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Abstract

Antiviral Drug Discovery is still a great challenge due to the virus's
ability to mutate in order to survive and the continuous discovery of new
pathogen viruses. Viral infection is caused by the presence of a virus in the
body. Antivirals are compounds, either chemically synthesised or
produced by a living organism, that inhibit viral infection and replication.
Antivirals interfere with one or more of the virus replication cycle stage.
Based on their inhibitory mechanism, antivirals can be divided into two
groups: inhibitors that target the viruses (VI'As) or inhibitors that target
host cell factors (HTAs). In this thesis newly synthesised VTAs are
presented, a host cell target has been studied and assessed as potential
antiviral target and the results of Fragment-Based Lead Discovery project
is presented, and in the last part of the thesis, synthesis of small antiviral

molecules and investigation of the target are described.
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A. Introduction

a) Viral infections

Viral infection is caused by the presence of a virus in the body. Viruses
are small infectious obligate parasites that need a host cell to
reproduce. Over the years, viruses have developed many strategies to
be able to elude the immune response of the host and ensure viral
survival, replication and proliferation, so that, notwithstanding the
ever-improving antiviral drug development, viruses continue causing
many diseases in humans. The first viruses were discovered at the end
of the nineteenth century, but only 70 years later, it was possible to
start treating viral infections. About thirty years ago most of antiviral
compounds were discovered by chance (fortuitously) by testing for
antiviral activity libraries of molecules originally developed for other
purposes. Using an empirical approach, it resulted in a series of
antiviral drugs with an unclear mechanism of action. For instance, in
1959 the 5-iodo-2-deoxyuridine, originally designed as anticancer

agent, showed its antiviral activity against the Herpes Virus. From this
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discovery many antiviral molecules were proposed for treating viral

infections!.

Nowadays, more than 90 antiviral drugs are approved for the
treatment of several human infectious diseases and many more virus

inhibitors are reported in the literature.

The prevalence of chronic viral infectious diseases, the emergence of
new viral infections such as picornaviruses, enteroviruses and
increasing resistance to currently used antiviral drugs keep the
antiviral drug discovery still a great challenge. Technical
breakthroughs in virus cultivation in laboratories, identification of
viral enzymes, and determination of target molecular biology led to
enhanced knowledge on viral mechanism of infection and implied

that targets are nowadays more directly targetable.

b) Antivirals

Antivirals are compounds, either chemically synthesised or produced
by a living organism, that inhibit viral infection and replication.
Antivirals interfere with one or more of the virus replication cycle
stage, this includes cell binding, cell penetration, viral uncoating,
viral genome (DNA/RNA) replication, maturation, assembly of

progenies, virions release. The antiviral treatment’s aim is to
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complement the action of vaccines or provide a treatment when the
vaccine is still wanting. The antivirals need to be selective, whereby

active against viruses and not cytotoxic at once.

Based on their inhibitory mechanism, antivirals can be divided into
two groups: inhibitors that target the viruses (virus structural
proteins, viral envelope, viral enzymes, etc.) or inhibitors that target
host cell factors. Virus targeting antivirals (VT'As) can directly bind
the virus, such as structural components of the virus, or they can
interfere with the replication process. Host targeting antivirals
(HTAs) are inhibitors which target host proteins that are necessary
for the viral replication cycle, or they regulate host cell processes (e.g.
inhibition of apoptosis signalling which would lead to virions release,
inhibition of signalling for cell lysis, and so on), drugs which

stimulate the function of the host immune system can be classified as

HTAs as well.

This Ph.D. project aimed to explore different approaches to the
antiviral drug discovery and for this reason, it is composed of three
different sections. In Section I, newly synthesised virus targeting
molecules are presented. Section II explores a host cell target that has

been studied and assessed as potential antiviral target and the results
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of Fragment-Based Lead Discovery project is presented. In Section III
synthesis of small antivirals molecules and investigation of the target

are described.

Experiments and results presented in Section II were carried out at
the Zitzmann lab by the Biochemistry Department of the University
of Oxford during a 9-months internship funded by Professor
Zitzmann group, ‘Regione Autonoma della Sardegna’ and Erasmus+
Mobility programme, under supervision of Prof. Nicole Zitzmann,

Dr. Pietro Roversi and Dr. Dominic Alonzi.



Section |

1. Virus targeting antivirals

Virus targeting antivirals (VTAs) are drugs that directly acting on viral
proteins, viral genome or viral envelope inhibit virus replication and

release of virions. VTAs are very selective if compared to HTAs.

1.1. Introduction

Bovine viral diarrhoea virus (BVDV) is the prototype of the Pestivirus
genus of the Flaviviridae family. The Pestivirus genus also contains

other animal pathogens such as the border disease virus (BDV) and



the classical swine fever virus (CSFV). BVDV causes teratogenesis,
early embryonic death, abortion, respiratory problems and immune
system disorder on cows which results in acute infections of
immunocompetent cattle causing a mortality rate of 17 to 32%?2 and
an estimated loss between 10 and 40 million $ per million calvings.
The virus is also considered to be a valuable surrogate for the hepatitis
C virus (HCV) in antiviral drug studies3. BVDV can also be a
problematic contaminant in the laboratory, BVDV strains have been
identified in commercially available lots of foetal bovine serum and
cell lines4, and therefore in interferons and vaccines for medical use5-.
No antivirals are currently available for controlling BVDV infections
in laboratories or in farms, so BVDV remains an agronomical burden,
hence the antiviral research on molecules that can specifically inhibit

the virus replication could be useful to control outbreaks in farms.

Recently, a certain number of selective anti-BVDV compounds has
been reported, this includes virus targeting and host targeting
derivatives, e.g. polymerase inhibitors3.7-9, protease inhibitors!® and
human cellular enzymes inhibitors!-4. The antiviral research against
animal pathogens of Pestivirus genus is still a challenge. In the
framework of a long-lasting antiviral research program, Carta group
and their collaborators, designed and synthesised a series of angular
and linear N-polycyclic derivatives active against BVDV, HCV and

other related viruses'5-'7. The molecular target for BVDV inhibition
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was identified in the viral RNA dependent RNA polymerase
(RdRp)8:19. Aiming to select the best scaffold related to antiviral
activity, Carta et al. synthesised several polycyclic heteroaromatic

derivatives improving selectivity and potency!7.20:21,

1.2. Project aim

In this context, considering the background research of Carta group,
[ selected two type of derivatives that are proved to be active against
BVDV in screening assays: imidazo[4,5-g]quinoline derivatives!7:20
(Figure 1), 5-chlorobenzotriazole  derivatives2? and  5,6-
dichlorobenzotriazole derivatives whose anti-BVDV activity is not
published yet (Figure 2), and designed two series of isostere
derivatives: Series 1, naphtho[2,3-d]imidazole: 4a-f, 4i-1; Series 2, 5,6-

variously substituted- benzimidazole derivatives: 5-11n, 5-110, 5-11p.

R BVDV ECs,
H 10 uM
X N Cl 18 uM
| D R
P NO, 20 uM
N N
H CN 4 uM
CF, 7 uM

Figure 1 Imidazo[4,5-g]quinolines and their anti-BVDV activity 17.20



@) — R

R >
-t C

R; SN
R, R, R’ BVDV ECs,
cl H 3,4,5-tri-OCH, 3 M
Cl H 4-NO, 2100 uM
cl Cl 3,4,5-tri-OCH, 35 uM
cl cl 4-NO, 4 uM
cl C1 4-Cl 70 uM

Figure 2 5-chlorobenzotriazole and 5,6-dichlorobenzotriazole derivatives and their anti-BVDV

activity 2!
An isostere is a molecule resulted from the exchange of an atom or a
group of atoms with similar biochemical properties. The aim of an
isosteric replacement is to generate a new molecule with similar or
optimised biological properties, lower toxicity or improved
pharmacokinetics characteristics when compared to parental
compound. The isosteric replacement I carried out consisted of
substitution of a nitrogen atom with a carbon atom, as depicted in

Figures 4 and 5.

1.2.1.  Series 1: naphthoimidazole derivatives
Imidazo[4,5-g]quinoline derivatives were published as interesting
BVDYV inhibitors and the most active derivative of that series, 4-(4-
chloro-3 H-imidazo[4,5-g]quinolin-2-yl)benzonitrile2 was docked

8



and scored for affinity towards the binding site of the BVDV RdRp,
the resulting receptor/ligand complex was relaxed by energy
minimisation, followed by MD simulation depicted in Figure 3. The
naphthoimidazole core showed significant H-bond interaction
between nitrogen atoms and key aminoacids R295, Y674 and S411.
They also predicted the decrease of affinity of this molecule with the

substrate when R295 and Y674 are mutated into alanine29.

Figure 3 Equilibrated MD snapshot of the RpRd of BVDV in complex with 4-(4-chloro-3H-
imidazo[4,5-g]quinolin-2-yl)benzonitrile 20

The isosteric replacement of the nitrogen atom in position 5 of
imidazo[4,5-g]quinoline derivatives resulted in naphtho[2,3-
dlimidazole derivatives (4a-f, 4i-l) designed with the aim of
confirming the essential interaction between N5 and the arginine
295. The 2-phenyl moiety was modified in order to assess the

relevance of interactions with serine 411.



1
8 9 H
7T XY 7 N
2 X A
08 - O == @
N ° e N
5 3

Figure 4 Projected rational modifications

1.2.2. Series 2: benzimidazole derivatives

Drawing on molecular modeling experiments published by Chai et
al.22, where the benzimidazole moiety is proved to own anti-BVDV
activity binding the RdRp as allosteric inhibitor, I designed an
isosteric substitution of the N2 of benzotriazole derivatives depicted
in Figure 5, with a carbon atom. This substitution limits the free
rotation of the phenyl moiety bound to the atom in position 2 and
transform the nitrogen in position 1 from a H-bond acceptor to a H-
bond donor. This resulted in the series 2 of benzimidazole derivatives
(5-11n, 5-110, 5-11p) wherein substitution on benzimidazole moiety is
evaluated, meanwhile substitution of R’= 4-Cl, 4-NO. or 3,4,5-

trimethoxy is conserved.
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H/CI

" N=N2
Qe gAY
6 X" N
7 1

R 4 N3 Q = '
1
1

Figure 5 Projected rational modifications

1.3. Materials and methods

1.3.1. Synthesis

1.3.1.1.  General synthetic strategies
All starting materials were purchased by Sigma-Aldrich, Across
Organics and Carlo Erba producers. Nitrogen groups reduction to
amine derivatives were performed in ethanol by three different routes

as follows: chlorine derivatives reductions were made with
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methylhydrazine, as bland reducing agent in ethanol using the
autoclave at 100°C. All the other reductions were conducted in
ethanol with Pd/C as catalyst, and H> at room temperature, or with
Pd/C and hydrazine at 80°C. Benzimidazole ring closure has been
carried out as described by Bahrami et al23 by mixing o-
phenylenediamines and aldehydes in a ratio 1:1 in acetonitrile, added
with H202 30% (ratio 1:7) and HCI 37% (ratio 1:3.5) at room
temperature for a few hours to some days. Amide groups were
obtained from the reaction of aniline derivatives with benzoyl
chloride derivative in a ratio 1:1.2 in DMF at 80°C till reaction was

completed.

Products were purified by crystallization from ethanol or methanol,
or by flash chromatography using proper elution by mixing suitable
chosen solvents among petroleum spirit (PS), diethyl ether (DE),

ethyl acetate (EA), chloroform and methanol.

1.3.2. Chemical characterisation

1.3.2.1. Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) spectra were registered in
solutions in deuterated acetone or DMSO and were recorded with a
Bruker Avance III 400 NanoBay (400 MHz) instrument. 'H NMR

chemical shifts are reported in parts per million (ppm) downfield

12



from tetramethylsilane (TMS) used as internal standard. Chemical
shift values are reported in ppm (6) and coupling constants (J) are
reported in Hertz (Hz). Signal multiplicities are represented as s
(singlet), ws (wide singlet), d (doublet), dd (doublet of doublets),
ddd (doublet of doublet of doublets), t (triplet), td (triplet of
doublets), q (quadruplet) and m (multiplet). The assignment of
exchangeable protons (OH and NH) was confirmed by the addition
of D>O. B3C NMR chemical shifts are reported in downfield from
tetramethylsilane (TMS) used as internal standard. Suitable method
among APT (Attached Proton Test), jmod (J-modulated spin-echo for
X-nuclei coupled to H-1 to determine number of attached protons)
and ZGPG30 (1D sequence with power-gated decoupling using 30-
degree flip angle) was selected for each compound. Two-dimensional
NMR experiments HSQC (Heteronuclear Single Quantum
Coherence) and HMBC (Heteronuclear Multiple Bond Correlation)

were performed to correctly assign the peaks.

1.3.2.2. Mass spectroscopy
The solutions for ESI-MS measurements were prepared by dissolving
the solid compounds in HPLC acetonitrile to obtain a concentration
of 1.0-2.0 ppm. Mass spectra in the positive-ion mode were obtained
on a Q Exactive Plus Hybrid Quadrupole-Orbitrap (Thermo Fisher
Scientific) mass spectrometer. The solutions were infused at a flow

rate of 5.00 pl/min into the ESI chamber. The spectra were recorded
13



in the m/z range 150-800 at a resolution of 140 000 and accumulated
for at least 2 min in order to increase the signal-to-noise ratio. The
instrumental conditions used for the measurements were as follows:
spray voltage 2300 V, capillary temperature 250 °C, sheath gas 10
(arbitrary units), auxiliary gas 3 (arbitrary units), sweep gas O
(arbitrary units), and probe heater temperature 50 °C. ESI-MS spectra
were analysed by using Thermo Xcalibur 3.0.63 software (Thermo
Fisher Scientific), and the average deconvoluted monoisotopic masses

were obtained through the Xtract tool integrated in the software.

1.3.2.3. Melting Point measurements
Compound melting points (m.p.) were taken in open capillaries in a
Kofler hot stage or Digital Electrothermal melting point apparatus

and are uncorrected.

1.3.2.4. Retention factors
Retention factors (Rf) were measured by Thin Layer Chromatography

(TLC) using Merck F-254 commercial plates.
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1.3.3. Biological assays *

1.3.3.1.  Cell lines and viruses
Cell lines were purchased from American Type Culture Collection
(ATCC). The absence of mycoplasma contamination was checked
periodically by the Hoechst staining method. Cell line supporting the
multiplication of BVDV was the following: Madin-Darby Bovine
Kidney (MDBK) [ATCC CCL 22 (NBL-1) Bos Taurus]. Virus was

purchased from American Type Culture Collection (ATCC), Bovine

Viral Diarrhoea Virus (BVDV) [strain NADL (ATCC VR-534)].

1.3.3.2. Cytotoxicity assay
Cytotoxicity assays were run in parallel with antiviral assays. MDBK
cells were seeded at an initial density of 6x105 cells/cm3 in 96-well
plates, in culture medium [Minimum Essential Medium with Earle’s
salts (MEM-E) with L-glutamine, supplemented with 10% horse
serum and 1 mM sodium pyruvate, and 0.025 g/dm3 kanamycin]. Cell
cultures were then incubated at 37 °C in a humidified, 5% CO»
atmosphere in the absence or presence of serial dilutions of test

compounds. Cell viability was determined after 48-96 h at 37 °C by

* Biological assays were carried out by Prof. R. Loddo and collaborators at the
Department of Biomedical Science, Section of Microbiology and Virology,

University of Cagliari (Italy)
15



the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide

(MTT) method?4.

1.3.3.3. Antiviral assay
Compounds activity against BVDV was based on inhibition of virus
induced cytopathogenicity in MDBK cells acutely infected with an
m.o.i. of 0.01. Briefly, MDBK cells were seeded in 96-well plates at a
density of 3x104 cells/well and were allowed to form confluent
monolayers by incubating overnight in growth medium at 37 °C in
a humidified CO2 (5%) atmosphere. Cell monolayers were then
infected with 50 mm3 of virus dilution in maintenance medium
(MEM-E with L-glutamine, supplemented with 0.5% inactivated
FBS, 1 mM sodium pyruvate and 0.025 g/dm3 kanamycin) to give an
m.o.i of 0.01. After 2 h, 50 mm?3 of maintenance medium, without or
with serial dilutions of test compounds, were added. After a 3 days
incubation at 37 °C, cell viability was determined by the MTT
method. Linear regression analysis: viral and cell growth at each drug
concentration was expressed as percentage of untreated controls and
concentrations resulting in 50% (ECso and CCso) growth inhibition.
NM 108 (2’-C-methylguanosine) and ribavirin are used as positive

controls.
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1.4. Chemistry

1.4.1. Synthetic routes

1.4.1.1.
Derivatives 4a-f, i-1 were obtained for reaction of naphthalene-2,3-
diamine (1) with the corresponding aldehydes 2a-f, i-1 both dissolved
in acetonitrile (CH3CN) and added of H>20O> 30% in a ratio 1:7 and

HC1 37% in a ratio 1:3.5.

NH,

1

0]
R
H :: : 2a-f

H,0, 30%

HCI 37%

CH4CN

r.t.
R 2i-1
2i4 R 2/4 R’
a H . 1\
b CHs X "’”QNOz
c NO:
; 7\

d CN J »QNOZ
e CFs - 1
f OCHs k W@N

40

Scheme 1 Synthetic route for derivatives 4a-f 41-1.

1.4.1.2. Series 2: benzimidazole derivatives

Series 1: naphthoimidazole derivatives

N

\>—< >—R
N
H 4a

N

S

son

4i-1

Intermediate o-phenylendiamines 5-11 (commercially purchased)

were mixed with 4-nitrobenzaldehyde 2c¢ in a ratio 1:1 to obtain nitro-
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derivatives 5-11c that were appropriately reduced to aniline
derivatives 5-11m. Synthetic details will be described more thoroughly
in Section III (paragraph 3.3.1.1). Derivatives 5-11n, 5-110, 5-11p were
obtained for reaction of aniline derivatives 5-11m with the
corresponding benzoyl chloride derivative (3n,0,p) in a ratio 1:1.2 in

DMF at 80°C till reaction was completed.

H,0, 30%
:@[ _ HoisT% j@[ \ <:> _NO, reduction _
CH3CN EtOH ( )

ifii

5-11c 5-11m

Rs3

O,
N R4 N Ra
N N
Ijﬁ ) o IO
H 80 °C Ry H 5
5.11m 3nop

5-11n, 5-110, 5-11p

i: when Ry or both Ry and R, = ClI, reaction conditions: CH3NHNHj in autoclave at 100°C for 48 hours
ii: all the other derivatives' reaction conditions: NH,NH, and Pd/C at 80°C for 1 hour

R1 R2
5 H H
6 cl H 3,511 Ra R4 Rs
7 cl cl n OCHs OCHs OCHs
8 F \ H o H NO2 H
9 F | F p H al H
10 CHs | H
1 CHs | CHs

Scheme 2 Synthetic route for derivatives 5-11n, 5-110, 5-11p
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1.4.2. Analytical section

1.4.2.1. Series 1: Synthesis, purification and characterisation

of naphthoimidazole derivatives
Synthesis of derivatives 4a-f, 4i-1 was carried on as described in general
synthetic procedure for benzimidazole ring closure: mixing o-
phenylenediamine (1) and corresponding aldehyde (2a-f, i-l) in a ratio
1:1 dissolved in acetonitrile (CH3CN), added with H>O, 30% (ratio 1:7)
and HCI 37% (ratio 1:3.5) at room temperature overnight, solid is
obtained. The solid has been filtered off with vacuum, washed with
acetonitrile and with water till neutral pH of filtrate. The crude solid has
been stored and dried in the oven overnight and were obtained pure by

crystallisation from ethanol.

1.4.2.1.1.  Characterisation of 2-phenyl-1A-naphtho[2,3-
dlimidazole (4a)

Compound 4a (Ci7Hi2N2, MW 244.291) was obtained in total yield
95%; m.p. 254.6-255 °C; TLC (PS/EA 6/4): R¢ 0.55. 'H-NMR
(DMSO-ds): & 8.49 (2H, d, J= 6.8 Hz, H-2",6"); 8.37 (2H, s, H-4,9);
8.19 (2H, dd, J= 3.2 Hz, H-5,8); 7.77 (3H, m, H-3",4’,5’); 7.56 (2H,
dd, J= 3.2 Hz, H-6,7). BC-NMR (APT, DMSO-ds): § 152.93 (C),
133.65 (CH), 132.37 (C), 130.94 (3C), 129.59 (3CH), 128.55 (2CH),
128.05 (2CH), 125.44 (2CH), 123.81 (C), 110.68 (CH). ESI-MS (m1/2):

calcd. for Ci7Hi2N2 245.10732, found 245.10721 [M+H]~.
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1.4.2.1.2.  Characterisation of 2-(p-tolyl)-1H-naphtho[2,3-
d|imidazole (4b)

Compound 4b (CisHisN2, MW 258.317) was obtained in total yield
74%; m.p. 276.6-278 °C; TLC (PS/EA 6/4): Rr 0.62. 'H-NMR
(DMSO-ds): 6 8.35 (2H, s, H-4,9); 8.26 (2H, d, J= 8 Hz, H-2’,6"); 8.19
(2H, dd, J= 3.2 Hz, H-5,8); 7.57 (4H, m, H-6,7,3’,5’); 2.47 (3H, s,
CH;). BC-NMR (APT, DMSO-ds): § 152.94 (C), 144.64 (C), 131.89
(C), 130.94 (2C), 130.21 (2CH), 128.49 (2CH), 128.03 (2CH), 126.31
(C), 125.52 (2CH), 120.57 (C), 110.50 (2CH), 21.27 (CH3). ESI-MS

(my/z): calcd. for CisHi14N3 259.12298, found 259.12311 [M+H]~.

1.4.2.1.3.  Characterisation of 2-(4-nitrophenyl)-1H-naphtho[2,3-
d|imidazole (4c)

Compound 4c (Ci7HulN30O2) was obtained in total yield 72%; m.p.
236-238 °C; TLC (PS/EA 6/4): Rt 0.63. tH-NMR (DMSO-dp): § 8.57
(2H, d, J= 8.8 Hz, H-3’,5"); 8.51 (2H, d, J= 8.8 Hz, H-2°,6’); 8.28 (2H,
s, H-4,9); 8.10 (2H, q, J= 3.6 Hz, H-5,8); 7.47 (2H, q, J= 3.2 Hz, H-
6,7). BC-NMR (APT, DMSO-ds): 6§ 152.52 (C), 148.75 (C), 137.82
(C), 133.94 (C), 130.57 (2C), 128.39 (2CH), 127.89 (2CH), 127.27
(C), 124.35 (2CH), 124.29 (2CH), 111.46 (2CH). ESI-MS (11/Z): calcd.

for Ci7H1uN302290.09240, found 290.09219 [M+H]-.
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1.4.2.1.4.  Characterisation of 4-(1H-naphtho[2,3-d]imidazol-2-

yl)benzonitrile (4d)

Compound 4d (CisHuN3, MW 269.300) was obtained in total yield
85%; m.p. 237.7-239.1 °C; TLC (PS/EA 6/4): R¢ 0.58. tH-NMR
(DMSO-ds): 6 8.53 (2H, d, J= 8.4 Hz, H-3’,5’); 8.29 (2H, s, H-4,9);
8.17 (2H, d, J= 8 Hz, H-2",6"); 8.12 (2H, dd, J= 3.2 Hz, H-5,8); 7.49
(2H, dd, J= 3.2 Hz, H-6,7). 3C-NMR (APT, DMSO-dp): 6§ 152.51 (C),
136.59 (C), 133.15 (2CH), 131.32 (C), 130.66 (2C), 128.30 (2CH),
127.93 (2CH), 124.54 (2CH), 118.24 (C), 113.79 (C), 111.29 (2CH).
ESI-MS  (m/z): caled. for CisHuN3; 270.10257, found 270.10245

[M+H]*.

1.4.2.1.5.  Characterisation of 2-(4-(trifluoromethyl)phenyl)-1/-
naphtho[2,3-d]imidazole (4e)

Compound 4e (CisHuiFsN2, MW 312.289) was obtained in total yield
89%; m.p. 211.3-212 °C; TLC (PS/EA 6/4): Rr0.78. tH-NMR (DMSO-
ds): 6§ 8.66 (2H, d, J= 8 Hz, H-2,6’); 8.38 (2H, s, H-4,9); 8.17 (2H,
dd, J= 3.2 Hz, H-5,9); 8.14 (2H, d, J= 8.4 Hz, H-3’,5); 7.54 (2H, dd,
J= 3.2 Hz, H-6,7). 3C-NMR (APT, DMSO-ds): 6 151.60 (C), 132.96
(C), 132.44 (1C, m, CFs), 131.00 (2C), 129.26 (2CH), 128.04 (2CH),
127.13 (C), 126.41 (CH), 125.39 (2CH), 124.97 (C), 123.38 (CH),
122.26 (C), 111.03 (2CH). ESI-MS (m/Z): calcd. for CisHuF3N2

313.09471, found 313.09464 [M+H]-+.
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1.4.2.1.6.  Characterisation of 2-(4-methoxyphenyl)-1/-
naphtho[2,3-d]imidazole (4f)

Compound 4f (CisHiuN2O, MW 274.317) was obtained in total yield
91%; m.p. 251-252.2 °C; TLC (PS/EA 6/4): Rf 0.40. H-NMR
(DMSO-ds): 6 8.40 (2H, d, J= 8.8 Hz, H-2°,6’); 8.32 (2H, s, H-4,9);
8.19 (2H, dd, J= 3.2 Hz, H-5,8); 7.57 (2H, dd, J= 3.2 Hz, H-6,7); 7.35
(2H, d, J= 8.8 Hz, H-3’,5’); 3.94 (3H, s, CH3). 3C-NMR (APT,
DMSO-ds): § 163.65 (C), 152.93 (C), 132.06 (2C), 130.88 (3C), 130.59
(2CH), 128.00 (2CH), 125.43 (2CH), 115.26 (2CH), 110.24 (2CH),
55.89 (CHs3). ESI-MS (m/Z): calcd. for CisHi4N2O 275.11789, found

27511758 [M+H]-.

1.4.2.1.7.  Characterisation of 2-(5-nitrofuran-2-yl)-14-
naphtho[2,3-d]imidazole (4i)

Compound 4i (Ci5HoN3O03, MW 279.250) was obtained in total yield
79%; m.p. 217-217.4 °C; TLC (PS/EA 6/4): Rf¢ 0.46. 'H-NMR
(DMSO-dp): 6 8.19 (2H, s, H-4,9); 8.05 (2H, dd, J= 3.2 Hz, H-5,8);
7.93 (1H, d, J= 3.6 Hz, H-4’); 7.68 (1H, d, J= 3.6, H-3’); 7.42 (2H,
dd, J= 3.2 Hz, H-6,7). 3C-NMR (jmod, DMSO-dp): § 152.10 (C),
146.64 (C), 144.70 (C), 138.98 (2C), 130.55 (2C), 127.83 (2CH),
124.04 (2CH), 114.78 (2CH), 111.80 (2CH). ESI-MS (i11/Z): calcd. for

CisHoN;303 280.07167, found 280.07166 [M+H]-~.
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1.4.2.1.8.  Characterisation of 2-(5-nitrothiophen-2-yl)-1/4-

naphtho[2,3-d]imidazole (4j)

Compound 4j (CisHoN30O.S, MW 295.316) was obtained in total yield
71%; m.p. 253-254.1 °C; TLC (PS/EA 6/4): Rf 0.54. tH-NMR
(DMSO-dp): 6 8.28 (1H, d, J= 4.4 Hz, H-4’); 8.18 (2H, s, H-4,9); 8.12
(1H, d, J= 4.4 Hz, H-3’); 8.04 (2H, dd, J= 3.2 Hz, H-5,8); 7.42 (2H,
dd, J= 3.2 Hz, H-6,7). BC-NMR (APT, DMSO-ds+TFA-d): § 153.09
(C), 149.18 (C), 147.44 (C), 138.99 (C), 136.40 (C), 130.82 (2C),
130.41 (CH), 129.24 (CH), 1270.84 (2CH), 124.58 (2CH), 111.26
(2CH). ESI-MS (m/2): calcd. for CisHoN3O2S 296.04882, found

296.04886 [M+H]-.

