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Abstract

A series of compounds containing a 1,7,7-trimethylbicyclo[2.2.1]heptane fragment were evaluated for their antiviral activ-
ity against influenza A virus strain A/Puerto Rico/8/34 (HIN1) in vitro. The most potent antiviral compound proved to be a
quaternary ammonium salt based on (-)-borneol, 10a. In in vitro experiments, compound 10a inhibited influenza A viruses
(H1, H1pdmO9, and H3 subtypes), with an ICs, value of 2.4-16.8 uM (depending on the virus), and demonstrated low
toxicity (CCsy = 1311 uM). Mechanism-of-action studies for compound 10a revealed it to be most effective when added
at the early stages of the viral life cycle. In direct haemolysis inhibition tests, compound 10a was shown to decrease the
membrane-disrupting activity of influenza A virus strain A/Puerto Rico/8/34. According to molecular modelling results, the
lead compound 10a can bind to different sites in the stem region of the viral hemagglutinin.

Introduction

Influenza is a serious challenge to medical science and
human health worldwide. Influenza A virus belongs to the
family Orthomyxoviridae; it is an enveloped virus contain-
ing a segmented single-stranded RNA genome of negative
polarity. Because of its segmented nature and high rate of
polymerase errors, influenza virus demonstrates a high rate
of mutation, leading to the emergence of novel variants,
including those with pandemic potential. Four influenza
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pandemics have occurred in the past 100 years: HIN1 Span-
ish influenza in 1918, H2N2 Asian influenza in 1957, H3N2
Hong Kong influenza in 1968, and HIN1 swine influenza in
2009 [1]. Influenza virus infection results in high morbid-
ity and about 250,000 to 500,000 fatal cases annually. It
can cause multiple complications for the patient, resulting
in multi-organ failure, thereby leading to high pathogenic-
ity and mortality [2]. Usually, influenza A virus infects the
upper respiratory tract and causes mild respiratory symp-
toms. However, in risk groups, the infection spreads to the
lower respiratory tract, resulting in viral pneumonia. This
occurs mainly in patients with a weakened immune system,
including the elderly. The limited effectiveness of current
treatments in the late phase of the disease highlights the need
for additional therapies.

Four classes of antiviral drugs have been approved for
treating influenza: M2 ion channel inhibitors (adamantane
derivatives and the isoborneol derivative deitiforin), neu-
raminidase inhibitors, membrane fusion inhibitors, and
RNA-dependent RNA polymerase inhibitors (Fig. 1). Of
these, only the adamantane derivatives (amantadine and
rimantadine) and neuraminidase inhibitors (oseltamivir, zan-
amivir, and peramivir) are approved by the Food and Drug
Administration (FDA). In addition, laninamivir, a long-act-
ing neuraminidase inhibitor, was launched in Japan to treat
influenza A and B in 2010. Favipiravir (T-705) and ribavi-
rin are nucleoside analogues with a broad range of antiviral
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Fig. 1 Anti-influenza drugs approved for clinical use to treat influenza virus infection

activity. They inhibit the viral polymerase enzymatic com-
plex and induce lethal mutagenesis in the viral genome, thus
decreasing the infectivity of viral progeny [3—6]. Umifenovir
(arbidol), an inhibitor of the fusion of the viral envelope with
the endosome membrane, was developed in Russia and was
recently approved for the treatment of influenza in China [7].
Recently, an inhibitor of viral endonuclease activity, baloxa-
vir marboxil (Xofluza®), was approved for the treatment of
influenza infection [8].

As mentioned above, owing to the error-prone activity of
its viral polymerase and its segmented genome, influenza
virus is able to mutate to generate drug-resistant variants.
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In particular, due to the widespread resistance of influenza
viruses to adamantane derivatives, M2 ion channel inhibitors
are currently not recommended for therapy [9]. Also, resist-
ance to oseltamivir (Tamiflu) is observed to be spreading
rapidly [10]. Since influenza virus is capable of developing
resistance to the available antivirals, there is a real need to
develop novel inhibitors of this virus.

In previous studies, our research group showed that
(+)-camphor and (-)-borneol are potentially useful scaf-
folds for synthesizing antiviral drugs. In particular, the cam-
phor imine derivatives, including compounds 1 and 2 were
found to possess high antiviral activity (Fig. 2) [11-13].
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Fig.2 (4)-Camphor and (-)-borneol derivatives with potent activity against influenza viruses A(HIN1)pdmO09. SI is the selectivity index.
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The hit compound camphecene (Camphecin®) was shown
to directly inhibit the acid-induced membrane-disrupting
activity of the viral haemagglutinin (HA) of influenza A
viruses [14]. Also, dimeric quaternary ammonium cam-
phor derivatives were demonstrated to be highly effective
as inhibitors of influenza A virus replication (strain Cali-
fornia/07/09 (H1N1)pdm09), with compound 3 being the
most active [15]. Moreover, for the past decade, our group
has been involved in the synthesis of biologically significant
novel (-)-borneol derivatives. We have discovered several
borneol esters with activity against Ebola virus (EBOV),
Marburg virus (MARYV), and influenza virus — for example,
compounds 4 and 5 [16—18]. Moreover, we have shown that
the possible mechanism of inhibition of EBOV is binding
to the active site of the EBOV glycoprotein [19]. Members
of the family Filoviridae, including EBOV and MARY, and
of the family Orthomyxoviridae, including influenza virus,
have class I fusion proteins with similar pre- and post-fusion
forms [20]. It can be assumed that bicyclic monoterpenoids,
including the 1,7,7-trimethylbicyclo[2.2.1]heptane structural
fragment, are promising scaffolds for the synthesis of inhibi-
tors of viruses with class I fusion proteins, such as influenza
virus.

