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A B S T R A C T   

Zika virus (ZIKV) is a new pathogenic flavivirus transmitted by mosquitoes Aedes spp. ZIKV infection is 
accompanied by serious neurological complications and is especially dangerous for pregnant women, in which it 
can lead to congenital malformations of the fetus and microcephaly in neonates. Currently, there are no licensed 
vaccines or specific post-infectious therapies for ZIKV infection. This report is devoted to the study of glycyrrhizic 
acid (GL) derivatives as ZIKV inhibitors. The inhibitory assays on the cytopathic effect (CPE) and viral infectivity 
of ZIKV in three different human cell lines revealed that the conjugation of GL with amino acids and their esters 
(methyl, ethyl) is influenced by the antiviral activity of the compounds. GL conjugates with Glu(OMe)-OMe 11, 
Glu(OH)-OMe 12, Asp(OMe)-OMe 13, TyrOMe 14, LeuOEt 15, and PheOEt 16 with free COOH groups in the 
triterpene moiety were active against ZIKV. The most active compounds 13 and 14 have IC50 values of 0.23 μM 
and 0.09 μM against low doses (MOI = 0.05) of ZIKV strain PRVABC59, 1.20 μM and 0.74 μM against high doses 
(MOI = 10) of ZIKV strain Natal RGN single-round infectious particles, respectively. The lead compound was 14 
with a high selectivity index (SI < 500). Compound 13 showed a higher inhibitory effect on the early stage 
(entry) of ZIKV replication than compound 14, and was less potent than compound 14 at the post-entry stage, 
consistent with the docking models. Compounds 13 and 14 also had a strong interaction with the active site 
pocket of NS5 MTase. Compounds 13 and 14 are recommended for expanded antiviral studies against ZIKV 
infection.   

1. Introduction 

A new viral threat to humanity was announced in February 2016 by 
the World Health Organization (WHO) caused by the Zika virus (ZIKV), 
which is spread by mosquitoes Aedes spp., and is related to yellow fever, 
Japanese encephalitis, and dengue viruses (World Health Organization, 
2016; Weaver et al., 2016). ZIKV is a new pathogenic flavivirus 

belonging to the family Flaviviridae of the genus Flavivirus (Zanluca and 
Duarte dos Santos, 2016; Ye et al., 2016). ZIKV virions contain a 
single-stranded genomic RNA with one open reading frame, which is 
translated into a single polyprotein, giving rise to three structural pro
teins forming a virion (capsid, pre-membrane/membrane, and enve
lope) and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, 
NS4b, NS5) (Zanluca and Duarte dos Santos, 2016). Among these 
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proteins, NS3 has protease and helicase activity, while NS5 contains 
methyltransferase and RNA-dependent RNA polymerase. Thus, NS3 and 
NS5 are targets for the development of anti-ZIKV agents (Li et al., 2017; 
Yang et al., 2018; Zhang et al., 2017; Godoy et al., 2017). In the first 60 
years after its discovery (1947), the geographical locations of ZIKV were 
confirmed, with cases of human infection occurring sporadically only in 
Africa and Asia (Musso et al., 2014; Chang et al., 2016). In 2007, the first 
major outbreak of infection in Micronesia was recorded, affecting over 
70 % of the population (Weaver et al., 2016). Subsequently, ZIKV in
fections were registered in Cambodia, the Philippines, and Thailand in 
2010–2014 (Zanluca and Duarte dos Santos, 2016). Another large Zika 
epidemic, with 500,000–1,500,000 cases, occurred in Brazil at the end 
of 2015. From Brazil, ZIKV has spread to other countries of the American 
continent. Thus, in 2015–2016, Zika cases were reported in 69 countries 
and territories (Petersen et al., 2016). In 2018, an outbreak of ZIKV 
infection was recorded in India and Southeast Asia (Musso et al., 2019; 
Grubaugh et al., 2019). Most ZIKV-infected (80 %) people are asymp
tomatic carriers of ZIKV, and the clinical syndromes of ZIKV infection 
include Zika fever, similar to dengue fever, and congenital Zika syn
drome (Musso et al., 2014; Chan et al., 2016). ZIKV infection is 
accompanied by serious neurological complications, such as 
Guillain-Barre Syndrome (Brasil et al., 2016). ZIKV infection is espe
cially dangerous for pregnant women, in which it can lead to congenital 
malformations of the fetus and microcephaly in neonates (Weaver et al., 
2016). It has now been established that ZIKV can be transmitted peri
natally during childbirth through breast milk. The virus has also been 
detected in semen and can be transmitted through blood banks (Chan 
et al., 2016; Mlakar et al., 2016). Currently, there are no licensed vac
cines or specific post-infectious therapy for ZIKV infection, and existing 

treatments are only supportive (Musso et al., 2019; Kim, 2019). 
One of the natural compounds used as a basis for the creation of new 

