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We synthesized a series of amides with a benzo[d][1,3]dithiol core. The chemical library of compounds was
tested for their cytotoxicity and inhibiting activity against influenza virus A/California/07/09 (HIN1)pdmO09 in
MDCK cells. For each compound, values of CCs, ICs¢ and selectivity index (SI) were determined. Compounds of
this structure type were for the first time found to exhibit anti-influenza activity. The structure of an amide
substituent in the tested compounds was demonstrated to have a significant effect on their activity against the
H1N1 influenza virus and cytotoxicity. Compound 4d has a high selectivity index of about 30. 4d was shown to

be most potent at early stages of viral cycle. In direct fusogenic assay it demonstrated dose-dependent activity
against fusogenic activity of hemagglutinin of influenza virus. Based on molecular docking and regression
analysis data, viral hemagglutinin was suggested as possible target for these new antiviral agents.

Influenza viruses are major human pathogens that cause 3 to 5
million cases of severe illness worldwide.! The main means to fight the
disease is vaccination, the effectiveness of which depends on the accu-
racy of prediction for the strain that will circulate in the upcoming
epidemiological season and is far from 100% even in the case of a suc-
cessful prediction. For example, the overall effectiveness of the
2017-2018 flu vaccine was 36%.' Therefore, chemotherapy is an
important way to prevent and treat viral diseases. At present, few anti-
influenza drugs are available: neuraminidase inhibitors (oseltamivir and
zanamivir) and M2 channel blockers (amantadine and rimantadine)>>
as well as recently approved Baloxavir marboxil, selective inhibitor of
influenza cap-dependent endonuclease.” However, a high variability of
the influenza virus enables its resistance to drugs.”® Therefore, the
search for antiviral drugs of new structural types is an important
task.” 1!

In this study, we screened compounds of various structural types for
antiviral activity and found for the first time that 4-amino-6-(tri-
fluoromethyl)benzo[d][1,3]dithiol-2-one 1 (Scheme 1) exhibited sig-
nificant activity against the influenza virus, with ICsy in a lower
micromolar range. This compound can be synthesized from 2-chloro-
1,3-dinitro-5-(trifluoromethyl)benzene 2 in two stages and is a key
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intermediate in one of the methods for production of TC-2153; an in-
hibitor of the tyrosine phosphatase STEP.'? TC-2153 exhibits antide-
pressant, anticonvulsant, and analgesic activities'>'® and improves the
condition of Alzheimer’s disease and schizophrenia animal models.'%'”
However, the literature lacks data on the biological activity of com-
pound 1.

In this work, we synthesized a series of amides 4 and tested them for
antiviral activity to elucidate the influence of a substituent at the amino
group on the antiviral effect of compound 1. For amine 1 modification
nitrogen-containing heterocyclic compounds were chosen. Such sub-
stituents are often used in medicinal chemistry and can be found in
many biologically active compounds. Thus, attachment of heterocycles
such as piperidine and morpholine to borneol through ester bond
allowed one to obtain compounds with high anti-flu activity.''

The interaction between compound 2 and sodium dimethyldithio-
carbamate hydrate gave 4-nitro-6-(trifluoromethyl)benzo[d][1,3]
dithiol-2-one 3 that was further reduced by the Zn/NH4Cl system in
accordance with a procedure 12 to form aminobenzodithiol 1 (Scheme 1).
The resulting amine 1 reacted with a set of anhydrides 5a,b or acid
chlorides 5c-f containing various substituents (Scheme 2). 18,19 Synthesis
of the necessary chlorides 5c-f was conducted in accordance with a
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Scheme 1. Synthesis of compound 1. (i) NaSC(S)NMe,/DMSO, 44%; (ii) Zn/NH4Cl, 84%; (iii) 1) NaHS-H,0, 24 h; HCl, 44%; 2) conc. HCl/Et,0, 78%.
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Scheme 2. Synthesis of compounds 4a-h.

procedure.”’

In general, the transformations proceeded smoothly, except the re-
actions of amine 1 with acid chlorides 5c¢,d, where the starting amine 1
was incompletely converted under standard conditions. However,
elongation of the linker by a CHy-group upon transition to homologues
5f,g significantly accelerated the reaction. Compound 4b was produced
with high purity; its yield was 84%. Compound 4a was purified by
recrystallization, which halved the yield. The yields of compounds 4c-h
after purification by chromatography on SiO; (eluent - hexane/benzene
(1:1), ether, ethanol) amounted to 45-62%.