1.4.2.1.9.  Characterisation of 2-(pyridin-4-yl)-1H-naphtho[2,3-
d|imidazole (4k)

Compound 4k (CicHuN3, MW 245.279) was obtained in total yield
85%; m.p. 250.9-251.6 °C; TLC (PS/EA 6/4): R¢ 0.11. 'H-NMR
(DMSO-ds): § 9.03 (2H, d, J= 6 Hz, H-3",5"); 8.60 (2H, d, J= 5.6 Hz,
H-2°,6"); 8.31 (2H, s, H-4,9); 8.09 (2H, dd, J= 3.2 Hz, H-5,8); 7.46
(2H, dd, J= 3.2 Hz, H-6,7). 3C-NMR (APT, DMSO-ds): § 150.95 (C),
146.59 (2CH), 139.73 (C), 138.01 (C), 130.78 (2C), 127.97 (2CH),
127.45 (C), 124.45 (2CH), 122.62 (2CH), 112.02 (2CH). ESI-MS

(my/z): calcd. for CisHulN3 246.10257, found 246.10246 [M+H]-+.
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1.4.2.1.10. Characterisation of 2-(pyridin-2-yl)-1H-naphtho[2,3-
d|imidazole (41)

Compound 41 (CisHuN3;, MW 245.279) was obtained in total yield
65%; m.p. 238.3-239 °C; TLC (PS/EA 6/4): Rr 0.20. 'H-NMR
(DMSO-dp): 6 8.79 (1H, d, J= 4.8 Hz, H-3’); 8.46 (1H, d, J= 8 Hz, H-
6’); 8.16 (2H, s, H-4,8); 8.05 (1H, td, 1J= 7.6 Hz, 2J]= 1.6 Hz, H-5’);
8.01 (2H, dd, J= 3.2 Hz, H-5,8); 7.59 (1H, ddd, J= 7.6 Hz, 2J= 4.8 Hz,
3]=1.2 Hz, H-4"); 7.38 (2H, dd, J= 3.2 Hz). 3C-NMR (APT, DMSO-
ds): 6 155.15 (C), 150.05 (CH), 148.35 (C), 138.17 (CH), 137.07 (C),
130.70 (2C), 129.05 (C), 128.27 (2CH), 126.00 (CH), 124.14 (2CH),
122.17 (2CH), 108.72 (CH). ESI-MS (m/z): caled. for CisHulN3

246.10257, found 246.10259 [M+H]~.

1.4.2.2. Series 2: Synthesis, purification and characterisation
of benzimidazole derivatives

Intermediated 5-11c and 5-11m synthesis, purification and

characterisation are reported in Section III, paragraph 3.3.1.1.
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1.4.2.2.1. Synthesis, purification and characterisation of /N-(4-
(1H-benzol d]imidazol-2-yl)phenyl)-3,4,5-trimethoxybenzamide
(5n), N-(4-(1H-benzo[d]imidazol-2-yl)phenyl)-4-nitrobenzamide
(50), N-(4-(1H-benzo[ d]imidazol-2-yl)phenyl)-4-chlorobenzamide
(5p)

A mixture of 230 mg of 4-(1H-benzo[d|imidazol-2-yl)aniline (1.09 mmol)

(5m) and 276 mg of 3,4,5-trimethoxybenzoyl chloride (1.20 mmol) (3n),

or 222 mg of 4-nitrobenzoyl chloride (1.20 mmol) (30), or 210 mg of 4-

nitrobenzoyl chloride (1.20 mmol) (3p) [ratio 1:1.1] in 10 ml of DMF was

stirred at 80 °C, to obtain 5n, 50, 5p respectively. The reactions were
completed after 24 hours. The reaction mixtures were poured into cold
water, obtaining precipitation of the solid compounds. The precipitates
were filtered off, washed with water and dried in oven overnight. The pure
products (5n, 50 and 5p) were obtained by crystallisation from ethanol.

Compound 5n (C23H21N304, MW 403.43) was obtained in total yield 20%;

m.p. 164 °C; TLC (CHCls/CH30H 9.5/0.5): Rf0.58. 'H-NMR (DMSO-d):

8 10.61 (1H, s, NH), 8.30 (2H, d, J= 8.8 Hz, H-2°,6), 8.09 (2H, d, J= 8.8

Hz, H-3’,5’), 7.75 (2H, m, H-4,7), 7.43 (2H, m, H-5,6), 8.09 (2H, d, J=

8.8, H-3’,5’), 7.35 (2H, s, H-27,6”), 3.90 (6H, s, 2CH3-C3”,5”), 3.75 (3H,

s, CH3-C4”). B3C-NMR (jmod, DMSO-ds): § 165.34 (C), 152.64 (2C),

149.52 (C), 142.59 (C), 140.59 (C), 134.57 (C), 129.52 (2C), 128.15 (2CH),

124.35 (2CH), 120.52 (2CH), 120.39 (C), 114.18 (2CH), 105.54 (2CH),

60.12 (CH3), 56.16 (2CH3). ESI-MS (1m1/Z): calcd for C23H21N304 404.16048,

found 404.16101 [M+H]*. Compound 50 (C20H14N4O3, MW 358.35) was

obtained in total yield 56%; m.p. >300 °C; TLC (CHCls/CH3OH 9.5/0.5):
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Rf 0.49. TH-NMR (DMSO-ds): § 10.79 (1H, s, NH), 8.41 (2H, d, ]J= 8.8 Hz,
H-3”,57), 8.21 (2H, d, J= 2.8 Hz, H-27,6”), 8.20 (2H, d, = 8.8 Hz, H-3",5),
7.98 (2H, d, J= 8.8 Hz, H-2°,6’), 7.65 (1H, s, H-7), 7.53 (1H, s, H-4), 7.20
(2H, d, J= 5.2 Hz, H-5.6). 3C-NMR (jmod, DMSO-dk): 6§ 164.09 (C=0),
150.98 (C), 149.22 (C), 143.82 (C), 140.39 (C), 140.11 (C), 135.07 (C),
129.26 (2CH), 127.00 (2CH), 125.80 (C), 123.58 (2CH), 122.35 (CH),
121.59 (CH), 120.42 (2CH), 118.65 (CH), 111.15 (CH). ESI-MS (1m/2): calcd
for Ca0HiuN,Os 359.11387, found 359.11386 [M+H]*. Compound 5p
(C20H14CIN;O, MW 347.79) was obtained in total yield 62%; m.p. 170.5
°C; TLC (PS/EA 6/4): R¢ 0.60. tH-NMR (DMSO-ds): § 8.36 (1H, s, NH),
8.20 (2H, d, J= 8.8 Hz, H-2",6"), 8.02 (2H, m, H-3’,5’), 7.94 (2H, d, ]= 8.4
Hz, H-2”,6), 7.63 (2H, m, H-4,7), 7.56 (2H, d, J= 8.4 Hz, H-3”,5”), 7.24
(1H, m, H-5,6). BC-NMR (jmod, DMSO-ds): § 166.42 (C), 164.63 (C),
150.72 (C), 140.90 (C), 137.76 (C), 136.61 (C), 133.35 (C), 131.10 (2CH),
129.69 (2CH), 129.61 (C), 129.35 (CH), 129.24 (CH), 128.69 (CH), 128.49
(2CH), 127.23 (CH), 122.49 (CH), 120.33 (CH). ESI-MS (11/2): calcd for

C20H14,CIN30 348.08982, found 348.08972 [M+H]*.

1.4.2.2.2.  Synthesis, purification and characterisation of /N-(4-(5-
chloro-1H-benzo[ dlimidazol-2-yl)phenyl)-3,4,5-
trimethoxybenzamide (6n), /N-(4-(5-chloro-1H-benzo| d]imidazol-
2-yl)phenyl)-4-nitrobenzamide (60), N-(4-(5-chloro-1H-
benzo[ dlimidazol-2-yl)phenyl)-4-chlorobenzamide (6p)

A mixture of 400 mg of 4-(5-chloro-1/-benzo| djimidazol-2-yl)aniline (1.64

mmol) (6m) and 416 mg of 3,4,5-trimethoxybenzoyl chloride (1.80 mmol)

(3n), or 334 mg of 4-nitrobenzoyl chloride (1.80 mmol) (30), or 315 mg of
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4-nitrobenzoyl chloride (1.80 mmol) (3p) [ratio 1:1.1] in 10 ml of DMF was
stirred at 80 °C, to obtain 6n, 60, 6p respectively. The reactions were
completed after 24 hours. The reaction mixtures were poured into cold
water, obtaining precipitation of the solid compounds. The precipitates
were filtered off, washed with water and dried in oven overnight. The
crudes obtained were all purified by flash chromatography (CHCl;/CH;OH
in ratio 96/4). Compound 6n (C23H20CIN3O4, MW 437.88) was obtained
in total yield 15%; m.p. 286-287 °C; TLC (CHCl;/CH3OH 9.5/0.5): R
0.53. 'TH-NMR (DMSO-d6): 6 10.35 (1H, s, NH), 8.17 (2H, d, J= 8 Hz, H-
2°,6’), 7.95 (2H, d, J= 8.4 Hz, H-3’,5’), 7.70-7.64 (1H, m, H-6), 7.53 (1H,
d, J= 8.4 Hz, H-7), 7.31 (2H, s, H-2”,6”), 7.24-7.19 (1H, m, H-4), 3.89 (6H,
s, 20CH3), 3.75 (3H, s, OCH3). B3C-NMR (APT, DMSO-ds+TFA-d): 6
165.66 (C=0), 152.63 (2C), 149.98 (C), 143.85 (C), 140.68 (C), 132.57 (C),
130.66 (C), 130.25 (C), 129.24 (C), 128.81 (2CH), 126.17 (CH), 120.64
(2CH), 117.19 (C), 115.22 (CH), 113.48 (CH), 105.38 (2CH), 60.03 (OCH3),
55.96 (20CH3). ESI-MS (1m1/2): calcd for Cz3H20CIN3O4 438.12151, found
438.12173 [M+H]*. Compound 60 (C20Hi3CIN4O3, MW 392.80) was
obtained in total yield 25%; m.p. >300 °C; TLC (CHCls/CH30OH 9.5/0.5):
Rf 0.45. 'H-NMR (DMSO-d6): 6 10.81 (1H, s, NH), 8.40 (2H, d, J= 8.8 Hz,
H-3”,5”), 8.22 (2H, d, J= 8.8 Hz, H-2”,6”), 8.18 (2H, d, J= 8 Hz, H-3’,5’),
7.99 (2H, d, J= 8.8 Hz, H-2’,6’), 7.71-7.65 (1H, m, H-7), 7.54 (1H, d, J= 8.8
Hz, H-4), 7.25-7.20 (1H, m, H-6). 3C-NMR (APT, DMSO-ds+ TFA-d): §
164.67 (C=0), 149.88 (C), 149.31 (C), 143.37 (C), 139.81 (C), 132.50 (C),
130.70 (C), 130.33 (C), 129.24 (2CH), 128.88 (2CH), 126.19 (CH), 123.49

(2CH), 120.64 (2CH), 117.61 (C), 115.25 (CH), 113.50 (CH). ESI-MS (11/2):
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caled for C20Hi3CIN4O3393.07489, found 393.07480 [M+H]+. Compound
6p (C20H1i3Cl.N3O, MW 382.24) was obtained in total yield 34%; m.p.
>300 °C; TLC (CHCl3/CH3;0H 9.5/0.5): R¢ 0.62. 'TH-NMR (APT, DMSO-
de+ TFA-d): §10.55 (1H, s, NH), 8.16 (2H, d, J= 8.8 Hz, H-3’,5’), 8.02 (2H,
d, J= 8.8 Hz, H-2",6”), 7.97 (2H, d, ]= 8.8 Hz, H-2",6"), 7.65 (2H, d, J= 8.4
Hz, H-3”,5"), 7.59 (2H, ws, H-4,7), 7.22 (1H, dd, Jorto= 8.6 Hz, Jmew= 2
Hz, H-6). 3C-NMR (APT, DMSO-ds+ TFA-d): § 165.16 (C=0), 149.93 (C),
143.81 (C), 136.97 (C), 132.88 (C), 132.50 (C), 130.67 (C), 130.30 (C),
129.67 (2CH), 128.88 (2CH), 128.49 (CH), 126.16 (CH), 120.47 (2CH),
119.25 (CH), 116.38 (C), 115.24 (CH), 113.54 (CH). ESI-MS (111/2): calcd for

C20H13Cl2N30 382.05084, found 382.05090 [M+H]~.

1.4.2.2.3.  Synthesis, purification and characterisation of N-(4-(5,6-
dichloro-1H-benzol[ dlimidazol-2-yl)phenyl)-3,4,5-
trimethoxybenzamide (7n), N-(4-(5,6-dichloro-14-
benzo[ dlimidazol-2-yl)phenyl)-4-nitrobenzamide (70), N-(4-(5,6-
dichloro-1H-benzo[ d]imidazol-2-yl)phenyl)-4-chlorobenzamide
(7p)
A mixture of 300 mg of 4-(5,6-dichloro-1H-benzo[ d]imidazol-2-yl)aniline
(1.08 mmol) (7m) and 274 mg of 3,4,5-trimethoxybenzoyl chloride (1.19
mmol) (3n), or 220 mg of 4-nitrobenzoyl chloride (1.19 mmol) (30), or
208 mg of 4-nitrobenzoyl chloride (1.19 mmol) (3p) [ratio 1:1.1] in 10 ml of
DMEF was stirred at 80 °C, to obtain 7n, 70, 7p respectively. The reactions
were completed after 24 hours. The reaction mixtures were poured into
cold water, obtaining precipitation of the solid compounds. The

precipitates were filtered off, washed with water and dried in oven
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overnight. The pure products were obtained by crystallisation from ethanol
(7n and 7p) or from methanol (70). Compound 7n (C23Hi19CLLN3O04, MW
472.32) was obtained in total yield 32%; m.p. 150.6 °C; TLC (PS/EA 6/4):
Rf0.34. 'TH-NMR (DMSO-dk): 6§ 10.43 (1H, s, NH), 8.13 (2H, d, J= 8.8 Hz),
7.95 (2H, d, J= 8.4 Hz), 7.83 (2H, s, H-4,7), 7.29 (2H, s, H-2",6"), 3.87
(3H, s, CH3), 3.81 (6H, ws, 2CH3). 3C-NMR (jmod, DMSO-ds): § 166.94
(C), 165.29 (C), 153.61 (C), 152.62 (C), 152.59 (C), 141.32 (C), 141.20 (C),
140.45 (C), 129.63 (C), 127.32 (2CH), 125.81 (C), 124.50 (C), 124.00 (C),
120.58 (2CH), 113.75 (2CH), 105.30 (2CH), 60.10 (CH3), 55.88 (2CH3).
ESI-MS (my/z): caled for Ci3HigClaN3O4 472.08254, found 472.08221
[M+H]+. Compound 70 (C20H12CL.N4O3, MW 427.24) was obtained in
total yield 10%; m.p. >300 °C; TLC (CHCl3/CH3OH 9.5/0.5): Rr0.53. H-
NMR (DMSO-dk): 6 10.83 (1H, s, NH), 8.41 (2H, d, J= 8.8 Hz, H-3”,5”),
8.22 (2H, d, J= 8.8 Hz, H-2”,6”), 8.19 (2H, d, J= 8.8 Hz, H-3’,5’), 8.00 (2H,
d, J= 8.8 Hz, H-2°,6°), 7.93 (1H, s, H-4), 7.76 (1H, s, H-7). 3C-NMR (APT,
DMSO-ds, TFA-d): 6 164.57 (C=0), 153.64 (C), 151.60 (C), 149.32 (C),
142.96 (C), 139.94 (C), 133.20 (C), 131.48 (C), 129.92 (CH), 129.29 (2CH),
128.73 (CH), 127.62 (C), 123.53 (2CH), 120.56 (CH), 119.21 (C), 115.54
(CH), 114.56 (CH), 114.11 (CH). ESI-MS (m/2): calcd for C,0Hi2Cl.N4O3
427.03592, found 427.03629 [M+H]+. Compound 7p (Cz0H12CI3N50, MW
416.69) was obtained in total yield 23%; m.p. 161-162 °C; TLC (PS/EA 6/4):
Rr0.69. tH-NMR (DMSO-dk): 6 10.63 (1H, s, NH), 8.17 (2H, d, ]J= 8.4 Hz,
H-2°,6"), 7.86 (2H, s, H-4,7), 7.81 (2H, d, J= 8.4 Hz, H-3’,5’), 7.62 (2H, d,
J= 8.4 Hz, H-2-6"’), 7.55 (2H, d, J= 8.4 Hz, H-3",5”"). 3C-NMR (jmod,
DMSO-dk): 6§ 166.47 (C), 164.82 (C), 153.22 (C), 141.47 (C), 137.78 (2C),
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136.68 (C), 133.20 (C), 131.10 (2CH), 129.66 (CH), 129.53 (C), 128.69
(2CH), 128.50 (CH), 127.56 (CH), 124.97 (C), 120.34 (CH), 115.94 (CH),
113.90 (CH). ESI-MS (m/2): calcd for CoHi2CI3N30 416.01181, found

416.01187 [M+H]*.

1.4.2.2.4.  Synthesis, purification and characterisation of N-(4-(5-
fluoro-1H-benzo[ dlimidazol-2-yl)phenyl)-3,4,5-
trimethoxybenzamide (8n), /N-(4-(5-fluoro-1H-benzol d]imidazol-2-
yl)phenyl)-4-nitrobenzamide (80), /N-(4-(5-fluoro-1/-
benzo[ dlimidazol-2-yl)phenyl)-4-chlorobenzamide (8p)

A mixture of 500 mg of 4-(5-fluoro-1H-benzo[ d]imidazol-2-yl)aniline (2.20

mmol) (8m) and 558 mg of 3,4,5-trimethoxybenzoyl chloride (2.42 mmol)

(3n), or 449 mg of 4-nitrobenzoyl chloride (2.42 mmol) (30), or 424 mg

of 4-nitrobenzoyl chloride (2.42 mmol) (3p) [ratio 1:1.1] in 10 ml of DMF

was stirred at 80 °C, to obtain 8n, 8o, 8p respectively. The reactions were
completed after 24 hours. The reaction mixtures were poured into cold
water, obtaining precipitation of the solid compounds. The precipitates
were filtered off, washed with water and dried in oven overnight. The
crudes obtained were purified by flash chromatography (CHCls/CH30OH in
ratio 95/5) for 8o. Pure 8n and 8p were obtained by crystallisation from
ethanol. Compound 8n (Cz3H20FN304, MW 421.42) was obtained in total
yield 13%; m.p. 171.8 °C; TLC (CHCl3/CH30H 9.5/0.5): Rr0.46. tH-NMR

(DMSO-d6): 6 10.60 (1H, s, NH), 8.37 (2H, s, H-2",6”"), 8.16 (2H, d, J= 8.4

Hz, H-2°6), 7.80 (2H, d, J= 8.4, H-3",5’), 7.63 (1H, m, H-6), 7.43 (1H, m,

H-4), 7.14 (1H, m, H-7). 3C-NMR (jmod, DMSO-dk): § 165.19 (C), 158.94

(1C, Jer= 235 Hz, C-F), 151.67 (2C), 140.91 (C), 140.52 (2C), 137.86 (C),
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133.78 (C), 128.21 (CH), 127.75 (2CH), 122.96 (2C), 122.80 (C), 120.48
(2CH), 117.20 (CH), 115.29 (1C, 3Jcr= 10 Hz, CH), 111.05 (1C, 2Jcr= 25 Hz,
CH), 100.85 (1C, ?Jcr= 26 Hz, CH), 60.10 (CHj3), 56.13 (2CH3). ESI-MS
(my/z): caled for Ci3H20FN3O4 422.15106, found 422.15108 [M+H]".
Compound 8o (C20Hi3FN4O3, MW 376.34) was obtained in total yield
29%; m.p. >300 °C; TLC (CHCls/CH30H 9.5/0.5): R 0.35. 'H-NMR
(DMSO-ds): §10.79 (1H, s, NH), 8.4 (2H, d, J= 8.8 Hz, H-3”,5”), 8.22 (2H,
d, J= 8.8 Hz, H-2”,6), 8.17 (2H, d, J= 8.4 Hz, H-3",5’), 7.98 (2H, d, J= 8.8
Hz, H-2,6’), 7.58 (1H, ws, H-7), 7.38 (1H, ws, H-4), 7.06 (1H, m, H-6).
B3C-NMR (APT, DMSO-ds+TFA-d): § 164.59 (C=0), 160.11 (C, d, 1J= 240
Hz, C-F), 149.93 (C), 149.32 (C), 143.29 (C), 139.84 (C), 132.23 (C, m, C-
F), 129.28 (2CH), 128.79 (2CH), 128.36 (C), 123.52 (2CH), 120.60 (2CH)),
115.34 (C, d, 3Jcr= 10 Hz, CH-7), 114.41 (C, d, ?Jc-r= 25 Hz, CH-6), 100.47
(C, d, ?Jcr= 29 Hz, CH-4). ESI-MS (m/2z): Calcolato per CoHi3FN4O3
377.10445, Misurato 377.10449 [M+H]+. Compound 8p (C20Hi3CIFN;O,
MW 365.79) was obtained in total yield 37%; m.p. 138.6 °C; TLC
(CHCIl3/CH30H 9.5/0.5): Rr 0.66. TH-NMR (DMSO-dk): 6 10.55 (1H, s,
NH), 8.15 (1H, m, H-6), 7.98-7.93 (4H, m, H-3’,5°,3”,5”), 7.65-7.56 (4H,
m, H-2°,6’,27,6”), 7.39 (1H, m, H-4), 7.07 (1H, m, H-7). 3C-NMR (jmod,
DMSO-dk): 8 165.55 (C), 159.49 (1C, d, Jcr= 234 Hz, C-F), 153.39 (C),
141.51 (2C), 137.49 (2C), 134.31 (C), 132.02 (CH), 130.58 (2CH), 129.62
(2CH), 129.41 (2CH), 126.00 (C), 121.23 (2CH), 110.88 (1C, d, 2Jcr= 25 Hz,
CH). ESI-MS (1m/Z): calcd for C2oHi3CIFN30O 366.08039, found 366.08069

[M+H]*.
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1.4.2.2.5.  Synthesis, purification and characterisation of /N-(4-(5,6-
difluoro-1H-benzo[ d]imidazol-2-yl)phenyl)-3,4,5-
trimethoxybenzamide (9n), N-(4-(5,6-difluoro-1/4-
benzo[ dlimidazol-2-yl)phenyl)-4-nitrobenzamide (90), N-(4-(5,6-
difluoro-1H-benzo[ dlimidazol-2-yl)phenyl)-4-chlorobenzamide
(9p)
A mixture of 300 mg of 4-(5,6-difluoro-14-benzo[d|imidazol-2-yl)aniline
(1.22 mmol) (9m) and 309 mg of 3,4,5-trimethoxybenzoyl chloride (1.34
mmol) (3n), or 249 mg of 4-nitrobenzoyl chloride (1.34 mmol) (30), or
235 mg of 4-nitrobenzoyl chloride (1.34 mmol) (3p) [ratio 1:1.1] in 10 ml
of DMF was stirred at 80 °C, to obtain 9n, 90, 9p respectively. The
reactions were completed after 24 hours. The reaction mixtures were
poured into cold water, obtaining precipitation of the solid compounds.
The precipitates were filtered off, washed with water and dried in oven
overnight. The crudes obtained were purified by flash chromatography
(CHCl3/CH3;0H in ratio 98/2) for 90 and 9p. Pure 9n was obtained by
crystallisation from methanol. Compound 9n (Cz23H19F2N304, MW 439.41)
was obtained in total yield 28%; m.p. 285-287 °C; TLC (CHCl;/CH3;0OH
9.5/0.5): R 0.50. tTH-NMR (DMSO-d&): § 10.34 (1H, s, NH), 8.14 (2H, d,
J= 8.4 Hz, H-2°,6"), 7.94 (2H, d, J= 8.4 Hz, H-3’,5’), 7.69 (1H, m, H-7),
7.55 (1H, m, H-4), 7.30 (2H, s, H-2”,6”), 3.89 (6H, s, C-3”,5”-OCH3), 3.75
(3H, s, C-4”-OCH3). 3C-NMR (jmod, DMSO-ds): 6 165.10 (C=0), 153.17
(C), 152.63 (2C), 146.64 (2C, dd, Jc-r= 251 Hz, ?Jc.r= 14 Hz, C-F), 140.78
(C), 140.45 (C), 139.28 (C, d, Jc-r=12 Hz, C), 130.34 (C, d, Jcr= 12 Hz, C),

129.78 (C), 126.94 (2CH), 124.76 (C), 120.47 (2CH), 105.87 (C, d, Jcr= 19
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Hz, CH-F), 105.37 (2CH), 99.17 (C, d, Jcr= 22 Hz, CH-F), 60.12 (CH3),
56.11 (2CH3). ESI-MS (m/2): calcd for Cz3HigF2N3O4 440.14164, found
44014157 [M+H]+*. Compound 90 (CzoHi2F2N4O3, MW 394.33) was
obtained in total yield 48%; m.p. >300 °C; TLC (CHCl3;/CH3OH 9.5/0.5):
Rf0.37. 'H-NMR (DMSO-dk): 6 10.79 (1H, s, NH), 8.40 (2H, d, J= 8.8 Hz,
H-3”,5”), 8.22 (2H, d, J= 8.8 Hz, H-2”,6"), 8.16 (2H, d, J= 8.8 Hz, H-3’,5’),
7.98 (2H, d, J= 8.8 Hz, H-2°,6’), 7.64 (2H, ws, H-4,7). 3C-NMR (APT,
DMSO-ds+ TFA-d): § 164.55 (C=0), 150.62 (C), 149.34 (C), 148.71 (2C,
dd, YJcr= 245 Hz, ?Jcr= 17 Hz, C-F), 143.34 (C), 139.88 (C), 138.42 (C),
129.25 (2CH), 128.78 (2CH), 127.76 (C, m, C), 123.44 (2CH), 120.59
(2CH), 117.87 (C, m, C), 102.50 (2C, dd, 2J= 15.5 Hz, 3]= 7 Hz, CH). ESI-
MS (m1/2): caled for CaoH12F2N4O3 395.09502, found 395.09509 [M+H]+.
Compound 9p (C20H12CIF2N30, MW 383.78 °C) was obtained in total
yield 47%; m.p. >300 °C; TLC (CHCl3/CH30H 9.5/0.5): R 0.41. 'H-NMR
(DMSO-ds): 6 10.54(1H, s, NH), 8.14( 1H, d, J= 8.8 Hz, H-7), 8.02 (2H, d,
J= 8.4 Hz, H-2°,6), 7.954 (2H, m, H-4, 2”,6”), 7.64 (2H, d, J= 8.4 Hz, H-
3’,5’), 7.57 (2H, d, J= 8.4 Hz, H-3”,5”). 3C-NMR (jmod, DMSO-dk): &
166.49 (C=0), 164.70 (C) 153.18 (C), 146.76 (2C, dd, YJc.r=237 Hz, 2Jcr=
14 Hz, C-F), 140.72 (C), 137.77 (C), 136.63 (C), 133.43 (C), 131.15 (2CH),
129.73 (2CH), 128.74 (2CH), 128.55 (2CH), 127.01 (CH), 124.93 (C),
120.37 (CH). ESI-MS (m/z): calcd for CzoHi2CIF2N30 384.07097, found

384.07104 [M+H]".
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1.4.2.2.6.  Synthesis, purification and characterisation of 3,4,5-
trimethoxy-/NV-(4-(5-methyl-1H-benzo[ dlimidazol-2-
yl)phenyl)benzamide (10n), /N-(4-(5-methyl-1H-benzo|[ d]imidazol-
2-yl)phenyl)-4-nitrobenzamide (100), N-(4-(5-methyl-14-
benzo[ dlimidazol-2-yl)phenyl)-4-chlorobenzamide (10p)

A mixture of 350 mg of 4-(5-methyl-1H-benzo[d]imidazol-2-yl)aniline

(1.57 mmol) (10m) and 399 mg of 3,4,5-trimethoxybenzoyl chloride (1.73

mmol) (3n), or 321 mg of 4-nitrobenzoyl chloride (1.73 mmol) (30), or 303

mg of 4-nitrobenzoyl chloride (1.73 mmol) (3p) [ratio 1:1.1] in 10 ml of

DMF was stirred at 80 °C, to obtain 10n, 100, 10p respectively. The

reactions were completed after 24 hours. The reaction mixtures were

poured into cold water, obtaining precipitation of the solid compounds.