In the present work, we describe the synthesis and antivi-
ral activity of quaternary ammonium salts with groups found
in our previous research to be responsible for antiviral activ-
ity, such as the 1,7,7-trimethylbicyclo[2.2.1]heptane frag-
ment, quaternary nitrogen atom, and imino and ester group.
In addition, we have conducted mechanism-of-action studies
with the most potent compound.

Materials and methods
Chemistry
General

Reagents and solvents were purchased from commercial
suppliers and used as received. Dry solvents were obtained
according to standard procedures. Column chromatography
was performed on Macherey-Nagel 60-200 um silica gel.
All of the target compounds reported in this publication
were of at least 98% purity. The synthesis of derivatives
1 and 2 [11] and 8a-c and 9a-c [19] were described pre-
viously. Compounds 6-7, 10a and c, and 11a and b, have
not been described previously in the literature. 'H and !*C
NMR spectra were recorded on Bruker AV-300 (300.13
and 75.47 MHz, respectively), AV400 (400.13 and 100.78
MHz, respectively), and DRX 500 (500.13 and 125.76 MHz,
respectively) spectrometers in CDCl;; chemical shifts 9, in
ppm relative to residual [8(CHCl,) 7.24, 5(CDCl5) 76.90
ppm]. The atom numbering in the compounds is given

for assigning the signals in the NMR spectra and does not
match the standard nomenclature of compounds. Elemental
analysis was carried out using a Euro EA 3000 C, H, N,
S-analyser. Analysis of Br was carried out by the mercu-
rimetric titration method. Analysis of I was carried out by
the iodometric titration method. X-ray data were collected
at room temperature using a Bruker Kappa Apex II CCD
diffractometer with graphite monochromated MoKa radia-
tion (A = 0.71073 A) by the ¢, w-scan method. The data
were corrected for absorption using a multi-scan method
with the SAINT program. The structure was solved by direct
methods using SHELXS97, and refinement was carried out
by a full-matrix least-squares technique, using SHELXL97.
Anisotropic displacement parameters were included for all
non-hydrogen atoms. All H atoms were positioned geometri-
cally and treated as riding on their parent C atoms.

General procedure for the target camphor
derivatives 6 and 7

A solution of compounds 1 or 2 (4 mmol) and anhydrous
CH;CN (10 mL) was treated with an excess of iodometh-
ane and heated in a bath at 70-75°C for 6 h. The solvent
was removed at reduced pressure. The resulting precipitate
was purified via silica gel column chromatography (CHCI3/
MeOH eluent, (100:0—0:100)).

N,N,N-Trimethyl-2-((E)-((1R,4R)-1,7,7-trimethylbicy-
clo[2.2.1 [heptan-2-ylidene Jamino Jethanaminium iodide (6).

Yield: 46%; mp: 195-197°C; 'H NMR (400 MHz, CDCl,, J
Hz) 8 ppm: 0.67 (3H, s, Me-9), 0.84 (3H, s, Me-8), 0.88 (3H,
s, Me-10), 1.17-1.27 (2H, m, H-4endo, H-5endo), 1.59-1.68
(1H, m, H-5exo0), 1.77-1.86 (2H, m, H-2endo, H-4exo), 1.94-
1.99 (1H, m, H-3), 2.36-2.46 (1H, m, H-2exo0), 3.52 (9H,
s, Me-13, Me-14, Me-15), 3.64-3.75 (2H, m, H-12), 3.85-
3.95 (2H, m, H-11). '®*C NMR (75 MHz, CDCl,) &: 186.36
s (C-1), 66.41 t (C-12), 54.61 q (Me-13, Me-14, Me-15),
53.90 s (C-6), 46.97 s (C-7), 46.47 t (C-11), 43.35 d (C-3),
35.61 t (C-2), 31.54 t (C-5), 26.71 t (C-4), 19.20 q (Me-9),
18.39 q (Me-10), 10.81 q (Me-8). Anal. Calcd for C,5H,,IN,
C,49.45; H, 8.02; 1, 34.83; N, 7.69 %. Found, %: C 48.54;
H 8.10; N 7.64; 134.57.

N,N,N-Trimethyl-3-((E)-((1R,4R)-1,7,7-trimethylbicy-
clo[2.2.1 ]heptan-2-ylidene Jamino )propan- I -aminium iodide
(M

Yield, 76%; mp: 231°C; 'H NMR (400 MHz, CDCl;) &:
0.71 (3H, s, Me-9), 0.88 (3H, s, Me-8), 1.00 (3H, s, Me-10),
1.23-1.39 (2H, m, H-4endo, H-5endo), 1.64-1.73 (1H, m,
H-5exo0), 1.76-1.85 (1H, m, H-4exo0), 1.98-2.02 (1H, m,
H-3), 2.11 (1H, d, 2J=19.6, H-2endo), 2.20-2.29 (2H, m,
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H-12), 2.54-2.62 (1H, m, H-2exo0), 3.41 (9H, s, Me-14,
Me-15, Me-16), 3.41-3.47 (2H, m, H-13), 3.71-3.77 (2H, m,
H-11). 3C NMR (75 MHz, CDCl,) &: 191.13 5 (C-1), 64.86
t (C-13), 55.35t (C-11), 53.93 q (Me-14, Me-15, Me-16),
48.13 s (C-6), 46.96 s (C-7), 43.46 d (C-3), 36.75 t (C-2),
31.86 t (C-5),26.56 t (C-4), 23.94 t (C-12), 19.58 q (Me-9),
18.52 q (Me-10), 11.40 q (Me-8). Anal. Calcd for C;4H;,IN,
C, 50.79; H, 8.26; 1, 33.54; N, 7.40%. Found, %: C 49.68; H
8.19; N 7.32; 133.82.

