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a b s t r a c t

Influenza is a highly contagious respiratory viral infection responsible for up to 50,000 deaths per annum
in the US alone. The need for new therapeutics with novel modes of action is of paramount importance.
We determined the X-ray structure of Arbidol with influenza hemagglutinin and found it was located in a
distinct binding pocket. Herein, we report a structure-activity relationship study based on the co-com-
plex combined with bio-layer interferometry to assess the binding of our compounds. Addition of a
meta-hydroxy group to the thiophenol moiety of Arbidol to replace a structured water molecule in the
binding pocket resulted in a dramatic increase in affinity against both H3 (1150-fold) and H1 (98-fold)
hemagglutinin subtypes. Our analogues represent novel leads to yield more potent compounds against
hemagglutinin that block viral entry.

� 2017 Elsevier Ltd. All rights reserved.
Influenza annually affects �5–20% of the US population leading
to nearly 200,000 influenza-related hospitalizations per year.1

While vaccines have produced some measure of control over the
risk of infection, rapid antigenic drift makes the selection of which
strains to include in the seasonal vaccine an annual challenge.
There are currently four licensed influenza drugs available for
treatment use in the US; the M2 ion channel inhibitors Amantadine
(Symmetrel�) and Rimantadine (Flumadine�),2 and the neu-
raminidase (NA) inhibitors Osetlamivir (Tamiflu�) and Zanamivir
(Relenza�).3 However, as resistance to these drugs emerges in cur-
rent strains, the quest for small molecule therapeutics with novel
modes of action becomes more urgent.4–6

Arbidol (Umifenovir) is a broad-spectrum antiviral against a
number of viruses, including influenza, Ebola, hepatitis B, and hep-
atitis C.7,8 Despite initial lack of a known mechanism-of-action
against any target virus, Arbidol is clinically used in Russia and
China and is currently in phase IV US clinical trials (clinicaltrials.-
gov/ct2/show/NCT01651663). One major drawback to the use of
Arbidol is the large dose required to achieve therapeutic efficacy.9
Several groups have tried to improve the therapeutic potential by
changing the substituents decorating the indole core (Fig. 1A).
These have included changes to the nitrogen substituent, the
hydroxy group in position 5, the bromo group in position 6, and
the thiophenol in position 2.10–15 However, despite the large num-
ber of structure-activity relationship (SAR) studies carried out to
date, none of the compounds have shown a vast improvement in
binding affinity to both group 1 and group 2 viruses over the par-
ent compound Arbidol. This is perhaps not surprising as the exact
binding site was unknown, although the mechanism of action was
reported to involve increasing hemagglutinin (HA) stability
through preventing the low pH-induced HA transition to the fuso-
genic state.9,16,17

To determine its binding site and mechanism of action, we
recently determined crystal structures of Arbidol in complex with
the influenza HA viral fusion glycoprotein from the pandemic 1968
H3N2 and recent 2013 H7N9 viruses.18 Arbidol binds in a con-
served hydrophobic cavity at the interface of the HA protomers
within the upper stem of the fusion region (Fig. 1B and C). The
structures demonstrate the molecular mechanism where Arbidol
stabilizes the pre-fusion conformation of HA and prevents the con-
formational rearrangement required for membrane fusion and
subsequent infection.

Using this structural data, we observed that Arbidol binds
tightly to the pocket along the edge of the indole core at positions
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Fig. 1. A. Structure of Arbidol. B. Hemagglutinin trimer (H3 – HK68: A/Hong Kong/
1/1968, PDB ID: 5T6N) with the location of the Arbidol binding site within the stem
region.18 C. A highly ordered water molecule adjacent to the Arbidol (yellow carbon,
red oxygen, blue nitrogen, mustard sulfur, and maroon bromine) was exploited for
structure-based design of Arbidol analogues. D. The HA pocket residues (cyan) near
the Arbidol amino group at position 4 that could be used for additional interactions
with Arbidol analogues.
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1, 5 and 6 (Fig. 1A and C)10–13 and explains why adding large
chemical moieties at these positions can have a deleterious effect
on the antiviral efficacy of those molecules.