The precipitates were filtered off, washed with water and dried in oven

overnight. The solid obtained were pure for derivatives 100 and 10p. Crude

of 10n was purified by flash chromatography (CHCl3/CH3OH in ratio

95/5). Compound 10n (Cz4H23N304, MW 417.46) was obtained in total

yield 35%; m.p. 287-279 °C; TLC (CHCIl3/CH30H 9.5/0.5): Rf 0.50. H-

NMR (DMSO-ds): 6§ 10.32 (1H, s, NH), 8.15 (2H, d, J= 8.8 Hz, H-3’,5’),

7.93 (2H, d, J= 8.8 Hz, H-2",6’), 7.52-7.50 (1H, m, H-7), 7.43-7.39 (1H, m,

H-4), 7.31 (2H, s, H-2”,6”), 7.02-7.00 (1H, m, H-6), 3.90 (6H, s, 20CHj3),

3.75 (3H, s, OCH3), 2.44 (3H, s, CH3). 3C-NMR (APT, DMSO-ds+ TFA-

d): 6 165.49 (C=0), 152.65 (2C), 148.24 (C), 143.68 (C), 140.73 (C), 136.11

(C), 131.69 (C), 129.50 (C), 129.28 (C), 128.62 (2CH), 127.40 (CH), 120.57

(2CH), 120.47 (CH), 117.28 (C), 113.06 (CH), 105.44 (2CH), 59.99

(OCHj;), 55.97 (20CHs), 20.94 (CHs). ESIMS (m/%2): caled for
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C24H23N304  418.17613, found 418.17618 [M+H]*. Compound 100
(C21H16N4O3, MW 372.38) was obtained in total yield 80%; m.p. 297-298
°C; TLC (CHCls/CH3OH 9.5/0.5): Rf 0.45. 'H-NMR (DMSO-ds): 6 10.77
(1H, s, NH), 8.40 (2H, d, J= 8.8 Hz, H-3”,5”), 8.22 (2H, d, J= 8.8 Hz, H-
27,6”), 8.17 (2H, d, J= 8.8 Hz, H-3",5’), 7.97 (2H, d, J= 8.8 Hz, H-2",6"),
7.47 (1H, d, J= 8 Hz, H-7), 7.37 (1H, s, H-4), 7.03 (1H, d, J= 8 Hz, H-6),
2.44 (3H, s, CHs). BC-NMR (APT, DMSO-ds+ TFA-d): § 164.48 (C=0),
149.35 (C), 148.11 (C), 143.23 (C), 139.87 (C), 136.15 (C), 131.69 (C), 129.50
(C), 129.29 (2CH), 128.72 (2CH), 127.44 (CH), 123.49 (2CH), 120.58
(2CH), 117.80 (C), 113.29 (CH), 113.10 (CH), 20.93 (CH3). ESI-MS (1m1/2):
caled for CaiHiN,4O3373.12952, found 373.12961 [M+H]+. Compound 10p
(C21H16CIN3O, MW 361.82) was obtained in total yield 60%; m.p. >300
°C; TLC (CHCls/CH3sO0H 9.5/0.5): R¢ 0.82. 'H-NMR (DMSO-ds): & 10.52
(1H, s, NH), 8.14 (2H, d, J= 8.4 Hz, H-2",6”), 8.02 (2H, d, J= 8 Hz, H-
2°,6’), 7.95 (2H, d, J= 8.4 Hz, H-3’,5’), 7.64 (2H, d, J= 8.4 Hz, H-3”,57),
7.46 (1H, d, J= 7.6 Hz, H-7), 7.36 (1H, s, H-4), 7.02 (1H, d, J= 8 Hz, H-6),
2.43 (3H, s, CHs). 3C-NMR (APT, DMSO-ds+TFA-d): § 165.08 (C=0),
148.21 (C), 143.52 (C), 136.94 (C), 136.11 (C), 132.93 (C), 131.71 (C), 129.68
(2CH), 129.52 (C), 128.65 (2CH), 128.49 (2CH), 127.41 (CH), 120.46 (CH),
117.44 (C), 113.27 (CH), 113.08 (CH), 20.95 (CH3j). ESI-MS (m/Z): calcd

for C21Hi6sCIN3O 362.10547, found 362.10547[ M+H]-~.
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1.4.2.2.7.  Synthesis, purification and characterisation of /N-(4-(5,6-

dimethyl-1H-benzo|[ dlimidazol-2-yl)phenyl)-3,4,5-

trimethoxybenzamide (11n), N-(4-(5,6-dimethyl-1/-

benzo[ dlimidazol-2-yl)phenyl)-4-nitrobenzamide (110), N-(4-(5,6-

dimethyl-1-benzo[ d]imidazol-2-yl)phenyl)-4-chlorobenzamide

(11p)
A mixture of 300 mg of 4-(5,6-dimethyl-1/4-benzo[d]imidazol-2-yl)aniline
(1.26 mmol) (11m) and 321 mg of 3,4,5-trimethoxybenzoyl chloride (1.39
mmol) (3n), or 258 mg of 4-nitrobenzoyl chloride (1.39 mmol) (30), or 243
mg of 4-nitrobenzoyl chloride (1.39 mmol) (3p) [ratio 1:1.1] in 10 ml of DMF
was stirred at 80 °C, to obtain 11n, 110, 11p respectively. The reactions were
completed after 24 hours. The reaction mixtures were poured into cold water,
obtaining precipitation of the solid compounds. The precipitates were filtered
oft, washed with water and dried in oven overnight. The pure solid products
11n, 110, 11p were obtained by washing the crudes with few millilitres of diethyl
ether. Compound 11n (CzsH25N304, MW 431.48) was obtained in total yield
40%; m.p. 272-274 °C; TLC (CHCl3/CH3;0H 9.5/0.5): Rr 0.47. 'H-NMR
(DMSO-ds): 6 10.43 (1H, s, NH), 8.16 (2H, d, J= 8.4 Hz, H-2°,6’), 8.00 (2H,
d, J= 8.4 Hz, H-3’,5°), 7.46 (2H, s, H-4,7), 7.32 (2H, s, H-27,6”), 3.89 (6H, s,
20CHs), 3.75 (3H, s, OCH3), 2.37 (6H, s5,2CH;). 3C-NMR (jmod, DMSO-
ds): 6 165.20 (C=0), 152.65 (2C), 149.05 (C), 141.66 (C), 140.56 (C), 134.42
(C), 132.63 (2C), 129.62 (2C), 127.51 (2CH), 122.04 (C), 120.50 (2CH), 114.24
(2CH), 105.42 (2CH), 60.13 (OCH3), 56.13 (20CH3), 19.94 (2CH3). ESI-MS
(m/z): calcd for C2sH2sN304 432.19178, found 432.19174 [M+H]*. Compound

110 (C22H1sN4O3, MW 386.40) was obtained in total yield 18%; m.p. >300 °C;
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TLC (CHCls/CH30H 9.5/0.5): Rr 0.40. 'TH-NMR (DMSO-dk): 6 10.77 (1H, s,
NH), 8.40 (2H, d, J= 8.8 Hz, H-3”,5”), 8.34 (2H, d, J= 2 Hz, H-2”,6”), 8.23-
8.14 (4H, m, H-2’,3’,5°,6’), 7.96 (1H, d, J= 8.8 Hz, H-7), 7.35 (1H, s, H-4),
2.33 (6H, s, 2CHj3). BC-NMR (jmod, DMSO-d): § 165.77 (C), 164.03 (C),
150.05 (C), 149.21 (C), 140.41 (C), 139.84 (C), 136.36 (C), 132.77 (C), 130.67
(2CH), 130.48 (C), 129.25 (2CH), 126.77 (CH), 125.97 (C), 123.71 (2CH),
123.57 (2CH), 120.38 (C), 19.99 (2CH3). ESI-MS (111/2): calcd for C22HisN4O3
387.14517, found 387.14487 [M+H]+. Compound 11p (Cz2HisCIN;O, MW
375.85) was obtained in total yield 19%; m.p. >300 °C; TLC (CHCls/CH;0H
9.5/0.5): Rr 0.32. tH-NMR (DMSO-dk): 6 10.54 (1H, s, NH), 8.14-7.93 (6H,
m, H-2°, 3°, 5, 6°, 27, 67), 7.65- 7.56 (3H, m, H-3”, 57, 7), 7.37 (1H, s, H-4),
2.34 (6H, s, 2CHj3). BC-NMR (jmod, DMSO-dk): § 166.43 (C), 164.63 (C),
149.89 (C), 140.43 (C), 137.76 (C), 136.58 (C), 133.39 (C), 131.11 (2CH), 130.92
(C), 129.66 (2CH), 129.59 (C), 128.72 (2CH), 128.51 (2CH), 126.88 (CH),
124.86 (C), 120.30 (CH), 19.97 (2CH3). ESI-MS (m/2): calcd for C22HisCIN3O

376.12112, found 376.12097 [M+H]*.

1.5. Results and discussion

As described above, the driven idea for this project is the isosteric

substitution of a nitrogen atom with a carbon atom and evaluate the

antiviral activity of the resulted molecules compared with the parental

compounds. As far as naphthoimidazole derivatives (4a-f, i-1) which were

designed and synthesised in order to confirm the relevance of nitrogen
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atom in position 5 of the imidazoquinoline derivatives for the interaction
with the target, these molecules confirmed the predicted affinity data
previously published since they showed a consistent loss of antiviral activity
with respect of parental compounds. Derivative 4a still maintains a weak
antiviral activity, ECso at 16 uM, but associated with cytotoxicity CCso at 37
uM. Cytotoxicity is consistent in the greater part of analysed compounds,
4b, 4e, 4f, 4j presented CCso values ranging between 2.8 and 11.8 uM, see
Table 1. Clearly, the interactions between the chemical moiety here labelled
as R, and serine 411 of the target RdRp are not responsible for the anti-

BVDV activity.

Table 1 Antiviral activity and cytotoxicity of naphthoimidazole derivatives (4a-f, i-I), NM 108 and

ribavirin were used as positive controls.

4a-f, i-l

MDBK BVDV
aCCso PECso

R
4a @H 37.5+3.5 16.2+2.6
4b —QC% 11.6 >11.6

Compound

4c NO, >100 >100

4d —QCN >100 >100
4e —@—Cﬁ 11.8 >11.8
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4f

4 /Q\Noz ~100 ~100
A
S

OCH3 2.8 >28

4 NO, 4.7 >4.7
4k 7 ~100 ~100
4] & >100 >100
-
NM 108 >100 1.5+0.2
ribavirin >100 18+2

saCompound concentration (uM) required to reduce the viability of mock-infected MDBK cells by 50%, as
determined by the MTT method.

bCompound concentration (uM) required to achieve 50% protection of MDBK cells from the BVDV-induced
cytopathogenicity, as determined by the MTT method.

Concerning the benzimidazole derivatives (5-11n, 5-110, 5-11p) which were
synthesised and evaluated for activity and selectivity against BVDV, the
results are presented in Table 2. It results very clear that when R’ is a
chlorine atom (5-11p), corresponding compounds have no relevant antiviral
activity (ECso values always higher than CCso values). All trimethoxy-
derivatives (5-11n) turned out as highly potent BVDV inhibitors with ECso
values ranging between 0.09 and 41 pM, whereas only some nitro-
derivatives (6-90) showed interesting ECso values: 1.9, 53, 7.9 and 3.6 uM
respectively. Selecting the most active trimethoxy-derivatives (5-11n),
preliminary SARs highlight that the substitution on the benzimidazole
scaffold, in position 5 or both 5 and 6 generally increases the activity, the
presence of one (6n) or two chlorine atoms (7n) strengthen the activity but
is enhanced with cytotoxicity, CCso values: 45 and 28 uM respectively. The

presence of one or two smaller atoms such as fluorine (8n and 9n)
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augmented the activity (ECso: 41 and 1.4 pM) cytotoxicity values higher

than 100 uM. The best anti-BVDV activity is obtained when there is a

methyl group in position 5 or both 5 and 6, resulting in derivatives 10n and

11n, with ECso values of 0.23 and 03 pM respectively. This SAR analysis was

confirmed by the selectivity index (S.I.), which is a parameter of preferential

antiviral activity of a compound in relation to its cytotoxicity (CCso/ECso),

and S.I. values are also tabulated in Table 2, and several new compounds

present a better score than positive control compounds, NM108 (S.I. 66.7)

and the gold-standard reference ribavirin for which S.I. is 5.6.

Table 2 Antiviral activity and cytotoxicity of benzimidazole derivatives (5-11n, 5-110, 5-11p), NM108

and ribavirin were used as positive controls.

N
H
5-11n, 5-110, 5-11p

Compound Ri Ro R’ MDBK
aCCso
5n H H 3,4,5-tri-OCHj; 28.5+7
50 H H 4-NO; >100
5p H H 4-Cl >100
6n Cl H  3,4,5-tri-OCH3; 45
60 Cl H 4-NO- >100
6p Cl H 4-Cl >100
7n Cl ClI 3,4,5-tri-OCH; 28
70 Cl 4-NO> >100
7p cl al 4-Cl 60
8n F H 3,4,5-tri-OCH3 >100

/R'

OO

BVDV
bECso
2.2:0.4
>100
>100
0.09+0.01
1.9+0.2
>100
1.3+0.1
53+7
>60
41+9

S.L

12.9

500

>52.6

21.5
>1.9

>2.4
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80 F H 4-NO, >100 7.9+£2.2 >12.7
8p F H 4-Cl >100 >100 1
9n F F  3,4,5-tri-OCH; >100 1.4+0.3 >71.4
90 F F 4-NO, >100 3.6+0.1 >27.8
9p F F 4-Cl >100 >100 1
10n CH; H 3,4,5-tri-OCH; >100 0.23+0.04 | >434.8
100 CH; H 4-NO, >100 >100 1
10p CH; H 4-Cl >100 >100 1
11n CH; CH; 3,4,5-tri-OCH3 >100 0.3+0.1 >333.3
110 CH; CH; 4-NO» >100 >100 1
11p CH; CH; 4-Cl >100 >100 1
NM 108 >100 1.5+0.2 >66.7
ribavirin >100 18+2 >5.6

aCompound concentration (uM) required to reduce the viability of mock-infected MDBK cells by 50%, as determined
by the MTT method.

bCompound concentration (uM) required to achieve 50% protection of MDBK cells from the BVDV-induced
cytopathogenicity, as determined by the MTT method.

1.6. Conclusions

The naphthoimidazole derivatives designed and synthesised as isostere of
imidazoquinoline derivatives (previously reported) in order to evaluate the
interactions between atoms of the chemical scaffold of these derivatives and
the key aminoacids of the BVDV RdRp. The quinoline nitrogen atom was
substituted with a carbon atom, which is not able to make H-bond
interactions with aminoacid R295 and this resulted in loss of activity, as
showed by the antiviral assay results. So, we can confirm the predicted
relevance of N - R295 interaction from the docking studies published. This
isosteric substitution led to not active derivatives against BVDV. At the same

time, it is also clear that the biochemical interactions between the aromatic
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moiety, here labelled as R, and serine 411 of the RdRp target are not

responsible, but only bearing for the anti-BVDV activity.

Concerning the benzimidazole derivatives which were synthesised and
evaluated for activity and selectivity against BVDV, several compounds
showed interesting ECso values and selectivity index, emerging as
interesting agents, not toxic, against in cellula virus infection. If compared
with benzotriazole parental compounds, the isostere benzimidazoles

synthesised turned out much more active.
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Section Il

2. Host targeting antivirals

2.1. Introduction

Inhibitors of specific host functions on which many different viruses depend
have the additional potential to treat a wide range of viral infections (broad-
spectrum antivirals)25. Most enveloped viruses use the endoplasmic
reticulum (ER) glycoprotein quality control (QC) machinery for the
biosynthesis of the glycoproteins needed for the assembly of their

envelope26. The endoplasmic reticulum is the largest membrane-bound
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organelle in the cell; it is the site of many cellular processes, including
protein synthesis, modification and transport, lipid synthesis and calcium
homeostasis regulation by calcium storage and secretion27-39. The ER forms
a contiguous structure of interconnected sheets and tubules - with a
common luminal space - that spreads from the nuclear envelope (NE) to
the cell cortex. At the morphological level, it can be classified into two
types, smooth ER (SER) and rough ER (RER). The RER has a sheet-like
morphology and is characterised by the presence of ribosomes associated
with the cytosolic face of the ER. The biosynthesis of secretory and
membrane proteins begins with translation of mRNA in the cytosol by
ribosomes; then the nascent polypeptide enters the ER lumen through the
translocon?7-31.32. Once inside the ER, the newly synthesized protein is
destined to start proper folding and acquire post-translational modifications
such as N-glycosylation. Proteins undergo folding in the ER with the
support of chaperones and folding enzymes, such as glycosyltransferases,
glycosidases, disulphide isomerases, oxidoreductases, and peptidyl-prolyl
isomerases, to name only a few. When the protein is properly folded, if it
is destined for secretion, it leaves towards the Golgi and from here it carries
on to its final destination28. Despite the many ER enzymes and complexes
dedicated to proper folding of proteins, a fraction of these proteins never
achieves their native and functional form and remains misfolded or it
aggregates. Misfolded proteins can either be retained in the ER, entering

the calnexin/calreticulin cycle or be shunted to the ER-associated
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degradation (ERAD) pathway, ensuring that aberrant polypeptides do not
progress down the secretory pathway33. Interestingly, there are several links
between activation of ER stress response pathways and human pathology.
One such example is the viral infection of a cell, consisting of a series of
events such as viral entry, viral mRNA synthesis and processing, viral
polypeptide synthesis and modification, viral genome replication and
maturation. Similarly, to some intracellular parasites, viruses rely on the
host's cellular machinery to complete their replication. In particular, viral
glycoproteins are processed in the host's ER, which is oversaturated during
viral infections. The resulting ER stress in turn activates the unfolded
protein response (UPR), potentially limiting the viral life cycle. For this
reason, viruses have evolved mechanisms to cope with ER stress and UPR34.
Preventing the maturation of infectious viruses by inhibiting ERQC
provides an interesting target for the development of broad-spectrum
antivirals. It has been demonstrated that inhibition of ER a-glucosidase II
(a-Glull) by iminosugars, glycomimetics originally isolated from plants35.36
resulted in antiviral activity against many virus families in cellula and in

VvIvod7-40,

2.1.1. An overview of ERQC machinery

The ER hosts several resident proteins that are involved in the
“folding process”. The newly synthesized protein enters the ER and

undergoes a series of modifications “helped” by molecular
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chaperones and folding enzymes that work all together with the aim
of ensuring proper folding of glycoproteins destined for the secretory
pathway. Modification of a glycoprotein begins as soon as it enters
the ER and continues till the very last moment before the
glycoprotein is released from the ER. Chaperones and folding
enzymes are very versatile proteins that can interact with many
different clients. Briefly, the synthesis, maturation and release of
glycoproteins from the ER can be described starting with the
translation process in ribosomes seated on translocons on the
cytosolic surface of the RER. The nascent glycoprotein is translocated
inside the ER lumen where an oligosaccharyltransferase (OST)
attaches pre-assembled glycans (comprised of three glucoses, nine
mannoses — three for each arm - and two N-acetyl glucosamines,
GlcsMang-GIcNAcz) to an asparagine (Asn) residue of an N-
glycosylation motif on the nascent polypeptide. Disulphide bonds
formation and removal of the amino-terminal signal sequence by a
peptidase also take place at this stage. ER a-glucosidase I (a-Glul)
removes the terminal glucose residue from the N-linked glycan,
generating a diglucosylated species?8. Diglucosylated proteins are
processed by ER a-glucosidase II (a-Glull), the main ERQC glycosyl
hydrolase, admitting folding client glycoproteins into ERQC and
releasing them from it. ER a-Glull first cleaves the middle glucose

from the glycan, competing with malectin, an ER lectin that has a
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high specificity for diglucosylated glycans#. The resulting
monoglucosylated glycan is recognised by ER lectins calnexin (CNX)
and calreticulin (CRT). Calnexin is a membrane-associated protein
and calreticulin its soluble paralogue; they both contain a globular
carbohydrate-binding domain that is specific for an Asn-bound
GlcMany-GlecNAc: glycan. CNX and CRT promote proper folding of
glycoproteins mostly by associating with a number of chaperones and
foldases, thus preventing aggregation, stabilizing the folding process
and retaining misfolded proteins in the ER. Once the same o-Glull
removes the final glucose residue from the N-linked glycan, the
glycoprotein is released by the lectins and associated chaperones. The
resulting deglucosylated glycoprotein is free to complete its folding
process and leave the ER, but not before being checked by the so-
called ER glycoprotein folding checkpoint enzyme, UDP-Glucose
glycoprotein glucosyltransferase (UGGT) that controls if any
misfolded state persist. If so, UGGT transfers a glucose (from UDP-
Glucose) to a glycan on the misfolded glycoprotein, regenerating a
mono-glucosylated glycan that can bind the ER lectins and undergo
further attempts of assisted folding. The shuttling of glycoproteins
between the ER lectins and UGGT, with a-Glull and UGGT
removing and adding a glucose on the Mang-glycan respectively, is

called the calnexin/calreticulin cycle28. A misfolded glycoprotein that
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fails to attain its native fold has one destiny: the endogenous ER

quality control system called ER-associated degradation (ERAD).

As iminosugars4° are active against viral replication by inhibiting ER
a-Glul and ER a-Glull it can be hypothesised that UGGT inhibition
would also potentially have antiviral potential. Whereas UGGT
activity is beneficial to avoid premature secretion of misfolded
glycoproteins under physiological conditions, during a viral infection,
when the ER is stressed by a big amount of glycoproteins that need
the ERQC machinery to proper fold glycoproteins and assembly
mature virions, UGGT inhibition could lead to antiviral effects, just
as ER a-Glul and a-Glull inhibition. This idea is supported by the
data published in 2017, proving that heterozygous knock-out of

UGGT1 in mice reduced viral pathogenicity42.
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2.1.2. UDP-glucose: glycoprotein glucosyltransferase

(UGGT)

UDP-glucose: glycoprotein glucosyltransferase is the glycoprotein
misfold sensor in the ER. This 170-kDa, Ca2+-dependent enzyme has
for a long time resisted structural determination44, until the Zitzmann
group published in 2017 the first crystal structures of a full-length
eukaryotic protein (Chaetomium thermophilum UGGT), showing
the intrinsic interdomain flexibility of the protein45. UGGT structure
is organised as follows: at the N-terminal portion, ~1,200 residues
comprise the enzyme’s misfold sensor domain, whereas at the C-
terminal portion ~300 residues encode the catalytic domain: a

glucosyltransferase 24 family (GT24) A-type domain.

GT24 Catalytic domain

GT24

TRXI1A Thioredoxin-Like domain 1

TRXL2 Thioredoxin-Like domain 2

TRXL3 Thioredoxin-Like domain 3

TRX14 Thioredoxin-Like domain 4

B-Sandwich 1

BS2 B-Sandwich 2

Figure 7 UGGT structural composition
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More in detail, Roversi et al first described the UGGT domain
architecture: four thioredoxin-like (TRXL) domains in the N-
terminal portion, followed by two seven-stranded [-sandwiches (S1
and S2) that clasp the C-terminal catalytic glucosyltransferase (GT)
domain (Figure 8). Unusually, UGGT folds in a non-sequential

order45.

45-220 e 275-410 414-656 667-880 897-950 1039-1149  1197-1475
242 1037

6
<
< S

957-

— BS1

Figure 8 Structure and topology of CtUGGT. (A-C) Three orthogonal views of crystal structure of
the CtUGGT (PDB ID 5MU1). The seven domains are in cartoon representation: TRXL1 (purple), TRXL2
(blue), TRXL3 (cyan), TRXL4 (green), BS1 (yellow), fS2 (orange), and GT (red). The five N-linked glycans

50



(at N56, N329, N638, N894, and N1227) are in stick representation. Six conserved cysteine residues form
three disulfide bonds, one in the TRXL1 domain (CtUGGT C135-C150) and two in the GT domain (CtUGGT
C1330-C1423 and Ci1419-C1437). The Ca?*ion bound at the conserved nucleotide-sugar
coordinating 392DAD"3%4 motif is represented as a green sphere. A black asterisk marks the catalytic site. A
black triangle marks the dangling ends around the disordered loop (CtUGGT residues 243-285, between the
second strand of the 51 sandwich and the N-terminal part of the TRXL4 domain). (D and E) The 2- and 1-
dimensional topological diagrams of CtUGGT, respectively. The first and second strands of f-sandwich BS1
(residues 28-36 and 225-242, respectively, striped yellow) flank the part of sequence encoding TRXL1
(residues 45-220, magenta), with the rest of BSI encoded by a portion of sequence (residues 957-1,037,
yellow) more than 700 residues downstream of the [S1 sandwich’s second strand. TRXL1 adopts a
noncanonical subdomain structure, different from all structures of Pfam family PF01323 members, in which
an N-terminal a-helical subdomain is followed by a C-terminal thioredoxin subdomain. The N- and C-
terminal halves of TRXL4 (residues 275-410 and 897-950, the latter portion in striped green) occur in the
standard order but are separated in sequence by TRXL2 and TRXL3 4.

UGGT activity has been studied using both native and misfolded
glycoprotein substrates4446-48,  glycopeptides or small synthetic
clients#9:50. These studies have proven UGGT as highly selective for
re-glucosylation of misfolded over folded substrates. The enzyme re-
glucosylates only glycans in misfolded proteins, and it is able to cope
with a variety of distances between the acceptor MangGIcNAc: glycan
and the misfold site. No UGGT inhibitors are known except for UDP,

its own reaction product>!.

Across UGGT sequences in higher eukaryotes, the GT -catalytic
domain surface shows high conservation, especially in the binding
regions for UDP-Glc. TRXL domains at the N-terminus of UGGT are
conserved in other ER chaperones52-54, which all present domains of
the same fold. All these proteins have in common the ability of
binding misfolded proteins45. The mechanism by which UGGT

recognises and reglucosylates misfolded glycoproteins, which differ
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considerably in size and shape remains unknown, but it has been
postulated that the enzyme's interdomain conformational flexibility
can explain UGGT versatility. A model in which UGGT can adapt to
substrate glycoproteins of different size and fold is supported by three
X-ray CAUGGT (wild type protein) structures, labelled: ‘open’ (PDB
ID 5MZO), ‘intermediate’ (PDB ID 5MU1) and ‘closed’ (PDB ID
5N2J). Additionally, the double Cysteine mutant CAJGGTP611C/G1050C,
especially engineered to form an extra disulphide bridge between the
TRXL2 and BS2 domains, was trapped in a ‘closed-like’ conformation
(PDB ID 5NV4). In activity assays of UGGT-mediated re-
glucosytlation of a misfolded glycoprotein substrate, the
CAUGGTDoNC/G1050C  mutant had lower activity than wild-type
CAUGGT, suggesting that the mobility of the TRXL2 domain is

important for re-glucosytlation of some substrates45.

Figure 9 Zoom in to the interface between the TRXL2 and fS2 domains, with the Cys residues
introduced by the mutations D611C and G1050C modeled in stick representation for the WT'

structures, and the observed disulfide bridge in the structure of the CtUGGTP611C/G1050C double
mutant in magenta (PDB ID 5nv4). The double mutant CtUGGTP611¢/G1050C prevents CtUGGT

from acquiring the open/intermediate conformations. 45
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2.2. Project Aim

The published CAUGGT conformations with PDB ID 5MZO, 5MU1, 5N2J
and 5NV4 mainly differ in the spatial organization of domains TRXL2 and
TRXL3 (Figure 10 A). Across these structures, the TRXL2 domain is rotated
by different amounts with respect to the rest of the protein and adopts
different degrees of proximity to it. The TRXL3 domain instead appears in
the same relative conformation in all structures except for the ‘open’ one
(Figure 10, cyan in A and green in B and C), in which the TRXL3 and
TRXL1 (Figure 10, respectively cyan and purple in A) domains move apart,

leading to the opening of a large cleft between them.

(A)

Figure 10 CtUGGT conformations

In order to better describe these conformations, extensive Molecular

Dinamics (MD) experiments on the previously described crystal structure

of CAUGGT (5MZO, 5MU1, 5N2J, 5NV4) were run by Argentinian
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collaborators*. The majority of UGGT’s overall inter-domain motions can
be described in terms of three types of main movements of the N-terminal

misfold recognition domains: bending, twisting and clamping.