Synthesis of (-)-borneol derivatives 10a, 10c
and 11a-b

N,N,N-Trimethyl-2-ox0-2-((1S,2R,4S)-1,7,7-trimethylbicy-
clo[2.2.1 ]heptan-2-yloxy)ethanaminium iodide (10a)

A solution of compound 8a (4 mmol) and anhydrous
CH;CN (10 mL) was treated with an excess of iodomethane
and heated in a bath at 70-75°C for 6 h. The solvent was
removed at reduced pressure. The crude product was purified
by recrystallisation from CH;CN. Yield: 62%; mp:242°C;
"H NMR (400 MHz, DMSO-d6, J Hz) & ppm: 0.83 (3H, s,
Me-9), 0.87 (3H, s, Me-8), 0.89 (3H, s, Me-10), 1.04(1H,
dd, 2 = 13.7, Jyendor 1exo=3-3, H-2endo), 1.17-1.25 (1H, m,
H-4endo), 1.27-1.37 (1H, m, H-5exo0), 1.67-1.77 (2H, m,
H-3, H-4exo0), 1.79-1.87 (1H, m, H-5endo), 2.27-2.37 (1H,
m, H-2exo0), 3.24 (9H, s, Me-13, Me-14, Me-15), 4.50 (1H,
AB-d, J, ,=16.7 Hz, H-12), 4.55 (1H, AB-d, J, ;=16.7 Hz,
H-12), 4.95 (1H, m, H-1exo). '*C NMR (125 MHz, DMSO-
d6) 8: 165.28 s (C-11), 81.75d (C-1), 62.89 t (C-12), 53.46 q
(Me-13, Me-14, Me-15), 48.86 s (C-6), 47.79 s (C-7), 44.32
d (C-3), 36.03 t (C-2), 27.69 t (C-4), 26.85 t (C-5), 19.69 q
(Me-9), 18.77 q (Me-10), 13.61 q (Me-8). Anal. Calcd for
C,sHINO, C, 47.25; H, 7.40; 1, 33.28; N, 3.67 %. Found,
%: C47.19; H7.26;133.21; N 3.73.

Crystal data for compound 10a

C,5H4INO,, M = 381.28, monoclinic, space group P21,
a = 12.2791(5), b = 7.1686(3), ¢ = 20.9901(9) A, p =
101.030(2)°, V = 1813.50(13) A3, Z = 4, Dcalc = 1.396
mgem-3, p = 1.766 mm-1. Data collection yielded 45735
reflections with 8 < 30.2° resulting in 10595 unique, aver-
aged reflections, 7365 with I > 20(I). Full-matrix least-
squares refinement led to a final R = 0.0440, wR2 = 0.1375,
GOF = 0.936 for I > 25(I). CCDC 1813408 contains sup-
plementary crystallographic data for the structure. These
data can be obtained free of charge via www.ccdc.cam.ac.
uk/conts/retrieving.html.

N,N,N-Trimethyl-4-oxo-4-((1S,2R,4S)-1,7,7-trimethylbicy-
clo[2.2.1]heptan-2-yloxy)butan- I -aminium iodide (10c)

@ Springer

The synthesis of compound 10c was performed in analogy
to the synthesis compound 10a. Yield: 43%; mp:171.5°C;
'"H NMR (400 MHz, CDCl;, J Hz) & ppm: 0.76 (3H, s,
Me-9), 0.81 (3H, s, Me-8), 0.83 (3H, s, Me-10), 0.90 (1H,
dd, 21=13.7, Joe 4or1exo=3-3, H-2endo), 1.12-1.28 (2H, m,
H-4endo, H-5exo0), 1.60-1.73 (2H, m, H-3, H-4exo0), 1.76-
1.86 (1H, m, H-5endo), 2.00-2.10 (2H, m, H-13), 2.22-2.32
(1H, m, H-2exo0), 2.49 (2H, t, J=6.7 Hz, H-12), 3.42 (9H, s,
Me-15, Me-16, Me-17), 3.66-3.75 (2H, m, H-14), 4.76-4.84
(1H, m, H-1exo). '>*C NMR (75 MHz, CDCl,, J Hz) & ppm:
171.9 s (C-11), 80.4 d (C-1), 65.4 t (C-14), 53.4 q (Me-15,
Me-16, Me-17), 48.3 s (C-6), 47.3 s (C-7), 44.3 d (C-3),
36.21(C-2),29.4t(C-12),27.4t(C-4),26.5t(C-5),19.2¢q
(Me-9), 18.3 q (Me-10), 18.0 t (C-13), 13.1 q (Me-8). Anal.
Calcd for C;H4,INO, C, 49.88; H, 7.88; N, 3.42 %. Found,
%: C49.87; H7.71; N 3.20.

