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Enterovirus A71 (EV-A71) is a human pathogen causing hand, foot and mouth disease (HFMD) which
seriously threatened the safety and lives of infants and young children. However, there are no licensed
direct antiviral agents to cure the HFMD. In this study, a series of quinoline formamide analogues as
effective enterovirus inhibitors were developed, subsequent systematic structure-activity relationship
(SAR) studies demonstrated that these quinoline formamide analogues exhibited good potency to treat
EV-A71 infection. As described, the most efficient EV-A71 inhibitor 6i showed good anti-EV-A71 activity
(EC50 ¼ 1.238 mM) in RD cells. Furthermore, compound 6i could effectively prevent death of virus infected
mice at dose of 6 mg/kg. When combined with emetine (0.1 mg/kg), this treatment could completely
prevent the clinical symptoms and death of virus infected mice. Mechanism study indicated that com-
pound 6i inhibited EV-A71 via targeting 2C helicase, thus impeding RNA remodeling and metabolism.
Taken together, these data indicated that 6i is a promising EV-A71 inhibitor and worth extensive pre-
clinical investigation as a lead compound.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

Human enteroviruses are a leading source of infants and young
children infections mainly caused by EV-A71 and coxsackie virus 16
(CV-A16) with some clinical symptoms including fever, cough, and
blisters in the hands, feet, tongue, and oral cavity [1]. These viruses
primarily spread through fecal-oral route or may spread via
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respiratory droplets and replicate in the respiratory tract [2].
Moreover, HFMD-causing EV-71 is the most virulent serotype [3],
which is intimately related to some severe neurological diseases,
even leading to death [4,5]. In 1969, the EV-A71 virus was first iso-
lated from a sick child in California [6]. In the next few decades, there
are a number of enterovirus-associated HFMD breakouts reported in
Europe and the Asia-Pacific Region [7], causing an estimated 13.7
million cases in China between 2008 and 2015 [3,8]. Recent preva-
lence of HFMD has seriously threatened the safety and lives of in-
fants and young children. Despite two vaccines (EV-A71C4) have
been licensed by Chinese Food and Drug Administration (CFDA)
[9,10], however, they do not show cross-protection efficacy against
other HFMD pathogens [11]. Moreover, the treatment of severe EV-
A71 infection is dependent on supportive treatment and there are
no approved direct anti-EV-A71 therapeutics. Thus, there is an ur-
gent need for novel antiviral agents to address the considerable
threats and challenges posed by EV-A71 infection.

EV-A71 belongs to the Picornaviridae family, and is a non-
enveloped and single positive-strand RNA virus containing only one
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unique large open reading frame (ORF). This ORF yields a single pol-
yprotein that is proteolytically processed into four structural proteins
(VP1, VP2, VP3 and VP4), and seven non-structural proteins (2A, 2B,
2C, 3A, 3B, 3C and 3D) [12,13]. These proteins are involved in en-
teroviruses replication, and each can serve as the target for antiviral
agents [14]. Among them, VP1, 2A, 2C, 3A, 3C and 3Dpol protein are
common drug targets. Pleconaril (Fig. 1) exhibited broad spectrum
activity against enteroviruses as a capsid protein inhibitor [15,16],
specifically inhibiting 90% of rhinoviruses and >99% of enterovirus
replication [17]. However, due to the drugedrug interactions with
oral contraceptives and insufficient efficacy in treating enterovirus
infections, Pleconaril did not progress to registration for rhinovirus-
induced common cold [18,19]. Enviroxime (Fig. 1) is a representa-
tive compound for the 3A protein and PI4KB inhibitor [20]. Unfortu-
nately, it did not pass the phase II trial due to poor oral bioavailability
and vomiting [21,22]. Viral proteinases (2Apro and 3Cpro) optimize
virus translation not only by proteolytically processing the viral pol-
yprotein but also cleaving several host proteins. Rupintrivir (Fig. 1), a
promising 3C protease inhibitor, has not passed clinical trials because
of its poor oral bioavailability [23,24]. On the other hand, the EV-A71
RNA-dependent RNA polymerase (RdRp, 3Dpol) is also the druggable
hotspot which can be targeted by small molecular compounds. For
instance, gemcitabine [25], ribavirin and NITD008 (Fig. 1) [26], ana-
logues of nucleoside, could efficiently inhibit EV-A71 infection in vitro
and in vivo by targeting 3Dpol.

2C is a multi-functional viral protein which is critical for viral
replication and encapsidation. It has been reported that 2C not only
contributes to PI4KB and lipid droplets recruitment but also binds
reticulon 3, an ER (endoplasmic reticulum) protein that facilitates
membrane curvature for the formation of replication organelle (RO)
[1]. Furthermore, 2C unwinds viral RNA helices, then facilities the
synthesis of EV-A71 RNA in RO; when the function of 2CATPase heli-
case is damaged, virus replication is mostly interrupted, indicating
that 2CATPase-driven RNA remodeling plays an essential role in the
viral replication stage [27]. The encapsidation specificity of entero-
virus is also governed by 2C-mediated protein-protein interaction in
RNA packaging signal. The recent elucidation of crystal structure of
EV-A71 2C [28] provides proof for the mechanism of 2C inhibitors,
promoting optimization of structure-based drug design. Thus, 2C has
been a hotspot to develop anti-enterovirus drugs.
Fig. 1. Representative chemical structure
As a part of our long-term interest in the exploration of antiviral
agents, some potential antiviral agents with diverse core scaffolds
have been designed and synthesized [29,30]. Dibucaine is a FDA
approved local anesthetic drug for epidural anesthesia, spinal
anesthesia and surface anesthesia. Ulferts et al., firstly identified
that dibucaine has a broad activity against enteroviruses by tar-
geting 2C [31]. However, little is known about the structure-activity
relationship (SAR) and mechanism of action of this compound for
the multi-function of 2C protein. Also, in vivo study of this com-
pound is not reported. Considering its potent anti-enterovirus ac-
tivity, we tried to transform it into an antiviral agent through
increasing the antiviral effect and minimizing the adverse effect,
and further investigated the mechanism and antiviral efficacy of
quinoline formamide analogues in a mouse model. Interestingly,
during preparation of manuscript of this study, a series of dibucaine
analogues have been developed by Wang et al. with excellent
antiviral properties and little side effects [32]. Although this work
reported the systematic SAR study of these dibucaine analogues,
however, neither the mechanism nor the drug-like study in vivo
were reported.