antivirals is glycyrrhizic acid (GL) (1), the main bioactive triterpene 
glycoside of licorice roots (Glycyrrhiza glabra L., GL. uralensis Fisher) 
(Pompei et al., 2009; Baltina et al., 2009). GL and its derivatives inhibit 
some DNA and RNA viruses, including hepatitis A, B, and C viruses 
(HAV, HBV, and HCV) (Crance et al., 1994; Baltina et al., 2009; Mat
sumoto et al., 2013), human immunodeficiency virus-1 (HIV-1) (De 
Clerq, 2000), SARS coronaviruses (SARS-CoV) (Hoever et al., 2005), 
herpes simplex virus 1 (HSV-1) (Sekizawa et al., 2001), Epstein-Barr 
virus (EBV) (Lin et al., 2008), influenza A/H5N1 (Michaelis et al., 
2010), and H1N1 viruses (IAV) (Baltina et al., 2015). GL is used for the 
treatment of chronic hepatitis and allergies (compound glycyrrhizin 
injection, compound glycyrrhizin injection tablets) (JMP F0115). 
Recently, we discovered the inhibitory activity of GL and its derivatives 
against dengue virus type 2 (DENV2) (Baltina et al., 2019). Several 
studies have demonstrated that GL and its derivatives impede early steps 
of the viral lifecycle, including virus entry (SARS-CoV) (Hoever et al., 
2005), fusion (HIV-1) (De Clerq, 2000), penetration (HAV and EBV) 
(Crance et al., 1994; Lin et al., 2008), and endocytosis (IAV) (Michaelis 
et al., 2010; Baltina et al., 2015). Others show that GL and its derivatives 
effectively affect post-entry steps, such as genome replication (HSV-1, 
EBV, and HIV) (Sekizawa et al., 2001; Lin et al., 2008; De Clerq, 2000) 
and virus release (HCV) (Matsumoto et al., 2013). Moreover, GL and its 
derivatives with a low toxicity and a high bioavailability (Tolstikov 
et al., 2007) initiate gamma interferon production in vitro and in vivo 
(Pompei et al., 2009; Baltina et al., 2009; Matsumoto et al., 2013). 
However, the direct antiviral mechanisms of GL and its derivatives have 
yet to be defined. 

Fig. 1. Structure of GL and derivatives (compounds 2-21). The GL derivatives contained three residues of L- and D-amino acids methyl esters (compounds 2-10, 
group I), two amino acid methyl ester residues (compounds 11-14, group II), two amino acid ethyl ester residues (compounds 15-17, group III), and two free amino 
acid residues (compounds 18-21, group IV) at the carbohydrate part of the glycosides. 
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The aim of this study was to examine the antiviral activity and 
mechanism of GL and its derivatives against ZIKV infection in vitro. 
Herein, 20 G L derivatives (compounds 2-21) were divided into four 
groups (Fig. 1). Group I (compounds 2–10) is the conjugate of GL with 
three amino acid methyl ester residues. Group II (compounds 11-14) is 
represented by GL conjugates containing two amino acid methyl ester 
residues in the sugar part. Group III (compounds 15-17) includes GL 
conjugates with two amino acid ethyl ester residues in the carbohydrate 
chain. Group IV (compounds 18-21) presented by GL conjugates con
taining free amino acid residues in the sugar part. The compounds of 
groups II–IV have a free COOH group (at the C20 position) in the tri
terpene core of the molecule. For these four groups of GL derivatives, 
their antiviral activity against ZIKV strain PRVABC59 and Natal RGN 
(Lanciotti et al., 2016; Lu et al., 2019) was analyzed in different types of 
human cell lines, and their antiviral mechanisms were elucidated using 
time-of-addition assays. 

2. Materials and methods 

2.1. Cells and viruses 

BHK-21 cells were used to amplify the ZIKV strain PRVABC59 for the 
production of viral stock (Lanciotti et al., 2016). The ZIKV strain Natal 
RGN that detected in the brain tissue of a microcephalic fetus was 
rescued as single-round infectious particles (SRIPs) using synthetic and 
reverse genetic technologies in our laboratory (Lu et al., 2019). Human 
glioma and astrocytoma SF268, human lung epithelial A549 cells, and 
TE671 cells were used for testing the anti-ZIKV activities and mecha
nisms of the GL derivatives. These cell lines were grown in MEM sup
plemented with 5 % fetal bovine serum (FBS), glutamine, pyruvate, and 
penicillin/streptomycin. 

2.2. Chemicals 

Commercially available N-hydroxybenzotriazole, N-hydrox
ysuccinimide, N,N’-diciclohexylcarbodiimid, 1-ethyl-3-(3-dimethylami
nopropyl)carbodiimide-hydrochloride (Sigma-Aldrich), L- and D-amino 
acid methyl, and ethyl ester hydrochlorides (Sigma-Aldrich) were used 
as reagents. 