N,N-Diethyl-N-methyl-2-ox0-2-((1S8,28S,4S)-1,7,7-trimeth-
ylbicyclo[2.2.1 Jheptan-2-yloxy)ethanaminium iodide (11a)

A solution of compound 9a (0.2 mmol) and anhydrous
CH;CN (5 mL) was treated with an excess of iodomethane
and refluxed for 6 h. The solvent was removed at reduced
pressure. The crude product was purified by recrystallisa-
tion from CH;CN. Yield: 51%; mp:159.2-159.3°C; 'H NMR
(400 MHz, CDCl;, J Hz) 6 ppm: 0.80 (3H, s, Me-9), 0.83
(3H, s, Me-8), 0.85 (3H, s, Me-10), 1.01 (1H, dd, 2J=13.7,
Jendos 1ex0=3-3, H-2endo), 1.17-1.35 (2H, m, H-4endo,
H-5exo0), 1.42 (6H, t, J=7.2, Me-15, Me-16), 1.62-1.76
(2H, m, H-3, H-4exo0), 1.78-1.90 (1H, m, H-5endo), 2.25-
2.38 (1H, m, H-2exo0), 3.48 (3H, s, Me-17), 3.75-3.95 (4H,
m, H-13, H-14), 4.55 (2H,AB, H-12), 4.91-5.00 (1H, m,
H-1exo)."?C NMR (100 MHz, CDCl,, J Hz) & ppm: 164.3 s
(C-11),83.2d (C-1),58.7t(C-12),57.8t (C-13, C-14), 48.8
s (C-6), 48.6 q (Me-17), 47.8 s (C-7), 44.4 d (C-3), 36.2 t
(C-2),27.6t(C-4),26.8t(C-5),19.4 q Me-9), 18.5 q (Me-
10), 13.5 q (Me-8), 8.3 q (Me-15, Me-16). Anal. Calcd for
C,7H;,INO, C 49.87; H 7.71; N 3.20 %. Found, %: C 50.29;
H 8.08; N 3.14.

N,N-Diethyl-N-methyl-3-oxo-3-((18,2S5,4S)-1,7,7-trimethylb-
icyclo[2.2.1 Jheptan-2-yloxy )propan-1-aminium iodide (11b)

The synthesis of compound 11b was performed in analogy
to the synthesis compound 11a. Yield: 53%; mp:147.3-
147.7°C; "H NMR (400 MHz, CDCl,, J Hz) & ppm: 0.81
(3H, s, Me-9), 0.84 (3H, s, Me-8), 0.86 (3H, s, Me-10),
1.00 (1H, dd, 2J=13.7, Jpepgor 1exo=3-3, H-2endo), 1.21-1.34
(2H, m, H-4endo, H-5exo0), 1.42 (6H, t, J=7.2, Me-16,
Me-17), 1.65-1.76 (2H, m, H-3, H-4exo0), 1.82-1.91 (1H, m,
H-5endo), 2.26-2.36 (1H, m, H-2exo0), 2.96 (2H, t, J=7.1 Hz,
H-12), 3.29 (3H, s, Me-18), 3.59-3.71 (2H, m, H-14, H-15),
3.75 (2H, t, J=7.1, H-13), 4.85-4.90 (1H, m, H-1exo). *C
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NMR (100 MHz, CDCl;, J Hz) 6 ppm: 169.5 s (C-11), 81.9
d(C-1),57.3t(C-14,C-15),56.0t (C-13),48.6 s (C-6), 48.2
q (Me-18), 47.8 s (C-7), 44.5 d (C-3), 36.4 t (C-2), 28.1t
(C-12),27.7t(C-4),26.9 t (C-5), 19.5 q (Me-9), 18.6 ¢ (Me-
10), 13.5 q (Me-8), 8.3 q (Me-16, Me-17). Anal. Calcd for
C,sH3,INO, C 51.06; H 8.09; N 3.42 %. Found, %: C 50.50;
H8.22; N 3.17.

Biological assays
Cells and viruses

Influenza A viruses A/Puerto Rico/8/34 (HIN1) (PR8
(HIN1)), A/California/07/09 (H1IN1)pdmO09 (Cal (HIN1)
pdm09), and A/Aichi/2/68 (H3N2) (Aichi (H3N2)) were
obtained from the collection of viruses of St Petersburg
Pasteur Institute, Russia, and used in the study. Prior to the
experiment, the virus was propagated in the allantoic cavity
of 10 to 12-day-old chicken embryos for 48 h at 36°C. The
titer of the virus was determined in MDCK cells (ATCC no.
CCL-34) in 96-well plates in alpha-MEM medium (Biolot,
St. Petersburg, Russia).

Cytotoxicity assay

The microtetrazolium test (MTT) was used to study the
cytotoxicity of the compounds. Briefly, a series of threefold
dilutions of each compound in MEM were prepared. MDCK
cells were incubated for 48 h at 36°C in 5% CO, in the pres-
ence of the dissolved substances. The cells were washed
twice with phosphate-buffered saline (PBS), and a solution
of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide (ICN Biochemicals Inc. Aurora, Ohio) (0.5 pg/mL) in
PBS was added to the wells. After incubation for 1 h, the
wells were washed, and the formazan residue was dissolved
in DMSO (0.1 mL per well). The optical density in the
wells was then measured on a Victor2 1440 multifunctional
reader (Perkin Elmer, Finland) at a wavelength of 535 nm
and plotted against the concentration of compounds. Each
concentration was tested in triplicate. The 50% cytotoxic
concentration (CCs) of each compound was calculated from
the data obtained.

