol
Molecular weight: 340.42

B.E.: —10.97 keal/mol

Ki: 9.13nM

NSC84094

7-[Phenyl-(pyridin-2-ylamino)-methyl] -quinolin-8-ol
Molecular weight: 327.38

B.E.: —11.22kcal/mol

Ki: 5.95nM

NSC84095
7-[(4,6-Dimethyl-pyridin-2-ylamino)-phenyl-methyl]-quinolin-8-ol
Molecular weight: 355.43

B.E.: —11.62kcal/mol

Ki: 3.05nM

NSC84096
7-[Phenyl-(quinolin-8-ylamino)-methyl]-quinolin-8-ol
Molecular weight: 377.44

B.E.: —10.53 kecal/mol

Ki: 19.05nM

NSC84097
2-Methyl-7-(phenylamino-pyridin-4-yl-methyl)-quinolin-8-ol
Molecular weight: 341.41

B.E.: —11.17 kcal/mol

Ki: 6.48 nM

CB7969312
5-Chloro-7-[(4-ethoxy-phenyl)-(pyridin-3-ylamino)-methyl]-quinolin-8-ol
Molecular weight: 405.88

B.E.: —10.61 kcal/mol

Ki: 16.76 nM

0

: NH OH
3C

I

I

3C NH OH

CHs

!

(continued on next page)
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Table 1 (continued)
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8-hydroxyquinolines

S. no. Name and Score

Structure

20 CB7967495

7-[(Pyridin-3-ylamino)-(4-trifluoromethyl-phenyl)-methyl]-quinolin-8-ol

Molecular weight: 395.38
B.E.: —10.49 kcal/mol
Ki: 20.62 nM

21 CB6377128

7-[(4-Methylsulfanyl-phenyl)-(pyridin-2-ylamino)-methyl]-quinolin-8-ol

Molecular weight: 373.47
B.E.: —10.65 kcal/mol
Ki: 15.72nM

22 CB7925339

OH HN

CHs

CHs

NH OH

5-Chloro-7-[(pyridin-2-ylamino)-(4-vinyloxy-phenyl)-methyl]-quinolin-8-ol |

Molecular weight: 403.86
B.E.: —10.46 kcal/mol
Ki: 21.63 nM

23 CB6378306

7-[(3-Bromo-4,5-dimethoxy-phenyl)-(pyridin-2-ylamino)-methyl]-quinolin-8- 1

ol

Molecular weight: 466.33
B.E.: —11.86 kcal/mol
Ki: 2.02nM

24 CB6376015

7-[Benzo[1,3]dioxol-5-yl-(6-methyl-pyridin-2-ylamino)-methyl]-quinolin-8-

ol

Molecular weight: 385.42
B.E.: —9.71 kcal/mol

Ki: 76.66 nM

CH3 O
O
O /
S
Br N
/ NH OH
\ N
/‘O
O
[ — I
—
N
/ NH OH
i
\ N

The baseline correction was performed against NSC66812 as negative
control for determination of significant resonance or response unit (RU)
values for the inhibitors. The immobilization at 2.5 uM rBoNT/F-LC was
taken as optimum and considered for further analyte interaction ana-
lysis. All the experiments were performed at 25 °C. The sensorgram data
obtained were analyzed using ProteOn Manager 3.1 software and fitted
to the simplest Langmuir 1:1 interaction model.

2.4.4. ICsq determination

Selected three compounds NSC1011, NSC1014, and NSC84094 were
analyzed through endopeptidase assay to determine effective half
maximal inhibitory concentration (ICso) value. Ten concentrations 100,
75, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125, and 0.390625 uM of the
respective small molecules were used for the estimation.

2.4.5. Hemolysis assay

The in vitro hemolysis assay was further conducted according to
Sathler and collaborator [42] to determine hemoglobin release in the
plasma upon SMIs exposure. Blood was obtained from healthy human
subject. Erythrocytes were washed 3 times with PBS (pH 7.4) by cen-
trifugation (500g). The compounds at 100 and 10 pM were incubated
with the erythrocyte suspension for 3h at 37°C. The lysis of the

erythrocytes and the release of hemoglobin were determined from the
optical density of the supernatant at 540 nm. Triton X-100 (1%) was
used as positive control that provided complete hemolysis. Assay was
performed in triplicates. The percent hemolysis is calculated using the
following formula:

Percent hemolysis
= 100 X [(Asgosample — Asyonegative control)