2.3. Synthesis of GL derivatives with amino acid esters 

GL (96.0 % purity) was purchased from Beijing Qinwutian Medical 
Technology Co., Ltd. (China) as a basic compound and was produced 
from the commercially available mono-ammonium salt, as described by 
Kondratenko et al. (2001). The synthesis of GL derivatives 2–10 (Fig. 1), 
containing three residues of L- and D-amino acid methyl esters, was 
performed using N-hydroxybenzotriazole (HOBt) and N,N’-diciclohex
ylcarbodiimid (DCC) or 1-ethyl-3-(3-dimethylaminopropyl)carbodii
mid-hydrochloride (DEC), according to the protocols described in the 
Supplementary Material and previous studies (Baltina Jr et al., 2016; 
Fayrushina et al., 2017; Kondratenko et al., 2006; Baltina Jr et al., 2006, 
2009; Baltina Jr et al., 2012, 2017). In brief, GL derivatives 11-17, 
containing two methyl esters of amino acids Gly-PheOEt residues at the 
carbohydrate part of the glycosides, were prepared using N-hydrox
ysuccinimide (HOSu) and N,N’-dicyclohexylcarbodiimide (DCC) in 
different ratios of reagents and reaction conditions (Kondratenko et al., 
2006; Baltina Jr et al., 2012). Compounds 15–17 were produced first. GL 
derivatives 18–20 were synthesized using tert-butyl esters of leucine, 
methionine, and ε-carbobenzoxy-lysine by the de-blocking of tert-butyl 
ester groups with CF3COOH (Baltina Jr et al., 2006; Baltina Jr et al., 
2006). Compound 18 was synthesized for the first time. The synthesis of 
the GL conjugate with tyrosine 21 is described in Baltina Jr et al. (2017). 
The analytical and spectral data of GL conjugates 2–14 and 19–21 were 
identical to the previously published data (Baltina Jr et al., 2016; 
Fayrushina et al., 2017; Kondratenko et al., 2006; Baltina Jr et al., 2006, 

2009; Baltina Jr et al., 2012, 2017). All target compounds were purified 
by column chromatography on silica gel. The structures of new com
pounds 15–18 were confirmed by IR and 13C NMR spectra and elemental 
analysis. The 13C NMR spectra were recorded using a Bruker AVANCE-III 
pulse spectrometer at 500.30 MHz (1H) and 125.75 MHz (13C) in CD3OD 
or DMSO-d6. The IR spectra were recorded on a Prestige-21 spectro
photometer (Shimadzu) (Supplementary Material). Optical rotation was 
measured on a Perkin-Elmer 341 MC digital polarimeter with a sodium 
lamp (D-line wavelength =589 nm). The purity of the compounds was 
controlled by thin-layer chromatography and high-pressure liquid 
chromatography and was ≥ 95 % (Supplemental Fig. 1). 

2.4. MTT assay 

The cytotoxicity of the GL derivatives to human glioma SF268 cells 
and human lung epithelial A549 cells was tested using the MTT assay 
(Baltina et al., 2019; Lien et al., 2018). SF268 cells (3 × 103 cells/well) 
or A549 cells (5 × 103 cells/well) in 96-well plates were treated with GL 
derivatives (0, 0.1, 10, 20, and 50 μM) for 96 h with medium containing 
2% FBS before adding to the MTT solution for 4 h. The reduction ability 
of MTT to purple formazan, indicating cell viability, was evaluated using 
an ELISA reader with an absorbance of OD570-630. 

2.5. Antiviral assay with ZIKV strain PRVABC59 

To analyze the inhibitory activity of GL and its derivatives 2-21, 
SF268 and A549 cells were infected with ZIKV strain PRVABC59 (MOI of 
0.05) and simultaneously treated with GL or its derivatives at concen
trations of 0.1, 1, and 10 μM, respectively. After a 96 -h incubation 
period with media containing 2% FBS, the ZIKV-induced cytopathic 
effect in infected/treated cells was photographed under a microscope. 
The residual post-treatment ZIKV infectivity in treated cells was deter
mined using immunofluorescence staining with rabbit anti-ZIKV-NS1 
(GeneTex, Inc) and anti-rabbit IgG antibodies conjugated with AF555 
(ThermoFisher). Infectivity was determined according to the ratio of 
NS1-positive cells to total nuclei stained with DAPI (4′,6-diamidino-2- 
phenylindole). The infectivity was represented as the ratio of ZIKV NS1- 
positive cells (red fluorescent signals) to total cells (blue fluorescent 
signals), according to the image analysis of stained cells using Image J 
software. The inhibitory activity against ZIKV infection was calculated 
as follows: [1 − (% of NS1-positive infected cells with the treatment / % 
of NS1-positive infected cells without the treatment)] × 100 %. Fifty 
percent (50 %) inhibitory concentration (IC50) reducing the relative 
ZIKV infectivity by 50 % was calculated using a computer program, and 
the selectivity index (SI) derived from the ratio of CC50 to IC50. 