In vitro antiviral activity

The compounds were dissolved in 0.1 mL of DMSO to pre-
pare stock solutions, and working solutions (1000.0-4.0 pM)
were prepared by adding MEM with 1 pg of trypsin per mL.
The compounds were incubated with MDCK cells for 1 h at
36°C. Each concentration of the compounds was tested in
triplicate. The cell culture was then infected with influenza
virus A/PR/8/34 (HIN1) (MOL 0.01) for 24 h at 36°C in the

presence of 5% CO,. The virus titer in the supernatant was
determined after cultivation of the virus in the MDCK cells
for 72 h at 36°C in the presence of 5% CO,. The presence
of virus in the wells was detected using a hemagglutina-
tion test. For this purpose, 100 uL of culture medium was
transferred to round-bottom wells and mixed with an equal
volume of 1% chicken erythrocytes, followed by incubation
for 1 hour at 20°C. Rimantadine, amantadine, deitiforin, and
ribavirin were used as reference drugs. The 50% inhibitory
concentration (ICs,) and the selectivity index (SI, the ratio
of CCs to ICs,) were calculated from the obtained data.

Time-of-addition experiments

To determine which stage of the viral life cycle is affected
by the compound, cells were seeded into 24-well plates and
incubated with influenza virus A/PR/8/34 (HIN1) (at an
MOI of 10) for 1 h at 4°C. After washing away unabsorbed
virions for 5 min with MEM, the plates were incubated for
8 h at 36°C at 5% CO,. The starting point of this incuba-
tion was referred to as 0 hours. The cells were treated with
compound 11 for the following time periods: -2 to -1 (before
infection); -1 to 0 (simultaneously with absorption); O to 2;
2to4;41t06;6to 8; and -2 to 8 hours. In each case, after
the appropriate incubation time, the compound was removed
and cells were washed for 5 min with MEM. After 8 hours
of growth, the titer of the virus in the culture medium was
determined as described above.

Hemagglutination inhibition assay and haemolysis
assay

In order to assess the ability of compounds to interfere
directly with HA receptor binding, we performed a hemag-
glutination inhibition test. Twofold dilutions of influenza-
A/PR/8/34-virus-containing culture medium (1:8 to 1:256)
were mixed with the lead compound at a range of concen-
trations and incubated for 1 hour at 36°C at 5% CO,, fol-
lowed by addition of an equal volume of 1% chicken eryth-
rocytes. After incubation for 1 hour at 20°C, the results
were checked visually. Anti-hemagglutinin activity was
evaluated by the ability of specimens to prevent virus-driven
hemagglutination.

The membrane-disrupting activity of the viral hemag-
glutinin was measured according to Maeda and Ohnishi [21]
with slight modifications. Briefly, chicken erythrocytes were
washed twice with PBS and resuspended to make a 0.75%
(vol./vol.) suspension in PBS, which was stored at 4°C until
use. One hundred microliters of compound diluted in PBS
to appropriate concentrations was mixed with an equal
volume of influenza virus (128 hemagglutinating units per
0.1 mL) or PBS as a negative control. After incubating the
virus-compound mixture at room temperature for 30 min,
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the mixture was mixed with 300 pL of 0.75% chicken eryth-
rocytes. The mixture was incubated for 1 hour at +4°C for
absorption of virions to the erythrocytes. Five hundred uL
of MES buffer (0.1 M MES, 0.15 M NaCl, 0.9 mM CaCl,,
0.5 mM MgCl,, pH 5.0) was added, mixed, and incubated
for 1 hour at 37°C for HA acidification and hemolysis. To
separate unlysed erythrocytes at the end of the incubation
period, tubes were centrifuged at 1,200 rpm for 6 min. After
sedimentation of erythrocytes, 100 uL of supernatant was
transferred to the wells of a flat-bottom plate, and the opti-
cal density in the wells was measured on Multiscan FC plate
reader (Thermo Scientific) at a wavelength of 405 nm. The
activity of the compounds was evaluated by their ability to
suppress the destruction of membranes and thus decrease the
concentration of free hemoglobin and the optical density in
the wells compared to the control wells without additives.
The percent activity of HA was calculated as (ODc-ODb)/
(ODp-ODb) x 100, where ODp and ODs are mean opti-
cal density in the wells with PBS and with the compound
under investigation, respectively, and ODb (background) is
the mean optical density in the wells with erythrocytes but
without virus and compounds. The activity of HA in control
wells without any virus was calculated by comparison to the
HA activity of influenza A virus.

Molecular docking study

The crystal structures of haemagglutinins of different
strains were used for the docking procedure. Their PDB
codes were 1RU7 (A/PR/8/34 (HIN1)) [22], 3EYM (A/
Aichi/2/68 (H3N2)) [23], and 3LZG (A/California/07/09
(HIN1)pdmO09) [21]. The geometric parameters of the HA
protein were prepared for calculation and optimized using
the OPLS3 force field algorithm.