2. Bending

KN

"Saddle"

3. Twisting

"Cleft"

1. Clamping

Figure 11 Simplified representation of CtUGGT overall movements. 'Clamping’ movement between
domains TRXL3 and TRXLI1; bending' movement between TRXL2 and the core comprised of
domains 'GT24-BS1-f52-TRXL4'; 'twisting’ movement of TRXL2 with respect to TRXL3. The grey
area represents the strong structural inter-domain orientation invariance of the TRXL4-$51$52-
GT24 domains.

‘Clamping’ describes the changes in the distance between the centres of
mass of the TRXL1 and TRXL3 domains and measures the openness of the
cleft between them. ‘Bending’ describes the changes in the angle between
the centres of mass of the TRXL1, TRXL2 and TRXL3 domains, and
measures the proximity of the TRXL2 and GT24 domains. Lastly, ‘twisting’

describes the changes in the dihedral angle between the Ca atoms of

* Carlos P. Modenutti Juan I. Blanco Capurro, Marcelo A. Marti. Departamento de
Quimica Bioldgica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires,
Ciudad Universitaria, Pab. II (CE1428EHA), Buenos Aires, Argentina.
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residues Y518, F466, T863 and 1735 (the first two residues in the TRXL2
and the last two in the TRXL3 domain), thus informing on the relative

orientation between the TRXL2 and TRXL3 domains.

cc, cc, CC,

RC2 (deg) RC3 (deg)
123.9 -13.1
133.0 -13.4
115.5 22.2
116.4 -0.7

Figure 12 Reaction coordinates for describing the CtUGGT conformational states observed in the X-ray
structures; domain colour code is the same as in figure 1: TRXL1 (magenta), TRXL2 (blue) and TRXL3
(cyan). Along ‘CCY’, the ‘clamp’ coordinates measures the openness of the cleft between the TRXL1 and
TRXL3 domains; along ‘CC2’, the ‘bend’ coordinate measures the distance between the TRXL2 and G124
domains across the central saddle; along ‘CC3’ the ‘twist’ coordinate changes with the relative orientation

of the TRXL2 and TRXL3 domains.

The first objective of this project was to probe the functional role of the
'clamping’ motion. To achieve this, three novel double cysteine CAUGGT
mutants were engineered: CAIGGTG77¢/A786C CAJGGTG179C/T742C and
CAIGGTS180C/T742C 1 designed to form disulphide bridges across the
interfaces of the TRXL1-TRXL3 domains, in order to verify the contribution
of the TRXL1/TRXL3 inter-domain clamping movement to UGGT re-
glucosylation activity. We also set out to clone, express and purify these

three mutants of CAUGGT lacking domains TRXL1, TRXL2 and TRXL3:
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the mutants designed are CAJGGT-ATRXL1, lacking residues 42-224;
CAUGGT-ATRXL2, lacking residues 417-650 (cloned, expressed, purified
and crystallized by Jonathan Rushton®); CAUGGT-ATRXL3, lacking
residues 666-870. These mutants were used to probe the contributions of

individual UGGT domains to the enzyme's activity.

The second objective of this project was to find new small-molecule ligands
for UGGT by a fragment-based lead discovery (FBLD) approach; these
ligands would then be the starting points for medicinal chemistry to

develop the first class of UGGT inhibitors; this will be described in

paragraph 2.6.

2.3. Experimental section

2.3.1. Cloning

2.3.1.1. CAUGGTG177C/A786C
First, mutation of the CAIGGT into CAIGGTA786C was effected
starting from the gene of CAUGGT inserted in Litmus28i (an optimal
vector for mutagenesis experiments) as follows: 12.5 pul of Q5® Hot
Start High-Fidelity 2X Master Mix (New England Biolabs) were

added to 1.25 pl of each forward and reverse primers (1_F and 1_R) at

* Jonathan Rushton, master student at Department of Biochemistry — University of

Oxtford, Oxford OX1 3QU, England, United Kingdom.
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10 pM (see Appendix), 1 pl of CAUGGT:Litmus28i DNA 1 ng/uL and
9 ul of nuclease-free water, obtaining a 25 pl final volume. PCR
protocol: step 1: 98 °C for 30 seconds; step 2: 98 °C for 10 seconds;
step 3: 60 °C for 20 seconds; step 4: 72 °C for 135 seconds. Steps 2-
4 were repeated 25 times; step 5: 72 °C for 2 minutes. Kinase, Ligase
& Dpnl (KLD) treatment was made to delete the parental fragments
present in the mixture: 1 uL of PCR product was mixed with 5 pL of
2X KLD Reaction Bufter, 1 pL of 10X KLD Enzyme Mix (both from
New England Biolabs) and 3 pL of nuclease-free water. The mixture
was incubated at room temperature for 5 minutes. The KLD reaction
mixture was used to transform E. colif DH-5a chemically competent
cells using the following protocol: 5 ul of KLD reaction mix were
added to a tube of thawed New England BioLabs DH-5a competent
E. coli cells on ice, and mixed gently for a few seconds; after the
transformation, the bacteria were incubated on ice for 30 minutes,
heat-shocked at 42 °C for 30 seconds and incubated on ice again for
5 minutes. 950 pl of SOC media was added to a final volume of 1 ml
and the mixture was incubated for 1 hour at 37 °C with gentle shaking
at 200/300 rpm. 100 pl of the bacteria were spread onto a pre-
warmed (37 °C) LB agar culture plate containing carbenicillin (0.1
mg/ml). The plate was incubated at 37 °C overnight. Colony-PCR
(see protocol in 3.4.2.7) was performed on DNA from various

colonies (using T7_F and T7_R primers, see Appendix) and the DNA
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obtained was loaded on a 1% w/v agarose gel and run for 50 minutes
at 150 V. Analysis of this gel allowed identification of colonies with
amplified DNA of the appropriate size, which were used to inoculate
5 ml LB supplemented with 0.1 mg/mL carbenicillin. This was used
to make glycerol stocks (mixing 16% glycerol with 84% bacteria and
freezing and storing at -80 °C). The DNA was mini-prepped (Qiagen)
obtaining 50 pl at 400 ng/pl concentration and after sequencing was
used as template for introduction of second mutation. To obtain the
double mutant CAUGGTG177C/A786C | the second mutation G177C was
introduced starting from the gene of CAJGGTA786C in Litmus28i as
follows: 12.5 pl of Q5® Hot Start High-Fidelity 2X Master Mix (New
England Biolabs) were added to 1.25 pl of each forward and reverse
primers (2_F and 2_R, see Appendix) at 10 pM, 1 ul of
CAUGGTA780C:Litmus281 DNA at 1 ng/ul and 9 pl of nuclease-free
water, obtaining a 25 pl final volume. PCR protocol: step 1: 98 °C
for 30 seconds; step 2: 98 °C for 10 seconds; step 3: 66 °C for 30
seconds; step 4: 72 °C for 135 seconds; steps 2-4 were repeated 25
times. Step 5: 72 °C for 2 minutes. After KLD treatment (see above)
E. coli DH-5a chemically competent cells were transformed with the
DNA as described previously. Colony-PCR was performed on DNA
from various colonies (using T7_F and T7_R primers) and the DNA
obtained was loaded on a 1% w/v agarose gel and run for 50 minutes

at 150 V. Analysis of this gel allowed identification of colonies with
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amplified DNA of the appropriate size, which were used to inoculate
5 ml LB supplemented with 0.1 mg/ml carbenicillin. This was used
to make glycerol stocks (see above). The DNA was mini-prepped
(Qiagen), obtaining 50 pl at 700 ng/pl concentration and sequenced
to confirm the mutations. The CAIGGTG177C/A786C insert in Litmus
281 was cloned into the pHL-sec vector55 to contain a hexa-His Tag
at the C-terminus. DNA for pHL-sec was linearised using Agel and
Kpnl restriction enzymes at 37 °C for 16 hours in Cutsmart™ buffer
(New England Biolabs). The restriction digest was then run on a
0.8% w/v agarose gel at 150 V for 1 hour. The linearised vector was
cut from the gel and purified with a QIAquick gel extraction kit
(Qiagen). PCR was performed on the CAIGGTGI77C¢/A786C insert in
Litmus 28i, 1 pl (1 ng/pl) added at 25 pl of Q5® Hot Start High-
Fidelity 2X Master Mix (New England Biolabs), 2.5 pl of each forward
and reverse primers (pHL-sec_ CAUGGT_F and pHL-sec_CAUGGT_R,
see Appendix) and 19 pl of nuclease-free water. PCR protocol: step 1:
98 °C for 30 seconds; step 2: 98 °C for 10 seconds; step 3: 62 °C for
30 seconds; step 4: 70 °C for 150 seconds; step 2-4 were repeated 35
times; step 5: 72 °C for 2 minutes. The PCR products were run on a
1% w/v agarose gel at 150 V for 1 hour and the amplified insert was
cut from the gel and purified with the same QIAquick gel extraction
kit. A Gibson Assembly was then performed using the gel-purified

PCR-amplified CAIGGTG177C/A786C insert mixed with gel-purified
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linearised pHL-sec at a ratio of 3:1 with NEBuilder® HiFi DNA
Assembly Master Mix (New England Biolabs) using suggested
protocol, for 1 hour at 50 °C. 2 pl of this ligation product was added
to 50 ul XL10-Gold Ultracompetent cells (Agilent), following the
transformation guideline protocol. The cells were then plated on 0.1
mg/ml carbenicillin agar plates and incubated overnight at 37 °C.
Colony-PCR was performed on DNA from various colonies (using
pHL-sec_ CAUGGT_F and pHL-sec_CAUGGT_R primers, see
Appendix) and the DNA obtained was run on a 1% w/v agarose gel
for 50 minutes at 150 V. Analysis of this gel allowed identification of
colonies with amplified DNA of the appropriate size. The DNA was
mini-prepped (Qiagen) and after sequencing, a glycerol stock of one
of the previously described colonies was used to inoculate 5 ml LB
supplemented with 0.1 mg/ml carbenicillin and incubated overnight
at 37 °C. This culture was then used to inoculate 200 ml LB
supplemented with 0.1 mg/ml carbenicillin and left to incubate at 37
°C, shaking at 110 rpm. Upon reaching an ODsoonm of 2.0, the cells
were spun down at 3320xg for 18 minutes. The pellets were
resuspended, and the DNA purified using a Maxiprep kit (Qiagen),
following the recommended protocol to obtain 0.5 ml of

CAUGGTG177¢/A786C: pHL-sec plasmid DNA at 605 ng/ul.
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2.3.1.2. CAUGGTG179C/T742C
First mutation of the CAUGGT into CAIGGTT742C was effected
starting from the gene of CAUGGT in Litmus28i as follows: 12.5 pl of
Q5® Hot Start High-Fidelity 2X Master Mix (New England Biolabs)
were added to 1.25 pl of each forward and reverse primers at 10 uM
(3_F and 3_R, see Appendix), 1 ul of CAUGGT DNA 1 ng/uL and 9
pl of nuclease-free water, obtaining a 25 pl final volume; PCR
protocol: step 1: 98 °C for 30 seconds; step 2: 98 °C for 10 seconds;
step 3: 59 °C for 20 seconds; step 4: 72 °C for 135 seconds; step 2-4
were repeated 25 times; step 5: 72 °C for 2 minutes. Kinase, Ligase
& Dpnl (KLD) treatment was made as described above. The KLD
reaction mixture was used to transform £. coli DH-5a chemically
competent cells using the same protocol previously described. 100 pl
of the mixture was spread onto a pre-warmed (37 °C) LB agar culture
plate containing Carbenicillin (0.1 mg/ml). The plate was incubated
at 37 °C overnight. Colony-PCR was performed on DNA from
various colonies (using T7_F and T7_R primers) and the DNA
obtained was run on a 1% w/v agarose gel for 50 minutes at 150 V.
Analysis of this gel allowed identification of colonies with amplified
DNA of the appropriate size, which were used to inoculate 5 ml LB
supplemented with 0.1 mg/mL carbenicillin. This was used to make
glycerol stocks. The DNA was mini-prepped (Qiagen) obtaining 50
pl at 500 ng/pl concentration and after sequencing was used as
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template for introduction of second mutation. To obtain double
mutant CAUGGTG6179C/T742C second mutation G179C was introduced
starting from the gene of CAUGGTT742C in Litmus28i as follows: 12.5
ul of Q5® Hot Start High-Fidelity 2X Master Mix (New England
Biolabs) were added to 1.25 pl of each forward and reverse primers
(4_F and 4_R, see Appendix) at 10 uM, 1 ul of CAUGGT DNA 1 ng/pL
and 9 pl of nuclease-free water, obtaining a 25 pl final volume; PCR
protocol: step 1: 98 °C for 30 seconds; step 2: 98 °C for 10 seconds;
step 3: 63 °C for 30 seconds; step 4: 72 °C for 135 seconds; step 2-4
were repeated 25 times; step 5: 72 °C for 2 minutes. After KLD
treatment (see above) E. coli DH-5a chemically competent cells were
transformed with the DNA as described previously. Colony-PCR was
performed on DNA from various colonies (using T7_F and T7_R
primers) and the DNA obtained was run on a 1% w/v agarose gel for
50 minutes at 150 V. Analysis of this gel allowed identification of
colonies with amplified DNA of the appropriate size, which were
used to inoculate 5 ml LB supplemented with 0.1 mg/ml
carbenicillin. This was used to make glycerol stocks. The DNA was
mini-prepped (Qiagen) obtaining 50 ul at 650 ng/ul concentration
and sequenced to confirm the mutations. The CAJGGTG179C/T742C
insert in Litmus 281 was cloned into the pHL-sec vector to contain a
hexa-His Tag at the C-terminus. Linearised pHL-sec DNA vector was

obtained as previously described. PCR was performed on the
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CAUGGTV178C/A786C insert in Litmus 281, 1 pl (1 ng/pl) added at 25 pl
of Q5® Hot Start High-Fidelity 2X Master Mix (New England
Biolabs), 2.5 pl each forward and reverse primer (pHL-
sec_CAUGGT_F and pHL-sec_CAUGGT_R) and 19 pl of nuclease-free
water, using the same PCR protocol as above. The PCR products
were run on a 1% w/v agarose gel at 150 V for 1 hour and the
amplified insert was cut from the gel and purified with the same
QIAquick gel extraction kit. A Gibson Assembly was then performed
using the gel-purified PCR-amplified CAUGGTG179¢/1742C insert mixed
with gel-purified linearised pHL-sec at a ratio of 3:1 with NEBuilder®
HiFi DNA Assembly Master Mix (New England Biolabs) using
suggested protocol, for 1 hour at 50 °C. 2 pl of this ligation product
was added to 50 pl XL10-Gold Ultracompetent cells (Agilent),
following transformation guideline protocol. The cells were then
plated on 0.1 mg/mL carbenicillin agar plates and incubated
overnight at 37 °C. Colony-PCR was performed on DNA from
various  colonies  (using pHL-sec_CAUGGT_F and pHL-
sec_CUGGT_R primers) and the DNA obtained was run on a 1%
w/v agarose gel for 50 minutes at 150 V. Analysis of this gel allowed
identification of colonies with amplified DNA of the appropriate size,
which were mini-prepped, glycerol-stocked, sequenced and maxi-

prepped as described earlier, to obtain 0.5 ml of

CAUGGTG79¢/T742C:pHL-sec plasmid DNA at 1830 ng/ul.
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2.3.1.3. CAUGGTS180C/T742C
Using the previously obtained CAUGGTT742C in Litmus28i, second
mutation S180C was introduced to obtain double mutant
CAUGGTS180C/T742C. Mutation was carried out as follows: 12.5 ul of
Q5® Hot Start High-Fidelity 2X Master Mix (New England Biolabs)
were added to 1.25 pl of each forward and reverse primer (5_F and
5_R, see Appendix) at 10 pM, 1 pl of CAUGGT DNA 1 ng/ul and 9
pul of nuclease-free water, obtaining a 25 pl final volume; PCR
protocol: step 1: 98 °C for 30 seconds; step 2: 98 °C for 10 seconds;
step 3: 68 °C for 30 seconds; step 4: 72 °C for 135 seconds; step 2-4
were repeated 25 times; step 5: 72 °C for 2 minutes. After KLD
treatment (see above) E. coli DH-5a chemically competent cells were
transformed with the DNA as described previously. Colony-PCR was
performed on DNA from various colonies (using T7_F and T7_R
primers) and the DNA obtained was run on a 1% w/v agarose gel for
50 minutes at 150 V. Analysis of this gel allowed identification of
colonies with amplified DNA of the appropriate size, which were
used to inoculate 5 ml LB supplemented with 0.1 mg/ml
carbenicillin. This was used to make glycerol stocks. The DNA was
mini-prepped (Qiagen) obtaining 50 pl at 650 ng/ul concentration
and sequenced to confirm the mutations. The CAJGGTS180C/T742C
insert in Litmus 28i was cloned into the pHL-sec vector to contain a

hexa-His Tag at the C-terminus. Linearised pHL-sec DNA vector was
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obtained as previously described. PCR was performed on the
CAUGGTS180C/T742C insert in Litmus 281, 1 pl (1 ng/pl) added at 25 pl
of Q5® Hot Start High-Fidelity 2X Master Mix (New England
Biolabs), 2.5 pl each forward and reverse primer (pHL-
sec_CAUGGT_F and pHL-sec_CAUGGT_R) and 19 pl of nuclease-free
water, using the same PCR protocol as above. The PCR products
were run on a 1% w/v agarose gel at 150 V for 1 hour and the
amplified insert was cut from the gel and purified with the same
QIAquick gel extraction kit. A Gibson Assembly was then performed
using the gel-purified PCR-amplified CAUGGTS180C/T742C insert mixed
with gel-purified linearised pHL-sec at a ratio of 3:1 with NEBuilder®
HiFi DNA Assembly Master Mix (New England Biolabs) using
suggested protocol, for 1 hour at 50 °C. 2 pl of this ligation product
was added to 50 pl XL10-Gold Ultracompetent cells (Agilent),
following transformation guideline protocol. The cells were then
plated on 0.1 mg/mL carbenicillin agar plates and incubated
overnight at 37 °C. Colony-PCR was performed on DNA from
various  colonies  (using pHL-sec_CAUGGT_F and pHL-
sec_CtUGGT_R primers, see Appendix) and the DNA obtained was
run on a 1% w/v agarose gel for 50 minutes at 150 V. Analysis of this
gel allowed identification of colonies with amplified DNA of the

appropriate size, which were mini-prepped, glycerol-stocked,
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sequenced and maxi-prepped as described earlier, to obtain 0.5 ml of

CUGGTS180C/T742C:.pHL-sec plasmid DNA at 3650 ng/ul.

2.3.1.4. CAUGGT-ATRXL1
CUGGT-ATRXL1 construct lacks residue CAUGGT 42-224. The
deletion of the CAUGGT TRXL1 domain was performed starting from
the gene of CAUGGT in Litmus28i as follows: 12.5 ul of Q5® Hot
Start High-Fidelity 2X Master Mix (New England Biolabs) were
added to 1.25 pul of each forward and reverse primer at 10 puM (6_F
and 6_R, see Appendix), 1 ul of CAUGGT DNA 1 ng/ul and 9 pl of
nuclease-free water, obtaining a 25 pl final volume; PCR protocol:
step 1: 98 °C for 30 seconds; step 2: 98 °C for 10 seconds; step 3: 65
°C for 20 seconds; step 4: 72 °C for 130 seconds; step 2-4 were
repeated 25 times; step 5: 72 °C for 2 minutes. KPN treatment and
E. coli X110-Gold Ultracompetent cells (Agilent) transformation and
plating as described before Colony-PCR was performed on DNA
from various colonies (using T7_F and T7_R primers) and the DNA
obtained was run on a 1% w/v agarose gel for 50 minutes at 150 V.
Analysis of this gel allowed identification of colonies with amplified
DNA of the appropriate size, which were miniprepped obtaining 50
ul of CAUGGT-ATRXL1:Litmus28i plasmid DNA at 400 ng/ul, and
sequenced to check if deletion was obtained. The CAUGGT-ATRXL1
insert in Litmus 28i was cloned into the pHL-sec vector to contain a

hexa-His Tag at the C-terminus as described before for the double
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Cys mutants to obtain 0.5 ml CtUGGT-ATRXL1:pHL-sec plasmid

DNA at 600 ng/pl.

2.3.1.5. CAUGGT-ATRXL3
CUGGT-ATRXL3 construct lacks residue CtUGGT 666-870. The
deletion of the CAUGGT TRXL3 domain was performed starting from
the gene of CAUGGT in Litmus28i as follows: 12.5 ul of Q5® Hot
Start High-Fidelity 2X Master Mix (New England Biolabs) were
added to 1.25 pul of each forward and reverse primer (7_F and 7_R,
see Appendix) at 10 uM, 1 pl of CAUGGT DNA 1 ng/ul and 9 pl of
nuclease-free water, obtaining a 25 pl final volume; PCR protocol:
step 1: 98 °C for 30 seconds; step 2: 98 °C for 10 seconds; step 3: 62
°C for 20 seconds; step 4: 72 °C for 130 seconds; step 2-4 were
repeated 25 times; step 5: 72 °C for 2 minutes. KPN treatment and
E. coli X110-Gold Ultracompetent cells (Agilent) transformation and
plating as described before Colony-PCR was performed on DNA
from various colonies (using T7_F and T7_R primers) and the DNA
obtained was run on a 1% w/v agarose gel for 50 minutes at 150 V.
Analysis of this gel allowed identification of colonies with amplified
DNA of the appropriate size, which were miniprepped obtaining 50
pl of CAUGGT-ATRXL3:Litmus28i plasmid DNA at 450 ng/pl, and
sequenced to check if deletion was obtained. The CAUGGT-ATRXL3
insert in Litmus 28i was cloned into the pHL-sec vector to contain a

hexa-His Tag at the C-terminus as described before for the double
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Cys mutants to obtain 0.5 ml CAUGGT-ATRXL3:pHL-sec plasmid

DNA at 690 ng/pl.

2.3.2.  Protein expression and purification

A 200 ml volume (400 ml for CAUGGTG179¢/T742C) of HEK293F cells
culture was transfected and incubated for 4 days, supernatant
processed as described in the methods, and run on a 5 ml HisTrap
HP column. Eluted fractions containing the right size protein
(detected by SDS-PAGE) were pooled and concentrated in a 50 KDa
MWCO centrifugal concentrator before loading on a Superdex 200
16/60 column for size exclusion chromatography. Eluted fractions
were analysed by SDS-PAGE. Protein containing fractions were
pooled and concentrated as before, flash-frozen in liquid nitrogen in
100 pl aliquots and stored at -80 °C. 0.8 ml at 7.91 mg/ml of
CAUGGTG77¢/A786C  were obtained, 0.8 ml at 6.28 mg/ml of
CAUGGTG179¢/T742C were obtained, 0.1 ml at 0.4 mg/ml of CAUGGT-
ATRXL1 were obtained and 0.2 ml at 12.80 mg/ml of CAUGGT-

ATRXL3 were obtained.

A 400 ml volume of HEK293F cells culture was transfected with
CAUGGTS180C/T742C. DNA and incubated for 4 days, supernatant
processed as described in the methods, and run on a 5 ml HisTrap

HP column, but failed to bind to HisTrap column. The HisTrap flow-
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through (FT), 600 ml at about 120 nM NaCl, was collected and the
protein checked by SDS-PAGE with positive result. It was three times
filtered through 1 um filter, then 0.45 um filter, then a 0.22 um filter.
[t was diluted to 1 litre with H>O and titrated till pH 8.5 with NaOH,
then loaded onto a HiPrep Q HP 16/60 anion exchange column and
purified as described in methods. The SDS-PAGE gel showed
CAUGGTS180C/T742C in  fractions A3 and A4 which were pooled,
concentrated and dialysed to 20 mM MES pH 6.5, 50 mM NacCl into

150 KDa MWCO spin concentrators.

The 5 ml final volume was loaded onto a Superdex S200 16/600
column for size exclusion chromatography. Protein containing
fractions were pooled and concentrated as before, flash-frozen in
liquid nitrogen in 100 pl aliquots and stored at -80 °C. 0.8 ml at 19.00

mg/ml of CATGGTS180C/T742C were obtained.

2.3.3. Crystallisation

2.3.3.1. CAUGGT5180C/T742C
The trigonal P3,12 CAJGGTS180C/T742C crystal grew from protein at
OD280=7.29 in HEPES 20 mM pH 6.5, 50 mM NaCl, 5 mM UDP-
Glc, 1 mM CaCl; mixed in protein:mother liquor ratio 100 nl:100 nl
with condition 57 of the MORPHEUS II screen56 (2 mM Lanthanides,
0.1 M Buffer System 6 (1.0M, pH 8.5 at 20 °C, Gly-Gly, AMPD), pH
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8.5, 50 % v/v Precipitant Mix 5 (30% w/v PEG 3000, 40% v/v 1, 2,
4- Butanetriol, 2% w/v NDSB 256)). The crystal grew between day
57 and day 71, at 18 °C. The crystal was flash-cooled in liquid N». The
orthorhombic P2:212¢ CATUGGTS180C/T742C crystal comes from the same
protein sample mixed in protein:mother liquor ratio 133 nl:66 nl with
condition 14 of the JCSG+ screen (0.2 M Sodium thiocyanate, 20%
w/v PEG 3350). The crystal grew in two days at 18 °C and broke into
smaller pieces upon fishing. The crystal was cooled down in liquid
N2 in a cryoprotecting solution made by mixing 2 ul of ethylene
glycol in 8 pL of mother liquor (i.e. 20% EG). X-ray diffraction data
from the trigonal P3212 and the orthorhombic P22:2
CAUGGTS180C/T742C crystals were collected on beamlines 124 and 103

@Diamond, respectively.

Figure 13 The trigonal P3212 CtUGGT3150C/T742C crystal grew in 57-71 days at 18°C, in condition
57 of MORPHEUS II screen in ratio 100 nl protein:100 nl ML. Left hand side: UV fluorescence.
Right hand side: normal lighting.
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Figure 14 The orthorhombic P2;2,2; CtUGGT580C/T742C crystal grew in two days at 18°C, in
condition 14 of JCSG+ screen in ratio 133 nl protein:67 nl ML. Left hand side: UV fluorescence.
Right hand side: normal lighting.

2.3.3.2. CAUGGTG177C/A786C
Data was collected on [104@DLS, with a PILATUS 6M detector unit,
at wavelength A=0.97949 A, beam size 19x10 um, 0.10° oscillation,

1800 images, 0.10 s/image and T=100%; plate set at 4.5 A max

resolution.

Table 3 X-ray diffraction Data collection statistics. Values in parentheses refer to the highest

resolution shell.

CAJGGT Structure G177C/A786C S180C/T742C
[04@DLS, [24@DLS, [103@DLS,
Beamline, date
08.10.2018 08.08.2018 05.05.2018
Space group (Z) P452:2 (8) P3212 (6) P2:2121 (4)
Wavelength (A) 0.97949 0.96861 0.97622
Cell dimensions a=76.90,
. a=b=138.602 a=b=148.91
a, b, c (A) b=139.34,
c=175.75 c=235.58
a B,y (°) c=184.03
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a=90.0, 0=90.0, 0=90.0,

$=90.0, y=90.0 B=90.0, y=120.0 | B=90.0, y=90.0
Resolution 108.8-6.1 92.0-4.4
) 129.0-5.5 (5.6-5.5)
range(A) (6.2-6.1) (4.5-4.4)
Runerge 0.260 (1.433) 0.115 (2.303) 0.268 (1.198)
Rineas 0.283 (1.669) 0.129 (2.573) 0.317 (1.639)
CCy: 0.989 (0.467) 0.998 (0.571) 0.978 (0.415)
I/ os(l) 5.9 (0.8) 10.5 (1.0) 2.3 (0.9)
Completeness (%) 98.6 (100.0) 99.9 (100.0) 83.6 (73.2)
Redundancy 6.4 (3.6) 9.4 (9.8) 3.2 (2.1)

2.3.4.  Urea-denatured thyroglobulin (UDT)

preparation

Bovine thyroglobulin (Sigma-Aldrich) was denatured with urea
tollowing the protocol by Trombetta et al57, 20mg of thyroglobulin
(TG) powder was dissolved in 1 ml of ‘Column Buffer’ using a vortex
mixer and spun at 12000xg for 1 min to ensure that mixing occurred.
The thyroglobulin was then injected onto a Superose™ 6 10/300
Increase gel filtration column (GE Life Sciences) which had been
equilibrated with the ‘Column Bufter’. SDS-PAGE analysis of the
elution profile was used to select fractions containing pure protein,
which were pooled and spin-concentrated to 2 ml. The thyroglobulin

was then dialysed against 200 ml of ‘Denaturation Buffer’ at room
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temperature for 36 hours (with fresh buffer changes at 12, 70 and 24
h) to achieve a dialysis exchange factor of 1,000,000x. After 36 h, the
thyroglobulin was dialysed against 200 ml of ‘Renaturation Buffer’
for 96 h at 4 °C (with fresh buffer changes at 48, 60 and 84 h). The
urea-treated thyroglobulin was diluted to 1 ml with ‘Column Bufter’,
spin-filtered and run down a Superose™ 6 10/300 gel filtration
column equilibrated with ‘Column Bufter’. After SDS-PAGE analysis,
fractions containing pure protein were pooled and concentrated. The

pooled fractions gave the UDT used in the activity assays.