2.6. Antiviral assay with SRIPs of ZIKV strain Natal RGN 

High dose (MOI = 10) of ZIKV strain Natal RGN SRIPs containing an 
EGFP reporter was prepared to infect human lung epithelial A549 cells 
in the presence or absence of GL derivatives. After 72 h of incubation, 
ZIKV-induced CPE and the fluorescence of SRIP-driven EGFP reporter in 
infected cells were photographed using an inverted fluorescence mi
croscope. Then, the treated infected cells were lysed using the lytic re
agent (Passive Lysis 5X buffer) (Promega), and each lysate per well was 
transferred into a 96-well plate. Finally, the relative green fluorescence 
intensity of the ZIKV SRIP-driven EGFP reporter in the cells was 
measured at an excitation wavelength of 485 nm and an emission 
wavelength of 535 nm using a SpectraMax® iD3 Multi-Mode Microplate 
Reader (Molecular Devices). The inhibitory activity against ZIKV 
infection was calculated as follows: [1 − (fluorescence intensity of 
treated infected cells / fluorescence intensity of untreated infected 
cells)] × 100 %. IC50 was calculated as described above. 
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2.7. Time-of-addition/removal assay 

The time-of-addition/removal assays comprised two modes of co- 
treatment/removal and post-infection treatment/removal assays 
(Weng et al., 2019). In the entry stage mode, compounds 13 or 14 (0, 
0.1, 1, and 10 μM) and ZIKV (MOI = 0.5) were simultaneously added 
into the SF268 cells, cultured for 2 h, and washed out. The treate
d/infected cells were further incubated for 18 h and executed by an 
immune fluorescent staining assay to determine the residual ZIKV 
infectivity. In the post-entry stage mode, compounds 13 or 14 were 
added to the infected cells 2 h after infection, treated for 2 h, and washed 
out. After an 18 -h incubation period, the treated/infected cells were 
evaluated for residual ZIKV infectivity using an immune fluorescent 
staining assay. The inhibitory activity of the GL derivatives on the entry 
and post-entry stages of ZIKV replication was determined based on the 
residual infectivity (a relative NS1 positive rate in treated/ infected 
cells) in both modes. Subsequently, the model for the pre-treatment of 
the cells with the active GL derivatives before viral inoculation was 
performed to examine the possible actions on viral attachment or 
interferon production. SF268 cells were pretreated with compound 13 
or 14 (0, 0.1, 1, and 10 μM) for 2 h, washed with PBS, and then infected 
with ZIKV at an MOI of 0.5 for 2 h, and washed out. After an 18 -h in
cubation period, the residual ZIKV infectivity was determined, as 
described above. 

2.8. Molecular docking 

To model the interaction of the GL derivatives with possible ZIKV 
targets, the crystal structures of NS2B-NS3 protease (PDB ID: 5H6V), 
NS3 helicase (PDB ID: 5Y6N), NS5 MTase (PDB ID: 5GOZ), and NS5 
RdRp (PDB ID: 5U04) were downloaded from the RCSB Protein Data 
Bank (http://www.rcsb.org/pdb) as GL targets (Li et al., 2017; Yang 
et al., 2018; Zhang et al., 2017; Godoy et al., 2017), and the CDOCK 
program within BIOVIA Discovery Studio v2019 was used for the mo
lecular docking experiments. The active site residues of these targets are 
defined in previous reports (Li et al., 2017; Yang et al., 2018; Zhang 
et al., 2017; Godoy et al., 2017). The poses were pruned, the final 
optimization step was performed, and the best scoring poses were 
calculated. 

2.9. Statistical analysis 

All data obtained from three independent experiments were 
compared using one-way analysis of variance followed by Scheffe’s post- 
hoc test using SPSS 12.0 (SPSS, Inc.). P < 0.05 was considered as a 
significant result. 

3. Results 

3.1. A comparison of anti-ZIKV ability among GL derivative groups 

Initially, the cytotoxicity of the GL derivatives was evaluated using 
the MTT assay (Supplementary Figs. 2 and 3), which revealed that most 
GL derivatives were less toxic to human SF268 and A459 cells (CC50 >

50 μM). The antiviral ability of GL and its derivatives 2-21 at 10 μM 
against ZIKV was further tested using cytopathic effect (CPE) reduction 
and viral NS1-positive rate in SF268 cells (Table 1, Figs. 2 and 3). GL and 
its conjugates with Glu(OMe)-OMe 11, Glu(OMe)-OH 12, Asp(OMe)- 
OMe 13, TyrOMe 14, LeuOEt 15, and PheOEt 16 at 10 μM exhibited 
high inhibitory activity in the ZIKV CPE test (+++) (Table 1). Thus, 
groups II and III of the GL derivatives had stronger inhibitory activities 
on ZIKV-induced CPE than the other groups (Figs. 2A and 3 A, top right 
side; Table 1). Infectivity was determined according to the ratio of NS1- 
positive cells to total nuclei, revealing that 10 μM of the most GL de
rivatives from groups II and III significantly reduced ZIKV infectivity 
greater than 70 % in SF268 cells (Table 1). Moreover, compound 13 

showed >80 % inhibition of ZIKV infectivity in SF268 cells. Interest
ingly, the GL derivatives of group I were less active against ZIKV 
compared to groups II–IV, which demonstrated that the availability of 
free COOH in the triterpene part of the molecule was important to 
maintain antiviral activity. 