In view of the urgent need for antiviral agents to cure the
HFMD, also from drug discovery point of view, optimization of
quinoline formamide analogues to find suitable lead compound
especially with desired drug-like properties, and in-depth mech-
anistic study of this lead compound seem necessary. In this study,
we modified the length of the alkoxy chain and various sub-
stituents of amino moiety based on the quinoline formamide
skeleton of dibucaine 6d by the guide of SAR study of these
compounds and the structural biology study of EV-A71 2C protein
(Fig. 2). The systematic SAR study indicated that compound 6i
exhibited great efficacy on anti-EV-A71 activity in vitro. On the
other hand, primary mechanism study showed that the most
effective compound 6i is an oral inhibitor of enterovirus 2C heli-
case with effective anti-EV-A71 activity in mice. It is worth
mentioned that the combination treatment with previously re-
ported EV-A71 inhibitor emetine [33] could achieved complete
protection. Taken together, we reported a series of quinoline
formamides as novel potent EV-A71 inhibitors with desired drug-
like properties, exemplified by 6i.
s of reported enterovirus inhibitors.



Fig. 2. SAR optimization based on dibucaine structure and further drug-like studies.
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2. Results and discussion

2.1. Chemistry

The synthesis of quinoline formamide derivatives was shown in
Scheme 1. Firstly, we utilized 2-chloroquinoline-4-carboxylic acid 1
Scheme 1. Synthesis of quinoline formamide derivatives 6a-ta.
aReagents and conditions: (a) SOCl2 (2.5 eq), DCM, reflux, 4 h; (b) Et3N (1.2 eq), DCM, rt,
and thionyl chloride to generate intermediate 2, which was
selected for the reaction of next step. Intermediates 4a-h were
synthesized by amidation of acyl chloride 2 and amines 3a-h. Then,
intermediates 4a-h were reacted with different alcohols 5i-o
through substitution reaction under the protection of argon to
produce target compounds 6a-t.
overnight; (c) NaH (2.7 eq), KI, DMF, 80 �C, 72 h.
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2.2. Biological testing

2.2.1. Biological activity of dibucaine derivatives against EV-A71
All synthesized quinoline formamide analogues were evaluated

for their biological activity against EV-A71 in RD cells while
enviroxime was chosen for positive control. The results were
summarized in Table 1 and SAR of these dibucaine derivatives were
investigated.

From the activity comparison of 6a-f, we can see that when the
length of carbon chain was 2e4, it showed a better anti-EV-A71
activity with low micromolar values. Then when N,N-diethyl
group was transformed into N,N-dimethyl moiety, these modified
new derivatives exhibited better activity against EV-A71 (6h-k vs
6c-f respectively) except for ethyl group substituted at the R2 po-
sition. Among them, compound 6i with N,N-dimethyl moiety
substituted at R1 and n-butyl group substituted at R2 displayed the
best activity of 1.238 mM against EV-A71 infection in RD cells.

In order to develop an in-depth study of R1 substituents, we did
the following modifications: (1) replacing the substituents of R1

with alkyl groups; (2) modifying the N,N-dimethyl group with N-
containing rings; (3) extending the length of the carbon chain.

It can be observed that the activities of 6l-p were markedly
decreased when R1 was changed to alkyl groups like methyl or
propyl substituents. Both 6q and 6r of N-containing rings exhibited
comparable efficacy with 6i. While the length of carbon chain was
increased, the anti-EV-A71 activity was severely impeded. Hence,
we selected 6i for further study on the mechanism of action as EV-
A71 inhibitors.

2.2.2. Compound 6i efficiently inhibited EV-A71 replication in vitro
As described above, compound 6i showed the best potency

against EV-A71. Then we utilized plaque assay, Western blot and
immunofluorescence assays to further evaluate the antiviral effi-
cacy of 6i, respectively. As shown in Fig. 3A, compound 6i could
robustly suppress EV-A71 replication in RD cell model. We also
found that compound 6i could down-regulated the expression of
VP1 by immunofluorescence assay dose-dependently (Fig. 3B).
Consistent with the immunofluorescence results, compound 6i
could efficiently inhibit the expression of viral 2C and VP1 (Fig. 3C).
These results indicated that compound 6i robustly block EV-A71
replication in cell culture assays.

2.2.3. Time-of-addition experiment
The antiviral activity of dibucaine was firstly identified in

screening of drug libraries, however, the activity studies were
rather limited [34]. Ulferts et al. has reported that dibucaine
inhibited enterovirus by targeting 2C [31]. However, the enteroviral
2C is a multi-functional protein participating in viral life cycle and
the antiviral mechanism of dibucaine need to be further elucidated.
To assess which stage of EV-A71 infection compound 6i inhibited,
we conducted time-course experiment in the case of EV-A71
infection. The EV-A71 infected cells were treated with compound
6i and enviroxime at indicated times following viral absorption. To
investigate viral protein expression, viral RNA level and viral
genome copies in cell lysates or supernatants were harvested at 12
hpi, Western blot assay and qRT-PCR were conducted. For the
treatment of compound 6i, inhibition rates before 4 h showed
nearly 100% in infected cells (Fig. 4A, B, C). We also observed that
similar results when treated with enviroxime. The time-course
assay result showed that compound 6i exhibited antiviral efficacy
during the early stage of the EV-A71 life cycle.

2.2.4. Compound 6i inhibited EV-A71 2C helicase
It was reported that ALA-224, ALA-229 and ILE-227 in 2C was

associated with the resistance to dibucaine [31]. The ALA-224 in 2C
of EV-D68, CV-A16, CV-B3 and Echov-E7 is identical but in EV-A71
it is not; and ALA-229 is conservative only in CV-B3, EV-D68 and
Echov-E7. The ILE-227 in 2C helicase SF3 motif is conservative in all
the selected enteroviruses in Fig. S1. To investigate whether com-
pound 6i interacts with 2C in helicase SF3 motif, the dsRNA un-
winding in cells by 2Cwas investigated. The results showed that the
viral RNA helices were dramatically unwound at 10 hpi (Fig. 5A)
and mostly unwound at 12 hpi (data not shown) during EV-A71
replication without treatment; and compound 6i could dramati-
cally inhibit the dsRNA unwinding and increase accumulation of
dsRNA and 2C complex in RD cells (Fig. 5A and B). Enviroxime, a
PI4KB inhibitor which is critical for the viral RO formation and viral
replication did not inhibit the unwinding of dsRNA. To investigate
the action mechanism underlying the blocking of helix unwinding
activity of compound 6i, we investigated whether compound 6i
could directly impede the activity of helicase. MBP-fusion EV-A71
2CATPase helicase reaction mixture with compound 6i or DMSO as
described was detected via gel electrophoresis (Fig. S2A) [27].
Compound 6i decreased the activity of helicase in vitro in dose-
dependent manner as shown in Fig. S2B. These results indicated
that compound 6i inhibit EV-A71 replication by impeding the EV-
A71 2CATPase-mediated RNA remodeling.