Our structures also showed that there was additional space
within the pocket not fully optimized for binding to the protein
by the amino group in position 4 and the thiophenol group at posi-
tion 2 (Fig. 1A and D). Using our structural data, we designed and
synthesized several molecules to exploit these potential additional
interactions and thus improve upon Arbidol binding. We herein
report a new Arbidol analogue with significantly improved binding
to HA in comparison to the parent compound. Our study provides
new insights into how to manipulate compounds to bind to the
influenza virus and presents exciting evidence for a possible new
influenza therapeutic.
Results and discussion

Synthesis of Arbidol analogues

Our co-complex crystal structure of HA with Arbidol showed
that there was underutilized space in the binding pocket to accom-
modate modifications to both the thiophenol group at position 2
and the dimethylamino group at position 4. To investigate the
SAR, we optimized the original route to synthesize Arbidol to allow
multiple analogues to be made from the common dibrominated
intermediate (2) (Scheme 1).19

Crystallographic data highlighted the importance of a water
molecule in the binding pocket in the meta position with respect
to the thiophenol group. To exploit this potential interaction with
HA, we added either an amino or hydroxy group at the meta posi-
tion, as well as extending the size of the ring to investigate the
effect of increased conjugation. To investigate the importance of
the dimethylamino group, these analogues were synthesized with
and without the presence of the amine in position 4 on the indole,
as well as replacing the dimethylamino with a piperazine to inves-
tigate if any further interactions towards the back of the binding
pocket could be beneficial.

The synthesis began with the orthogonal protection and double
bromination of the commercially available indole core (1) to give 2,
with a yield of 90% over 3 steps. Here the synthesis diverged to pro-
vide two separate sets of analogues; in route 1, thiophenol is added
to give intermediate 3 in 86% yield. This was followed by reaction
with N,N,N0,N0-tetramethyldiaminomethane to give Arbidol (4) in
reasonable yield (51%) (Supplementary Methods). Reaction with
two piperazine analogues gave compounds 14 and 15 (77% and
51% respectively). In route 2, various thiols were reacted to give
intermediates 8–10.20,21 These were again reacted with N,N,N0,N0-
tetramethyldiaminomethane to generate analogues 11–13 (Fig. 2).

During the synthesis of compound 11,22 it was found that the
sulfur was prone to oxidation in the presence of strong acid or
base, leading to a range of side products and hindered purification
of the final molecule. By decreasing the strength of the base from
potassium hydroxide to sodium carbonate in the penultimate step
(yield increased to 67%) and changing the solvent from 1,4-dioxane
to dichloromethane (increasing the yield to 99%), it was possible to
prevent this oxidation from occurring in situ during the course of
the last two reactions. Further analysis showed that 11 could not
be stored in water for long periods of time (>4 h) which meant that
biophysical assessments needed to be carried out as soon as the
product was dissolved in buffer.
Evaluation of kinetics using bio-layer interferometry

To investigate the binding affinity of the compounds to the HA,
the ratio of kon to koff to give Kd was determined by bio-layer inter-
ferometry (BLI) using an Octet Red instrument (ForteBio).23–25 HA
was loaded onto streptavidin-coated biosensors (SSA) and incu-
bated with varying concentrations of small molecule in solution.
The experiments comprised five steps: (1) baseline acquisition
(60 s); (2) HA loading onto sensor (1800 s); (3) second baseline
acquisition (120 s); (4) association of small molecule for the mea-
surement of kon (180 s); and (5) dissociation of small molecule for
the measurement of koff (180 s).

Arbidol is a broad-spectrum antiviral that can be used to treat
influenza infection from both influenza A group 1 and group 2,
and influenza B viruses. To test the affinity of our Arbidol ana-
logues, each compound was assessed for binding against one HA
from group 1 (H1 – PR8: A/Puerto Rico/8/1934) and one from
group 2 (H3 – HK68: A/Hong Kong/1/1968) (Table 1).