2.3.5. Mass spectroscopy detection of disulphide

bonds *

In peptide mass spectrometry (performed as described in 2.4.6)
fragment ions that appear to extend from the amino- or carboxy-

€__9%

terminus of a peptide are termed “b” or “y” ions, respectively.

In Figure 15 (A, B), mass spectrometry detection of ions derived from
fragmentation of the disulphide-bridged tryptic peptides
766FLDLETALETGEFEPDVAYDCSLANFLASSNMK798 and

176 ECVGSR18! in the double mutant CAIGGTG177C/A786C The ions

confirm the establishment of the engineered disulphide bridge at

* Performed by Dr. Abhinav Kumar at Oxford Glycobiology Institute, Department of
Biochemistry, University of Oxford, Oxford OX1 3QU, England, United Kingdom.
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positions 177-786 between the TRXL1 and TRXL3 domains. No
peptides containing free Cys at either position 177 or 786 were

detected.
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Figure 15 Mass spectrometry detection of ions derived from fragmentation of the disulphide-
bridged tryptic peptides 76 FLDLETALETGEFEPDVAYDCSLANFLASSNMK79 and 176 FCVGSR! in
the double mutant CtUGGTC!77C/A786C,
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Figure 16 Mass spectrometry detection of ions derived from fragmentation of the disulphide-
bridged tryptic peptides 71 DCSR7# and 76 FGVCSR! in the double mutant CtUGGTC6179C/1742C,

In Figure 16, mass spectrometry detection of ions derived from

fragmentation of the disulphide-bridged tryptic peptides 74DCSR744

and 76FGVCSR8! in the double mutant CAIGGTG179C/T742C The

ions confirm the establishment of the engineered disulphide bridge

at positions 179-742 between the TRXL1 and TRXL3 domains. No

peptides containing free Cys at either position 179 or 742 were

detected.

In Figure 17, mass spectrometry detection of ions derived from

fragmentation of the disulphide-bridged tryptic peptides 7 DCSR744
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and 7 FGVGCRDVILYADITS"! in the double mutant
CAUGGTS180C/T742C, The ions confirm the establishment of the
engineered disulphide bridge at positions 180-742 between the
TRXL1 and TRXL3 domains. No peptides containing free Cys at

either position 180 or 742 were detected.
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Figure 17 Mass spectrometry detection of ions derived from fragmentation of the disulphide-
bridged tryptic peptides 74 DCSR7## and 76 FGVGCRDVILYADITS!! in the double mutant
CtUGGT5180C/T742C,

2.3.6.  Re-glucosylation assay

UGGT is a protein that combines the specificity of a classic
chaperone, recognising a misfolded substrate, with the activity of a

glycosyltransferase by transferring a glucose from UDP-Glc to the
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protein glycans. The product results of UGGT reaction are two: the
monoglucosylated glycan on the misfolded protein and the UDP, as
depicted in Figure 18. Both reaction products can be detected to
evaluate and measure the enzyme activity, UDP released during the
reaction can be detected using the commercial kit “UDP-Glo™
Glycosyltransferase =~ Assay” from  Promega, whereas the
monoglucosylated glycans can be labelled and detected as already
reportedss. The UDP detection with the commercial kit “UDP-Glo™
Glycosyltransferase Assay” was carried out with several false positives

and false negatives, so results are not here reported nor commented.

Figure 18 UGGT re-glucosylation of mistolded protein representation.

2.3.6.1. HPLC Re-glucosylation assay
Urea-denatured thyroglobulin (UDT) was used as a glucosyl acceptor
in the activity assay and was thus used to assess the enzymatic activity
of the purified CAUGGT mutants, as previously described+s. UGGT
re-glucosylates substrates using UDP-Glc, and therefore the

experiment was set as follow: 100 pg of UDT, 86 uM UDP-Glucose,
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8.6 mM CaCl2, 8.6 mM Tris-HCI pH 8.0 and 45 pmol of CAUGGT
enzyme. The reaction mixtures were set up at 37 °C. Each reaction
was 70 pl to start with, in triplicate. 10 pl aliquots were taken at each
time point (5°, 15°, 30’, 1 h, 2h), and the glucosylation quenched by
addition to each 10 pL aliquot of 1 pl of PNAGaseF denaturing buffer,
then heating for 10 min at 90 °C. Then 5 pl of 10X PNGase
glycobufter 2 (NEB), 5 ul of NP40 10%, 1 pl of PNGase F at 1 mg/ml
and 27 ul of water were added to each sample for the overnight
digestion with PNGase F. The M-linked glycan were labelled with
anthranilic acid (2-AA) (Sigma-Aldrich), purified by adsorption to
Speed-amide SPE columns and detected by normal-phase high-
performance liquid chromatography, as detailed described by Caputo
et al58. The amount of glucosylation was measured in comparison to
control by measuring the peak area of the PNGase F released 2-AA-
labelled species Man9GIcNAc2 and Glc1Man9GIcNAc2 using Waters
Empower software. This allows the % of glucosylation to be
determined as the % of Glcl-species (Peak Area Glc1Man9GIcNAc2)
as a total of potential glucosylation species (Peak Area of

GlciMan9GIcNAc2 + Man9GIcNAc2).
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2.4. Materials and methods

All chemicals used were obtained from Sigma-Aldrich and all enzymes were
obtained from New England BioLabs. All solutions were made using
ultrapure Milli-Q® water, Millipore. For DNA or RNA solution were used
nuclease free water, not diethylpyrocarbonate (DEPC) treated (Ambion).
All 0.22 pum filtering of solutions was performed with Millipore Express

PLUS 0.22 pm PES membranes (Millipore).

2.4.1. Cloning

2.4.1.1. Primer design
The primers were designed using the NEBaseChanger® tool from

New England BioLabs website (see Appendix).

2.4.1.2. Vectors

Cloning vector Litmus28i was used for cloning and mammalian
expression vector pHL-sec35 was used for transfection of HEK293F

cells.

2.4.1.3. Base-directed mutagenesis
CAUGGT construct inserted in Litmus28i was used for base-directed
mutation. Cloning was performed with the Q5® Site Directed

Mutagenesis Kit from New England BioLabs according to the
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protocol. Amplification and insertion of mutation was performed by
PCR using 12.5 pl of Q5® Hot Start High-Fidelity 2X Master Mix
(NEB), added to 1.25 pl of each forward and reverse primers at 10 pM
concentration, 1 pl of template DNA (1 ng/ul) and 9 pl of nuclease-
free water, obtaining a 25 pl final volume. Thermocycling protocol
as the manufacturer’s suggestion, varying the annealing temperature
and the extension time to comply with the amplification primers and
length of the template DNA. Circularisation Kinase, Ligase & Dpnl
(KLD) treatment was made to delete the parental fragments present
in the mixture, as follows: 1 ul of PCR product was mixed with 5 ul
of 2X KLD Reaction Buffer, 1 pl of 10X KLD Enzyme Mix and 3 pl
of nuclease-free water. The mixture was incubated at room
temperature for 5 minutes. The KLD reaction mixture was used to

transform £. coli DH-5a chemically competent cells.

2.4.1.4. Gibson Assembly
Gibson Assembly was performed to insert the gene into pHL-sec
vector using the Gibson Assembly® Master Mix NEBuilder® HiFi
DNA Assembly (New England BioLabs) according to NEB’s protocol,
using linearised vector (digested overnight with Agel and Kpnl
restriction enzymes at 37 °C) and the amplified gene purified from
DNA gel. PCR was carried out using properly designed primers with
some base pairs that overlap with pHL-sec vector to both 5’ ends of

the gene sequence.
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2.4.1.5. Transformation
Transformation of New England BioLabs DH-5a competent E. coli
cells were carried out following manufacturer’s protocol. Briefly, 5 pl
of KLD reaction mix or Gibson Assembly product were added to a
tube of thawed NEB DH-5a competent E. coli cells on ice, mixed
gently for a few seconds, incubated on ice for 30 minutes, heat-
shocked at 42 °C for 30 seconds and incubated on ice again for 5
minutes. 950 pl of SOC media was added for a final volume of 1 ml
and the mixture was incubated for 1 hour at 37 °C with gentle shaking
at 200/300 rpm. An aliquot of the mixture was spread onto a pre-

warmed (37 °C) LB agar culture plate containing carbenicillin (0.1

mg/ml).

2.4.1.6. Colony PCR
The protocol used to perform a colony PCR is the following: 10 pl of
Q5® Hot Start High-Fidelity 2X Master Mix (New England Biolabs),
1 pl of each forward and reverse primer (scheduled in Appendix), 8
pl of nuclease-free water, few cells picked from one isolated colony
from the agar plate. PCR: step 1: 94 °C for 5 minutes; step 2: 94 °C
for 1 minute; step 3: 68 °C for X minutes (X = about 1-minute per
Kb of DNA); step 4: 72 °C for 1 minute. Steps 2-4 repeated 34 times;

step 5: 72 °C for 1 minute.
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2.4.2.  Expression in HEK293F cells

Human epithelial kidney FreeStyle™ 293-F (HEK293-F) cells
(ThermoFisher Scientific) were grown in suspension cultures and
passaged in GIBCO® FreeStyle™ Expression Media (ThermoFisher
Scientific) according to the protocols, maintaining the density within
the limits of 0.1-2.0x106 cells/ml. Cells were transfected using the
FreeStyleT™ 293 Expression System (ThermoFisher Scientific) and
protocol as follow: each 400 ml of culture was added of 20 ml
transfection mixture. Transfection mixture was freshly prepared
before transfection and consisted of 400 ng of DNA insert in
expression vector dissolved in 10 ml of Gibco™ OptiPRO™ SFM
(serum-free medium) and 400 pl of FreeStyle™ MAX Reagent diluted
in 10 ml of Gibco™ OptiPRO™ SFM, gently mixed and incubated at
room temperature for 10 minutes. Cells were cultured in sterile
Erlenmeyer flasks with 0.2 pm vent caps (Corning), filling not more
than 40% of the flask volume, in a shaking incubator at 150 (rpm),
37 °C kept at 8% CO- for 4 days, monitoring the protein expression
by harvesting an aliquot every day and analysing the supernatants on
an SDS-PAGE gel in order to appoint when maximal protein

expression resulted.
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2.4.3.  Protein purification

2.4.3.1. Sample preparation
Once the expression of the desired protein was at maximum peak,
the culture was harvested using a 1500xg spin for 10 minutes. 10x PBS
was added to the supernatant so that a final concentration of 1x PBS
was achieved, the pH was adjusted to 7.6 with NaOH and it was

filtered down with a 0.22 um filter.

2.4.3.2. Nickel affinity chromatography (NAC)
Nickel affinity chromatography (NAC) was carried out with a 5 ml
nickel column HisTrap™ Excel (GE Healthcare Life Sciences) stored
in 20% ethanol. Eluted with two different bufters, all 0.22 pum filter-
sterilised and degassed. Binding Buffer: 1x Phosphate buffered saline
(PBS), pH 7.6. Elution Buffer: 1xPBS, 500 nM imidazole, pH 7.6.
HisTrap™ Excel (GE Healthcare Life Sciences). HisTrap™ Excel (GE
Healthcare Life Sciences) nickel column was washed out of ethanol
with 5 column volumes (CV) of MilliQ water, then washed with 5
CV of each binding buffer, elution buffer and binding buffer again.
The column was equilibrated with 15 CV of binding buffer, the
supernatant was applied AKTA Start chromatography system in a 4
°C cabinet at a flow rate of 1 ml/minute. Once the sample was loaded

the column was washed with 20 CV of binding buffer and eluted at
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the end using a gradient elution of 0% to 100% elution bufter over

20 CV. Fractions of all steps were collected.

2.4.3.3. Size exclusion chromatography (SEC)
All size exclusion chromatography (SEC) columns were obtained
from GE Life Sciences. All columns were stored in 20% ethanol and
run using an AKTA pure FPLC chromatography system at room
temperature. For all the constructed purification, a Superdex 200
16/600 was used. Before equilibrating into running bufter, columns
were equilibrated with 1.5CV MilliQQ. Bufter used for SEC was

degassed and 0.22 um filter sterilised.

For all UGGT constructs, running buffer composed of 20 mM
HEPES, 50 mM NaCl, pH 6.5 was used. 1.2CV of buffer was used for
each run at a flow rate of 1 ml/min and fractions were collected after

0.2 CV.

For Thyroglobulin purification a Superose™ 6 10/300 Increase gel
filtration column was used. ‘Column Buffer’: 20 mM HEPES, pH 7.4,
150 mM NaCl. ‘Denaturation Buffer’: 20 mM HEPES pH 8.0, 150
mM NaCl, 8 M Urea. ‘Renaturation Buffer’: 20 mM HEPES pH 8.0,

NaCl 150 mM.

2.4.3.4. Anion exchange
An HiPrep Q® HP 16/60 column (GE health care) was used for anion

exchange using an AKTA pure FPLC chromatography system at room
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temperature. Buffer was degassed and 0.22 pum filtered before use.

The column was stored in 20% ethanol.
Binding Buffer: K:2HPO,4 + KH2PO4 20 mM, pH 8.5
Elution Buffer: K;2HPO4 + KH2PO4 20 mM, pH 8.5, 1 M NaCl

The column was equilibrated with MilliQ water before and binding
buffer. Sample was diluted to 1 litre with H>O and titrated till pH 8.5
with NaOH, then loaded onto the column. Elution was performed in

three steps: 3.5 CV of 25% B, 3.5 CV of 50% B, 3.5 CV of 100% B,

collecting 15 ml fractions.

2.4.3.5. Protein concentration
Before SEC purification or long-term storage of protein, it was
necessary to concentrate the protein. For proteins derived from
Chaetomium thermophilum, Sartorius Vivaspin 20, PES membrane
centrifugal filter units (Generon) were used for concentration with
an appropriate molecular weight cut-oft (MWCO) for the sample,

generally 100 000 or 50 000 Daltons.

2.4.4. Gel electrophoresis

2.4.4.1. SDS-PAGE
SDS-PAGE was carried out using the Thermo Fisher Scientific
Novex® systems following the protocols. For SDS-PAGE, pre-cast 1
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mm NuPAGE™ 4-12% Bis-Tris Protein gels were used with 10, 12 or
17 wells. Gels were run in NuPAGE® MOPS bufter for 50 minutes at
200V. Gels were stained using InstantBlue protein stain (Expedeon).
Samples were prepared by adding 4x LDS sample buffer (Thermo
Fisher Scientific), plus 50 mM DTT if required, heated to 80°C for 1

minute, and then loaded onto the gel.

2.4.4.2. DNA gels
DNA agarose gels were prepared using agarose (a4-0700, geneflow)
in TAE buffer (1% agarose w/v). GelRed nucleic acid gel stain
(Biotium) was added to molten agar, before pouring into a mould,
to allow for visualisation of DNA bands under UV excitation. Once
set, gels were run at 150V for 50 minutes in TAE bufter. Samples were
prepared by the addition of 6x purple loading dye (New England

BioLabs).

2.4.5. Crystallisation

2.4.5.1. Crystallisation screens
All crystallisation plates were set with crystallisation screens and
protein using the crystallisation facility at the Department of
Biochemistry. Commercial crystallisation screens were obtained from
Hampton Research and Molecular Dimensions. Both commercial

sparse screens and custom optimisation screens were dispensed into
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MRC 2-Well crystallization plates (Swissci) UVXPO, 50 ul into each
reservoir. Commercial screen used were: MORPHEUS®s5¢6, JCSG-

plus™ 59 STURAT™ 60, MACROSOL™ 61 ProPlex™.

Sitting drops with protein were set up with a Mosquito® robot (TTP
labtech) in two well-drops plates as follow: one drop with 100 nl
protein and 100 nl mother liquor and one drop with 133 nl protein
and 67 ml mother liquor. All crystallisation plates were stored at 18
°C in a Rigaku Minstrel™ HT crystallisation hotel and imager at 18
°C, with images of wells being taken at both visible and ultraviolet

wavelengths at regular intervals over the course of 3 months.

2.4.5.2. X-ray Data Collection
Crystals were picked using 50-100 um nylon loops mounted on pins
appropriate for the synchrotron to be used. If the crystallisation
condition did not contain an appropriate cryoprotectant, loops
containing crystals were passed through a droplet containing
cryoprotectant. Crystals were cryocooled in liquid nitrogen prior to
shipping to the synchrotron. All data collection took place under a
gaseous nitrogen stream at 100 K. Diamond Light Source (DLS) at
Harwell, UK, beamlines 103, 104, 104-1 and 124 were used to collect

data from crystals, setting proper parameters for each crystal.
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2.4.5.3. X-ray Data Processing
Diffraction data were indexed, integrated, scaled, merged and an
anisotropic cut-off imposed using the autoPROC toolbox (Global
Phasing)¢2-64. Molecular replacement was completed using the
programme Phasers. Structure manipulation was executed using
Coot® hence refinement was carried out using BUSTER®7.68. Figures

were made using PyMOL®.

2.4.6.  Mass spectroscopy detection of disulphide

bonds

Tryptic peptides of the double mutants CAJGGTG177C/A786C,
CAUGGTG6179¢/T742C and CAIGGTS180C/T742C were separately run on an
EASY-nLC43 1000 UHPLC system (Proxeon) and electrosprayed
directly into a Q Exactive mass spectrometer (ThermoFischer
Scientific) through an EASY-Spray nano-electrospray ion source
(ThermoFischer Scientific). Peptides were trapped on an in-house
packed guard column (75 pum i.d. x 20 mM, reprosil C18, 3um, 120
A) using solvent A (0.1% Formic Acid in water) at a pressure of 500
bar and then separated using an EASY-spray Acclaim PepMap®
analytical column (75 pm i.d. x 500 mm, RSLC C18, 2 pm, 100 A)
eluted with a linear gradient (7 % to 31 % solvent B (0.1% formic
acid in acetonitrile) in 60 min) at a flow rate of 200 nL/min. Full scan
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MS spectra were acquired in the Orbitrap (scan range 350-2000 117/,
resolution 70000, AGC target 3e6, maximum injection time 100 ms).
After the MS scans, the 10 most intense peaks were selected for HCD
fragmentation at 30 % of normalized collision energy. HCD spectra
were also acquired in the Orbitrap (resolution 17500, AGC target 5e4,

maximum injection time 120 ms) with first fixed mass at 120 m/Z.

Data analysis (crosslinking). MS data were converted into .mgf format
using MSconvert from the ProteoWizard toolbox and searched using
the pLink software. The database contained CAUGGT only. Search
parameters were as follows: maximum number of missed cleavages =
2, fixed modification = none, variable modification 1=Oxidation-Met,
variable modification 2=carbamidomethyl-Cys, disulphide bonds
were considered as the crosslink (Cys-Cys, -2.015650 Da), mass
accuracy filter = 20 ppm for precursor ions with consideration of the
first 5 isotopic peaks, MS2 tolerance = 20 ppm. Data were filtered

by E-value (E<1.0 e-7) and a manual inspection was performed.

Data analysis (protein identification). The raw data files generated
were processed using MaxQuant software (Version 1.5.0.35),
integrated with Andromeda search engine as previously described7°.
Raw MS data were searched against a database containing proteins of
interest as well as list of common contaminants by Andromeda.

Trypsin with a maximum number of 2 missed cleavages was selected
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as the protease. Acetylation (Protein N-term), Carbamidomethylation
(Cysteine) and Oxidation (Methionine) were used as variable
modifications. Protein and PSM false discovery rate (FDR) were set

at 0.01.

2.5. Results and discussion

In order to probe the functional role of the 'clamping’ motion observed in the
Molecular Dynamics simulations, we engineered three novel double cysteine
CAUIGGT mutants: CAUGGTG177C/A786C, CAUGGTG6179¢/T742C and
CAUGGTS180C/T742C  designed to form disulfide bridges across the interfaces of the
TRXL1-TRXL3 domains. All three mutants were expressed and purified from the
supernatant of mammalian HEK293F cells. The presence of the engineered
disulfide bridges was confirmed by mass spectrometry (Figures 15, 16 and 17). The
crystal structures of CAUGGTG177C/A786C and CAIGGTS180C/1742C wwere determined
respectively to 6.1 A and 4.4 A resolution. Both crystal structures show the TRXL3
domain tethered to the TRXL1 domain (Figure 19A). Figure 7B shows the activity
of the three double Cys mutants (in addition to the activity of the WT, as control,
and the already published CAIGGTPONC/G050C) [t appears that, despite their
structural similarity, the CAUGGTS180C/T742C and CAIGGTG177C/A786C mutants differ
significantly in their ability to re-glucosylate urea-treated bovine thyroglobulin,

with the former more active than, and the latter having similar activity to, WT

CAUGGT.
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Figure 19 (A) The TRXL1 (magenta) and TRXL3 (cyan) domains in the crystal structures of
CtUGGTC177¢/A786C (dark colours) and CtUGGT5180C/T742C (lighter colours). The disulphide bonds
are in spheres representation. (B) Activity of CtUGGT double Cys mutants and WT CtUGGT

against urea-denatured bovine thyroglobulin.

In order to probe the contributions of individual UGGT TRXL
domain to UGGT re-glucosylating activity, we cloned three mutants
of CAUGGT that lack domains TRXL1, TRXL2 and TRXL3: CAUGGT-
ATRXL1, lacking residues 42-224; CAJGGT-ATRXL2, lacking
residues 417-650; and CAUGGT-ATRXL3, lacking residues 666-870.
Only the latter two mutants expressed and were purified, and
CAUUGGT-ATRXL2  yielded crystals that enabled structure

determination to 5.5 A resolution. The CAUGGT-ATRXL2 crystal
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structure resembles the WT structure apart from a minor
rearrangement of the TRXL3 domain (Figure 19 A). UGGT-mediated
re-glucosylation activity assays of CAUGGT-ATRXL2 and CAUGGT-
ATRXL3 against urea-misfolded bovine thyroglobulin detect
impaired re-glucosylation activity upon deletion of TRXL3 and

complete loss of activity upon deletion of TRXL2 (Figure 20 B).
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Figure 20 A) Crystal structure of CtUGGT-ATRXL2 (copy "A", solid colours) overlayed onto WT
CtUGGT (‘“open’ conformation (PDB ID: 5MZ0), semi-transparent). Domain coloured as in Figure
1A. (B) Activity of CtUGGT-ATRXL2 and CtUGGT-ATRXL3 against urea-denatured bovine
thyroglobulin, compared to WT CtUGGT.
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2.6. Fragment Based Lead Discovery

2.6.1. Introduction

Fragment-based Lead Discovery (FBLD) is a widely applied method
for the identification of small, low complexity chemical fragments
(typically approximately 200 Da), that bind to the biological
molecule of interest (target) with low-affinity. It is an important tool
in the hit-to-lead drug development process; the hits obtained from
a FBLD screen are usually optimised through structure-based drug
design (SBDD), ideally yielding higher affinity compounds that can
be used to study the mode of binding or as a starting point (lead) for
drug discovery’!. The latter approach identifies functional moieties
that match the structure and chemical properties required to bind the
target. Usually, fragments bind to the most targetable binding sites
on the surface of the “target”, so fragment binding is typically of low
affinity (millimolar or sub-millimolar Kp). Due to this low affinity
between target and the fragments, sensitive detection methods are
required to detect binding of such fragments72. A common approach
to library screening has been the use of biophysical methods such as
X-ray crystallography”374 or NMR (protein-observed NMR and
ligand-observed NMR)75, which are highly sensitive techniques, but
a big amount of protein is needed. Surface plasmon resonance

(SPR)76.77, microscale thermophoresis (MST)78, high-concentration
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screening using HTS assays79, thermal shift analysis (TSA)8°, mass
spectrometry (MS)81:82 and biochemical assays®3 are also widely used
techniques to study fragment binding. Although these techniques are
less sensitive than NMR or X-ray crystallography, lesser amounts of

protein are required.

On the computational front, a fragment library screening is
challenging due to the few interactions between each fragment and
the target, and the binding affinity is much smaller than the one of
larger, more specific ligands or drugs. A novel approach exploits the
idea that the energetics of binding are dominated by the activation
energy for dissociation (off-rate): Dynamic Undocking (DUck)84 is
used to screen in silico libraries of fragments on known protein
targets. In silico predictive methods provide tools to explore
flexibility of the target and identify functional groups that are able to
bind the protein surface or that could be used to grow and optimize

a fragment.

The effectiveness of FBLD depends on the “quality” of each step of
the process. An appropriate library must be selected. A desirable
fragment library covers a wide range of molecular weights, shapes
and pharmacophore moieties. The screening technique selected, and

its sensitiveness highly influence the results of the experiment7..
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Fragment to lead optimization. As one or more fragments are
identified, the following strategies can be used to move from
fragment to lead optimization: fragment growing, fragment merging,

and fragment linking.

Fragment growing entails fragment optimization by structure-based
design introducing moieties or functional groups to attain the desired
selectivity and drug-like properties. Fragment mergingis an approach
that combines information from multiple chemical hits together.
Fragment linking consist in the design of a lead by linking various
hits that sit in the same extended binding site but interact with

neighbouring regions of it7!.

2.6.2.  Project aim

As carbohydrate mimics, iminosugar inhibitors of the ER alpha
glucosidases have some undesired off-target eftects, as they also
inhibit certain other carbohydrate processing enzymes within the
human host. A new class of molecules inhibiting host glycoprotein
folding enzymes that viruses depend upon would have great potential
for antiviral drug discovery. To complement the medicinal chemistry
programme ongoing in the laboratory of Prof. Zitzmann and centred

around ER alpha-glucosidase inhibitors with fewer off-target effects,
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we aim here to investigate the potential of UGGT1, the major

calnexin cycle misfold sensor, as an antiviral target.

UGGT1 would constitute a novel antiviral target, but no inhibitors
are known other than the product UDP-glucose. Deletion of this
enzyme leads to antiviral effects during Zika virus infection in cellula,
demonstrating that UGGT1 is a viable target for antiviral drug
discovery. The recent availability of recombinant full length
eukaryotic HsUGGT1 provided us with a unique opportunity to
conduct fragment-based lead discovery (FBLD) screens of chemical
compound libraries against the enzyme, hoping to develop UGGT
inhibitors as antiviral drugs, aimed at a whole range of viruses that
rely on the calnexin cycle (and hence on UGGT1) for correct folding,
including dengue, Ebola, HIV, HCV, HBV, and Zika virus. These
ligand compounds would constitute leads in the development of

UGGT1-specific inhibitors.

Roversi et al45 studied UGGT1 sequence homology across higher
eukaryotes and mapped UGGT1 sequence conservation on the
structure of CAUGGT. The sequence conservation mapping was
coloured with the scale turquoise — maroon = variable - conserved,
and highlight that the catalytic domain is the most conserved domain

across eukaryotic UGGT1s (Figure 21).
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Figure 21 Conservation Map of HsUGGT1 structurally aligned to the structure of CtUGGT.

Conservation was mapped with the colour scale turquoise — maroon = variable — conserved.