+ (Asgopositive control — Asynegative control)|

2.5. Mouse protection assay

Female Balb/c mice were used for in vivo evaluation and in all
treatments intraperitoneal route (ip) of administration was adopted for
mouse protection assay. Two compounds NSC1011 and NSC1014 were
tested for their protection in mouse model; animals were divided into
five groups of five animals each for every compound. Toxin alone
treated group was administered as single dose of 5X MLD of BoNT/F. In
second group, mice were given in vitro neutralized premixed solution of
toxin and compounds after 1 h incubation at RT. In third group, animals
were treated with compounds 1h prior to injection of toxin
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(prophylactic). Animals of fourth group received toxin and after 1 h
compounds were injected (therapeutic). Control animals received the
same volume of PBS as the experimental group. For all treatment a
single dose of 100 pl of 25 mM compounds in DMSO was used. Three
independent studies were performed.

3. Results & discussion
3.1. Computer simulation analysis

The introduction of virtual screening saves time and efforts on in
vitro unproductive results. We applied this approach towards dis-
covering and/or designing to identify potential molecules for BoNT/F
inhibition. On the basis of chelating property 8-HQ derived molecules
along with other chelating agents such as amines and benzamides were
screened for finding effective agent (Table 1). Also 8-HQ scaffold based
molecules are important ‘privileged structures’ that can be exploited as
inhibitors of a diverse range of targets [43]. The 8-HQ based molecules
have been reported in previous studies for their potential as specific
lead compounds against BoNT intoxication. Similarity search was car-
ried out and ~800 8-HQ compounds were retrieved from open re-
positories which were screened using AutoDock 4.2 against BONT/F-LC.
The binding energies of screened (twenty-four) compounds selected for
further in vitro analysis varied from —11.86 to —9.71 kcal/mol and
inhibitory concentration (Ki) values were from 2.02 to 76.66 nM. The
energy results were ranked according to the binding energy which in-
cluded the intermolecular energy and the torsional terms and Ki. Upon
docking 8-HQ derivatives NSC1008, NSC1010, NSC1011, NSC1012,
NSC1013, NSC1014, NSC1015, NSC84080, NSC84083, NSC84085,
NSC84087, NSC84094, NSC84095, CB7969312, CB7887535 and

Bioorganic Chemistry 92 (2019) 103297

CB6376015 were found to be the best molecules on the basis of Ki
values and binding energies (Table 1). These molecules interact with
the amino acid residues of signature metalloprotease active site His227;
Glu228; His231; Arg365; Tyr368 and Tyr372 in close proximity with
the metal ion (Zn?™) depicting effective binding with BoNT/F-LC [44].
Compound NSC84094 is already reported inhibitor of BoNT/A and
varies from NSC1014 in only one methyl substitution in pyridine ring at
c-4, which provably increases the activity of the compound against
BoNT/F.

The extensive simulation data of only three compounds NSC1011,
NSC1014 and NSC84094 is hereby discussed. These compounds dis-
played promising outcome in biological assays including in vivo pro-
tection experiments in subsequent studies. The compounds in all the
confirmations docks in the same cleft as observed in Fig. la—c. The
interaction of these three compounds in the docked position with the
BoNT/F-LC was observed and showed in the Fig. 2. The compounds
NSC1011 (cyan), NSC1014 (purple) and NSC84094 (pink) shows the
interaction in the active site in close proximity with the Zn>* along
with the active site residues Ser165, Cys166, His227, Glu266, Arg365
and Tyr368. This suggests the directed fit of these molecules in the
active site. The molecules, however in the same active site interacts in
different confirmations which provides them specific binding and in-
hibitory potential (Fig. 3a(i-iii)). The LigPlot analysis of two com-
pounds NSC1011 and NSC1014 displays their interaction with the
specific amino acid residues (Fig. 3b(i-ii)). The common amino acids
that are observed in both protein-small molecule interactions are
Phel63, Ser165 and Glu228 (Fig. 3biii). The highly specific and tar-
geted interaction of these compounds with the BoNT/F-LC along with
low Ki values suggests their firm interaction that is validated in further
in vitro studies. The pdb files used for SMI- BoNT/F-LC interaction

FLU 353
224

S 227cLyu 228

Fig. 1. The representative image as observed in UCSF Chimera in the active site of the BONT/F-LC in 10 different confirmations of (a) NSC1011, (b) NSC1014 and (c)
NSC84094. The interaction of all the confirmations can be observed in the fixed pocket signifying channelled interaction of the SMIs.
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Fig. 2. The compounds NSC1011 (cyan), NSC1014 (purple) and NSC84094
(pink) shows the interaction in the active site in close proximity with the Zn?*
along with the amino acids Serl65, Cys166, His227, Glu266, Arg365 and
Tyr368.

analysis are provided in supporting information (FLcNSC1011.pdb,
FLcNSC1014.pdb and FLecNSC84094.pdb).