Scheme 1. Synthesis of Arbidol and Analogues. Reagents and conditions: (i) acetic anhydride, pyridine (ii) MeI, NaH, DMF (iii) Br2, CCl4 (iv) thiophenol, KOH, MeOH (v) N,N,
N0 ,N0-tetramethyldiaminomethane, 1,4-dioxane (vi) amine, 1,4-dioxane (vii) R’SH, KOH, MeOH.

Fig. 2. Analogues of Arbidol.
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As with previous Arbidol-based compounds, many of our ana-
logues did not have improved affinity for HA over the parent com-
pound. For example, increasing the size of the group at indole
position 4 from a dimethylamino group to a piperazine did not dra-
matically improve binding to H3 (Table 1, compounds 14 and 15)
and indeed compound 15 did not show any binding to H1. Simi-
larly, increasing the size of the aromatic ring at position 2 (com-
pounds 10 and 13) did not generate improved interactions, nor
did the addition of a meta-NH2 with respect to the thiol (com-
pounds 9 and 12). Of particular interest was the observation that
the binding affinity appeared to improve eightfold when the
dimethylamino group at indole position 4 on Arbidol was removed
for H3 HA, which was not predicted by the structural data (com-
pounds 3 and 4).

The most interesting analogue of the SAR set was compound 11
which showed an 98-fold increase in binding with respect to Arbi-
dol against H1 and a 1150-fold increase in binding against H3
(Table 1). This is a marked improvement in the binding affinity
observed for compound 12, presumably due to orbital steering of
lone pairs leading to non-optimal hydrogen bonding. It is interest-
ing to note that contrary to compounds 3 and 4, here removal of
the dimethylamino group at position 4 of 11 substantially



Table 1
BLI Measurements of Arbidol Analogues.

Compound Kd (mM)

PR8 (H1) R2 HK68 (H3) R2

3 38 ± 2 0.92 11 ± 1 0.82
4 (Arbidol) 47 ± 1 0.97 92 ± 13 0.78
8 75 ± 4 0.91 17 ± 1 0.82
9 no binding n/a >100 n/a
10 18 ± 6 0.94 45 ± 6 0.73
11 0.48 ± 0.02 0.96 0.080 ± 0.008 0.86
12 No binding n/a 7.4 ± 0.4 0.89
13 No binding n/a No binding n/a
14 41 ± 2 0.96 No binding n/a
15 No binding n/a 46 ± 3 0.93
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decreases binding (compound 8), but still maintains improved
binding against H3 HA (fivefold) with respect to 4, while displaying
a twofold decrease in binding against H1 HA (Table 1, Compound
8). Importantly, compound 11 was stable throughout the duration
of the BLI binding studies.

Kd values were calculated from binding curve data from mul-
tiple analyte concentrations using a global fit analysis. This
method assumes dissociation of the analyte is rapid and complete
and the goodness of fit (R2) demonstrates the compounds
adhered well to the fitting analysis (Table 1, Supplemental Figs. 2
and 3). In addition, due to the strong affinity of compound 11 for
HA, we performed a local full fitting calculation. With local fitting,
it is assumed that compound dissociation is fully reversible and
binding isotherms eventually return to baseline. Compound 11
showed an 85-fold increase against H1 HA (550 ± 120 nM) and
an 920-fold increase against H3 HA (100 ± 36 nM), with R2 values
of 0.98 and 0.94 respectively (Supplemental Fig. 4). Importantly,
Kd values obtained by both fitting methods for compound 11
were in strong agreement that addition of the meta hydroxyl
tremendously improved binding affinity to both H1 and H3 HA
groups.