2.3. Oral efficacy against EV-A71 infection of compound 6i

In line with the in vitro activity of the quinoline formamide
analogues, oral administration of compound 6i protected mice
from lethal challenge of EV-A71 GZ-CII. When compound 6i was
orally administrated at doses of 4 and 6 mg/kg twice daily, initiated
6 h before challenge and lasting for 4 days, resulted in 30% and 67%
survival at day 14 in comparison to the vehicle group, in which
showed 30% survival (Fig. 6A). Doses of 6mg/kg of compound 6i not
only efficiently decreased the morbidity and mortality, but also
alleviated the clinical EV-A71 symptoms (Fig. 6B); the dose of 4 mg/
kg of compound 6i only delayed death of EV-A71 infected mice
(Fig. 6A). To investigate the adverse effect of compound 6i, 14-day
sucking mice were orally administrated with vehicle or com-
pound 6i twice daily for successive 4 days, and then were observed
continuing for two weeks. Compared to the mock (non-treated)
group mice, there is no significant difference between treated and
no-treated mice in weight growth (Fig. 6C). To further investigate
the antiviral activity in vivo, combination treatment was assessed.
When combining the treatment with emetine, a viral internal
ribosome entry site (IRES) inhibitor [33], it can completely prevent
death and disease of EV-A71 infected mice (Fig. 6D and E). These
results indicate that compound 6i is a promising EV-A71 inhibitor
with oral activity and little side effect in mice.

2.4. Molecular docking

We have identified the compound 6i could inhibit the replica-
tion of virus by impairing 2C helicase activity. To fully understand
the binding mode of 6i with EV-A71 2C protein, the molecular
modeling study was conducted based on the crystal structure of 2C
protein (PDB 5GQ1) by using AutoDock Vina [28,29]. In Fig. 7A, one
can see that compound 6i could form five hydrogen bonds with the
residues ASP-177, LYS-135, SER-136, GLY-132. Among them, there
were two hydrogen bonds existed between compound 6i and LYS-
135. More specifically, the oxygen atom and the amide hydrogen of
carboxamide group in compound 6i formed two hydrogen bonds
with the amino group of LYS-135 and carboxyl group of ASP177,
respectively. The nitrogen atom in quinoline moiety formed a
hydrogen bond with the amino group of GLY-132. Moreover, two
hydrogen bonds were identified between the oxygen atom of
butoxy in 6i with the amide hydrogens of LYS-135 and SER-136,



Table 1
Biological Evaluation of the quinoline formamide analogues against EV-A71 Virusa.

.

Entry Cmpd R1 R2 RD cell SId

EC50 (mM)b CC50 (mM)c

1 6a 27.650 ± 0.068 >110.599 >4.0

2 6b 2.477 ± 0.300 >105.679 >42.7

3 6c 2.371 ± 0.130 >101.182 >42.7

4 6d 2.275 ± 0.085 >97.049 >42.7

5 6e 5.828 ± 0.172 34.965 6.0

6 6f 4.206 ± 0.127 33.645 8.0

7 6g 3.625 ± 0.192 115.999 31.9

8 6h 1.581 ± 0.115 >110.599 >70.0

9 6i 1.238 ± 0.122 105.679 85.4

10 6j 1.581 ± 0.092 75.886 48.0

11 6k 2.275 ± 0.061 36.393 16.0

12 6l 2.016 ± 0.184 >70.238 >34.8

13 6m >100 NDe
f

14 6n >100 NDe
f

15 6o 58.198 ± 1.781 87.297 1.5

16 6p 58.198 ± 2.627 >116.395 >2.0

17 6q 1.525 ± 0.103 >97.692 >64.1

18 6r 1.465 ± 0.190 93.770 64.0

19 6s >100 NDe
f

20 6t >100 NDe
f

21 Enviroxime e e 0.140 ± 0.010 28.0 200.0

a CC50 or EC50 data are means of triplicates SD and one representative dataset of at least three independent experiments is shown.
b EC50: effective concentration (mM) to inhibit 50% virus replication, represented the mean ± SD.
c CC50: cytotoxic concentration (mM) for 50% cell death.
d SI: Selectivity Index (CC50/EC50).
e ND: not determined.
f Not calculated.
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Fig. 3. Anti-EV-A71 activity of compound 6i. (A) Compound 6i inhibited the proliferation of EV-A71. In plaque assay, RD cells were infected with EV-A71 at 0.0005 MOI, then treated
with compound 6i or enviroxime and 0.75% low melting-point agarose for 48 h at 1 hpi. (B) Antiviral effect was further confirmed by immunofluorescence assay in Vero cells. (C)
Compound 6i dramatically inhibited the expression of viral protein VP1 and 2C compared to that with non-treated in RD cells. For immunofluorescence assay and Western blot
assay, cells were infected with EV-A71 at 1 MOI, then treated with indicated compound 6i or enviroxime at 1 hpi. Cells were fixed or harvested for immunofluorescence assay or
Western blot assay at 24 hpi.
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respectively. As Fig. 7B showed, 6i occupied the cavity of the protein
in a semi-closed mode. Except for the five hydrogen bonds, hy-
drophobic interaction was observed in the hydrophobic pocket
which was formed by residues LEU-261, ALA-263, LEU-137, PRO-
131, and PRO-159. Also, a p-p interaction was determined in
quinoline parts of 6iwith the tetrahydropyrrole moiety of PRO-131,
which might make a contribution to the enhanced binding force
and inhibitory activity.

3. Conclusions

In summary, in this study, various of dibucaine derivatives were
synthesized and their biological activities against EV-A71 were
evaluated. These quinoline formamide analogues exhibited good
anti-EV-A71 activity and induced a low cytotoxicity in RD cells.
Subsequent SAR studies demonstrated that the nitrogen-
substituted groups at R1 played crucial roles in inhibition of virus
replication. A preliminary mechanistic study indicated that these
derivatives inhibited enterovirus replication through blocking the
helicase activity of 2C which could remodel RNA structures and/or
RNA-protein interactions. In vivo study showed that 6i was orally
active and without significant toxicity in mice. The combination
treatment with 0.1 mg/kg emetine in EV-A71 infected mice could
completely prevent clinical symptoms and death. Actually, there
are few effective direct anti-EV-A71 agents in vivo reported, and
here we provide an in-depth study about druggability properties of
these quinoline formamide analogues based on dibucaine scaffold.
Therefore, these quinoline formamide derivatives could serve as
the candidate to develop new anti-EV-A71 drugs.

4. Experimental section

4.1. Materials and methods

All chemical materials and dry solvents such as DMF and DCM
were purchased from reagent companies and used directly. Re-
actions were monitored by TLC or GCMS-TQ8040 and all target
compounds were obtained by flash column methodology. 1H NMR
and 13C NMR spectra were tested by Bruker AV400 instrument.
Tetramethylsilane was used as the standard to report chemical
shifts. X-4 Beijing Tech melting point apparatus were applied for
measuring melting points. All final compounds showed >95% pu-
rity which was confirmed by HPLC.