3.2. Antiviral activity of active GL derivatives against ZIKV 

To evaluate the IC50 values against ZIKV, the GL derivatives of 
groups II and III were tested against ZIKV strain PRVABC59 at concen
trations of 0, 0.1, 1, and 10 μM using CPE reduction and infectivity in
hibition assays in infected SF268 cells (Figs. 2 and 3, Table 1). The GL 
derivatives of groups II and III showed a concentration-dependent 
reduction of CPE in ZIKV-infected cells. The immune fluorescent stain
ing assay of treated/infected SF268 cells indicated that GL derivatives 
with Asp(OMe)-OMe 13 (IC50 = 0.23 ± 0.04 μM) and TyrOMe 14 (IC50 =

0.09 ± 0. 02 μM) showed a higher inhibitory activity than GL (IC50 =

0.77 ± 0.25 μM) against ZIKV infection (Table 1). Meanwhile, the 
human rhabdomyosarcoma cell line TE671 was used to examine the 
antiviral activity of compound 13 against ZIKV (Supplementary Fig. 4), 
in which compound 13 exhibited potent anti-ZIKV activity (IC50 = 0.43 
μM). To test the antiviral activity of compounds 13 and 14 against the 
other ZIKV strains in the different cell lines, human lung epithelial A549 
cells were co-treated with ZIKV strain Natal RGN SRIPs at an MOI of 10 
and compound 13 or 14 at the indicated concentrations (Figs. 4 and 5). 
After a 72 -h incubation period, compounds 13 and 14 significantly 
reduced ZIKV strain Natal RGN-induced cytopathic effects and the green 
fluorescence of ZIKV SRIP-driven GFP reporter in treated/infected cells 
(Figs. 4 and 5). The relative fluorescence of the ZIKV SRIP-driven GFP 
reporter from each lysate of treated/infected cells indicated that the IC50 
values of GL derivatives with Asp(OMe)-OMe 13 and TyrOMe 14 was 

Table 1 
Antiviral activity of GL and its derivatives against Zika virus.  

Compound CPE reduction at 
10 μMa 

Infectivity inhibition 
(%) at 10 μMb 

Antiviral activity 
(IC50, μM)c 

1 +++ 70.4 ± 0.2 0.77 ± 0.03  

Group I derivatives 
2 ‒ – ND 
3 ‒ – ND 
4 ++ 64.7 ± 0.3 ND 
5 + 52.7 ± 1.2 ND 
6 ++ 66.2 ± 0.6 ND 
7 ‒ – ND 
8 ‒ – ND 
9 ‒ – ND 
10 ‒ – ND  

Group II derivatives 
11 +++ 73.0 ± 5.8 1.62 ± 0.41 
12 +++ 74.4 ± 1.9 1.07 ± 0.08 
13 +++ 83.3 ± 3.8 0.23 ± 0.04 
14 +++ 70.2 ± 0.5 0.09 ± 0.08  

Group III derivatives 
15 +++ 72.2 ± 0.5 1.47 ± 0.17 
16 +++ 70.6 ± 0.4 2.23 ± 0.72 
17 ++ 62.0 ± 1.2 ND  

Group IV derivatives 
18 ++ 68.0 ± 0.9 ND 
19 ++ 66.5 ± 1.5 ND 
20 ++ 64.3 ± 2.3 ND 
21 + 54.4 ± 0.8 ND  

a ‒, no effect; +, slight inhibition; ++, moderate inhibition; +++, strong 
inhibition. 

b [1 − (% of NS1-positive infected cells with the treatment / % of NS1-positive 
infected cells without the treatment)] × 100 %. 

c ND, not detected; mean ± standard deviation. 
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1.20 ± 0.46 μM and 0.74 ± 0.02 μM, respectively, against a high dose of 
ZIKV strain Natal RGN SRIP infection in A549 cells. These results 
demonstrated that the group II GL derivatives, particular compounds 13 
and 14, had potent activity for diminishing ZIKV replication via a virus- 
strain and cell-type independent manner. 

3.3. Anti-ZIKV action of GL derivatives 13 and 14 

To elucidate the antiviral mechanism of compounds 13 and 14, a 
time-of-addition/removal assay was performed to examine the entry 
(during the first two hours of infection) and post-entry (2 h post- 
infection) stages of ZIKV replication, as well as pre-treatment before 
virus inoculation (Fig. 6 and 7). After an 18 -h incubation period (one 
round of viral replication), compounds 13 and 14 showed a stronger 
inhibition on the entry stage than the post-entry stage of ZIKV replica
tion in vitro (Fig. 6). The IC50 values of compounds 13 and 14 on the 
entry stage of ZIKV replication in vitro were < 0.1 μM and 0.24 ± 0.05 
μM, respectively. The time-of-addition assay also indicated that com
pound 14 was a higher inhibitory effect on the post-entry stage of ZIKV 
replication (IC50 = 1.31 ± 0.60 μM) than compound 13 (IC50 = 2.18 ±
0.39 μM) during ZIKV replication (Fig. 6). The model for the pre- 
treatment of the cells with compounds 13 and 14 2 h before viral 
inoculation was used to analyze the effect on virus attachment and host 

antiviral factors (Fig. 7). Pre-treatment with compound 14 (IC50 = 7.85 
± 0.36 μM) had a higher inhibitory effect on viral infectivity than 
compound 13 (IC50 > 10 μM) (Fig. 7). The results revealed the difference 
between amino acid methyl ester residues ((Asp(OMe)-OMe 13, and 
TyrOMe 14 in the sugar part of compounds 13 and 14 led to the alter
nation in the antiviral action, such as inhibiting the entry stage by 
compound 13 and blocking the post-entry state by compound 14. 