To find the active site in the HA corresponding to PDB
code 3LZG, we analyzed the binding site of the well-known
HA inhibitor TBHQ in PDB code 3EYM [23]. This neces-
sary procedure is one of the stages of molecular modelling.
The TBHQ binding site is located at the interface between
two monomers of the HA trimer. Based on an analysis of the
active site, the area around the native ligand, with a radius of
SA, was selected. The functional amino acid sequence was
compared in two HA structures and the area of TBHQ bind-
ing was identified in protein 3LZG and was used for further
docking procedures

Scheme 1 Reagents and condi-
tions: (i) N,N-dimethylethylen-
ediamine or N,N-dimethylpro-
pane-1,3-diamine, ZnCl,, reflux
under solvent-free conditions;
(ii) CH,I, CH,;CN, reflux
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The CPH-binding site was located near the site of pro-
teolysis, next to the amino acid valine at position 615 (the
numbering corresponds to structure 1RU7 [22]). Details
have been described previously [24].

Ligand preparation (optimization, which took into
account all possible conformations of the ligand) and
all of the docking procedures were carried out using the
Schrodinger Small-Molecule Drug Discovery Suite 2018-
4, Schrodinger, LLC, New York, NY, 2018 program pack-
ages. The docking was performed under the following
conditions: ligand and protein were flexible and induced-
fit docking protocols were used for standard prediction
accuracy.

Results and discussion
Chemistry

The synthesis of camphor derivatives 6 and 7 was performed
as outlined in Scheme 1. The key intermediate N,N-disub-
stituted camphor imines 1 and 2 were synthesised according
to our recently reported approach [11]. Subsequently, the
methylation of the tertiary amino group of intermediates 1
and 2 was performed using excess methyl iodide, leading to
the desired compounds 6 and 7 in moderate yields.

Target borneol derivatives were synthesised via a
sequence of reactions starting with commercially available
(-)-borneol. Borneol derivatives 8a-c and 9a-c with a tertiary
amino group were prepared in two steps as described pre-
viously [19]. Subsequent methylation, using iodomethane
under reflux, gave the corresponding quaternary ammonium
salts 10a, 10c and 11a-b (Scheme 2).

The structures of the synthesised compounds were con-
firmed by NMR spectra ('H, '*C NMR). The structure of
compound 10a was confirmed by X-ray diffraction. The
bond lengths of 10a are close to the lengths of the analo-
gous bonds in betaine hydrobromide and (cyclopentadienyl)-
tricarbonyl-(2-((-)-borneolato)-2-oxoethyl)-molybdenum. In
the crystal structure, the iodine anion is located close to the
trimethylammonium group. The shortest I---H contact of
3.04 A is shown in Figure 3. Between the cations, there is a
weak hydrogen bond, C10-H---O=C (H---O distance 2.59
A and C-H---O angle 167°).

mw/ I
2

n=2 2 n=
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Scheme 2 Synthesis of the (-)-borneol derivatives 8a-c, 9a-c, 10a and ¢ and 11a and b. Reagents and conditions: (i) corresponding chloroacetyl
chloride, Et;N, CH,Cl,, r.t.; (ii) the corresponding amine, Et;N, CH,Cl,, r.t.; CH;3I, CH;CN, reflux

Fig.3 ORTEP representations of compound 10a. The displacement
ellipsoids are drawn at a probability of 30%. Only one of the two
independent molecules is shown.

Biological activity
Anti-influenza activity of synthesised derivatives in vitro

The compounds that were obtained were studied as poten-
tial antiviral agents against influenza A virus strain A/
Puerto Rico/8/34 (HIN1) (PR8 (HINT1)) (Table 1). An
important characteristic of the biological activity of the
compounds studied is the selectivity index (SI). The SI
is the ratio between the concentration of a substance that
causes 50% cellular damage (CCs) and the concentra-
tion required to reduce the viral activity by 50% (ICsy).
This ratio reflects the selectivity and safety of the com-
pounds. As shown in Table 1, the transformation of cam-
phor imine derivatives 1 and 2 into the corresponding
quaternary ammonium salts 6 and 7 resulted in a loss of
antiviral activity while maintaining low toxicity. Among
the (-)-borneol esters 8a-c and 9a-c with a tertiary amino

Table 1 Antiviral activity of the target compounds against influenza
A virus PR8 (HIN1) in MDCK cells

Compound CCs* (M) ICs,° (UM) SI¢
1* >2252 52.7+04 43
2% >2118 21.2+0.1 100
6 >2101 115+ 10 18
7 >1992 144 + 12 14
8a 597 + 42 163 + 21 4
8b >1184 NA -
8c >1122 97 + 10 12
9a 79 +6 >41 2
9% 814 + 65 36 +5 23
9¢c 34+2 >14 3
10a 1311 + 126 24+04 546
10c 264 + 15 >117 2
11a 850 + 38 316 + 40 3
11b 69 + 6 >37 2
Rimantadine 335 +£27 67.0+4.9 5
Amantadine 284 + 21 642 +4.7 4
Deitiforine 1266 + 81 209 + 15 6
Ribavirin >2000 24.6 >81

The data presented are the mean value of three independent exper-
iments. The values for CCy, and IC, are presented as the mean +
error of the experiment

NA not active
*Data published previously [11]

8CCy, is the cytotoxic concentration, i.e., the concentration resulting
in the death of 50% of the cells

PICy, is 50% virus-inhibiting concentration, i.e., the concentration
leading to 50% inhibition of virus replication

¢Sl is the selectivity index, i.e., the ratio of CCsy/ICs

group, compounds 8a and c¢ and 9a and b showed mod-
erate antiviral activity with an SI value higher than 2.
These derivatives were further converted to the quaternary
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Table2 Antiviral activity of compound 10a against influenza A
viruses HIN1, HIN1pdm09, and H3N2 in MDCK cells

10a Ribavirin

ICsp* M)  SI° ICsy* M)  SI°

Cal (HIN1)pdm09 16.8 +3.1 78 35+4.6 61
Aichi (H3N2) 92+1.3 142 41+3.9 52
PR8 (HIN1) 24+04 546 24.6 >81

4IC50: 50% inhibitory concentration

bSelectivity index (SI = CC50/IC50). The values for IC50 are pre-
sented as the mean =+ error of the experiment.

ammonium salts 10a and c and 11a and b. Evaluation the
antiviral activity and toxicity of the salts 10a and c and 11a
and b revealed that compound 10a has a more potent effect
against influenza A virus PR8 (HIN1).