4.2. Chemistry

4.2.1. Procedure for the synthesis of acyl chloride 2
2-chloroquinoline-4-carboxylic acid 1 (0.482 mmol) was dis-

solved in DCM (5 mL), then thionyl chloride (0.088 mL) was added.
The mixture was kept at 55 �C for 4 h. When the reaction was
completed, removed the solvent and carried out the next reaction.

4.2.2. General procedure to synthesize intermediate 4a-h
Amine (3a-h) (0.530 mmol) was added into DCM (5 mL) with



Fig. 4. The action stage of compound 6i and enviroxime was confirmed by time-of-addition assay. The EV-A71 infected RD or Vero cells (1 MOI) were treated with compound 6i or
enviroxime at 3.2 mM and 0.56 mM, respectively, at indicated time points and harvested at 12 hpi as shown in the Experimental section. (A) Western blot was used to assess the
abundance of VP1 expression with compound 6i, enviroxime, DMSO. (B, C) The EV-A71 RNA accumulation in cells or in supernatants of the treated or untreated cases with 6i or
enviroxime were investigated by qRT-PCR, respectively. These representative data were obtained by at least two independent experiments with standard errors.
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0.1 mL Et3N at 0 �C. Next, the acyl chloride 2 was added slowly to
the mixture while the temperature maintained at 0 �C. Removed
the ice and kept on room temperature overnight. Quenched the
reaction, extractedwith water and ethyl acetate, then concentrated.
Finally, flash column chromatography was applied to purified the
residue to get the intermediate 4a-h.

4.2.3. General procedure to synthesize quinoline formamides 6a-t
First, sodium hydride was reacted with alcohols 5i-o to produce

sodium alkoxide under the protection of argon. After 30min, a DMF
solution of intermediates 4a-h and potassium iodide was added
into the mixture above. The reaction was kept at 80 �C for 3 days.
Then quenched the reaction with water, extracted with water and
ethyl acetate, then concentrated. Finally, flash column chromatog-
raphywas applied to purified the residue to obtain the final product
6a-t.

4.2.4. Characterization data for final compounds 6a-t
4.2.4.1. N-(2-(Diethylamino)ethyl)-2-methoxyquinoline-4-
carboxamide (6a). Yellow solid, 77.1% yield, mp 112e113 �C. 1H
NMR (400 MHz, CDCl3) d 8.14 (d, J ¼ 8.3 Hz, 1H), 7.88 (d, J ¼ 8.3 Hz,
1H), 7.70e7.57 (m, 1H), 7.41 (t, J ¼ 7.6 Hz, 1H), 6.97 (s, 1H), 6.88 (s,
1H), 4.09 (s, 3H), 3.56 (q, J¼ 5.6 Hz, 2H), 2.68 (t, J¼ 6.0 Hz, 2H), 2.56
(q, J ¼ 7.1 Hz, 4H), 1.02 (t, J ¼ 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3)
d 167.0, 161.7,147.2, 145.2,130.0,127.6, 125.4,124.7, 121.6, 111.0, 53.6,
51.2, 46.6, 37.3, 11.8. HRMS (ESI) calcd for C17H23N3O2 [MþH]þ

302.1863, found 302.1856.

4.2.4.2 . N-(2-(Diethylamino)ethyl)-2-ethoxyquinoline-4-
carboxamide (6b). Yellow solid, 45.3% yield, mp 122e124 �C. 1H
NMR (400 MHz, CDCl3) d 8.15 (d, J ¼ 8.3 Hz, 1H), 7.86 (d, J ¼ 8.4 Hz,
1H), 7.66 (t, J ¼ 7.6 Hz, 1H), 7.42 (t, J ¼ 7.6 Hz, 1H), 6.98 (s, 1H), 6.79
(s, 1H), 4.56 (q, J ¼ 7.1 Hz, 2H), 3.59 (q, J ¼ 5.5 Hz, 2H), 2.70 (t,
J¼ 6.0 Hz, 2H), 2.57 (q, J ¼ 7.1 Hz, 4H), 1.47 (t, J ¼ 7.1 Hz, 3H), 1.03 (t,
J¼ 7.1 Hz, 6H). 13C NMR (100MHz, CDCl3) d 167.0, 161.4, 147.3, 145.1,
129.9, 127.6, 125.3, 124.6, 121.6, 111.2, 62.0, 51.2, 46.6, 37.4, 14.6, 11.7.
HRMS (ESI) calcd for C18H25N3O2 [MþH]þ 316.2020, found
316.2013.

4.2.4.3. N-(2-(Diethylamino)ethyl)-2-propoxyquinoline-4-
carboxamide (6c). Yellow solid, 37.1% yield, mp 82e84 �C. 1H NMR
(400 MHz, CDCl3) d 8.12 (d, J ¼ 8.3 Hz, 1H), 7.85 (d, J ¼ 8.4 Hz, 1H),
7.64 (t, J ¼ 7.7 Hz, 1H), 7.40 (t, J ¼ 7.6 Hz, 1H), 6.97 (s, 1H), 6.89 (s,
1H), 4.44 (t, J ¼ 6.7 Hz, 2H), 3.56 (q, J ¼ 5.6 Hz, 2H), 2.67 (t,
J ¼ 6.0 Hz, 2H), 2.56 (q, J ¼ 7.1 Hz, 4H), 1.88e1.82 (m, 2H), 1.07 (t,
J ¼ 7.4 Hz, 3H), 1.01 (t, J ¼ 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3)
d 167.1, 161.6, 147.3, 145.1, 129.9, 127.6, 125.3, 124.5, 121.6, 111.2, 67.8,
51.2, 46.6, 37.3, 22.3, 11.7, 10.6. HRMS (ESI) calcd for C19H27N3O2
[MþH]þ 330.2176, found 330.2168.

4.2.4.4 . 2-Butoxy-N-(2-(diethylamino)ethyl)quinoline-4-
carboxamide (6d). Yellow solid, 44.4% yield, mp 78e79 �C. 1H NMR
(400 MHz, CDCl3) d 8.14 (d, J ¼ 8.4 Hz, 1H), 7.87 (d, J ¼ 8.4 Hz, 1H),
7.66 (t, J ¼ 7.6 Hz, 1H), 7.42 (t, J ¼ 7.6 Hz, 1H), 6.98 (s, 1H), 6.78 (s,
1H), 4.50 (t, J ¼ 6.7 Hz, 2H), 3.59 (q, J ¼ 5.6 Hz, 2H), 2.70 (t,
J ¼ 6.0 Hz, 2H), 2.58 (q, J ¼ 7.1 Hz, 4H), 1.91e1.73 (m, 2H), 1.61e1.45
(m, 2H), 1.03 (t, J ¼ 7.1 Hz, 9H). 13C NMR (100 MHz, CDCl3) d 167.1,
161.6, 147.3, 145.1, 129.9, 127.6, 125.3, 124.6, 121.6, 111.2, 66.0, 51.2,
46.6, 37.4, 31.0, 19.3, 13.9, 11.7. HRMS (ESI) calcd for C20H29N3O2
[MþH]þ 344.2333, found 344.2327.