3.4. Interaction models of GL derivatives 13 and 14 with ZIKV NS5 
MTase 

To elucidate the relationship between the structure and the antiviral 
action of compounds 13 and 14, molecular docking data showed that GL 
and its derivatives 13 and 14 fitted into the active site pocket of NS5 
MTase (Fig. 8), but not to NS2B-NS3 protease, NS3 helicase, and NS5 
RNA-dependent RNA polymerase. 5GOZ is a crystal structure of ZIKV 
NS5 MTase in complex with GTP and SAH, in which MTase has specific 
binding sites for both RNA and S-adenosylmethionine (SAM) and shares 
the binding site for GTP and RNA cap. There are three sites in ZIKV 
MTase: site 1 and site 2 are equivalent to the GTP/RNA cap-binding site, 
while site 3, equivalent to the RNA groove, is reported as an important 
pocket that is suitable for in silico high-throughput small-molecule 
screening. The 3D structures of GL and compounds 13 and 14, were 

Fig. 2. Inhibitory effect of compound 13 on 
ZIKV strain PRVABC59-induced cytopathic ef
fects and infectivity in SF268 cells. The cells 
were infected with ZIKV strain PRVABC59 at an 
MOI of 0.05 and immediately treated with 
compound 13 at the indicated concentrations. 
Images of ZIKV-induced cytopathic effects were 
photographed at 96 h post-infection by phase- 
contrast microscopy (A, top). Then, the 
treated/infected cells were assayed using 
immunofluorescence staining with anti-ZIKV 
NS1 antibodies and secondary antibodies con
jugated with AF555 (A, middle). ZIKV infec
tivity was calculated as the ratio of NS1-positive 
cells to the total nuclei stained with DAPI (A, 
bottom; B). Infectivity inhibition was calculated 
for the decrease in the percentage of NS1- 
positive cells post-treatment. * p < 0.05; ** p 
< 0.01 compared with untreated infected cells. 
Scale bar, 100 μm.   

Fig. 3. Inhibitory effect of compound 14 on 
ZIKV strain PRVABC59-induced cytopathic ef
fects and infectivity in SF268 cells. The cells 
were infected with ZIKV strain PRVABC59 at an 
MOI of 0.05 and immediately treated with 
compound 14 at the indicated concentrations. 
Images of ZIKV-induced cytopathic effects were 
photographed at 96 h post-infection by phase- 
contrast microscopy (A, top). Then, the 
treated/infected cells were assayed using 
immunofluorescence staining with anti-ZIKV 
NS1 antibodies and secondary antibodies con
jugated with AF555 (A, middle). ZIKV infec
tivity was calculated as the ratio of NS1 positive 
cells to total nuclei stained with DAPI (A, bot
tom; B). Infectivity inhibition was calculated 
the decrease in the percentage of NS1-positive 
cells post-treatment. *** p < 0.001 compared 
with untreated infected cells. Scale bar, 100 μm.   
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Fig. 4. Antiviral activity of compound 13 on ZIKV strain Natal RGN-induced cytopathic effects and infectivity in A549 cells. The cells were infected with ZIKV strain 
Natal RGN SRIPs at an MOI of 10 and immediately treated with compound 13 at the indicated concentrations. Images of ZIKV-induced cytopathic effects were 
photographed 72 h post-infection by phase-contrast microscopy (A, top). Then, the green fluorescence of ZIKV SRIP-driven GFP reporter in treated/infected cells was 
photographed using a fluorescence microscope (A, bottom). Relative fluorescence of ZIKV SRIP-driven GFP reporter from each lysate of treated/infected cells was 
measured using the SpectraMax® iD3 Multi-Mode Microplate Reader (B, left axis). Infectivity inhibition was estimated by the decrease in the fluorescence intensity in 
treated infected cells compared to that in untreated infected cells (B, right axis). * p < 0.05; ** p < 0.01 compared with untreated infected cells. Scale bar, 100 μm. 

Fig. 5. Antiviral activity of compound 14 on 
ZIKV strain Natal RGN-induced cytopathic ef
fects and infectivity in A549 cells. The cells 
were infected with ZIKV strain Natal RGN SRIPs 
at an MOI of 10 and immediately treated with 
compound 14 at the indicated concentrations. 
Images of ZIKV-induced cytopathic effects were 
photographed 72 h post-infection by phase- 
contrast microscopy (A, top). Then, the green 
fluorescence of ZIKV SRIP-driven GFP reporter 
in treated/infected cells was photographed 
using a fluorescence microscope (A, bottom). 
Relative fluorescence of ZIKV SRIP-driven GFP 
reporter from each lysate of treated/infected 
cells was measured using the SpectraMax® iD3 
Multi-Mode Microplate Reader (B, left axis). 
Infectivity inhibition was estimated by the 
decrease in the fluorescence intensity in treated 
infected cells compared with that in untreated 
infected cells (B, right axis). * p < 0.05; ** p <
0.01 compared with untreated infected cells. 
Scale bar, 100 μm.   