The Zitzmann group succeeded in the structure determination of
CAGGT full length (PDB IDs: 5MU1, 5MZO, 5N2J) and of the
CAUGGT catalytic domain (PDB ID: 6FSN) at a high resolution (1.19
A), but no crystals of HsSUGGT1 were obtained. As FBLD requires
crystals that are grown reliably and diffract to resolutions equal to or
better than 2.0 A, and taking into account the high degree of
conservation between GT24 sequences across eukaryotes, the
CAUGGT catalytic domain (GT24) was selected to perform a FBLD
screening that would yield the first fragments to be tested against the
human UGGT1 protein. Within the molecules, in our crystals there
is more than one excellent target for UGGT1 inhibitors. In this
proposed FBLD screen we aim to identify fragments that bind to the
UGGT1 catalytic site and compounds that may interfere with

glycoprotein recognition. We chose to identify small molecule
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ligands of UGGT1 that bind to its catalytic domain.The potential
long-term outcome of this work would be either an allosteric

inhibitor or a catalytic site inhibitor of UGGT1.

Figure 22 CtUGGT-GT24 crystal structures. Apo torm, magenta. UDP-GIc conformation 1 (PDB
ID 6FSN, cyan). UDP-Glc conformation 2 (green).

2.6.3.  Experimental section

Crystals of the GT24 catalytic domain of CAUGGT (residues 1187-
1473, plus a C-terminal linker and 6xHis tag of sequence
GTKHHHHHH) grow at 18 °C when mixed with a crystallisation
solution containing 20.6% v/v PEG 500 MME; 10.3 % w/v PEG
20000, 51.5 mM Bicine 48.5 mM Tris (this solution was optimised
from an initial hit from the commercially available Morpheus
crystallisation screen5¢. The space group prior to soaking is H3 (the
centred hexagonal setting of rhombohedral space group R3), one

molecule per asymmetric unit, a=b=118.8 A c=68.7 A. Figure Y shows
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the hexagonal centred cell in blue and its rhombohedral equivalent
in orange. Prior to the structure-based lead discovery effort, fifty of
these crystals were soaked in 0, 5, 10, 15, 20, and 30% DMSO and
tested for diffraction; no significant deterioration of the diffraction

quality was observed.

a

Wb CtUGGT,,,,crystals

H3: a=b=122 A c=64 A ; one molecule/asu
P1: a=64A b=73A c=73A a=111° B=107° y=107° ; three molecules/asu

Figure 23 CtUGGT-GT24 crystals. In blue, the H3 cell. In orange, the PI cell equivalent to the R3
cell.

2.6.3.1. Crystal growth
To grow hundreds of crystals of the CAUGGT GT24 catalytic domain,
a crystallisation solution was prepared in a 96-wells deep well block,
with 500 pl of the same solution in each well: 257.5ul of Morpheus
Precipitant mix 1 (40% v/v PEG 500 MME; 20 % w/v PEG 20000);

25.8ul of 1M Bicine (Morpheus Buffer system 3 acid component);
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24.3ul of IM Tris (Morpheus Buffer system 3 basic component);
192.4pl of MilliQ Water. The Hydra robot (Art Robbins Instruments)
at the Research Complex in Harwell was first used to transfer 25 pl
of the crystallisation solution from all deep well block 96 wells to all
mother liquor reservoirs of six MRC three-lens 96-wells crystallisation
plates (see Figure 24). A number of 6x96x3=1728 vapour diffusion
sitting drop experiments were set up at the Research Complex in
Harwell in MRC three-drop 96-wells crystallisation plates - using a
Mosquito robot equipped with an anti-evaporation cover and 60%
controlled humidity, in order to avoid drying up of the crystallisation
drops during deposition. The CAIGGT-GT24 protein at a
concentration of 6.5 mg/ml, in presence of 1 mM CaCl; and 5 mM
UDP-glucose, was mixed in protein:mother liquor proportions 1.35:1
(drops a, ¢) and 2:1 (drop d) in drops of total volume 200 nl, and the

crystals left to grow at 18 °C.

Figure 24 MRC Three-lens 96-wells sitting drop crystallisation plate.
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2.6.3.2. Crystal soaking
In four days, about two-thirds of the sitting drops experiments
yielded crystals (see Figure YB). All crystal drops were imaged, and
the best crystals were marked for soaking with the Echo robot at the
Xchem facility attached to beamline [104-1 at the Diamond Light

Source?s.

The 768 compounds of the DSi-Poised Library (Diamond-SGC-iNext,
ex DSPL, each compound 500 mM in deuterated DMSO)

(https://www.diamond.ac.uk/Instruments/Mx/Fragment-

Screening/Fragment-Libraries/DSI-poised-library.html) were soaked

into as many crystal drops: 40 nl of compound was dispensed by the
Echo robot onto each 200 nl drop, making the final compound

concentration 100 mM in 20% DMSO.

The soaked crystals were left incubating for a variable time between
two and four hours and were fished and cryocooled with the aid of

the SGC Shifter Robot.

2.6.3.3. X-ray diffraction
Automated data collection was carried out on 692 soaked crystals,
with the following conditions: wavelength: 0.91587 A; 1,000 image
frames, 0.06 sec/frame and 0.18° oscillation/frame; 100% transmission,

plate set for max resolution ~ 1.8 A. Automated loop centring failed
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about 6% of the time and about 50 crystals were re-measured with

manual optical centring.

The symmetry is sometimes lowered by soaking, the crystals can in
this case index in space group P1 with three molecules in the
asymmetric unit of a pseudo-rhombohedral cell of dimensions a=68.5
A, b=72.2 A, c=72.9 A, alpha=110.4°, beta= 108.5°, gamma=108.4° (in

orange in Figure YA).

2.6.3.4. X-ray Data Processing
Data processing, model refinement and ligand fitting were carried
out with the purposely written shell script pipeline COaLLA ("Crystal
Oligomorph and Ligand Likelihood Assignment"). In order to decide
on the correct symmetry, each dataset was indexed and integrated
both in H3 and in P1 using autoPROC®4 suite of programs; for each
dataset, refinement of the protein model was carried out in both the
H3 and P1 form in autoBUSTER®7, with the space group giving rise
to the lower Raee being chosen as the correct one for the calculation
of the Fo-Fc map. The smile string for each soaked compound was
fed together with the refined model and phases in order to attempt
docking the ligand using rhofits¢. The best hits were listed by ranking

the rhofit score and/or CC, and the hits inspected in Coot®®.
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2.6.4. Results and discussion

Table 4 lists three compounds that were located bound to the

CUGGT-GT24 domain crystal in which they were soaked.

Compound x0763's binding site is not far from the putative binding
site for the C-branch of the client glycoprotein glycan CAUGGT
Y1339 (HsUGGT1 Y1395). Its binding site is a shallow surface pocket
and it is likely difficult to drug, although fairly well conserved

between CAUGGT and HsUGGT1.

Table 4 Compounds that were found bound to CtUGGT-GT24 domain.

Binding Site on CAUGGT

Resolution
Compound SMILE string Space Group . (equivalent residue in
(A)

HsUGGT1)

Y1350(H1406
CCN1N=CC=C1C SEOERANE)
x0441 P1 2.44 ERAZINIAS)
NC Q1381(Q1437)
M1403(M1459)

T1492(T1498)
CC(C)NC(=0)C=1 M1491(M1497)

x0763 P1 2.37 R1333(R1389
C=C(C)N(C)N1) ( )
R1452(R1508)

E1444(E1500)

OC=1C=CC(CN2C

Y1346(Y1401)

Compound x0441 is somewhat less interesting because it binds at a

crystal contact, and the binding site is not particularly conserved.
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Also, the pose is ambiguous at this resolution (2.44 A) The most
interesting aspect about this compound is that this site faces the
UGGT saddle and is proximal to the putative binding site of the Asn

that carries the glycan, CAUGGT Y1346 (HsUGGT1 Y1402).

UGGTyps:
Catalytic domain_

YW clamp

\"1‘/‘;' L

A
&

3%

[ 12 M\ o

Figure 25 Compound x0248 binding site in the context of the full-length enzyme. The inset shows
the YW clamp.

The most promising compound is x0248, an 8-OH-quinoline
derivative that also binds to the putative glycan-binding face of the
GT24 domain, but in close proximity of the UDP-Glc binding site.
The compound's morpholine ring is not ordered in the crystal but
the quinoline pose is unambiguously clear in the electron density.
Figure 25 shows the x0248 ligand superposed onto the full-length

CAIGGT structure.
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Figure 26 Detail of the YW clamp and sequence conservation of the residues involved in binding
x0248.

Figure 26 zooms into the two residues sandwiching the quinoline
ring ("the WY clamp"). Both residues are conserved across UGGTs of
various species. The WY clamp sits nearby the conserved DQD motif
which is involved in UDP-Glc binding (see Figure 27). The
compound is now undergoing a first round of medicinal chemistry,
including in vitro HsSUGGT1-mediated re-glucosylation assays to assay
inhibitory activity. Derivatives that may inhibit human UGGT1 in

vitro will be tested in antiviral assays in cellula.
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Figure 27 The x0248 binding site is in close proximity of ythe conserved DQD motif that is involved
in binding UDP-Glc.

2.7. Conclusions

The CAUGGT mutants cloned, purified, expressed and assayed in this thesis

have enhanced our understanding of the molecule and will be instrumental

in designing host-targeting antiviral that are either directly targeting the

enzyme's active site or acting on the portions of the molecule that effect

misfold recognition and therefore may be relied upon by viruses to help

viral glycoproteins' folding.

When it comes to correlating UGGT interdomain conformational mobility

with its activity, among the CAUGGT double cysteine mutants tested so far,
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the CATGGTPO1C/G1050C mutant described in ref. 45 is the least active in re-
glucosylating urea-treated bovine thyroglobulin, compatible with our
observation that its MD trajectory is the most severely limited one. The
extra disulphide bridge engineered in CAJGGTDPo1C/G1050C joins the BS2-
TRXL2 domains across the molecule’s central cleft above the saddle, so this
mutant's impaired activity suggests that during the enzyme:substrate
encounter the central saddle may accommodate a portion of misfolded
thyroglobulin. Indeed, the collective evidence of CAJGGT crystal
structures, the cryo-EM structure45 and our MD simulations all highlight
the TRXL2 domain as the most mobile in the structure. The total loss of
activity of the CAUGGT-ATRXL2 construct in the re-glucosylation of urea-
treated bovine thyroglobulin (Figure 20) also supports a critical role for the
TRXL2 domain in adjusting the size of the central cleft / varying the surface
area of the saddle, making the bending motion a crucial one for UGGT
activity. Interestingly, two a priori rather similar double cysteine mutants,
CUGGTS180C/T742C and CATGGTG177C/A786C | both designed to constrain the
TRXL1-TRXL3 clamping motion shut, differ significantly in their ability to
re-glucosylate urea-treated bovine thyroglobulin, with the former mutant
more active than, and the latter mutant having similar activity to WT
CtUGGT. These observations point to the possibility that each misfolded
glycoprotein substrate may depend on a different degree on a different
subset of UGGT inter-domain conformational degrees of freedom. In the

light of these data, the extent to which various portions of the UGGT
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structure and its motions are critical to its activity will need further testing
with re-glucosylation assays using the same set of UGGT mutants on

different glycoprotein substrates.

In the light of our data, involvement of TRXL2 and placement of substrates
between this domain and the $S2-GT24 rigid unit is the simplest hypothesis
supported by the data so far. Substrate recruitment via TRXL2 movements
would not require complete burial of the misfolded glycoprotein into the
central cleft of the molecule: UGGT would minimally need to establish
contact with the portion of the substrate containing the misfold. This is
likely the case for relatively big substrates like transferrin (77 KDa, radius
of gyration (rog) = 29.7 A) or urea-treated bovine thyroglobulin (670 KDa,
a long snake-like chain of eleven 60 aminoacids compact domains, no
structure available). For smaller substrates, like glycopeptides or synthetic
fluorescent probes, closer UGGT conformations, bringing TRXL2 towards
BS2 and the GT24 domain across the central cleft may be needed. Apart
from TRLX2, other untested UGGT regions potentially harbouring exposed
hydrophobics are the CAIUGGT TRXL4 disordered region 243-285; the
flexible linker around the endo-proteolysis site between the S2 and GT24
domains (CAUGGT 1153-1195), and the residues between the last helix and
the ER retrieval motif at the C-terminus (CAUGGT 1474-1510)45. Again,
structural and functional data from a range of UGGT mutants and
glycoprotein substrates will be required to further test these hypotheses and

tully dissect UGGT structure-function relationship.
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The first FBLD study hunting for UGGT fragment ligands by X-ray
crystallography has yielded a fragment (the 8-OH-quinoline, fragment
x0248) which when tested against full-length human UGGT1 has confirmed
a sub-millimolar dissociation constant. The study constitutes a valid
example of how molecules discovered by FBLD as ligands of fungal enzymes
can prove to be ligands of the human orthologue enzyme as well. Moreover,
the high degree of sequence conservation at the site of binding of x0248
and its proximity to the UDP-Glc binding site are very promising in terms

of the potential of derivatives of this compound to evolve into the first class

of UGGT inhibitors.
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Section Il

3. Under-investigation target for

newly synthesised antivirals

The aim of my whole Ph.D. project was to study different approaches to
the antiviral drug discovery as presented in Section I and II of this thesis. In
Section IIT I will present a series of small benzimidazole derivatives which
showed interesting activity against different viruses in a wide antiviral
screening on a panel of representative viruses of several families. They were
sorted by structure and antiviral activity and were investigated more deeply

in order to better apprehend the mechanism of action. Only some evidence
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and preliminary data can be reported here, further analysis is still in

progress.

Target viruses are Vaccinia Virus (VV) and some Enteroviruses (EVs), such
as Coxsackieviruses, EV-A71 and EV-D68. The synthesised compounds
showed a few common features, and this is why I pooled them here

together.

3.1. Introduction

Vaccinia virus (VV) is a double-stranded DNA virus, best known for playing
a key role in the eradication of the smallpox virus. VV belongs to the
Poxvirus family and to the Orthopoxvirus genus. It is a large virus that can
infect different types of mammalian cells and it is widely studied as a
representative of its genus®’. It is characterised by a cytoplasmic replication
cycless that produces two different types of infectious virions, called mature
virions and extracellular virions. These are morphologically different,
because mature virions have a single envelope containing viral particles and
can leave cells as they are after cell lysis, and mediate host-to-host infections.
Alternatively, they receive an additional membrane before egress from the
cells (via exocytosis), generating the so-called, extracellular virions which
spread within a tissue or from tissue to tissue89:90. The additional membrane

of extracellular virions must be removed before subsequent cell entry, so
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cell entry process is almost the same for both extracellular and mature
virions. It has been demonstrated that virions enter the cells by endocytosis
and penetration occurs by membrane fusion in intracellular vacuoles, it
includes micropinocytosis process?-93. Several viral proteins involved in
binding to the cell surface have been identified so far949 and they are all
involved in endocytosis processes. Vaccinia virus is actually used for
vaccination for smallpox in selected high-risk individuals, but some of them
develop severe reactions to inoculation with VV97, so antiviral drug research
could lead to the discovery of molecules that can prevent or treat VV skin

infections.

Enterovirus genus of the family Picornaviridae includes poliovirus,
coxsackieviruses echoviruses, numbered enteroviruses and rhinoviruses.
These viruses, although quite different, can all cause a variety of diseases,
from mild to severe disorders, including respiratory diseases, non-specific
febrile illnesses, hand-foot-and-mouth disease, aseptic meningitis,
encephalitis, paralysis, myocarditis, neonatal sepsis-like disease and also
some chronic diseases, like insulin-dependent diabetes mellitus98-100,
Enteroviral infections can be disseminated via faecal-oral and respiratory
routes and in the last years several outbreaks of Enteroviruses (EVs) have
been reported, mostly caused by Coxsackieviruses!0-103 EV-A71104-106 and
EV-D68107-109, increasingly linked to severe neurological disease such as

acute flaccid myelitis (EV-D68) and viral encephalitis (EV-A71). ***
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Enteroviruses are non-enveloped viruses with positive-sense, single-
stranded RINA viruses (ssRNA+), and their life cycle begins with binding to
one or multiple cell surface receptors, resulting in receptor-mediated
endocytosis. Enteroviruses can use different mechanism of endocytosis,
depending on the serotype and cell type, but generally, the mechanism of
entry involves binding to receptors such as transmembrane protein of
epithelial tight junctions'’® and co-receptors that activates intracellular
signalling pathways that lead to final endocytosis of the viruses. Nowadays
there are no approved vaccines or effective drug treatment for
Coxsackieviruses or EV-D68, two inactivated EV-A71 vaccines were recently
developed and marketed only in China. This motivated our research of new

potent anti-Enteroviruses antivirals.

3.2. Materials and methods

3.2.1. Synthesis

3.2.1.1. General synthetic approach
All starting materials were purchased by Sigma-Aldrich, Across
Organics and Carlo Erba producers. Benzimidazole ring closure has
been carried out as described by Bahrami et a/23 by mixing o-

phenylenediamine and aldehydes in a ratio 1:1 in acetonitrile

(CH3CN), added with H>O> 30% (ratio 1:7) and HCI 37% (ratio
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1:3.5) at room temperature for a proper time, generally few hours and
maximum to overnight time. Nitrogen groups reductions to obtain
amine derivatives were performed in ethanol by three different routes

as follow:

* in autoclave at 100°C with methylhydrazine in case of chlorine
derivatives, to avoid displacement of chlorine;
* at room temperature with H> and Pd/C as catalyst;

» at 80°C with hydrazine and Pd/C as catalyst.

Products were purified by crystallization from ethanol or methanol,
or by flash chromatography using proper elution by mixing suitable
chosen solvents among petroleum spirit (PS), diethyl ether (DE),

ethyl acetate (EA), chloroform and methanol.
3.2.1.2. Chemical characterisation
3.2.1.2.1. Nuclear Magnetic Resonance

See 1.3.2.1.

3.2.1.2.2. Mass spectroscopy

See 1.3.2.2.

3.2.1.2.3. Melting Point measurements

See 1.3.2.3.

3.2.1.2.4. Retention factors
See 1.3.2.4.
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3.2.2.  Biological assays *

3.2.2.1. Cell lines and viruses
Cell lines were purchased from American Type Culture Collection®
(ATCC). The absence of mycoplasma contamination was checked
periodically by the Hoechst staining method. Cell lines supporting
the multiplication of Enteroviruses were the following: Monkey
kidney (Vero-76) [ATCC® CRL-1587™ C(Cercopithecus Aethiops],
Human cervix adenocarcinoma (Hela cells) [ATCC® CCL-2™] and
Macaca mulatta, monkey, rhesus (LLC-MK2) [ATCC® CCL-7T™].
Viruses were purchased from American Type Culture Collection®
(ATCC), Viruses representative of positive-sense, single-stranded
RNAs (ssRNA+) belong to Picornaviridae family: human enterovirus
B [coxsackie type B4 (CV-B4), strain J.V.B. (ATCC® VR-184T™),
coxsackie type B5 (CV-B5), strain Faulkner (ATCC® VR-185TM),
coxsackie type B3 (CV-B3), strain Nancy (ATCC® VR-30T™)],
human enterovirus B [echovirus 9] human enterovirus A71 strain
BrCr (ATCC® VR-1775™) and human enterovirus D 68 strain

Fermon (ATCC® VR-1826™)]. Viruses representatives of DNA

* Biological assays were carried out by Dr. G. Sanna, Prof. R. Loddo and collaborators at
the Department of Biomedical Science, Section of Microbiology and Virology,
University of Cagliari (Italy)
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group belong to Poxviridae family: Vaccinia Virus (VV) [strain

Elstree- Lister Vaccine (ATCC® VR-1549™)] was used.

3.2.2.2. Cytotoxicity assay
Hela cells were seeded in 96-well plates at an initial density of 5x105
cells/mL, in Minimum Essential Medium with Earle’s salts (MEM-E),
L-glutamine, 1mM sodium pyruvate and 25 mg/L kanamycin,
supplemented with 10% foetal bovine serum (FBS). Vero-76 and
LLC-MK2 cells were seeded in 96-well plates at an initial density of
5x105 cells/mL, in Dulbecco’s Modified Eagle Medium (D-MEM)
with L-glutamine and 25 mg/L kanamycin, supplemented with 10%
FBS. Cell cultures were then incubated at 37 °C in a humidified, 5%
CO:2 atmosphere, in the absence or presence of serial dilutions of test
compounds. The test medium used for the cytotoxic assay as well as
for antiviral assay contained 1% of the appropriate serum. Cell

viability was determined after 72-120 hrs at 37 °C by MTT method?s.

3.2.2.3. Antiviral assay
Compound’s activity against EV-A71, D68 was based on inhibition of
virus-induced cytopathogenicity in Vero-76 and Hela cells
respectively, acutely infected with at an m.o.i. of 0.01. After a 3 or 4-
day incubation at 37 °C, cell viability was determined by the MTT
method. Compound’s activity against CV-B3, CV-B4, CV-B5 and

Echo9 was determined by plaque reduction assays in infected cell
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monolayers. Briefly, monolayer of Vero-76 cells or LLC-MK2 (Echo-
9) was grown overnight on 24-well plate. The cells were then infected
for 2 hrs with 250 pL of proper virus dilutions to give 50-100
PFU/well (PFU = plaque forming unit). Following removal of
unadsorbed virus, 500 pL of medium [D-MEM with L-glutamine and
4500 mg/L D-glucose, supplemented with 1% inactivated FBS]
containing 0.75% methyl-cellulose, with serial dilutions of test
compounds, were added. The overlayed medium was also added to
not treated wells as non-infection controls. Cultures were incubated
at 37°C for 3 (CV-B3, CV-B4, CV-B5) or 5 days (E-9) and then fixed
with PBS containing 50% ethanol and 0.8% crystal violet, washed
and air-dried. Plaques in the control (no inhibitor) and experimental
wells were then counted. NM 107 (2’-C-methylcytidine) and

pleconaril were used as reference compounds.

3.2.2.4. Yield reduction assay
Vero-76 cells were inoculated with EV-A71 at a m.o.i. of 0.1 in
maintenance medium and tested compounds at not cytotoxic
concentrations. Following 2 hours adsorption period at 37 °C and
5% COs2, the inoculum was removed and replaced with fresh medium
containing the same concentration of compounds. After 72 hours at
37 °C and 5% CO, each sample was harvested and diluted with serial
passages, starting from 10 up to 10-8. The titer of the serial dilutions

of the virus-containing supernatant was determined by standard
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plaque assay, counting the number of obtained plaques in at least two
different dilutions for each concentration. NM 107 (2’-C-

methylcytidine) was used as reference compound.

3.2.2.5. Virucidal activity assay
6h (20 uM) was incubated with 1x105 PFU/ml of EV-A71 at either 4
or 37 °C for 1 hour. The mixture without test sample was used as
control. At the end of the incubation period, samples were serially
diluted in media and titres were determined on Vero-76 cells at high
dilutions, at which compound was not active. Virus titres were

determined by plaque assay in Vero-76 cells.

3.2.2.6. Cell pre-treatment assay
Vero-76 cell monolayers in 24-well plates were incubated with 20 pM
concentration of the 6h or NM 107 (50 uM) for 2 hrs at 4 °C. After
removal of the compounds and two gentle washes, cells were infected
with EVA71. After virus adsorption to cells, the inoculum was
removed and the cells were then overlaid with medium, incubated
for 4 days at 37 °C, and then virus titres were determined by plaque

assay.
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3.2.2.7. Time of addition assay for 6h derivative *
The confluent monolayers of Vero-76 cells in 24-well tissue culture
plates were infected for 1 hrs at room temperature with EV-A71
dilutions to give final m.o.i. of 1-5. After adsorption, the monolayers
were washed two times with D-MEM medium with L-glutamine,
supplemented with 1% inactivated FBS, 1mM sodium pyruvate and
0.025 g/1 kanamycin (Maintenance Medium) and incubated with the
same medium at 5% CO; and 37 °C (time zero). Vero-76 cells were
treated with compound 6h (20 uM, approximately 10 times higher
than the ICso) or reference for 1 hour during infection period (at -1
to 0) and at specific time point, O to 2, 2 to 4, 4 to 6, 6 to 8, and 8
to 10 hrs post-infection. After each incubation period, the monolayers
were washed two times with maintenance medium and incubated
with fresh medium until 12 hrs post-infection. Then, the monolayers
were frozen at -80°C and the viral titres were determined by plaque

assay.

3.2.2.8. Time of addition assay for 7c derivative **
A time-of-addition experiment was carried out with Vero-76 cells.

The confluent monolayers of Vero-76 cells, seed in 24-well tissue

* TOA for 6h was carried out by Dr. G. Sanna at the Department of Biomedical Science,
Section of Microbiology and Virology, University of Cagliari (Italy)

** TOA for 7c was carried out by Prof. R. Loddo and collaborators at the Department of
Biomedical Science, Section of Microbiology and Virology, University of Cagliari (Italy)
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culture plates, were inoculated at room temperature with 6650 PFU
of CVB-5, corresponding to a multiplicity of infection of 0.03
PFU/cell. After adsorption for 60 min, the monolayers were washed
two times with maintenance medium in the presence of FBS
inactivated and incubated with the same medium at 5% CO: and 37
°C. The test medium containing 10 x ECs0 compound concentration,
was added at -1 to O (adsorption), O to 2 (during infection), 2 to 4, 4
to 6, 6 to 8, 8 to 10. After each incubation period, the monolayers
were washed two times with maintenance medium and incubated
with fresh medium until 20 hrs post-infection. Then, after 24-36 hrs
post-infection the CPE (cytopathic effect) was evaluated and the
monolayers were collected, centrifuged and frozen at -80 °C. The

viral titre was determined by a plaque reduction assay.

3.2.2.9. Absorption assay
Vero-76 cells grown in 24-well plate were infected with EVA71, with
a m.o.i. of 0.1, in the presence or absence of compound 6h. Multiwell
plates were incubated for 120 min at 4 °C. Medium containing
unadsorbed virus was then removed, cells were washed twice with
PBS and overlayed with medium. Plaques were counted after 72

hours of incubation at 37 °C.
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3.2.2.10. Penetration assay
A 24-well tissue culture plate was seeded with Vero-76 cells (4x105
cells/well), which were then incubated overnight at 37 °C under 5%
COs. The cells were chilled on ice for 1 h, and the medium was
removed. The cells were infected with 100 PFU (200ul, 1:80) of EV-
A71 on ice for 2 h. The medium containing unbound virus was then
removed; various concentrations of 6h (100-0.8 uM) in medium were
added, and the cells were incubated at 37 °C for 1 h to trigger
endocytosis of the virus. The infected cells were then treated with
alkaline phosphate-buffered saline (PBS; pH 11) for 1 min to inactivate
any viruses that had not penetrated the cells, and then acidic PBS (pH
3) was immediately added to neutralize the mix. The neutralized
medium was removed, cells were overlayed with 0.75%
methylcellulose in media and then were incubated at 37 °C. After 72
hours incubation at 37°C cells were stained, and plaques determined
by counting. Penetration assay was carried out according to the

method! with some modifications.
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3.3. Chemistry

3.3.1. Synthetic routes

3.3.1.1. Anti-VV benzimidazole derivatives
Derivatives 4a-d, 5a, 5-13c, 7a-b, 7d-f, 7i-1 were obtained for reaction
of proper o-phenylenediamine (1, 5-14) with the corresponding
aldehydes (2a-f, i-1) both dissolved in acetonitrile (CH3CN) and
added of H2O2 30% in a ratio 1:7 and HCI 37% in a ratio 1:3.5.
Aniline derivatives 6-11m were obtained by suitably reduction of
corresponding nitro-derivatives 6-11c. When R; is a chlorine atom
(6¢c), or when both Ry and R are chlorine atoms (7c) the nitrogen is
reduced to amine group with methylhydrazine, as bland reducing
agent in ethanol using the autoclave at 100°C for 48 hours. All the
other reductions for nitro-derivatives 5c, 8c-11c were conducted in

ethanol Pd/C as catalyst and hydrazine at 80 °C for 2 hours.
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Scheme 3 Synthetic route for derivatives 4a-d, 5a, 5-6¢, 5-11m, 7a-f, 7i-l, 8-13c.

3.3.1.2. Anti-EVs benzimidazole derivatives
Benzimidazole ring closure has been carried out by mixing o-
phenylenediamine (5-9) and corresponding aldehyde (2g, 2h) in a
ratio 1:1 dissolved in acetonitrile (CH3CN), added with H>O. 30%
(ratio 1:7) and HCI 37% (ratio 1:3.5) at room temperature overnight,

obtaining derivatives 5-9g and 5-9h.
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Scheme 4 Synthetic route for derivatives 5-9g, 5-9h.