4.2.4.5. N-(2-(Diethylamino)ethyl)-2-(pentyloxy)quinoline-4-
carboxamide (6e). Yellow solid, 12.4% yield, mp 85e86 �C. 1H NMR
(400 MHz, CDCl3) d 8.12 (d, J ¼ 8.4 Hz, 1H), 7.85 (d, J ¼ 8.5 Hz, 1H),



Fig. 5. Compound 6i inhibited the unwinding of viral RNA helices. (A) The location of DAPI, 2C, and dsRNA in EV71-infected RD cells (10 MOI) at 10 hpi with treatment of DMSO,
Enviroxime (0.56 mM) and Compound 6i-treated (4.95 mM) at 8 hpi, respectively. (B) Quantitative analysis of cells with dsRNA and 2C co-location/2C expressing cells. Co-location
was marked by 2C or dsRNA. n ¼ 5, 00 cells/condition were counted, mean ± SD.
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7.63 (t, J¼ 7.7 Hz,1H), 7.39 (t, J¼ 7.6 Hz,1H), 7.13 (s, 1H), 6.97 (s, 1H),
4.47 (t, J ¼ 6.7 Hz, 2H), 3.67e3.52 (m, 2H), 2.76 (t, J ¼ 5.3 Hz, 2H),
2.64 (q, J ¼ 7.0 Hz, 4H), 1.83 (m, 2H), 1.57e1.36 (m, 4H), 1.05 (t,
J ¼ 7.1 Hz, 6H), 0.95 (t, J ¼ 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3)
d 167.2, 161.6, 147.3, 144.9, 129.9, 127.6, 125.3, 124.5, 121.5, 111.3,
66.3, 51.2, 46.7, 37.1, 28.6, 28.3, 22.5, 14.0, 11.3. HRMS (ESI) calcd for
C21H31N3O2 [MþH]þ 358.2489, found 358.2486.

4.2.4.6. N-(2-(Diethylamino)ethyl)-2-(hexyloxy)quinoline-4-
carboxamide (6f). Yellow solid, 12.0% yield, mp 78e79 �C. 1H NMR
(400 MHz, CDCl3) d 8.13 (d, J ¼ 8.3 Hz, 1H), 7.86 (d, J ¼ 8.3 Hz, 1H),
7.64 (d, J ¼ 16.6 Hz, 1H), 7.41 (t, J ¼ 7.1 Hz, 1H), 6.97 (s, 1H), 6.81 (s,
1H), 4.48 (t, J ¼ 6.7 Hz, 2H), 3.57 (q, J ¼ 5.6 Hz, 2H), 2.68 (t,
J ¼ 6.0 Hz, 2H), 2.57 (q, J ¼ 7.1 Hz, 4H), 1.88e1.80 (m, 2H), 1.55e1.45
(m, 2H), 1.42e1.33 (m, 4H), 1.02 (t, J¼ 7.1 Hz, 6H), 0.93 (t, J¼ 6.9 Hz,
3H). 13C NMR (100 MHz, CDCl3) d 167.1, 161.6, 147.3, 145.1, 129.9,
127.6, 125.3, 124.6, 121.6, 111.2, 66.3, 51.2, 46.6, 37.4, 31.6, 28.9, 25.8,
22.6, 14.1, 11.7. HRMS (ESI) calcd for C22H33N3O2 [MþH]þ 372.2646,
found 372.2638.

4.2.4.7. N-(2-(Dimethylamino)ethyl)-2-ethoxyquinoline-4-
carboxamide (6g). White solid,16.7% yield, mp 159e161 �C. 1H NMR
(400 MHz, CDCl3) d 8.13 (d, J ¼ 8.2 Hz, 1H), 7.85 (d, J ¼ 8.4 Hz, 1H),
7.64 (t, J¼ 7.6 Hz,1H), 7.41 (t, J¼ 7.6 Hz,1H), 6.97 (s,1H), 6.83 (s,1H),
4.55 (q, J ¼ 7.1 Hz, 2H), 3.59 (q, J ¼ 5.6 Hz, 2H), 2.55 (t, J ¼ 6.0 Hz,
2H), 2.26 (s, 6H), 1.46 (t, J ¼ 7.1 Hz, 3H). 13C NMR (100 MHz, CDCl3)
d 167.2, 161.3, 147.3, 144.9, 130.0, 127.6, 125.3, 124.6, 121.6, 111.2,
62.0, 57.5, 45.1, 37.2, 14.5. HRMS (ESI) calcd for C16H21N3O2 [MþH]þ

288.1707, found 288.1701.

4.2.4.8. N-(2-(Dimethylamino)ethyl)-2-propoxyquinoline-4-
carboxamide (6h). Yellow solid, 12.3% yield, mp 126e128 �C. 1H
NMR (400 MHz, CDCl3) d 8.12 (d, J ¼ 8.3 Hz, 1H), 7.91e7.81 (m, 1H),
7.64 (t, J¼ 7.7 Hz,1H), 7.41 (t, J¼ 7.6 Hz,1H), 6.99 (s,1H), 6.80 (s,1H),
4.45 (t, J ¼ 6.7 Hz, 2H), 3.62e3.56 (m, 2H), 2.55 (t, J ¼ 5.8 Hz, 2H),
2.26 (s, 6H), 1.92e1.80 (m, 2H), 1.08 (t, J ¼ 7.4 Hz, 3H). 13C NMR
(100 MHz, CDCl3) d 167.2, 161.5, 147.3, 144.9, 130.0, 127.6, 125.3,
124.6, 121.6, 111.2, 67.8, 57.5, 45.1, 37.2, 22.3, 10.6. HRMS (ESI) calcd
for C17H23N3O2 [MþH]þ 302.1863, found 302.1856.