The synthesized compounds were tested for antiviral activity against
the pandemic influenza virus A/California/07/09 (HIN1)pdmO09 culti-
vated in cell culture using a technique described earlier.?! Cytotoxicity
of the compounds was evaluated in uninfected MDCK cells as described
previously.?” The obtained data were used to calculate the selectivity
index for each derivative. Compounds with SI = 10 and higher were
considered as active. The results are summarized in Table 1.

We found that 4-amino-6-(trifluoromethyl)benzo[d][1,3]dithiol-2-
one 1 had high antiviral activity at low micromolar concentrations,
which was combined with moderate cytotoxicity; the selectivity index
was 11. Acetamide 4a turned out to be both less active and more toxic,
which led to a significant decrease in the selectivity index. On the

contrary, trifluoroacetamide 4b exhibited two orders of magnitude
higher activity (in the submicromolar range) and toxicity than com-
pound 1, with the selectivity index being almost the same as that of 1.

Compound 4c comprising the amide substituent with a heterocyclic
pyrrolidine moiety separated from the carbonyl group by a methylene
spacer did not possess anti-flu activity. At the same time, compound 4d
with larger heterocycle exhibited high activity and low cytotoxicity,
which increased the selectivity index to almost 30. The introduction of
an oxygen atom into the heterocycle (compound 4e) resulted in a drastic
increase in cytotoxicity and, accordingly, a decrease in the selectivity
index.

An increase in the length of a spacer between the acetamide group
and the heterocycle, from methylene to ethylene, led to a change in the
observed activities —compounds 4f and 4h with pyrrolidine and mor-
pholine substituents had the highest activities with SI of 12 and 11,
respectively, whereas compound 4g with the piperidine substituent had
both lower activity and higher cytotoxicity (Table 1). We suggest that
the overall substituent size in this case plays a key role in the antiviral
activity - bulky piperidine heterocycles provide activity with shorter
spacers, while smaller pyrrolidine heterocycles are active with longer
spacers (4d and 4g; 4c and 4f).

Thus, we first found that compounds based on the benzo[d][1,3]
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Table 1
Antiviral activity and cytotoxicity of compounds 4a-h against influenza virus A/
California/07/09 (H1N1)pdmO9 in MDCK cells.

Compound R CCso’. uM ICs0”. uM SI®

1 - 212 + 12 19+3 11

4a 0 95 +7 38+5

4b j)l\ 22401 0.2+0.1 12
24CF,

4c v},)/\N: >828.7 191 + 26 4

4d tL,/\T\O 532 + 44 18+3 29

4e :H«N/ﬁ 13+1 5+1 3

L_o

af Q 75+ 6 6+1 12
:l‘r'\/N

4g O 34+2 >28.2 1
an N

4h (\o 104+ 8 9+2 11

Rimantadine 363 + 20 41 +7 9

Ribavirin >2130 44 +5 48

# CCsp is the median cytotoxic concentration, i.e. the concentration causing
50% cell death.
b ICs is the 50% inhibiting concentration, i.e. the concentration causing 50%
decrease of virus replication.
SI is the selectivity index, which is the CCso/ICsg ratio.
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Fig. 1. Activity of 4d against influenza virus A/California/07/09 (H1N1)
pdmO09 according to time-of-addition experiment. MDCK cells were infected
with influenza virus, and 4d was added at the indicated time points, where
0 corresponds to the moment when the cells were infected. The infectious ac-
tivity of viral progeny was tested by further titration in the MDCK cells.

dithiol-2-one structure have high activity against the HIN1 influenza
virus.

To study the mode of activity of 4d, the compound having demon-
strated the highest selectivity index, we performed time-of-addition
experiments where the compound was added to the replicating virus
at different time points corresponding to different stages of viral life
cycle. As presented in Fig. 1, the compound was most effective in sup-
pressing the viral replication when administrated at early stages of the
viral cycle (0-2 h post infection). Therefore, target (or targets) for 4d
should be essential at early stages of viral cycle.

Two viral proteins are essential for viral cycle between 0 and 2 hpi: i)
hemagglutinin (HA), the protein providing attachment of virions to cell
surface and fusion of viral envelope with plasma membrane, and ii) M2
proton channel, the protein providing acidification of virion interior
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Fig. 2. Anti-membranotropic activity of 4d against hemagglutinin of influenza
virus A/California/07/09 (H1IN1)pdmO09. The compound was mixed with the
virus, incubated at room temperature for 30 min, mixed with 0.75% chicken
erythrocytes and incubated at +4 °C. After incubation with MES buffer (pH 5.0)
and sedimentation of erythrocytes, optical density in the wells caused by free
haemoglobin released after destruction of erythrocyte membranes, was
measured at 405 nm. The HA-inhibiting activity of compound was calculated
comparing to HA activity of influenza A virus without additives.

thus enabling dissociation of RNPs from envelope. To test whether 4d is
able to block activity of viral HA, we performed the direct assays for HA
receptor-binding and fusogenic activity. No inhibiting effect of 4d on
receptor-binding activity of HA has been detected (data not shown). The
results of fusogenic activity assay suggest that the compound demon-
strates strong dose-dependent inhibiting activity against HA-driven
membrane fusion process (Fig. 2).