Fig. 6. Time-of-addition and removal assay for 
analyzing antiviral action of compounds 13 (A) 
and 14 (B) against ZIKV in SF268 cells. The cell 
monolayer was infected with ZIKV strain 
PRVABC59 (MOI = 0.5) and treated with the 
compounds simultaneously (the entry stage) or 
2 -h post-infection (post-entry stage). After a 2 
-h incubation period, the virus/compound 
mixture was removed; the cell monolayer was 
washed with PBS and cultured for 18 h and then 
subjected to immunofluorescence staining and 
DAPI. Infectivity inhibition was determined 
according to the decrease in the percentage of 
ZIKV NS1-positive cells. * p < 0.05; **p < 0.01 
compared with untreated infected cells.   
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processed by a minimization program first and docked into site 3 of 
5GOZ with the CDOCK program. GL and compounds 13 and 14 were 
found to dock well with ZIKV MTase, respectively (Fig. 8). The negative 
CDOCKER energy for compounds 13 (-CDOCKER_Interaction Energy =
96.2502) and 14 (-CDOCKER_Interaction Energy = 88.4872) docking 
simulation with NS5 MTase was higher than that for GL (-CDOCK
ER_Interaction Energy = 86.6777). GL was stable via hydrogen bonding 
with Arg213, Glu218, Asp146, and Gly58, and showed attractive charge 

or hydrophobic interactions with Lys28, Phe24, Ser56, and Arg213 
(Fig. 8A). Compound 13 was stable via hydrogen bonding with Ser56, 
Arg57, Gly58, Glu111, Lys182, and Ser215, and salt bridge or hydro
phobic interactions with Phe24, Arg41, Arg57, Gly81, Gly83, Trp87, 
Asp146, Ser150, Arg213, and Glu218 (Fig. 8B). Compound 14 bound 
well via hydrogen bonds with Ser56, Lys61, and Glu111, and hydro
phobic interactions with Lys28, Arg57, Gly58, Gly81, Trp87, and 
Arg213 (Fig. 8C). Thus, compounds 13 and 14 had a strong interaction 

Fig. 7. Antiviral activity of compounds 13 and 
14 via the pre-treatment of the cells before viral 
inoculation. The cell monolayer was pretreated 
with compound 13 or 14 for 2 h, washed with 
PBS, and then infected with ZIKV at an MOI of 
0.5. After an 18 -h incubation period, the cell 
monolayer was assessed by immunofluores
cence and DAPI staining. Infectivity inhibition 
was determined according to the decrease in the 
percentage of ZIKV NS1-positive cells. * p <
0.05; ** p < 0.01; *** p < 0.001 compared with 
untreated infected cells.   

Fig. 8. Predicted interaction of GL and its derivatives 13 and 14 with ZIKV NS5 MTase. Two-dimensional model of the interaction of GL (A) and compounds 13 (B) 
and 14 (C) with ZIKV NS5 MTase (PDB ID: 5GOZ) using CDOCK program within BIOVIA Discovery Studio v2019. The hydrophobic reaction, salt bridges, hydrogen 
bonds, and (pi-) alkyl interactions were displayed in the docked models (A–C). Moreover, three-dimensional models of the interaction of GL (D) and compounds 13 
(E) and 14 (F) with ZIKV NS5 MTase were established using the CDOCK program within BIOVIA Discovery Studio v2019. 
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with the active site pocket of NS5 MTase, which is consistent with the 
significant effectiveness of compounds 13 and 14 in inhibiting the post- 
entry stage. The molecular model of GL and compounds 13 and 14 with 
NS5 MTase showed that the free COOH group in the triterpene part was 
crucial for forming salt bridges with positively charged residues (Lys28, 
Arg41, Arg57, and Arg213) within the active site pocket of NS5 MTase 
(Fig. 8). This finding was linked with the low antiviral activity of group I 
GL derivatives, containing amino acid residues in the triterpene moiety, 
which could influence the salt bridge formation and reduce their affin
ity. Importantly, Asp(OMe)-OMe and TyrOMe in the sugar part of 
compounds 13 and 14 had alkyl and pi-alkyl interactions with the ar
omatic residues (Phe24 and Trp87) within the active site pocket of NS5 
MTase. 

4. Discussion 

To date, clinical trials of the Zika vaccine have been conducted in the 
USA, developed at the National Institute of Allergy and Infectious Dis
eases (NIAID) NIH (National Institute of Allergy and Infectious Diseases, 
2017). Therefore, the relevance of creating new antivirals for the 
treatment of emerging infections with a global threat, such as ZIKV 
infection, is evident, and studies aimed at developing antiviral agents of 
this type are not only a priority in different countries but are also rec
ommended by WHO. In the present study, the antiviral activity of GL 
and 20 derivatives was demonstrated against ZIKV strains PRVABC59 
and Natal RGN. Compound 14 was the leading compound among the 
tested GL derivatives, exhibiting a higher SI (SI = CC50/IC50) of 67.6~ 
555.6 against low (MOI = 0.05) and high (MOI = 10) doses of ZIKV in 
SF268 and A549 cells, which was 8-fold greater than that for GL 
(Table 1, Figs. 1–5). Compound 13 was ranked as the second most active 
compound, showing a TI value of 41.7~217 against low and high doses 
of ZIKV in two cell lines, which was 3-fold greater than that for GL 
(Table 1, Figs. 1–5). The GL derivatives in groups II and III were more 
active against ZIKV compared to those in groups I and IV, indicating that 
free amino acids in the sugar part of GL reduced the antiviral activity 
against ZIKV. 