4.2.4.9. 2-Butoxy-N-(2-(dimethylamino)ethyl)quinoline-4-
carboxamide (6i). Yellow solid, 40.9% yield, mp 120e122 �C. 1H
NMR (400 MHz, CDCl3) d 8.14 (d, J ¼ 8.3 Hz, 1H), 7.86 (d, J ¼ 8.5 Hz,
1H), 7.66 (t, J ¼ 7.7 Hz, 1H), 7.43 (t, J ¼ 8.1 Hz, 1H), 6.99 (s, 1H), 6.73
(s, 1H), 4.50 (t, J¼ 6.7 Hz, 2H), 3.66e3.56 (m, 2H), 2.56 (t, J¼ 5.9 Hz,
2H), 2.27 (s, 6H), 1.92e1.76 (m, 2H), 1.63e1.46 (m, 2H), 1.02 (t,
J¼ 7.4 Hz, 3H). 13C NMR (100MHz, CDCl3) d 167.1, 161.5, 147.3, 144.9,
129.9, 127.6, 125.3, 124.6, 121.6, 111.2, 66.0, 57.5, 45.1, 37.2, 31.1, 19.3,
13.9. HRMS (ESI) calcd for C18H25N3O2 [MþH]þ 316.2020, found
316.2013.



Fig. 6. Compound 6i protected infected EV-A71 mice. Two-week-old KM mice (n ¼ 10) were infected with lethal strain of EV-A7 GZ-CII using the IP route, and orally administrated
with compound 6i or emetine. Survival rates (6A) and clinical diseases (6B) were monitored daily after inoculation. (**: p < 0.001; clinical scores compared between compound 6i
(4 mg/kg), compound 6i (6 mg/kg) and vehicle); Body weight of KM (n ¼ 10) mice treated with compound 6i (6C). Combination treatment with compound 6i and emetine,
compound 6i increased the protective effect of emetine (6D, 6E) (**: p < 0.001; clinical scores compared between emetine (0.1 mg/kg), compound 6i (6 mg/kg) þ emetine (0.1 mg/
kg) and vehicle). All treated groups were observed for lasting 14 days after infection.

Fig. 7. Molecular docking experiment of 6i bound into the EV-A71 2C protein. (A) An overview of the binding mode was displayed at a cartoon representation: binding site was
expanded for 6i and the C chain of 2C protein. Oxygen atom (red), Nitrogen atom (blue) and hydrogen bond was labeled with red dotted line. (B) Binding mode was showed in
transparent ligand sites: Some key amino acids within 5 Å were labeled. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Q. Tang et al. / European Journal of Medicinal Chemistry 202 (2020) 112310 9



Q. Tang et al. / European Journal of Medicinal Chemistry 202 (2020) 11231010
4.2.4.10. N-(2-(Dimethylamino)ethyl)-2-(pentyloxy)quinoline-4-
carboxamide (6j). White solid, 21.8% solid, mp 125e126 �C. 1H NMR
(400 MHz, CDCl3) d 8.10 (d, J ¼ 8.3 Hz, 1H), 7.84 (d, J ¼ 8.3 Hz, 1H),
7.63 (s, 1H), 7.40 (t, J ¼ 7.6 Hz, 1H), 6.97 (s, 1H), 6.85 (s, 1H), 4.47 (t,
J ¼ 6.7 Hz, 2H), 3.58 (q, J ¼ 5.6 Hz, 2H), 2.55 (t, J ¼ 5.9 Hz, 2H), 2.26
(s, 6H), 1.88e1.77 (m, 2H), 1.53e1.36 (m, 4H), 0.95 (t, J¼ 7.0 Hz, 3H).
13C NMR (100 MHz, CDCl3) d 167.2, 161.5, 147.3, 144.8, 129.9, 127.6,
125.3, 124.6, 121.5, 111.3, 66.3, 57.5, 45.0, 37.1, 28.7, 28.3, 22.5, 14.1.
HRMS (ESI) calcd for C19H27N3O2 [MþH]þ 330.2176, found 330.2171.

4.2.4.11. N-(2-(Dimethylamino)ethyl)-2-(hexyloxy)quinoline-4-
carboxamide (6k). White solid, 11.8% yield, mp 116e118 �C. 1H NMR
(400 MHz, CDCl3) d 8.12 (d, J ¼ 8.0 Hz,1H), 7.85 (d, J ¼ 8.3 Hz, 1H),
7.64 (t, J¼ 7.6 Hz,1H), 7.41 (t, J¼ 7.6 Hz,1H),6.98 (s, 1H), 6.77 (s, 1H),
4.48 (t, J ¼ 6.6 Hz, 2H), 3.66e3.50 (m, 2H), 2.58e2.50 (m, 2H), 2.26
(s, 6H), 1.91e1.74 (m, 2H), 1.49 (d, J ¼ 7.8 Hz, 2H), 1.43e1.31 (m, 4H),
0.93 (t, J ¼ 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3) d 167.2, 161.5,
147.3144.9, 129.9, 127.6, 125.3, 124.6, 121.6, 111.3, 66.3, 57.5, 45.1,
37.2, 31.6, 28.9, 25.8, 22.6, 14.1. HRMS (ESI) calcd for C20H29N3O2
[MþH]þ 344.2333, found 344.2325.

4.2.4.12. 2-Ethoxy-N-propylquinoline-4-carboxamide (6l).
White solid, 67.2% yield, mp 163e165 �C. 1H NMR (400 MHz, CDCl3)
d 8.04 (d, J ¼ 7.7 Hz, 1H), 7.83 (d, J ¼ 8.4 Hz, 1H), 7.64 (t, J ¼ 7.7 Hz,
1H), 7.39 (t, J ¼ 7.3 Hz, 1H), 6.90 (s, 1H), 6.26 (s, 1H), 4.53 (q,
J ¼ 7.0 Hz, 2H), 3.57e3.35 (m, 2H), 1.69e1.64 (m, 2H), 1.46 (t,
J ¼ 7.1 Hz, 3H), 1.01 (t, J ¼ 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3)
d 167.2,161.3, 147.2, 145.1, 130.0,127.6,125.2,124.6,121.5, 111.0, 62.0,
41.7, 22.8, 14.5, 11.4. HRMS (ESI) calcd for C15H18N2O2 [MþH]þ

259.1441, found 259.1441.

4.2.4.13. 2-Propoxy-N-propylquinoline-4-carboxamide (6m).
White solid, 72.2% yield, mp 157e159 �C. 1H NMR (400 MHz, CDCl3)
d 8.05 (d, J ¼ 8.8 Hz, 1H), 7.83 (d, J ¼ 8.3 Hz, 1H), 7.64 (t, J ¼ 8.3 Hz,
1H), 7.39 (t, J ¼ 8.1 Hz, 1H), 6.92 (s, 1H), 6.22 (s, 1H), 4.43 (t,
J ¼ 6.7 Hz, 2H), 3.49e3.43 (m, 2H), 1.91e1.81 (m, 2H), 1.72e1.62 (m,
2H), 1.08 (t, J ¼ 7.4 Hz, 3H), 1.02 (t, J ¼ 7.4 Hz, 3H). 13C NMR
(100 MHz, CDCl3) d 167.2, 161.5, 147.2, 145.1, 130.0, 127.6, 125.2,
124.6, 121.5, 111.0, 67.8, 41.7, 22.9, 22.3, 11.4, 10.6. HRMS (ESI) calcd
for C16H20N2O2 [MþH]þ 273.1598, found 273.1596.