3.2. Fluorescence thermal shift (FTS) assay

The in silico screening provided us with over 80 molecules while we
were able to obtain only twenty-four 8-HQ compounds commercially
for further in vitro analysis. Interaction between small molecule and

(iii)
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BoNT/F-LC protein plays a key role in determination of their inhibitory
potential. Primary screening of compounds was performed by FTS assay
that quantifies the change in thermal denaturation temperature of a
protein under varying conditions. Its functioning is conceptualized by
effect of small molecule interaction on protein stability that increases
melting temperature which could be analyzed using an environment
sensitive fluorescent dye. With increase in temperature, unfolding of
protein takes place and the fluorescent dye act as probe (SYPRO
Orange), interact with the hydrophobic patches of unfolded rBoNT/F-
LC thus providing high fluorescence upon binding [45]. FTS analysis
serves us as platform for high through-put screening where interaction
of selected 8-HQ compounds with the in house produced rBoNT/F-LC
was studies [40]. The shift in the melting temperature (ATm) signifies
the binding affinity of small molecule in groove of BoNT/F-LC making it
stable (Fig. 4a). In general, the > +2.0 °C shift in melting temperature
(ATm) upon binding of molecules is considerable for further analysis.
Among these compounds maximum shift in ATm was recorded with
NSC1010 (4.10°C) followed by NSC1011 (3.85°C), CB7925339
(3.54°C), NSC1014 (3.53°C), NSC1013 (3.52°C), NSC84087 (3.30°C),
NSC1012 (2.95°C), NSC84094 (2.28°C), and NSC1015 (2.10°C) as
presented in Fig. 4b. The results obtained through FTS assay have been
confirming the virtual simulations by affirming the compounds.

3.3. In vitro endopeptidase assay
In vitro endopeptidase assay was performed for observing appro-

priate inhibitory potential of the compounds using in house produced
rBoNT/F-LC and rVAMP-2 [40]. Initially inhibition was studied at

(ii)

Fig. 3a. Interaction of SMIs with the active site of BONT/F-LC in the firmest confirmation representing site specific proximal binding. (i) NSC1011, Binding energy of
—10.04 and Ki of 43.69 nM. It interacts by forming hydrogen bonds with Arg263, Lys260, Ser165, Tyr368 and Tyr372. The formation of hydrogen bond is with
paracarboxylic group, oxygen atom of quinolinol and -NH group showing the widespread interaction of the compound with the active moiety. Other interactions as
observed include pi-pi interactions of Phel63 and Tyr368 with quinolinol ring and cation-pi interaction of Lys260 with benzoic acid ring (ii) NSC1014, Binding
energy of —10.73 and Ki 13.61 nM. The hydrogen bond formation is not that much prevalent in interaction of NSC1014 and only one hydrogen bond observed
between Cys166 with —OH group of quinolinol. The other interactions that have been observed are cation-pi interaction of Arg365 and pi-pi interaction of Tyr372
with the pyridine ring of the molecule and (iii) NSC84094 also interacts with the BONT/F-LC with high binding energy of —11.22 and Ki of 5.95 nM. The compound
forms hydrogen bond with Tyr368 through the oxygen atom of quinolinol ring and Ser165 with phenyl oxygen of the molecule. The quinolinol ring also forms pi-pi

interaction with Tyr372 and Phe374.
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(ii)

Fig. 3b. The LigPlot representative image displaying interaction of (i) NSC1011 where it can be observed in targeted binding pocket interacting with very specific
amino acids Ser165, Glu228 and Tyr368 along with others. (ii) NSC1014 displays interaction in the targeted pocket interacting with Ser165 and Glu228 among
others. (iii) The overlapped interaction displays the amino acids playing role in both of the protein-small molecule interaction i.e. Phel63, Ser165 and Glu228.