Time of drug addition and removal in experiments were used to 
analyze the antiviral mechanisms of compounds 13 and 14 against ZIKV 
(Figs. 6 and 7). Compound 13 exhibited a significant inhibitory effect on 
the entry stage, with IC50 values < 0.1 μM to the treatment of infected 
cells with a high dose of ZIKV 2 h post-infection after 18 h of incubation 
(one round of viral replication) (Fig. 6A). These results imply that 
compound 13 could be involved in blocking the interaction between the 
virus and the host cell receptors, thereby inducing the production of host 
antiviral factors. In addition, pre-treatment with compound 14 (IC50 =

7.85 ± 0.36 μM) and post-entry treatment by compound 14 (IC50 = 1.31 
± 0.60 μM) showed a greater antiviral ability than compound 13 (Figs. 6 
and 7). The data revealed that compound 14 expressly interfered with 
the post-entry stages, including protein translation, genome replication, 
virus assembly, and virus release. However, real-time PCR assays indi
cated that compound 14 did not upregulate the expression of type I 
interferons in ZIKV-infected cells (data not shown). Thus, the structural 
difference between amino acid methyl ester residues (Asp(OMe)-OMe 
13 and TyrOMe 14) in the sugar part of GL derivatives might specifically 
regulate viral attachment stage (compound 13) and post-entry (com
pound 14) stages of ZIKV replication (Figs. 1,6 and 7). Our findings were 
similar to those of previous studies, wherein GL derivatives were found 
to affect virus entry (SARS-CoV) (Hoever et al., 2005), fusion (HIV-1) 
(De Clerq, 2000), penetration (HAV and EBV) (Crance et al., 1994; Lin 
et al., 2008), and endocytosis (IAV) (Michaelis et al., 2010; Baltina et al., 
2015). Moreover, the GL derivatives could restrict genome replication 
(HSV-1, EBV, and HIV) (Sekizawa et al., 2001; Lin et al., 2008; De Clerq, 
2000) and virus release (HCV) (Matsumoto et al., 2013). Therefore, the 
structural specificity of the GL derivatives provides a means with which 
to target different viral or host factors, showing unique features of 
antiviral mechanisms against many types of DNA and RNA viruses. 

NS3, containing protease and helicase domains, and NS5, including 
methyltransferase (MTase) and RNA-dependent RNA polymerase 
(RdRp) domains, have been suggested as therapeutic targets during the 
post-entry stage of ZIKV replication (Li et al., 2017; Yang et al., 2018; 
Zhang et al., 2017; Godoy et al., 2017). The crystal structures of 
NS2B-NS3 protease (PDB ID: 5H6V), NS3 helicase (PDB ID: 5Y6N), NS5 
MTase (PDB ID: 5GOZ), and NS5 RdRp (PDB ID: 5U04) were down
loaded from the RCSB Protein Data Bank (http://www.rcsb.org/pdb) as 
drug targets, and the CDOCK program within BIOVIA Discovery Studio 
v2019 was used for the molecular docking experiments. This discovery 
may be associated with the low antiviral activity of the GL derivatives in 
group IV, in which the free amino acids in the sugar part had a lower 
affinity to NS5 MTase compared to the compounds of groups II and III 
(Fig. 8). The structure–antiviral activity study demonstrated that GL 
conjugates with free COOH groups in the triterpene moiety and amino 
acid methyl esters in the sugar part (compounds 13 and 14) interacted 
well within the active site pocket of NS5 MTase via the formation of a 
salt bridge, hydrogen bonds, and (pi-)alkyl interactions between each 
other, exhibiting a high anti-ZIKV activity. 

This study is the first report on the anti-ZIKV activity of GL and its 
derivatives, namely, conjugates with amino acids and their methyl/ 
ethyl esters. GL was found to exert pronounced anti-ZIKV activity in the 
CPE test and infectivity inhibition. The structure–antiviral activity study 
demonstrated that the free COOH group in the triterpene part and two 
amino acid methyl esters in the sugar part of the GL derivatives played a 
critical role in improving the anti-ZIKV activity of GL, due to their 
involvement in its interaction with the active site pocket of NS5 MTase 
via the formation salt bridges, hydrogen bonds, and (pi-) alkyl in
teractions. Compounds 13 and 14 were the most active among the GL 
derivatives tested, exhibiting a powerful anti-ZIKV activity with multi
ple actions, including in the entry and post-entry stages. Thus, the ad
vantages of using compounds 13 and 14 over GL make them suitable for 
expanded antiviral studies and for potential use as antiviral drugs to 
combat ZIKV infection. 
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