4.2.4.14. 2-Ethoxy-N-isobutylquinoline-4-carboxamide (6n).
Yellow solid, 46.0% yield, mp 166e168 �C. 1H NMR (400 MHz,
CDCl3) d 8.05 (d, J ¼ 8.2 Hz, 1H), 7.84 (d, J ¼ 8.3 Hz, 1H), 7.71e7.57
(m, 1H), 7.40 (t, J ¼ 7.6 Hz, 1H), 6.92 (s, 1H), 6.23 (s, 1H), 4.54 (q,
J ¼ 7.1 Hz, 2H), 3.33 (t, J ¼ 6.5 Hz, 2H), 1.98e1.86 (m, 1H), 1.46 (t,
J ¼ 7.1 Hz, 3H), 1.01 (d, J ¼ 6.6 Hz, 6H). 13C NMR (100 MHz, CDCl3)
d 167.2, 161.3, 147.3, 145.2, 130.0, 127.6, 125.2, 124.7, 121.5, 110.9,
62.0, 47.2, 28.6, 20.1, 14.5. HRMS (ESI) calcd for C16H20N2O2 [MþH]þ

273.1598, found 273.1596.

4.2.4.15. N-Isobutyl-2-propoxyquinoline-4-carboxamide (6o).
White solid, 19.2% yield, mp 158e160 �C. 1H NMR (400 MHz, CDCl3)
d 8.06 (d, J ¼ 8.2 Hz, 1H), 7.84 (d, J ¼ 8.4 Hz, 1H), 7.64 (t, J ¼ 8.2 Hz,
1H), 7.40 (t, J ¼ 7.6 Hz, 1H), 6.94 (s, 1H), 6.22 (s, 1H), 4.44 (t,
J¼ 6.7 Hz, 2H), 3.34 (t, J ¼ 6.5 Hz, 2H), 1.94 (dd, J¼ 13.5, 6.8 Hz, 1H),
1.90e1.81 (m, 2H), 1.08 (t, J¼ 7.4 Hz, 3H), 1.01 (d, J ¼ 6.6 Hz, 6H). 13C
NMR (100MHz, CDCl3) d 167.2,161.5, 147.2,145.3,130.1, 127.5, 125.2,
124.7, 121.5, 110.9, 67.9, 47.3, 28.6, 22.3, 20.2, 10.6. HRMS (ESI) calcd
for C17H22N2O2 [MþH]þ 287.1754, found 287.1752.

4.2.4.16. N-Isobutyl-2-isopropoxyquinoline-4-carboxamide (6p).
Yellow solid, 28.6% yield, mp 126e128 �C. 1H NMR (400 MHz,
CDCl3) d 8.00 (d, J ¼ 8.2 Hz, 1H), 7.81 (d, J ¼ 8.3 Hz, 1H), 7.61 (t,
J ¼ 7.7 Hz, 1H), 7.35 (t, J ¼ 8.0 Hz, 1H), 6.86 (s, 1H), 6.40 (s, 1H),
5.62e5.52 (m,1H), 3.25 (t, J¼ 6.5 Hz, 2H), 1.91e1.80 (m,1H), 1.41 (d,
J ¼ 6.2 Hz, 6H), 0.96 (d, J ¼ 6.7 Hz, 6H). 13C NMR (100 MHz, CDCl3)
d 167.3, 160.8, 147.3, 145.1, 129.9, 127.5, 125.2, 124.5, 121.3, 111.5,
68.4, 47.2, 28.6, 22.0, 20.1. HRMS (ESI) calcd for C17H22N2O2 [MþH]þ

287.1754, found 287.1751.

4.2.4.17. 2-Butoxy-N-(2-(pyrrolidin-1-yl)ethyl)quinoline-4-
carboxamide (6q). Yellow thick liquid, 26.8% yield. 1H NMR
(400 MHz, CDCl3) d 8.11 (d, J ¼ 8.3 Hz, 1H), 7.84 (d, J ¼ 8.4 Hz, 1H),
7.64 (t, J¼ 7.7 Hz,1H), 7.40 (t, J¼ 7.7 Hz,1H), 7.20 (s, 1H), 7.01 (s, 1H),
4.48 (t, J ¼ 6.6 Hz, 2H), 3.71e3.62 (m, 2H), 2.84 (t, J ¼ 5.6 Hz, 2H),
2.76e2.63 (m, 4H), 1.88e1.77 (m, 6H), 1.65e1.41 (m, 2H), 1.01 (t,
J¼ 7.4 Hz, 3H). 13C NMR (100MHz, CDCl3) d 167.3,161.6, 147.3, 144.7,
129.9, 127.6, 125.3, 124.6, 121.6, 111.4, 66.0, 54.5, 53.9, 38.1, 31.0,
23.4, 19.3, 13.9. HRMS (ESI) calcd for C20H27N3O2 [MþH]þ 342.2176,
found 342.2168.

4.2.4.18. 2-Butoxy-N-(2-(piperidin-1-yl)ethyl)quinoline-4-
carboxamide (6r). Yellow solid, 45.9% yield, mp 100e103 �C. 1H
NMR (400 MHz, CDCl3) d 8.09 (d, J ¼ 8.3 Hz, 1H), 7.84 (d, J ¼ 8.3 Hz,
1H), 7.62 (t, J ¼ 7.7 Hz, 1H), 7.38 (t, J ¼ 7.6 Hz, 1H), 6.95 (s, 1H), 6.89
(s, 1H), 4.47 (t, J ¼ 6.7 Hz, 2H), 3.56 (q, J ¼ 5.7 Hz, 2H), 2.53 (t,
J ¼ 6.1 Hz, 2H), 2.40 (s, 4H), 1.91e1.69 (m, 2H), 1.62e1.48 (m, 6H),
1.48e1.32 (m, 2H),1.01 (t, J¼ 7.4 Hz, 3H). 13C NMR (100MHz, CDCl3)
d 167.1,161.6, 147.3,145.0,129.9,127.6,125.3,124.5, 121.5,111.3, 66.0,
57.0, 54.3, 36.6, 31.0, 25.9, 24.3, 19.3, 13.9. HRMS (ESI) calcd for
C21H29N3O2 [MþH]þ 356.2333, found 356.2325.