Evaluation of the structure-based drug design strategy

Our crystallography data predicted that by attaching a
hydroxy group in the meta-position, it would be possible to
increase the binding by displacing an ordered water molecule in
the binding pocket next to Arbidol. To evaluate this strategy,
we also synthesized ortho- and para-hydroxy analogues (Supple-
mentary Fig. 1). We predicted that these compounds would have
a decrease in binding affinity with respect to the meta analogue
as they would not properly align the hydroxyl moiety, and thus
could not adequately displace the ordered water molecule and/
or provide the necessary hydrogen bonds seen in the Arbidol
structure (Fig. 1C).16

It was also decided to test the affinity of the meta-methoxy
compound, which has shown promise in the treatment of Hepatitis
B.13 To further investigate the effect of the amine substitution in
position 4, analogues were synthesized with and without this moi-
ety. Compound 20 could not be synthesized using the designed
route as double addition of the dimethylamino group adding to
both the indole and the para-hydroxy ring was observed (Supple-
mentary Fig. 1).

The compounds were again tested in the BLI assay, with H1 and
H3 representing group 1 and group 2 viruses. As predicted from
our co-complex crystal structures, no binding was observed with
either the ortho- or para-hydroxy substituted rings. Replacing the
meta-hydroxy group with a methoxy substituent also did not exhi-
bit any binding, possibly because the methoxy group is not a
hydrogen bond donor and the larger group will cause van der
Waals clashes in the binding pocket.
Conclusions

Utilizing structure-based drug design, we have been able to
further probe the structure-activity relationship of the binding
site of Arbidol on the influenza HA fusion protein. Previous work
by other groups has shown that many substitutions to Arbidol do
not lead to increased binding affinity of analogues to both group
1 and group 2 viruses.10,11,13 Comparison of the previous modifi-
cations of Arbidol with our recent crystal structure of Arbidol
bound to the influenza HA18 showed that these prior attempts
at improvement interfered with key interactions that Arbidol
makes within a hydrophobic binding pocket in the HA stem. In
particular, substitutions at indole positions 5 and 6 interfere with
binding to W92 of helix C and E900, Y940 and K3100 of helix C’ in
the adjacent subunit trimer. Our work aimed to take advantage of
our recent crystal structure to design modifications which
increased interactions, filled unoccupied pockets in the HA, or dis-
placed a structured water molecule that was bound adjacent to
Arbidol, to exploit possible additional interactions which would
increase binding of Arbidol analogues. Indeed, replacement of
the thiophenol ring with a meta-hydroxythiophenol to generate
11, resulted in impressive 98-fold and 1150-fold increases in
affinity against H1 and H3 HAs, respectively. To validate the ini-
tial structure-based prediction, we also synthesized ortho- and
para-substituted thiophenols, which had no detectable binding
as measured by bio-layer interferometry. The meta-methoxy com-
pounds 18 and 21, which showed promise against Hepatitis B,13

were also assessed and lacked ability to interact with H1 and
H3 HAs. Our highly improved Arbidol analogue clearly illustrates
that the replacement of the structured water molecule with a
hydrogen bond donor on Arbidol that interacts directly with the
HA binding pocket vastly increases binding affinity to H1 and
H3 HAs. Our optimized Arbidol represents a new compound with
a dramatic increase in affinity.

Currently, the only treatments for influenza involve either
inhibiting the M2 ion channel inhibitors2 or neuraminidase.3 These
mechanisms have already been shown to be prone to resistance in
the clinic.4–6 Arbidol has both a novel mechanism of action and a
different binding site to these drugs, as well as a low rate of gener-
ation of resistant strains of influenza with respect to adamantane
and neuraminidase inhibitors.14,15 As compound 11 shows a much
higher binding affinity in the BLI than Arbidol, it is possible that
drugs derived from this initial hit molecule would be far more
effective in the treatment of influenza virus. Despite years of
over-the-counter use in China and Russia to treat influenza, Arbi-
dol resistance mutations have yet to be reported in the clinic.9 This
lack of alteration thus far to the binding pocket in resistant strains
suggests that it might reduce virus viability and that an improved
Arbidol analogue would be a critical countermeasure to prevent
the spread of both non-pandemic and pandemic disease for years
to come.
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Our SAR study highlights that an increase in potency can be
achieved by displacing a water molecule from inside the binding
pocket. Work is ongoing in our laboratory to produce a more stable
version of compound 11 that can withstand longer amounts of
time in water and increase the potency and selectivity for influenza
virus over the parent compound.
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