In vitro screening allowed us to identify compound 10a
as a lead compound, since this agent was found to have the
lowest ICs;, value and the highest SI value. For this com-
pound, we performed specific assays to study its spectrum
of activity and mechanism of action. We first examined the
effect of 10a on the replication of influenza A viruses of dis-
tinct subtypes, namely, California/07/09 (HIN1)pdm09 (Cal
(HIN1)pdm09) and Aichi/2/68 (H3N2) (Aichi (H3N2)), in
MDCK cells (Table 2). Compound 10a potently inhibited the
Aichi (H3N2) virus with an ICy, value of 9.2 uM and the
pandemic influenza A virus Cal (HIN1)pdmO9 with an ICs
value of 16.8 uM. These observations were seen in three
different experiments.

Time-of-addition experiments

Time-of-addition experiments were performed to determine
the target for the virus-inhibiting activity of compound 10a
in the virus life cycle. The results are summarized in Fig-
ure 4. According to the data obtained, the compound turned
out to be the most effective when added within 0-2 hours
after infection. Over time, the efficacy of the drug decreased,
and starting at 4 hours after infection, the infectious activ-
ity of the virus was not statistically different from the con-
trol values. Based on these results, compound 10a can be
assumed to act at the initial stage of the influenza virus life
cycle, which involves the attachment of virions to the surface
of the target cell and penetration of the virion into the cell.
At this stage, two viral proteins are essential. First, the viral
HA mediates attachment of the virion to the cell surface and
fusion of the viral envelope with the endosomal membrane.
Second, the virus-specific proton channel M2 conducts pro-
tons into the virion interior, thus providing acidification of
the core and allowing the dissociation of ribonucleoproteins
(RNPs) from the envelope structures.
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Fig.4 Time-of-addition activity of compound 10a against influenza
A virus PR8 (HIN1). MDCK cells were infected with influenza virus,
and the salt 10a was added and removed at the indicated time points,
where 0 corresponds to the moment when the cells were infected. The
infectious activity of viral progeny was tested by further titration on
MDCK cells.

Study of the HA-mediated fusion process

Hemagglutination and haemolysis assays were performed
to investigate the effect of compound 10a on HA-mediated
fusion. The ability of compound 10a to interfere directly
with the receptor-binding site of viral HA was evaluated
by hemagglutination inhibition tests. Briefly, twofold dilu-
tions of influenza A virus PR8 (HIN1) were mixed in round-
bottom wells with compound 10a at a range of concentra-
tions, followed by the addition of chicken red blood cells
(cRBCs). Wells without compound 10a served as controls.
The hemagglutination titer of the virus was found to be 64
hemagglutinating units (HAU) per 0.2 mL. The addition of
compound 10a did not change this value even at the highest
concentration used (1200 uM). Therefore, the results suggest
that compound 10a does not inhibit the cell receptor-binding
activity of the viral HA.

To determine how compound 10a affected viral fusion
activity, a haemolysis assay was performed using influenza
A virus PR8 (HINT1) (Fig. 5). Compound 10a can be seen
to significantly decrease the ability of the viral HA to cause
membrane damage and therefore may be considered an
effective anti-influenza membrane fusion inhibitor.

Molecular docking study

To investigate the details of the direct interaction of com-
pound 10a with HA, docking of the lead compound 10a into
the binding sites of HA was performed, and the calculated
docking scores were compared with the values for the well-
known HA inhibitors tert-butylhydroquinone (TBHQ) and
the new anti-influenza drug camphecene (CPH) (Table 3).
Two binding sites of HA were considered, the first of which
is located in the binding region for TBHQ (the TBHQ site)
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Fig. 5 Haemolysis-inhibiting activity of compound 10a against influ-
enza A virus HA. The compound was mixed with 128 hemaggluti-
nating units of influenza virus, incubated at room temperature for 30
min, mixed with 0.75% chicken erythrocytes, and incubated at +4°C.
After incubation with MES buffer (0.1 M MES, 0.15 M NaCl, 0.9
mM CaCl,, 0.5 mM MgCl,, pH 5.0) and sedimentation of erythro-
cytes, the optical density in the wells was measured at 405 nm. The
haemolysis-inhibiting activity of compound 10a was calculated by
comparison to the haemolysis activity of influenza A virus without
additives.