4.2.4.19. 2-Butoxy-N-(3-(dimethylamino)propyl)quinoline-4-
carboxamide (6s). White solid, 18.4% yield, mp 91e94 �C. 1H NMR
(400 MHz, CDCl3) d 8.14 (d, J ¼ 8.5 Hz, 1H), 8.11 (s, 1H), 7.84 (d,
J¼ 8.3 Hz, 1H), 7.63 (t, J ¼ 8.2 Hz, 1H), 7.39 (t, J¼ 7.2 Hz, 1H), 6.94 (s,
1H), 4.48 (t, J ¼ 6.7 Hz, 2H), 3.59 (q, J ¼ 5.8 Hz, 2H), 2.50 (t,
J ¼ 6.2 Hz, 2H), 2.22 (s, 6H), 1.86e1.77 (m, 4H), 1.58e1.39 (m, 2H),
1.00 (t, J ¼ 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) d 167.0, 161.6,
147.3, 145.2, 129.9, 127.5, 125.4, 124.5, 121.6, 111.1, 66.0, 58.7, 45.2,
40.1, 31.0, 25.5, 19.3, 13.9. HRMS (ESI) calcd for C19H27N3O2 [MþH]þ

330.2176, found 330.2169.

4.2.4.20. 2-Butoxy-N-(3-(diethylamino)propyl)quinoline-4-
carboxamide (6t). Yellow thick liquid, 20.1% yield. 1H NMR
(400 MHz, CDCl3) d 8.50 (s, 1H), 8.14 (d, J ¼ 8.2 Hz, 1H), 7.84 (d,
J¼ 8.3 Hz, 1H), 7.63 (t, J¼ 7.7 Hz, 1H), 7.39 (t, J¼ 7.6 Hz, 1H), 6.97 (d,
J¼ 2.1 Hz,1H), 4.47 (t, J¼ 6.6 Hz, 2H), 3.62 (d, J¼ 6.1 Hz, 2H), 2.72 (s,
2H), 2.63e2.51 (m, 4H), 1.92e1.84 (m, 2H), 1.80 (q, J ¼ 7.0 Hz, 2H),
1.53e1.48 (m, 2H), 1.01 (d, J¼ 7.4 Hz, 3H), 0.97 (t, J¼ 5.4 Hz, 6H). 13C
NMR (100 MHz, CDCl3) d 167.2, 161.6, 147.3, 145.0, 129.9, 127.5,
125.4, 124.5, 121.6, 111.2, 65.9, 46.4, 39.9, 31.0, 24.6, 19.3, 13.9, 10.6.
HRMS (ESI) calcd for C21H31N3O2 [MþH]þ 358.2489, found
358.2480.

4.3. Biological assays

4.3.1. Cells, antibodies and viruses
RD cells, Vero cells, EV-A71, EV-A71 VP1 antibody (10F0) and

Tubulin (T5168) were used in this study as previously reported [33].
An anti-dsRNA antibody (MABE1134) and an EV-A71 2C polyclonal
antibody (GTX132354) for immunofluorescence assay or Western
blot were purchased from Merck and GeneTex, respectively.

4.3.2. Cytotoxicity assay
A CCK8 kit (YEASEN, China) was applied to evaluate the cell

viability as previously reported [33].
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4.3.3. Immunofluorescence (IF)
For immunofluorescence assay, the procedures are described in

our previous study [33]. In short, 4% paraformaldehyde was applied
to fix RD or Vero cells, then permeabilized with PBS containing 0.2%
Triton X-100 for 5 min; then incubated overnight with EV-A71 VP1
or 2C or dsRNA antibody at 4 �C and subsequently incubated with
secondary antibodies for 1 h, and then stained with 4’ 6-diamidino-
2-phenylindole (DAPI) solution (Beyotime, C1002) with indicated
concentration (5 mg/ml) in PBS for 5 min. Finally, cells were
examined on a Leica confocal microscope.

4.3.4. Nucleic acid helix unwinding and strand hybridization assays
The helix destabilizing assay and the RNA strand hybridization

assay was conducted following a standard protocol as previously
reported [27]. The reaction mixture with compound 6i or DMSO
was prepared as in Table S1. The HEX-labeled RNA and comple-
mentary RNA were synthesized as listed in Table S2, respectively.

4.3.5. Western blot
Western blot assay was conducted following a protocol as pre-

viously reported [33].

4.3.6. Plaque assay
Plaque assay was carried out according to a standard protocol

[35]. The calculation of EC50 based on nonlinear regression using
the GraphPad Prism 8.0, as in reported work [36].

4.3.7. qRT-PCR
RNA extraction, cDNA synthesis, qRT-PCR and viral RNA titer

quantitation was performed as previously reported [33]. The EV-
A71-specific primers for qRT-PCR were listed in Table S2.

4.3.8. Time-of-addition assay
A time-of-addition assay was applied to assess the life stage of

EV-A71 compound 6i inhibition as reported [33]. In short, RD or
Vero cells were infected with EV-A71 at 1 MOI, then cells were
treated with compound 6i or enviroxime or DMSO at indicated
timepoints. Cell lysis or supernatants were collected for Western
blot or RT-PCR analysis at 12 hpi.

4.3.9. Mouse infection study
The antiviral effect of compound 6i in vivo was evaluated as

previously reported [37]. Briefly, Two-week-old KM mice were
purchased from HuBei Center for Disease Control (CDC) (Wuhan,
China) andwere infectedwithhighly virulent EV-A71 (GZ-CII strain)
by intraperitoneal (IP) injection at a lethal dose. All animal experi-
ments complywith the animal welfare guidelines (NIH Publications
No. 8023, revised 1978). Doses of compound 6i at 4 or 6 mg/kg or
emetine at 0.1mg/kg (positive control) initiated6 hbefore challenge
and continuing for 4 days [33,38]. Uninfected or infected mice
treated with the vehicle alone were designed as control groups. All
mice were monitored and weighed daily, and Survival rates and
clinical diseases were recorded for consecutive at least 14 days. KM
micewere infectedwith highly virulent EV-A71 (GZ-CII strain) by IP
injection at a lethal dose of 0.8 � 108 pfu and 1.2 � 108 pfu for the
determination of survival rates and clinical diseases, respectively.
Clinical scoredefinition as followings:Healthy, 0point; Lethargyand
inactivity, limb weakness, 1 point; Less exercise, limb paralysis, 2
points; Quadriplegic, moribund, 3 points; Death, 4 points. And to
minimize the pain of mice, when two-limb paralysis and dying was
observed, the mice were euthanized.

4.3.10. Molecular modeling
The crystal structure of EV-A71 2C protein (PDB ID: 5GQ1) [28]

was download from the PDB website and pretreated with PyMOL.
Then AutoDock software was applied to dock the compound 6i into
the structure of EV-A71 2C protein. Chem3D Pro 14.0 was used to
calculated the minimal energy of this compounds and saved as pdb
format. During the docking, the box was set as 100 Å, 100 Å, and
120 Å in the X, Y and Z dimensions, respectively. The obtained
complex was analyzed and the figures were obtained by PyMOL.
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