3.3.2.  Analytical section

3.3.2.1. Synthesis, purification and characterisation of
derivatives 4a-d, 5a, 5-6¢, 5-11m, 7a-f, 7i-1, 8-13c

Synthesis of derivatives 4a-d, 5a, 5-6¢, 7a-f, 7i-1, 8-13c was carried on
as described in general synthetic procedure for benzimidazole ring
closure: mixing o-phenylenediamine (1, 5-13) and corresponding
aldehyde (2a-f, i-]) in a ratio 1:1 dissolved in acetonitrile (CH3CN),
added with H>O2 30% (ratio 1:7) and HCI 37% (ratio 1:3.5) at room
temperature overnight, solid is obtained. The solid has been filtered
off with vacuum, washed with acetonitrile and with water till neutral
pH of filtrate. The crude solid has been stored and dried in the oven
overnight. Compounds 5-11m were obtained by reduction of nitro-

derivatives 5-11c as previously described.
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3.3.2.1.1. Characterization of derivatives 4a-d

See Section |

3.3.2.1.2.  Characterisation of derivative 2-phenyl-14-
benzo| d]imidazole (5a)

Compound 5a (Ci3H10N2, MW 194.232) was obtained in total yield 76%;
m.p. 290-292 °C; TLC (PS/EA 7/3): R¢0.35. tH-NMR (DMSO-dp): § 8.31
(2H, m, H-2",6°), 7.74 (2H, m, H-4,7), 7.64 (3H, m, H-3’,4’,5’), 7.40
(2H, m, H-5,6). BC-NMR (APT, DMSO-ds): § 150.32 (C), 135.79
(2C), 132.19, (CH), 129.78 (2CH), 127.82 (2CH), 126.86 (C), 124.63
(2CH), 114.98 (2CH). ESI-MS (m/2): calcd. for Ci2HioN2 195.09167,
tound 195.09151 [M+H]+.
3.3.2.1.3.  Characterisation of 2-(4-nitrophenyl)-1/-
benzo[ d]imidazole (5c¢)

Compound 5¢ (Ci3H9N302, MW 239.229) was obtained in total yield
44%; m.p. 214-215 °C; TLC (CHCIl3/CH;OH 95/5): R¢0.72. tH-NMR
(DMSO-dp): 6 8.49 (4H, s, H-2’,3°,5",6°), 7.76 (2H, m, H-4,7), 7.41
(2H, m, H-5,6). 3C-NMR (jmod, DMSO-dp): § 148.45 (C), 148.24
(C), 136.98 (2C), 133.63 (C), 128.10 (2CH), 124.41 (2CH), 124.18
(2CH), 115.18 (2CH). ESI-MS (m/z): caled. for Ci3HoN3O»

240.07675, found 240.07655 [M+H]-.
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3.3.2.1.4. Characterisation of 4-(1/-benzo[ d]imidazol-2-
yl)aniline (5m)

Compound 5m (CisHulN3, MW 209.247) was obtained in total yield
63%; m.p. >300 °C; TLC (CHCIs/CH;0H 95/5): Rf 0.38. tTH-NMR
(DMSO-ds): 8 7.86 (2H, d, J= 8.4 Hz, H-2",6), 7.50 (2H, m, H-4,7),
7.14 (2H, m, H-5,6), 6.68 (2H, d, J= 8.4 Hz, H-3’,5"). 3C-NMR
(jmod, DMSO-dy): § 152.38 (C), 150.76 (2C), 138.88 (C), 127.85
(2CH), 121.46 (2CH), 116.63 (C), 113.54 (2CH), 113.22 (2CH). ESI-

MS (m/z): calcd. for Ci3HuuN3 210.10257, found 210.10257 [M+H]-+.

3.3.2.1.5. Characterisation of 5-chloro-2-(4-nitrophenyl)-
1H-benzo[ d]imidazole (6¢)

Compound 6¢ (Ci3HsCIN3O2, MW 273.674) was obtained in total
yield 97%; m.p. 256-258 °C; TLC (PS/ES 7/3): R¢ 0.44. 'H-NMR
(DMSO-ds): & 8.43 (4H, s, H-2°,3",5°,6°), 7.73 (1H, d, J= 1.6 Hz, H-
4), 7.69 (1H, d, J= 8.4 Hz, H-7), 7.308 (1H, dd, 1J= 10.4 Hz, 2J= 2 Hz,
H-6), 3.68 (1H, s, NH). 3C-NMR (DMSO-ds): & 150.30 (C), 148.07
(C), 140.27 (C), 137.78 (C), 135.25 (C), 127.62 (2CH), 127.36 (C),
124.31 (2CH), 123.39 (CH), 116.70 (CH), 115.27 (CH). ESI-MS (111/2):

calcd for Ci3HsCIN3O2 274.03778, found 274.03760 [M+H]+.

3.3.2.1.6. Characterisation of 4-(5-chloro-1H-
benzo[ dlimidazol-2-yl)aniline (6m)

Compound 6m (CizHi0CIN3, MW 243.692) was obtained in total

yield 86%; m.p. 133-135 °C; TLC (CHCIl3/CH3OH 95/5): Rr0.29. tH-
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NMR (DMSO-dk): 6 7.83 (2H, d, J= 8.4 Hz, H-2,6’), 7.54 (1H, m,
H-4), 7.43 (1H, ws, H-7), 7.13 (1H, d, J= 8.4 Hz, H-6), 6.66 (2H, d,
J= 8.4 Hz), 5.66 (2H, s, NH,). 3C-NMR (APT, DMSO-ds+TFA-d): &
153.63 (C), 150.93 (C), 132.17 (C), 130.24 (C), 129.65 (C), 129.60
(2CH), 125.52 (CH), 114.42 (CH), 114.13 (2CH), 112.76 (CH), 107.87
(C). ESI-MS (m/2): caled. for Ci3HioCIN3 244.06360, found
244.06346 [M+H]-~.

3.3.2.1.7. Characterisation of 5,6-dichloro-2-phenyl-14-
benzo[ d]imidazole (7a)

Compound 7a (Ci3HsCl.N2, MW 263.122) was obtained in total yield
65%; m.p. >300 °C; TLC (PS/EA 7/3): R¢ 0.15. 'H-NMR (DMSO-dy):
6 8.19 (2H, d, J= 6.4 Hz, H-2°,6’), 7.90 (2H, s, H-4,7), 7.60 (3H, m,
H-3’,4’,5"). BC-NMR (jmod, DMSO-dp): § 153.23 (C), 137.36 (C),
131.28 (CH), 129.20 (3CH), 127.79 (C), 127.62 (C), 127.06 (2CH),
125.48 (C), 125.37 (C), 116.13 (CH). ESI-MS (m/2z): calcd. for

Ci3HsCLN:> 263.01373, found 263.01422 [IV[+I‘I]+

3.3.2.1.8.  Characterisation of 5,6-dichloro-2-(p-tolyl)-14-
benzo[ dlimidazole (7b)

Compound 7b (Ci4sHioCl2N2, MW 277.149) was obtained in total
yield 53%; m.p. 286 °C; TLC (PS/EA 7/3): Rr0.45.1H-NMR (DMSO-
ds): 6 8.54 (2H, d, J= 8 Hz, H-2",6"), 8.19(2H, s, H-4,7), 7.27 (2H, d,
J= 8 Hz, H-3’,5"), 2.30 (3H, s, CHj). BC-NMR (ATP, DMSO-
ds+TFA): 6 150.73 (C), 140.81 (C), 140.00 (C), 137.73 (C), 130.71 (C),
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128.38 (2CH), 127.08 (C), 126.41 (2CH), 125.88 (C), 118.25 (2CH),
23.58 (CH3). ESI-MS (111/2): caled. for C14Hi10Cl2N2 277.02938, found
277.02945 [M+H]-.
3.3.2.1.9. Characterisation of 5,6-dichloro-2-(4-
nitrophenyl)-1H-benzo[ d]limidazole (7c)

Compound 7¢ (Ci3H;Cl2N302, MW 308.120) was obtained in total
yield 69%; m.p. 226 °C; TLC (PS/EA 7/3): Rr 0.58. TH-NMR
(DMSO-dp): 6 8.40 (4H, ws, H-2°,3°,5",6’), 7.91 (2H, s, H-4,7). 3C-
NMR (jmod, DMSO-dg): & 151.50 (C), 148.25 (C), 188.80 (2C),
134.88 (C), 127.42 (2CH), 125.47 (2C), 124.32 (2CH), 116.83 (2CH).
ESI-MS (m1/2): calcd. for Ci3H7CLLN3O2 307.99881, found 307.99899

[M+H]+12,

3.3.2.1.10. Characterisation of 4-(5,6-dichloro-1/4-
benzo[ d]imidazol-2-yl)benzonitrile (7d)

Compound 7d (CisH;CLN3, MW 288.132) was obtained in total yield
79%; m.p. >300 °C; TLC (PS/EA 7/3): R¢0.47. H-NMR (DMSO-dj):
§ 8.30 (2H, d, J= 8.4 Hz, H-2,6), 8.03 (2H, d, J= 8.4 Hz, H-3",5"),
7.89 (2H, s, H-4,7). 3C-NMR (jmod, DMSO-ds): 6 151.89 (C), 140.63
(C), 133.32 (C), 132.99 (2CH), 131.33 (C), 127.94 (CH), 127.54
(2CH), 126.16 (CH), 125.21 (C), 124.82 (C), 118.42 (C), 112.51 (C).
ESI-MS (m1/2): caled. for CisH;CLN; 288.00898, found 288.00891

[M+H]+.
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3.3.2.1.11. Characterisation of 5,6-dichloro-2-(4-
(trifluoromethyl) phenyl)-1A-benzo[ dlimidazole (7e)

Compound 7e (Ci4H7Cl2F3N2, MW 331.120) was obtained in total
yield 68%; m.p. 225 °C; TLC (PS/EA 9/1): Rr0.29. tH-NMR (DMSO-
ds): § 8.40 (2H, d, J= 8 Hz, H-2,6’), 8.14 (2H, d, J= 8 Hz, H-3’,5’),
7.98 (2H, s, H-4,7). 3BC-NMR (ATP, DMSO-ds+TFA): 6 150.92 (C),
135.52 (C), 131.47 (1C, q, YJcr= 30 Hz, CF3), 130.11 (C), 128.11 (2CH)),
126.87 (C), 126.82 (C), 126.08 (2C, 3Jcr= 4 Hz, 2CH), 125.02 (C),
122.32 (C),116.19 (2CH). ESI-MS (imm/Zz): calecd. for CisH7;ClF3N»

331.00111, found 331.00125 [M+H]*.

3.3.2.1.12. Characterisation of 5,6-dichloro-2-(4-
methoxyphenyl)-1H-benzo[ dlimidazole (7f)

Compound 7f (CsHioCLN,O, MW 293.148) was obtained in total
yield 51%; m.p. 225 °C; TLC (CHCly/CH;OH 95/5): R¢ 0.34. 1H-
NMR (DMSO-ds): 6 8.16 (2H, d, J= 8.8 Hz, H-2",6), 7.92 (1H, s, H-
7), 7.76 (1H, s, H-4), 7.17 (2H, d, J= 8.8 Hz, H-3,5"), 3.90 (3H, s,
CH;). 3C-NMR (APT, DMSO-ds+TFA-d): 6§ 163.52 (C), 151.20 (C),
131.65 (2C), 130.04 (2CH), 128.15 (2C), 115.18 (2CH), 115.10 (2CH),
114.50 (C), 55.62 (CHs). ESI-MS (m/2): caled. for CiusHioCLN,O

293.02429, found 293.02429 [M+H]-.
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3.3.2.1.13. Characterisation of 5,6-dichloro-2-(5-nitrofuran-
2-yl)-1H-benzo[ d]imidazole (71)

Compound 7i (CiH5Cl2N303, MW 298.082) was obtained in total
yield 81%; m.p. 225 °C; TLC (PS/EA 7/3): Rr0.44. tH-NMR (DMSO-
ds): 6 7.92 (2H, s, H-4,7), 7.90 (1H, d, J= 4 Hz, H-4"), 7.55 (1H, d, J=
4 Hz, H-3"). 3C-NMR (APT, DMSO-ds+TFA-d): 6 151.92 (C), 145.94
(C), 142.90 (C), 137.99 (2C), 126.08 (2C), 116.74 (2CH), 114.43 (CH),
114.12 (CH). ESI-MS (m/z): calcd. for CyHsCl2N3;O035 297.97807,

found 297.97775 [M+H]+.

3.3.2.1.14. Characterisation of 5,6-dichloro-2-(5-
nitrothiophen-2-yl)-1H-benzo[ d]imidazole (7j)

Compound 7j (CuHsCLN3;O.S, MW 314.147) was obtained in total
yield 58%; m.p. >300 °C; TLC (PS/EA 7/3): Rf 0.35. tH-NMR
(DMSO-ds): 6§ 8.18 (1H, d, J= 4.4 Hz, H-4"), 7.86 (2H, s, H-4,7), 7.82
(1H, d, J= 4.4 Hz, H-3"). 3C-NMR (jmod, DMSO-dj): § 151.55 (C),
147.01 (C), 146.93 (C), 139.36 (2C), 130.89 (2CH), 126.79 (2CH),
125.77 (2C). ESI-MS (m/z): caled. for CuHsCLN3O.S 313.95523,

found 313.95499 [M+H]+.
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3.3.2.1.15. Characterisation of 5,6-dichloro-2-(pyridin-4-yl)-
1H-benzo[ dlimidazole (7k)

Compound 7k (Ci2H7CLN3, MW 264.110) was obtained in total yield
58%; m.p. >300 °C; TLC (PS/EA 7/3): Rr 0.44. tH-NMR (DMSO-
ds): 6 8.99 (2H, d, J= 5.6 Hz, H-2°,6’), 8.55 (2H, d, J= 5.6 Hz, H-
3,5%), 7.96 (2H, s, H-4,7). BC-NMR (ATP, DMSO-ds+TFA-d): 6
148.14 (C), 144.31 (C), 142.72 (2CH), 138.77 (2C), 126.85 (2CH),
123.34 (2CH), 117.46 (2CH). ESI-MS (m/Z): calcd. for Ci2H;Cl2N3

264.00898, found 264.00928 [M+H]-.

3.3.2.1.16. Characterisation of 5,6-dichloro-2-(pyridin-2-yl)-
1H-benzo[d]imidazole (71)

Compound 71 (C12H7;CLN3, MW 264.110) was obtained in total yield
58%; m.p. >300 °C; TLC (PS/EA 7/3): Rr 0.64. tH-NMR (DMSO-
ds): 6 8.77 (1H, d, ]J= 3.6 Hz, H-6), 8.33 (1H, d, J= 7.6 Hz, H-3"),
8.04 (1H, t, J= 7 Hz, H-4’), 7.86 (2H, s, H-4,7), 7.59 (1H, t, J= 5.6
Hz, H-5’). 3C-NMR (jmod, DMSO-ds): § 152.76 (C), 149.57 (CH),
147.02 (C), 138.29 (2C), 137.82 (2CH), 125.54 (CH), 125.25 (2C),
121.96 (CH), 116.75 (CH). ESI-MS (m/z): calcd. for Ci2H7;Cl2N3

264.00898, found 264.00906 [M+H]+.

3.3.2.1.17. Characterisation of 4-(5,6-dichloro-1H-
benzo[ dlimidazol-2-yl)aniline (7m)

Compound 7m (Ci3sHoCLN3;, MW 278.137) was obtained in total

yield 97%; m.p. 222-223 °C; TLC (CHCls/CH3;OH 95/5): Rr 0.28.
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IH-NMR (DMSO-ds): 8 7.83 (2H, d, ]J= 7.6 Hz, H-2°6"), 7.78 (1H, s,
H-4), 7.61 (1H, s, H-7), 6.67 (2H, d, J= 7.6 Hz, H-3’5’), 5.72 (2H, s,
NH.). 3C-NMR (jmod, DMSO-ds): & 155.21 (C), 151.22 (C), 143.89
(C), 134.56 (C), 128.12 (2CH), 123.46 (C), 123.28 (C), 118.78 (CH),
113.48 (2CH), 116.05 (C), 111.76 (CH). ESI-MS (m/2): calcd. for

Ci3HoCIL2N3 278.02463, found 278.02478 [M+H]-.

3.3.2.1.18. Characterisation of 5-fluoro-2-(4-nitrophenyl)-1/-
benzo[ d|limidazole (8c)

Compound 8c (Ci3HsFN302, MW 257.220) was obtained in total
yield 87%; m.p. 226.3 °C; TLC (PS/EA 7/3): Rr 0.45. tH-NMR
(DMSO-dy): § 8.45 (4H, d, J= 1,6 Hz, H-2,3’,5°,6"), 7.74 (1H, m, H-
7°), 7.45 (1H, m, H-4’), 7.23 (1H, m, H-6"). 3C-NMR (jmod, DMSO-
ds): 6 160.54 (C), 158.18 (C), 149.72 (C), 148.35 (C), 137.91 (C),
133.97 (C), 127.95 (2CH), 124.36 (2CH), 116.44 (CH), 112.26 (CH),
101.29 (CH). ESI-MS (m/%): calcd. for Ci3HsFN3O2 258.06733, found
258.06732 [M+H]".
3.3.2.1.19. Characterisation of 4-(5-fluoro-1/-
benzo[ dlimidazol-2-yl)aniline (8m)

Compound 8m (Ci3H10FN3, MW 227.237) was obtained in total yield
63%; m.p. 271 °C; TLC (PS/EA 7/3): R¢ 0.12. 'H-NMR (DMSO-dj):
§ 8.05 (2H, d, J= 8.8 Hz, H-2",6’), 7.72 (1H, m, H-7), 7.54 (1H, m,
H-4), 7.40 (1H, m, H-6), 6.78 (2H, d, J= 8.8 Hz, H-3’,5’). 3C-NMR

(jmod, DMSO-ds): § 160.81 (C), 158.42 (C), 153.90 (C), 151.15 (C),
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132.42 (C), 129.67 (2CH), 128.48 (C), 114.43 (CH), 113.66 (2CH),
113.02 (CH), 99.95 (CH). ESI-MS (m/2): caled. for CisHioFN;

228.09315, found 228.09319 [M+H]-~.

3.3.2.1.20. Characterisation of 5,6-difluoro-2-(4-
nitrophenyl)-1H-benzo[ d]limidazole (9c)

Compound 9c¢ (Ci3H7F2N302, MW 275.210) was obtained in total
yield 52%; m.p. 292 °C; TLC (PS/EA 7/3): R¢ 0.40. tH-NMR
(DMSO-dk): 6 8.39 (4H, m, H-2°,3°,5,6°), 7.715 (2H, t, H-4,7). 13C-
NMR (jmod, DMSO-dk): 6§ 149.70 (C), 148.88 (C), 148.39 (2C, dd,
Jer= 245 Hz, 2Jcr= 19 Hz, 2C-F), 131.84 (C, m), 131.66 (C), 131.25
(C, m), 128.35 (2CH), 124.28 (2CH), 102.90 (2C, dd, Jcr= 15 Hz,
3Jck= 8 Hz, CH-4,7). ESI-MS (m/z): caled. for CizH7F2N3O2

276.05791, found 276.05856 [M+H]-.

3.3.2.1.21. Characterisation of 4-(5,6-difluoro-1/4-
benzo[ dlimidazol-2-yl)aniline (9m)

Compound 9m (Ci3H7F2N302, MW 245.227) was obtained in total
yield 87%; m.p. 246-247 °C; TLC (CHCIs/CH3;OH 95/5): R¢ 0.40.
IH-NMR (DMSO-dk): § 7.81 (2H, d, J= 8.4 Hz, H-2",6), 7.54 (1H, s,
H-4), 7.448 (1H, s, H-7), 6.67 (2H, d, J= 8.8 Hz, H-3",5’), 5.64 (2H,
s, NH2). 3C-NMR (jmod, DMSO-dk): 6 154.62 (C), 150.85 (2C),
146.21 (2C, dd, YJcr= 236 Hz, ?Jcr= 16 Hz, C-F), 127.75 (2CH), 116.53
(2C), 113.51 (2CH), 102.45-101.30 (2C, m, CH-F). ESI-MS (m/2):

calcd. for Ci3HoFaN3 246.08373, found 246.08331 [M+H]~.
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3.3.2.1.22. Characterisation of 5-methyl-2-(4-nitrophenyl)-
1H-benzo[ dlimidazole (10c)

Compound 10c (CisHuN3O2, MW 253.256) was obtained in total
yield 42%; m.p. 94-95 °C; TLC (CHCl3/CH3;OH 95/5): Rr 0.74. 1H-
NMR (DMSO-dk): 6 8.57 (2H, d, J= 9.2 Hz, H-3’,5°), 8.52 (2H, d, J=
8.8 Hz, H-2,6’), 7.73 (1H, d, J= 8.4 Hz, H-7), 7.63 (1H, s, H-4), 7.37
(1H, d, J= 8.4 Hz), 2.50 (3H, s, CH3). 3C-NMR (jmod, DMSO-dk): §
149.13 (C), 146.57 (C), 135.75 (C), 133.82 (C), 131.98 (C), 130.62 (C),
128.91 (2CH), 127.32 (CH), 124.48 (2CH), 114.28 (CH), 113.76 (CH),
21.23 (CHj3). ESI-MS (m/2): calcd. for C1sHulN30O2 254.09240, found
254.09219 [M+H]~.
3.3.2.1.23. Characterisation of 4-(5-methyl-14-
benzo[ d]imidazol-2-yl)aniline (10m)

Compound 10m (Ci4sHi3N3, MW 223.273) was obtained in total yield
31%; m.p. 110-112 °C; TLC (CHCIl;/CH;0H 95/5): Rf0.26. tH-NMR
(acetone-ds): § 7.94 (2H, d, J= 8.8 Hz, H-2°,6’), 7.39 (1H, d, J= 8 Hz,
H-7), 7.31 (1H, s, H-4), 6.97 (1H, d, J= 8 Hz, H-6), 6.78 (2H, d, J=
8.4 Hz, H-3’,5’), 5.09 (2H, s, NH»), 2.42 (3H, s, CH3). 3C-NMR
(APT, DMSO-ds+ TFA-d): § 153.69 (C), 149.49 (C), 135.10 (C), 131.54
(C), 129.33 (2CH), 129.11 (C), 126.45 (CH), 114.07 (2CH), 113.42
(2CH), 108.04 (C), 20.97 (CHj3). ESI-MS (m1/2): caled. for Ci4Hi3N;

224.11822, found 224.11761 [M+H]*.
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3.3.2.1.24. Characterisation of 5,6-dimethyl-2-(4-
nitrophenyl)-1H-benzo[ d|limidazole (11c)

Compound 11c (CisHi3N30., MW 267.283) was obtained in total
yield 62%; m.p. 260-262 °C; TLC (PS/EA 7/3): Rr 0.43. tH-NMR
(DMSO-ds): & 8.38 (4H, s, H-2°,3’,5°,6°), 7.42 (2H, s, H-4,7), 2.34
(6H, s, 2CH3). 3C-NMR (DMSO- d): § 147.92 (C), 147.52 (C),
137.75 (C), 135.79 (2C), 132.07 (2C), 128.85 (2CH), 127.69 (2CH),
124.19 (2CH), 19.96 (2CH3). ESI-MS (m/2): calcd. for CisHisN;O-

268.10805, found 268.10797 [M+H]-.

3.3.2.1.25. Characterisation of 4-(5,6-dimethyl-1/-
benzo[ dlimidazol-2-yl)aniline (11m)

Compound 11m (Ci5HisN3, MW 237.299) was obtained in total yield
88%:; m.p. 109-111 °C; TLC (CHCl3/CH30H 95/5): Rr 0.17. tH-NMR
(DMSO-ds): 6 7.80 (2H, d, J= 8.4 Hz, H-2°,6°), 7.31 (1H, s, H-7), 7.18
(1H, s, H-4), 6.65 (2H, d, J= 8.8 Hz, H-3",5’), 5.55 (2H, s, NH>), 2.29
(6H, d, J= 7.2 Hz). BC-NMR (DMSO-ds): & 151.62 (C), 150.21 (C),
137.32 (2C), 130.01 (2C), 127.52 (2CH), 117.13 (2C), 114.37 (C),
113.78 (2CH), 19.84 (2CHs). ESI-MS (m/2): caled. for CisHisNj3

238.13387, found 238.13365 [M+H]-+.
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3.3.2.1.26. Characterisation of 6-chloro-7-methyl-2-(4-
nitrophenyl)-1H-benzo[ dlimidazole (12c)

Compound 12¢ (Ci14H10CIN3;O2, MW 287.701) was obtained in total
yield 78%; m.p. >300 °C; TLC (PS/EA 8/2): Rf 0.52. tH-NMR
(DMSO-dy): § 8.37 (4H, s, H-2°,3°,5,6’), 7.52 (2H, d, Jomso= 8.8 Hz,
H-4), 7.36 (2H, d, Jorno= 8.4 Hz, H-5), 2.59 (3H, s, CH3). 3C-NMR
(jmod, DMSO-ds): § 149.10 (C), 148.42 (C), 138.49 (C), 135.02 (C),
133.61 (C), 128.44 (2CH), 127.92 (C), 124.83 (CH), 124.19 (2CH),
123.75 (C), 113.12 (CH), 14.53 (CHs3). ESI-MS (m/Z2): calcd. for

Ci4Hi0CIN3O2 288.05343, found 288.05396 [M+H]*.

3.3.2.1.27. Characterisation of 4-fluoro-2-(4-nitrophenyl)-1/4-
benzo[ dlimidazole (13c)

Compound 13c (Ci3HsFN302, MW 257.220) was obtained in total
yield 65%; m.p. >300 °C; TLC (PS/EA 7/3): Rf 0.81. tH-NMR
(DMSO-ds): 6 8.45 (4H, dd, J= 9.2 Hz, H-2°,3,5°,6°), 7.47 (1H, d,
Joreho= 8 Hz, H-7), 7.28 (1H, td, Jorho= 8.1 Hz, Jmew i-r= 5.1 Hz, H-6),
7.09 (1H, m, H-5). 3C-NMR (jmod, DMSO-dj): 6 153.46 (C), 150.98
(C), 149.64 (C), 148.08 (C), 139.71 (1C, m, C-F), 135.17 (C), 127.71
(2CH), 124.29 (2CH), 123.99 (1C, d, 3Jcr= 7 Hz, CH-6), 109.81 (CH-
7), 107.83 (1C, d, ?Jcr= 16 Hz, CH-5). ESI-MS (m/2): caled. for

Ci13HsFN302 258.06733, found 258.06766 [M+H]-.
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3.3.2.2. Synthesis, purification and characterisation of
derivatives 5-9 g and 5-9h

Synthesis of derivatives 5-9g and 5-9h was carried on as described in
general synthetic procedure for benzimidazole ring closure: mixing
o-phenylenediamine (5-9) and corresponding aldehyde (2g, 2h) in a
ratio 1:1 dissolved in acetonitrile (CH3CN), added with H>O> 30%
(ratio 1:7) and HCI 37% (ratio 1:3.5) at room temperature overnight,
solid is obtained. The solid has been filtered off with vacuum, washed
with acetonitrile and with water till neutral pH of filtrate. The crude
solid has been stored and dried in oven overnight. All the below listed
compounds were obtained as pure solids after crystallisation from

ethanol, and then characterised.

3.3.2.2.1. Characterisation of derivative 2-(4-
isopropylphenyl)-1H-benzo[d]imidazole (5g)

Compound 5g (CisHicN2, MW 236.312) was obtained in total yield
88%; m.p. 206-207 °C; TLC (PS/EA 7/3): Rr0.62. tH-NMR (DMSO-
ds): 6 8.11 (2H, d, J= 8.6 Hz, H-2,6"), 7.66 (1H, d, J= 7 Hz, H-4), 7.61
(2H, d, J= 8.6 Hz, H-3’,5’), 7.54 (1H, d, J= 7 Hz, H-7), 7.21 (2H, m,
H-5,6), 1.34 (9H, s, 3CH3). BC-NMR (jmod, DMSO-ds): 6§ 152.49
(C), 151.18 (C), 142.98 (C), 136.94 (C), 128.42 (C), 127.19 (2CH),

125.79 (2CH), 123.55 (CH), 122.50 (CH), 117.68 (CH), 111.16 (CH),
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33.46 (CH), 22.99 (2CH3). ESI-MS (m/2): calcd for CoHi4sN4O3

359.11387, found 359.11386 [M+H]-.