[23] and the second of which is found near the proteolysis
site, where camphecene binding occurs (the CPH site) [24,
25] (Fig. 6). The HA proteins of different strains and sub-
types (PR8 (HIN1) (H1-PR), Cal (HIN1)pdm09 (H1-Cal)
and Aichi (H3N2)) of influenza A virus were examined.
The results presented in Table 3 and Fig. 6 show that the
lead compound 10a can bind to the TBQH site in all three
types of HA under study (H1-PR, H1-Cal, and H3N2). It can
fit into the space between two monomers (the TBQH site)
to form a number of intermolecular interactions: hydrogen
bond bridges between the oxygen atom of compound 10a
and amino acids (K558 — H1-PR, R54 — H3) and salt bridges

between the protonated nitrogen atom and D21 (H1-PR),
E57 (H1-Cal), E103 (H3). The calculated binding affinity
of compound 10a to the TBQH sites of the studied types
of HA showed similar values of E,; 4, ranging from -6.28
to -6.65 kcal/mol, which is similar to the values of E,; 4 of
the known HA inhibitors CPH and TBQH. The binding of
compound 10a to the CPH site of different HAs revealed one
striking feature: compound 10a can bind to the CPH site of
only subtype H1 HAs and does not bind to the CPH-site of
subtype H3, since there is no cavity that is favourable for
such molecules to be located. The HA of subtypes H1 and
H3 belong to different groups, and their structures are con-
formationally different in the regions required for membrane
fusion. We compared the amino acid sequences of HAs of
subtype H1 (strains PR8 (HIN1) and Cal (HIN1)pdm09)
and subtype H3 (strain Aichi (H3N2)) in the region of the
TBHQ site and CPH site (Fig. 7).

The results of a comparison of the amino acid sequences
of the PR8 (HIN1) and Aichi (H3N2) strains showed their
structure in the CPH-site region to be significantly dif-
ferent, whereas in the TBHQ-site region, the amino acid
sequences have only a few variations. The calculated bind-
ing affinities of compound 10a to the CPH site of HA of
PR8 (HINI1) and Cal (HIN1)pdmO09 strains are similar
(-7.12 and -6.62 kcal/mol, respectively) and close to values
of E;;,q of CPH (-7.07 and -7.18 kcal/mol). In the case of
strain PR8 (HIN1), compound 10a in the CPH site forms
a series of m-cation stacking interactions between the pro-
tonated nitrogen atom and the aromatic amino acids Y619
and F5009. In the case of the pandemic strain Cal (HIN1)
pdm09, only hydrophobic contacts are observed. The in
silico docking results are consistent with in vitro data;

Table 3 The results of

molecular docking procedures ID compound ICsp, (uM) SI Epind” ILES S ILES

Strain PR8 (HIN1)

Binding site TBQH site CPH site

TBQH - - -6.97 0.58 - -

CPH 1.2 642 -7.10 0.51 -1.07 0.50

10a 2.4 546 -6.65 0.37 -7.12 0.42
Cal (HIN1)pdm09

TBQH - - -6.32 0.53 - -

CPH 5.1 503 -6.95 0.50 -7.18 0.51

10a 16.8 78 -6.60 0.36 -6.62 0.37
Aichi (H3N2)

TBQH - - -7.81 0.65 - -

CPH 10.3 75 -6.81 0.48 No docking -

10a 9.2 142 -6.28 0.35 No docking -

*Ej;nq 18 the binding energy in kcal/mol (the value is not genuine binding energy but rather an estimated

docking score)

PLE, the ligand efficiency, is the ratio of the docking score to the number of heavy atoms (no hydrogen

atoms).
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Fig.6 Location of lead compound 10a in the binding sites of differ-
ent HAs. The secondary structure of an HA subunit corresponding to
PDB code 1RU7 (PR8 (HIN1)) is shown in blue, that of PDB code
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Fig.7 The result of protein alignment procedure. The secondary
structure of an HA subunit corresponding to PDB code 1RU7 (PR8
(HIN1)) is shown in blue, that of PDB code 3EYM (Aichi (H3N2))

the ICs, value of compound 10a against PR8 (HINT1) is
lower than that against Cal (HIN1)pdmO09 (2.4 and 16.9
uM, respectively). Also, according to docking results,
compound 10a in the CPH site of HA strain PR8 (HIN1)

@ Springer

is shown in orange, and that of PDB code 3LZG (Cal (HIN1)pdm09)
is shown in green. Amino acid sequence differences are highlighted
in red.

gives a more favourable docking score than in the CPH site
of HA strain Cal (HIN1)pdm09.

From the above analysis, it can be concluded that com-
pound 10a can bind to both sites of HA subtype H1 with
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equal probability, but with different affinity. Since the HA
of subtype H3 lacks the cavity located near the site of prote-
olysis, the TBHQ site can be considered a possible binding
site for similar structures.

Conclusion

We have synthesized quaternary ammonium salts based on
(+)-camphor and (-)-borneol. It was found that the conver-
sion of tertiary amines based on (+)-camphor to quaternary
ammonium salts led to decreased antiviral activity, while the
transformation of (-)-borneol derivatives to the correspond-
ing salts increased their inhibitory activity. The derivative
10a showed the most significant antiviral activity against
different subtypes of influenza A virus, with an ICs, value
of 2.4 pM against PR8 (HIN1), 9.2 pM against the pan-
demic influenza A virus Cal (HIN1)pdm09, and 16.8 pM
against Aichi (H3N2), and low toxicity with a CCs, value of
1311 pM. Based on the data obtained in the mechanism-of-
action studies, we suggest that the virus-inhibiting activity
of these compounds, in particular compound 10a, is due to
the inhibition of viral HA. According to molecular docking
study results, the compound 10a can bind to different stem
part of HA depending on the HAs subtype, which leads to
the blocking of the viral and cell membrane fusion process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-021-05102-1.
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