Additionally, to identify potential molecular targets for the new
antiviral compounds, we docked these compounds with several known
targets for low molecular weight antiviral drugs and compared the
estimated ligand binding energies to the measured ICsq. Active site of
the hemagglutinin was considered as potential biological target. The
crystal structures were downloaded from the Protein Data Bank.*

The following PDB code was explored: 3LZG corresponding®* to
hemagglutinin of virus strain A/California/04/2009 HIN1. Two
monomers of the trimer in the case of HA were taken (the third one was
excluded from analysis). All water molecules and other small molecules
were removed. Hydrogen atoms were added to amino acid residues and
optimized at pH values 5.0 + 0.2 at which the crystallographic struc-
tures of proteins have been recorded. The geometrical parameters of the
proteins and ligands were subjected to restrained minimizations using
OPLS3 force field.”

The 4b-binding site of HA was found near the fusion peptide: binding
region of tert-butyl hydroquione (TBHQ), well-known HA inhibitor. The
docking was performed under the following conditions: flexible ligand
and protein, induced fit docking protocol, the grid-box size of 15 A with
the native ligand being located at the center (for more technical details
see Supplementary Materials). All possible ionized states of the ligands
were taken into account during the docking procedure. All calculations
were carried out using Small-Molecule Drug Discovery Schrodinger
Suite 2018-1.%°

Both compounds, 4d and 4f, are located in the TBQH-binding site of
HA near the fusion peptide (Fig. 3A). The molecules are bound by
hydrogen bridges with tyrosine (Y94) and additionally 4b forms a n-n
stacking with tyrosine (Y94) and a hydrogen bond with lysine (K58).
The values of docking score are from —6.1 to —9.1 units. In accordance
with in vitro test results, 4b compound (minimum value of ICs) is
characterized by high affinity for potential biological target: penulti-
mate value to HA (the lowest value, —9.1 units, is for 4f, see Supple-
mentary Materials). The lead compound 4d (highest SI) shows medium
docking score —7.9 units.

To found the relationship between the values of biological tests and
the results of theoretical calculations we created a regression model
plotting the values of pICsg against docking score (Fig. 3B). The docking
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Fig. 3. A:location of lead compounds 4b (green) and 4d (violet) in the binding sites of hemagglutinin (PDB code: 3LZG): H-bridges are shown as yellow dotted lines,
n-m stacking is blue; black molecule is tert-butylhydroquinone (TBQH); B: relationship between the values from biological tests and the results of theoretical cal-
culations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

score values were considered as a parameter characterizing the affinity
of the ligands for the proteins. The correlation coefficients character-
izing the dependence of the pICsq values on the ligands’ affinity to the
HA protein is equal to 0.46.

Based on the data of biological experiments and docking calcula-
tions, the antiviral activity of 1 and 4a-h may be associated with inhi-
bition of the hemagglutinin. Nevertheless, the possibility should not be
ruled out that the target for these compounds is of cellular, not viral,
origin, or they may demonstrate multitarget mode of activity. Further
tests using a reference virus panel and specific target-oriented assays
may be therefore important for deciphering the activity mechanism of
benzo[d][1,3]dithiol-2-one-based =~ compounds and  subsequent
improvement of their pharmacological properties.

In conclusion, we found a new type of antiviral compounds derived
from benzo[d][1,3]dithiol-2-one, which exhibit high activity against the
H1N1 influenza virus. We demonstrated the key role of the amide sub-
stituent structure on the antiviral activity and cytotoxicity of the studied
compounds. It was demonstrated that 4d was most effective when
administered at early stages of viral cycle (0-2 h post infection) and able
to suppress fusogenic activity of viral HA in dose-dependent manner.
Based on the molecular docking and regression analysis data, we suggest
that hemagglutinin might be the target for new antiviral agents. Prob-
ably, the compounds bind to the stem part of hemagglutinin (HA2),
resulting in blocking the process of fusion of the viral and plasma
membranes.
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