3.3.2.2.2. Characterisation of derivative 5-chloro-2-(4-
isopropylphenyl)-1H-benzo[ dlimidazole (6g)

Compound 6g (CisHisCIN2, MW 270.76) was obtained in total yield
75%; m.p. 228-230 °C; TLC (PS/EA 7/3): R¢0.75. tH-NMR (DMSO-
ds): 6 8.12 (2H, d, ]J= 8.4 Hz, H-2",6"), 7.66 (1H, d, J= 1.6 Hz, H-4),
7.61 (1H, d, J= 8.8 Hz, H-7), 7.40 (2H, d, J= 8.4 Hz, H-3’,5%), 7.19
(1H, dd, Jorero= 8.6 Hz, Jmew= 1.6 Hz, H-6), 2.95 (1H, q, aliphatic CH),
1.24 (6H, d, J= 6.8 Hz, 2CH3;). 3C-NMR (jmod, DMSO-dy): § 152.90
(©), 150.61 (C), 127.46 (2C), 126.86 (2CH), 126.67 (2CH), 126.06
(2C), 121.97 (CH), 116.01 (CH), 114.85 (CH), 33.32 (CH), 15.18
(2CH3). ESI-MS (mm/2): caled. for CiHisCIN, 271.09965, found

271.10001 [M+H]+.

3.3.2.2.3. Characterisation of derivative 5,6-dichloro-2-(4-
isopropylphenyl)-1H-benzo[ dlimidazole (7g)

Compound 7g (CisHi4Cl2N2, MW 305.202) was obtained in total
yield 87%; m.p. 257-259 °C; TLC (PS/EA 7/3): R 0.75. tH-NMR
(DMSO-dp): 6 8.19 (d, 2H, J= 8 Hz, H-2°,6"), 7.96 (s, 2H, H-4,7), 7.53
(d, 2H, J= 8 Hz, H-3’,5’), 3.01 (q, 1H, J= 6.8 Hz, CH), 1.26 (d, 6H, J=
6.8 Hz, 2CH3). BC-NMR (jmod, DMSO-ds): § 153.19 (C), 152.38 (C),

135.09 (2C), 127.70 (2CH), 127.60 (2CH), 126.43 (2C), 123.42 (C),
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115.73 (2CH), 33.47 (CH), 23.46 (2CH3). ESI-MS (m1/2): calcd. for

CisH14CLN2 305.06068, found 305.06085 [M+H]-.

3.3.2.2.4. Characterisation of derivative 5-fluoro-2-(4-
isopropylphenyl)-1H-benzo[ dlimidazole (8g)

Compound 8g (CicHisFN2, MW 254.302) was obtained in total yield
76%; m.p. 255 °C; TLC (PS/EA 7/3): Rf0.56. tH-NMR (acetone-dp):
6 8.14 (2H, d, J= 8 Hz, H-2",6"), 7.58 (1H, m, H-4), 7.44 (2H, d, J= 8
Hz, H-3’,5"), 7.32 (1H, d, Jorno= 8 Hz), 7.02 (1H, ddd, Jpa= 1.8 Hz,
Jortho= 8Hz, 3Jur= 11.4 Hz, H-6), 3.01 (1H, q, J= 7 Hz, aliphatic-CH),
1.30 (6H, d, J= 7.2 Hz, 2CH3). BC-NMR (100 MHz DMSO-ds): 6
159.78 (C), 157.44 (C), 152.72 (C), 150.80 (C), 137.47 (1C, d, YJcr=
402 Hz, C-F), 127.12 (C), 126.96 (2CH), 126.50 (2CH), 115.45 (CH-
7), 110.17 (1C, d, 2Jc.r= 26 Hz, CH-6), 100.99 (1C, d, 2Jc.r= 25 Hz,
CH-4), 33.29 (CH), 23.56 (2CHj). ESI-MS (m/2): calcd. for

CicH15FN» 255.12920, found 255.12889 [I\/[+I_I]+

3.3.2.2.5. Characterisation of derivative 5,6-difluoro-2-(4-
isopropylphenyl)-1H-benzo[ dlimidazole (9g)

Compound 9g (CisHi4F2N2, MW 272.293) was obtained in total yield
67%; m.p. 235-237 °C; TLC (PS/EA 7/3): Rr0.75. tH-NMR (DMSO-
ds): 6 8.17 (d, 2H, J= 8.4 Hz, H-2°,6’), 7.82 (t, 2H, J= 8.8 Hz, H-4,7),
7.54 (d, 2H, J= 8 Hz, H-3’,5’), 3.01 (m, 1H, J= 6.8 Hz, CH), 1.26 (d,
6H, J= 6.8 Hz, 2CHj3). 3C-NMR (jmod, DMSO-ds): § 153.24 (C),

151.67 (C), 147.94 (2C, dd, YJcr= 242 Hz, ?Jcr= 16 Hz, 2CF), 130.26
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(2C), 127.57 (2CH), 127.41 (2CH), 122.94 (C), 102.52 (2CH, m, CH-
4,7), 33.48 (CH), 23.45 (2CH3). ESI-MS (111/2): calcd. for CisHi4F2N>

273.11978, found 273.11948 [M+H]-.

3.3.2.2.6. Characterisation of derivative 2-(4-(tert-
butyl)phenyl)-1H-benzo| dlimidazole (5h)

Compound 5h (Ci7HisN2, MW 250.338) was obtained in total yield
65%; m.p. 239-241 °C; TLC (PS/EA 7/3): R¢ 0.50. tH-NMR (DMSO-
ds): 6 8.11 (2H, d, J= 8.4 Hz, H-2",6"), 7.65 (1H, d, J= 7.2 Hz, H-4),
7.57 (2H, d, J= 8.4 Hz, H-3’,5’), 7.52 (1H, d, J= 6.8 Hz, H-7), 7.19
(2H, m, H-5,6), 1.34 (9H, s, 3CH;). 3C-NMR (jmod, DMSO-de): &
152.53 (C), 151.24 (C), 143.82 (C), 134.92 (C), 127.41 (C), 126.19
(2CH), 125.70 (2CH), 122.29 (CH), 121.50 (CH), 118.69 (CH), 111.16
(CH), 34.56 (C), 30.96 (3CH3). ESI-MS (m/2): calcd. for Ci7HisN>

251.15428, found 251.15436 [M+H]+.

3.3.2.2.7. Characterisation of derivative 2-(4-(tert-
butyl)phenyl)-5-chloro-1H-benzo| dlimidazole (6h)

Compound 6h (Ci7Hi7CIN2, MW 284.783) was obtained in total yield
83%; m.p. 247-249 °C; TLC (PS/EA 7/3): Rf0.76. tH-NMR (acetone-
ds): 6 8.17 (2H, d, J=8.4 Hz, H-2",6), 7.62-7.59 (4H, m, H-4,7,3’,5’),
7.23 (1H, dd, 1J=8.6 Hz, 2J=1.6 Hz, 2 Hz, H-6), 1.38 (9H, s, 3CHs).
3C-NMR (jmod, acetone-ds): 6 154.37 (C), 153.81 (C), 141.61 (C),

139.11 (C), 128.10 (C), 128.07 (C), 127.40 (2CH), 126.75 (2CH),
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126.35 (CH), 116.83 (CH), 115.80 (CH), 35.45 (C), 31.45 (3CH3;). ESI-

MS (m/2): calcd. for Ci7Hi7CIN: 285.11530, found 285.11569 [M+H]-.

3.3.2.2.8. Characterisation of derivative 2-(4-(tert-
butyl)phenyl)-5,6-dichloro-1H-benzo| dlimidazole (7h)

Compound 7h (CiyHisCl2N2, MW 319.228) was obtained in total
yield 63%; m.p. 259-261 °C; TLC (PS/EA 7/3): Rr 0.84. 'H-NMR
(DMSO-dp): 6 8.20 (d, 2H, J= 8.4 Hz, H-2’,6), 7.96 (s, 2H, H-4,7),
7.68 (d, 2H, J= 8.4 Hz, H-3",5), 1.35 (s, 9H, 3CH3). 3C-NMR (jmod,
DMSO-ds): § 154.82 (C), 152.88 (C), 136.28 (2C), 127.12 (2CH),
126.15 (2CH), 125.82 (2C), 124.09 (C), 115.89 (2CH), 34.81 (C), 30.80
(3CH3). ESI-MS (m/2): caled. for Ci7HisCLN, 319.07633, found

319.07657 [M+H]-~.

3.3.2.2.9. Characterisation of derivative 2-(4-(tert-
butyl) phenyl)-5-fluoro-1H-benzo[ dlimidazole (8h)

Compound 8h (Ci7Hi7FN2, MW 268.329) was obtained in total yield
84%; m.p. >300 °C; TLC (PS/EA 7/3): Rr 0.72. 'H-NMR (DMSO-
ds): & 8.09 (2H, d, J= 8 Hz, H-2",6"), 7.57 (3H, d, J= 8.4 Hz, H-
4,3’,5%), 7.38 (1H, d, J= 8.4 Hz, H-7), 7.05 (1H, m, H-6), 1.33 (9H, s,
3xCHs). 3C-NMR (jmod, DMSO-dy): 6 159.83 (C), 157.50 (C),
153.22 (C), 152.60 (C), 137.22 (1C, d, YJc,r= 401 Hz, C-F), 126.44 (C),
126.28 (2CH), 125.87 (2CH), 115.50 (1C, d, 3Jcr= 10 Hz, CH-7),

110.38 (1C, ?Jcr= 25 Hz, CH-6), 100.95 (1C, ?Jcr= 26 Hz, CH-4),
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34.55 (C), 30.84 (3CHsj). ESI-MS (m/2): calcd. for Ci7Hi7FN>

269.14485, found 269.14484 [M+H]-~.

3.3.2.2.10. Characterisation of derivative 2-(4-(tert-
butyl)phenyl)-5,6-difluoro-1H-benzo[ d]imidazole (9h)

Compound 9h (Ci7HisF2N2, MW 286.319) was obtained in total yield
78%; m.p. 257-259 °C; TLC (PS/EA 7/3): Rr0.78. TH-NMR (DMSO-
ds): 6 8.14 (d, 2H, J= 8.4 Hz, H-2°,6"), 7.78 (t, 2H, J= 8.8 Hz, H-4,7),
7.66 (d, 2H, J= 8.4 Hz, H-3",5°), 1.35 (s, 9H, 3CH3). 3C-NMR (jmod,
DMSO-dg): 6 154.65 (C-2), 152.25 (C-4’), 147.56 (2C, dd, YJcr= 241
Hz, 2Jcr= 16 Hz, 2CF), 131.75 (C-3a,7a), 126.86 (C-2’,6’), 126.15 (C-
3’,5%), 123.97 (C-1"), 102.66 (2CH, dd, 2Jcr= 15 Hz, CH-4,7), 34.80
(C), 30.81 (3CHj3). ESI-MS (m/z): calcd. for Ci7HisFoaN2 287.13543,

found 287.13599 [M+H]-.

3.4. Results and discussion

In the context of dissecting the antiviral activity of the benzimidazole

moiety (as previously described) I designed and synthesised several variously

substituted benzimidazole derivatives which were tested for cytotoxicity

and antiviral activity in cell-based assays against several positive single-

stranded RNA viruses: Bovine viral diarrhoea virus (BVDV), Yellow fever

virus (YFV), Coxsackie B5 (CVB-5), and Poliovirus (Sb-1); two negative
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single-stranded RINA viruses: Respiratory syncytial virus (RSV) and vesicular
stomatitis virus (VSV); a double-stranded RNA virus: Reo-1; and two DNA

viruses: vaccinia virus (VV) and Herpes simplex virus-1 (HSV-1).

By these assays, some derivatives have emerged as interesting inhibitors of
virus infection in cell-based assay for CV-B5 and VV. A second series of
derivatives were designed and synthesised introducing structural
modification in order to have some preliminary structure-activity
relationship (SAR) and to select the lead compound, the most effective

compound for each virus.

Table 5 Antiviral activity and cytotoxicity of benzimidazole derivatives (4a-d, 5a, 5-6¢, 5-11m, 7a-f,

7i-l, 8-13c), mycophenolic acid was used as positive controls.

Vero-76 \'A%
aCCso bECso

4a N\ H 49 >49
4b : CHa 65 8.7:0.1
4c E@NOZ >100 17.5+3.6
4d ;@CN ~100 1.742.5
5¢ @[;\ NO >100 14.4+3.7
5m @;@w >100 484
Gc Ressas o 5208
6m CI@;@NHz 97 ~97

7a :ﬁg@ 100 53+5

Compound R

=z

Y

143



7b
7c¢
7d
7e
7f
7i
7j
7k
71
7m
8c
8m
9¢c
om
10c
10m
11c

11m

12¢c

13c

48

>100

40

6.3

27

>100

>100

>100

16

>100

>100

>100

>100

>100

>100

>100

71

>100

>100

7.8+0.8

0.06+0.02

0.9+0.1

0.3+0.1

>8.9

>27

30+4

>100

>100

15.4+2.3

14+0.4

>100

9.5+2.1

48.5+3.5

3.7+0.7

>100

1.0+0.2

33+5

48.5+3.5

>100
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Mycophenolic acid 18 1.5

aCompound concentration (M) required to reduce the viability of mock-infected VERO-76 monolayers by
50%.
bCompound concentration (uM) required to reduce the plaque number of VV by 50% in VERO-76

monolayers.

Table 5. shows the antiviral activity of all synthesised compounds against
VV and mycophenolic acid was used as control. To describe some SAR,
these derivatives can be ranked into three groups according to their ECso
as follow: < 1 uM, 1-10 pM and 10-30 uM. Derivatives 7c, 7d, 7e, 1ic all
showed ECso values lower than 1 uM, but only 7c and 11c are not cytotoxic,
while 7d and 7e showed CCso values of 40 and 6.3 uM. Derivatives most
active 7c and 11c differ only for the substitution in positions 5 and 6 of the
benzimidazole moiety, and both present a nitro-group in position 4’. In the
second group of most active compounds, we can quote derivatives 6c, 9¢c
and 10c, not cytotoxic, all bringing a nitro-group in position 4’, but
different for substitution on benzimidazole scaffold. 6¢c and 10c are the
corresponding mono-substituted derivatives of compounds 7c and 1ic
respectively, from which we can deduce that the substitution in position 5
and 6 enhanced the activity. In the third group can be counted derivatives
4c, 4d, 5c, 7j and 7m (which also present a CCso value of 16 pM against

ECso value of 15 uM).

The most active compound resulted 5,6-dichloro-2-(4-nitrophenyl)-1/-
benzo[d]imidazole 7c, whose anti-VV activity was already detected!2, was

selected for deeper investigation and in order to establish the mechanism

145



of action, the time-of-addition (TOA) assay was carried out. Time-of-
addition assay’3 can spot the moment the compound has the maximum
antiviral activity thus, knowing the virus life cycle, the virus replication step
inhibited by the analysed compound can be identified. TOA results are
depicted in Figure 28; the pretreatment of the cells with derivative 7¢ was
very subtle, but from this assay came out that derivative 7c¢ carried on its

maximum activity during virus-entry phase.

Cl N
e
1.00x10°4 cl N

—

€ 1.00x10°

~

S —e—6—6—6—6—"°

o 1.00x10% -O- Untreated Control
)

=

£ 1.00x104 L
= - Mycophenolic Acid
=

S 1.00x10%

1.00X 10] L] T T L] L] L] L] L]

o Time of Drug Addition (hrs)

Figure 28 Effect of time of (drug)-addition on antiviral activity of derivative 7c (green). The same test was
pertormed using the reference compound Mycophenolic Acid (blue) for comparison. In red is reported the

untreated control
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Table 6 Antiviral activity and cytotoxicity of benzimidazole derivatives (5-9g, 5-9h), NM 107 and pleconaril

were used as positive controls
Rq N CHs R N CH,
O -G
R2 ” CH3 R2 H CH3
5-9¢ 5-9h

5 RIZRZZH; 6 RIZCI, RZZH; 7 R1:R2:C1; 8 RIZF, RZZH, 9 R1:R2:F

EV- EV- LLC-
Vero-76 CVB-3 CVB-4 CVB-5 Hela Echo9
Compd CC bEC EC i A71 cC D68 MK2 G
50 50 50 0 . Coo 0 .5 Co  “CCsy 50

58 60/24 >60 >60 >60 >24 9 >9 6 >6
5h 46/40 >46 >46 7 >40 9 >9 6.5 >6.5

6g >100 17 >100 9.9 7 100 >100 >100 8
6h >100 33 25.5 8.4 3.5 100 >100 12 4
78 25.5/8 >25.5 >25.5 >25.5 >8 8 >8 7 >7
7h 9 >9 >9 1.5 >9 6.4 >6.4 12 >12
8g >100 >100 >100 >100 >100 >100 >100 29.5 >29.5
8h >100 >100 >100 >100 70 >100 >100 >100 >100
9g >100 >100 >100 >100 31 >100 >100 100 >100
9h >100 >100 >100 >100 6 >100 4 >100 >100

NM 107 >100 29 6

pleconaril >100 2 0.005 >100 0.3 >100 0.1

athCompound concentration (uM) required to reduce by 50% the viability of mock-infected Vero-76, Hela and LLC-
MK2 cells, as determined by the MTT method after 3, 4 and 5 days, respectively.

bediCompound concentration (uM) required to reduce by 50% the plaque number of CV-B3, CV-B4, CV-B5 and Echo9
in Vero-76 end LLC-MK2 cells, respectively.

¢Compound concentration (uM) required to achieve 50% protection of Vero-76 cells from EV-A71-induced
cytopathogenicity, as determined by the MTT method.

g¢Compound concentration (uM) required to achieve 50% protection of Hela cells from EV-D68-induced
cytopathogenicity, as determined by the MTT method.

Some of the listed compounds (6g, 6h, 7g, 7h) in Table 6 turned out as
active against CV-B5 in the first-round screening thereby derivatives 5g-h,
8g-h, 9g-h were designed and synthesised in order to dissect the role of Ry

and R, substituent on benzimidazole scaffold. All obtained derivatives were
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subjected to a wide antivirals screening on different Enteroviruses as CVB-
3, CVB-4, EV-A71, EV-D68 and Echovirus 9 (Echo9); NM 107 and

pleconaril were used as reference compounds.

1.0x 108+
_ 8 o ——e—= -8~ Untreated Control
£
S
s 1.0x 105+ = -
o
Q =
s n o Cl N CH,
Z  1.0x10"- @: \>—©—60H3
g N CHj
> = H
'I.OX'IO2 T T T T T T
R VARSI S
R
P
?v

Time of Drug Addition (hrs)

Figure 29 Time-of-addition for derivative 6h

Derivative 6g was widely active on different viruses (CVB-3, CVB-5, EV-
A71 and Echo9), while its tertbutyl-homologue (6h) was the most active
against EV-A71 and together more selective, showing higher ECso values
against other EVs. Derivatives 7g and 7h turned out as the most cytotoxic,
so the di-chlorine derivatives are less effective because of their high toxicity.
Mono-fluorine derivatives (8g and 8h) are either not toxic or active. Among
di-fluorine compounds (9g and 9h) the tertbutyl derivative 9h was found
the most active against EV-D68 (ECso 4 pM) and active against EV-A71

(EC50 6 },LM)
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The most active compound 2-(4-(tert-butyl)phenyl)-5-chloro-1/4-
benzo[d|imidazole 6h was selected for TOA assay in order to identify the

virus cycle step inhibited by tested derivative.

Time of addition assay (Figure 29) was performed in EV-A71-infected Vero-
76 cells (m.o.i. = 1) exposed to the compound (20 uM) at different times
of infection. Interestingly, TOA results show that 6h compound wield its
greatest effect when added with the virus. Moderate titre reduction is
detectable until 2 hours post-infection. However, there was weak reduction
in virus yield if compared to untreated control, even when the compound
was added at the late stages of the growth cycle. This apparent inhibition

indicated that 6h could not easily be removed from cells by washing.

In order to deeply assess the mechanism of action of these class of
benzimidazole derivatives, the most interesting (6h) was selected for deeper
experiments to investigate the viral replication cycle step inhibited. 2-(4-
(tert-butyl)phenyl)-5-chloro-1H-benzo[ dlimidazole (6h) resulted in the
most interesting since active in cell-based assay against EV-A71, a clinically
relevant virus. Yield reduction assay (Figure 30) and virucidal activity assay
(Figure 31) were planned and performed by collaborator Dr. G. Sanna, to
measure the reduction of virus titre in presence of active compound and to

assess the eftect of 6h on viral infectivity, respectively.
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Yield Reduction Assay

Il 6h

1.0)(103_ I:I NM107

1.0x108-

1.0x 104

1.0x 102, 1 1 |H |

™ N o
S N\ Vv KN

Viral titre PFU/ml

hours post infection

Figure 30 Yield of intectious EV-A71 viruses produced in intected Vero 76 cells treated with 6h and NM
107.

The yield reduction assay investigated the reduction of virus titre in the
presence of the active compound during a single round of viral infection.
Not cytotoxic concentrations of 100, 20, 4 and 0.8 uM were used and a
dose-dependent reduction of titre was observed. Significant reduction of
EV-A71 titre was detected also a low concentration (Figure 30). The
potential virucidal activity of 6h was investigated by virucidal activity assay
(Figure 31) incubating EV-A71 solution (1x105 PFU/mL) at either 4 and 37
°C for 1 hour with 20 uM compound concentration. Then the samples were
titrated at high dilutions, at which 6h was not active. No significant
differences between the titre of EV-A71 treated at the two different

temperatures was observed, as shown in Figure 30. Compound 6h failed to
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affect the EV-A71 infectivity, suggesting that the inhibition of EV-A71

replication observed in cell-based assays can be completely due to an

interference of compound with the viral life cycle.

Virucidal activity

8.0x10°

6.0x10°

4.0x10%

2.0x10°%

Viral titre PFU/ml

] No inhibitor
Bl 6h

Figure 31 2. Virucidal effect (expressed as plaque-forming units (PFU)/mL) of 1509 (20 uM) against
EV-A71 virions at either 4 °C or 37 °C) for 1 hour. Dark columns, viral titer for viral and 1509

solution; Grey columns for the viral titer of not treated solution. The results presented were

obtained from two independent experiments. Data are mean +SD.

With purpose of verifying the idea suggested by the TOA results, that

compound 6h is able to inhibit the virus entry, two more experiments were

planned and carried out: adsorption assay and penetration assay. The kinetic

of virus adsorption in the presence of 6h was also evaluated. Low-

temperature treatment allows binding of viruses to the cell surface receptors

but prevents the internalization of virus particles into the cells. Accordingly,

Vero-76 cells were incubated with EV-A71 (m.o.i. = 0.1) and 6h for 2 hours
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at 4 °C, using compound concentration of 20 pM. The treatment with 6h
resulted in detectable reduction of the virus titre in comparison to untreated
infected control. Adsorption assay has been plotted with TOA in the same

diagram (Figure 32) to highlight that 6h inhibits EV-A71 to entry the cell.

A71

1.0x10° o
@ No Inhibitor

8
1.0x10 6h

1.0x 107
1.0x 10°
1.0x 10°

1.0x 10

Viral titre PFU/ml

1.0x 103+

1.0x10%

|
Q v ™ ‘o’qJ

Figure 32 Adsorption Assay and Time course experiment (TOA).

To scan the mechanism of inhibition of EV-A71 entry into Vero cells by 6h
a penetration assay was carried out. Vero-76 cells were pre-chilled at 4 °C
for 1 hour and then incubated with EV-A71 for 2 hours on ice. After
incubation period, increasing concentrations of compound were
supplemented, and to trigger the penetration of the virus via endocytosis,

the monolayers were incubated at 37 °C under 5% CO: for 1 hour. Viral
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particles were then inactivated with buffer treatment, the cells were washed
and incubated at 37 °C for 4 days. Percentage of inhibition was determined.

As shown in Figure 33, it emerged that 6h could effectively inhibit the viral

penetration in a dose-dependent manner.

Penetration

100
_ Em 6h
80- 3 NM107
60- —

40

20- I ﬁ
Jmr W | |
K ™ S

O
NQ

% Inhibition

Concentration uM

Figure 33 Penetration Assay. Dose-dependent of 6h (Dark columns) inhibition of EV-A71 penetration. NM
107 (2°-C-Methyl-Cytidine), Grey columns was used as reference. This is a representative result (mean +5D)
of three independent experiments.

In order to detect the target involved in the early stage of virus infection of
a cell which is bound and inhibited by the synthesised benzimidazole
derivative 6h, the following experiment was planned: fluorescent detection

of the compound during cell treatment with the compound at non-

cytotoxic concentration.

Due to the small dimension of the molecule, binding a fluorescent tag on

it could affect the activity so, considering the chemical structure of
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derivative 6h, I came up with the idea of measuring its own fluorescent
properties in order to exploit its eventual fluorescence. With the help of Dr
S. Mura and Prof. L. Malfatti at Department of Chemistry and Pharmacy,
Laboratory of Materials Science and Nanotechnology, CR-INSTM (Via
Vienna 2, 07100, Sassari, Italy) the following fluorescent measurement were
carried out. It resulted that when 6h is excited at 270 nm, emit at two

different wavelengths, at about 350 nm and 625 nm.

6h Emission profile when Ex. at 270 nm
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Intensity (CPS)
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300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 34 Emission profile for derivative 6h when excited at 270 nm.

Several linear dilutions in D-MEM (Minimum Essential Medium) of
derivative 6h were carried out, and fluorescent emission was

measured. D-MEM was used as solvent in order to detect any
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fluorescent emission from the cell media during the next planned
experiments. As depicted in Figure 35, emissions at about 350 nm are

plotted for all the analysed dilutions of compound.

6h Emission
6h 20uM
6h 5uM
——6h 1uM
——6h 0.5uM
——6h 0.05uM
an —— DMEM
3
8
fary U
[0] ~
= / \\\—&_

I T I T I T T T
300 350 400 450 500
Wavelength (nm)

Figure 35 Emission profile (300-500 nm) for derivative 6h in D-MEM.

With these evidences, the detection of the (eventual) binding of the lead
compound on the cell surface of Vero-76 cells were planned with Prof. L.
Bagella and collaborators at the Department of Biomedical Science,
University of Sassari, Italy. The experiment is performed by treating the
cells with concentrations of 6h from 1 to 20 uM and detected at selected

time points with a fluorescent microscope.
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3.5. Conclusions

From wide antiviral assays of synthesised several small benzimidazole
derivatives, turned out interesting ECso for some of them. SARs analysis
have been made and new molecules were synthesised to obtain the most
selective, active and less toxic derivative against, particularly, enteroviruses
which are clinically relevant. Deeper investigations were planned and
executed in order to better understand the mechanism of action and the
target of the most interesting compound: 6h. A series of specific assays,
such as TOA, YRA, VAA absorption and penetration assays, suggested the
idea that this molecule, inhibiting the virus entry of the cell, can bind a
host cell-surface receptor, so a fluorescence investigation of the interaction
between the molecule and the cell is planned and is, unfortunately, still in

progress.
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Appendix

Primer
1 F
1. R
2_F
2_R
3_F
3_R

4_F

4 R
5_F
5_R
6_F
6_R
7_F

7_R

CAUGGT_pHLsec_F

CAUGGT_pHLsec_R

T7_F

T7_R

Sequence

5'-CGCTTACGACtgtTCTCTAGCCAAC-3'
5'-ACATCTGGTTCGAACTCG-3'
5'-TCGGAAGTTTtgcGTTGGTTCCC-3'
5'-TCAAATGGCAGTGTCCGC-3'
5'-TCCCAAGGATtgcTCACGTTCCC-3'
5'-TTGTGGACAATGTCCAAC-3'
5-GTTTGGCGTTtgtTCCCGTGATG-3'
5'-TTCCGATCAAATGGCAGTG-3'
5'-TGGCGTTGGTtgcCGTGATGTGA-3'

5'-AACTTCCGATCAAATGGCAGTGTC-3'
5'-GAGTCTCTGTCCGTCAATGG-3'

5'-AGAGGGGAAAGCGGCTTT-3'

5'-ATTTCGGATCTCCCACAG-3'
5-GTTCTTGTCTTCGGGGAAAATG-3'

GGTTGCGTAGCTGAAACCGGTCAAGTC
GCAGCCTCTCCA
GATGGTGGTGCTTGGTACCCTCCCGAA
CCGTCTTGAC
TAA TAC GAC TCA CTA TAG GG

GCT AGT TAT TGC TCA GCG G
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