250 UM concentrations of the molecules and NSC1011, NSC1012,
NSC1014, NSC1015, NSC84086, NSC84087, NSC84090, NSC84092,
NSC84094, NSC84095 and CB7969312 were found to be potential in-
hibitors (Fig. 5a and b). The molecules which were active at higher
concentration (250 uM) were analysed at subsequently at 100 and
50 uM concentrations. It was observed that three molecules NSC1011,
NSC1014 and NSC84094 displayed complete inhibition at 100 pM
concentration with CB7969312 showing 80 + 2% while NSC84087
was displaying around 60 = 2% inhibition (Fig. 6a and b). CB7969312
has been already tested in ex-vivo assay against BoNT/F [33]. The
compounds found effective in the study showed higher inhibitory po-
tential than CB7969312 proving the significant finding against BONT/F

10

intoxication. Rest of the compounds displayed either lower or no in-
hibition at 100 uM. NSC1011, NSC1014, and NSC84094 were found
most active on the basis of in silico and two in vitro analyses i.e. FTS and
endopeptidase assays.

3.4. Surface plasmon resonance analysis of protein-small molecule
interaction

SPR biosensor based assay was further performed to evaluate in-
teraction between the selected small molecules and rBoNT/F-LC. The
advance analysis was performed on ProteOn™ XPR36 system for SPR
based protein-small molecule binding kinetics. The GLM chip based on
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Fig. 4. (a) Schematic representation of fluorescence thermal shift assay of
globular protein in absence and presence of a ligand with environment sensitive
dye. In absence of ligand, the protein unfolds by increase in temperature
leading to binding of the dye in hydrophobic moieties providing specific
fluorescence. In presence of a ligand, on protein unfolding the ligand binds in
the specific groove of the protein providing increased stability and thus in-
creasing the temperature of protein unfolding. This change in temperature is
the acquired thermal shift which signifies protein and small molecule interac-
tion. (b) Fluorescence based thermal shift assay of selected SMIs as displayed in
the graph. The SYPRO Orange dye was taken as the probe for determination of
thermal shift due to increase or decrease of protein stability at 50 uM SMIs
concentration.

amine coupling chemistry was used for immobilization of native pur-
ified rBoNT/F-LC protein (supplementary data; Fig. 1). The protein-
small molecule interaction is measured by change of incident angle due
to interaction between ligand and analyte through resonance unit (RU).
Sensorgrams sensitively record this shift depicting the interaction
which gradually returns to baseline on protein removal. In SPR based
studies the reversible attachment and detachment of the molecule is
monitored in terms of association and dissociation constants providing
significant equilibrium analysis. The effective binding of selected 8-HQ

5
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small molecules even at lower concentration of rBoNT/F-LC signifies
the directed and very specific interaction of these compounds. The as-
sociation and dissociation kinetics in the term of Ka (association con-
stant, M~ 's 1), Kq (dissociation constant, s~') and Kp (equilibrium
constant, M) is used for quantification of interaction. K4 is presented as
the concentration of inhibitor needed to inhibit 50% of activity of the
rBoNT/F-LC. Kp, is determined as K4/Ka and is inversely proportional to
affinity between the protein and small molecule. NSC66812 which did
not provide much of inhibition in endopeptidase assay and was rejected
in thermal shift assay was clearly identifying the significant difference
in Kp among the reactive and non-reactive compounds in SPR assay
also. The Ky, values as presented in Table 2 and is lowest in NSC1014
(0.558 uM) followed by NSC84094 (4.79uM), NSC1011
(3.14 x 10°uM), NSC84087 (3.43 x 10°uM) and NSC1012
(3.54 x 10° uM) (Fig. 7a—c). Negative control NSC66812 which has not
displayed significant result in endopeptidase assay was found to exhibit
the highest Kp.

3.5. ICsq estimation through endopeptidase assay

The ICso of NSC1011, NSC1014 and NSC84094 for their potential
drug candidature were then determined by constructing a dose-re-
sponse curve to examine the antagonistic effect of these compounds on
the rBoNT/F-LC activity. The ICsq values thus determined has been used
for comparative potency of the selected small molecules. Although, ICsq
is not direct indication of inhibitor affinity and interaction it can be
related to the inhibitory potential in competitive inhibition by the
Cheng-Prusoff equation [46]. Experimental Ki values of three com-
pounds were calculated using this method considering the substrate
concentration (r-VAMP-2) as required for rBoNT/F-LC metalloprotease
activity as determined in our previous work [40]. The ICso of NSC1014
was found to be minimum at 14.91 *+ 2.49 uM followed by NSC84094
at 17.39 * 2.74puM and NSC1011 at 30.47 = 6.24uM (Fig. 8). The
rVAMP-2 as used in our experiment is the full length polypeptide which
increases the potency of metalloprotease, simultaneously decreasing
the inhibitory potential of any drug candidate. This result thus, holds
higher efficacy by acting on the complete substrate which is simulating
the living system.

ATm
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Fig. 5. (a and b) Percentage inhibition by small molecules screened through high through-put at 250 uM with rBoNT/F-LC at 5nM and rVAMP-2 at 500 nM as

observed through endopeptidase assay.

3.6. Hemolysis assay

Before moving on to in vivo analysis of selected compounds we
performed hemolysis assay on human blood sample in order to de-
termine hemolytic effect of SMIs. Hemolysis assay provided significant
results as the hemolysis of human red blood cells was observed lower
than 10% for all the compounds tested even at 100 uM concentration.
The percentage obtained for NSC1011 was 3.89 + 0.2 and 0.62 + 0.2

12

for 100 and 10 pM, respectively. Similarly, NSC1014 displayed hemo-
lytic percentage of 3.01 + 0.3 and 0.94 + 0.2 at 100 and 10 uM
concentrations. The average hemolytic percentage of human red blood
cells with NSC84094 was 5.23 = 4 and 0.68 = 0.001 for 100 and
10 uM, respectively (Fig. 9). The less than 10% hemolysis of human red
blood cells represents good hemo-compatibility and non-toxicity
against erythrocyte membranes [47].
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Fig. 6. (a and b) Selected 8-HQ based small molecules analysed through endopeptidase assay at 100 uM on rBoNT/F-LC at 5nM and rVAMP-2 at 500 nM.

Table 2 3.7. Protection of mice against BONT/F challenge

SPR based determination of small molecule inhibition kinetics.
SMI Ka (1/Ms) Ky (1/5) Ko (M) Two compounds NSC1011 and NSC1014 narrowed down after in

vitro assays were evaluated in mice against BONT/F challenge. At this

NSC1011 2.64E+00 8.29E-02 3.14E-02 stage we had to eliminate NSC84094 due to its unavailability of the
NSC1012 1.46E+00 5.18E-02 8.54E - 02 molecule at required amount. No death was observed in vehicle control
NSC1014 4.25E+03 2.37E-02 5.58E—06 d all mice died b 12 and 16 h with £ botulism i
NSC84087 3.06E 400 1.05E-01 3.43F— 02 and all mice die etween 12 an 16h wi symp.tonlls o ot1.1 ism in
NSC84094 1.11E+03 5.31E-02 4.79E—05 neurotoxin alone treated group. In in vitro neutralization condition no

animal showed any symptoms of toxicity suggesting complete

13
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protection against neurotoxin. There were no symptoms of toxicity
observed in animals till the experiment concluded. In prophylactic
treatment a minimal extension of 4-20h was recorded and in ther-
apeutic treatment, extension of survival time was recorded from 16 to
24h (Fig. 10). Clearly, the extension in survival time in animals was
comparatively higher in therapeutic than prophylactic treatment. Our
findings from in vivo assay revealed that compounds are highly effective
in neutralizing toxin in premixed condition and protecting mice against
BoNT/F toxicity up to a limit in therapeutic condition.

4. Conclusion

This study proves the 8-HQ compounds have edge over other
compounds emphasizing that the inhibitory potential of SMIs is much
more complex system of cumulative inhibitory properties of the com-
pounds. The lead identified in this study is unravelling the cascade of

Fig. 8. ICs determination in dose-dependent manner of NSC101, NSC1014 and
NSC84094. Ten concentrations 100, 75, 50, 25, 12.5, 6.25, 3.125, 1.5625,
0.78125, and 0.390625uM of the respective small molecules were taken to
determine effective ICsq values.

14

drug development through further SMIs designing and synthesis. The
present work on these compounds paves a path towards designing and
development of potent inhibitors against BoNTs that could play sig-
nificant role in post warfare scenario. Our post studies will address
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Fig. 9. Percentage hemolysis as calculated using
the hemolytic assay formula for 100 and 10 M
concentration of 8-HQ SMIs. The hemolysis ob-
tained from Triton-X 100 was taken as 100% he-
molysis and that with respective concentration of
DMSO was taken as negative control. The hemo-
lytic percentage was observed to be below 10% for
all the compounds.
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