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A B S T R A C T   

The recent global Omicron epidemics underscore the great need for the development of small molecule thera-
peutics with appropriate mechanisms. The trimeric spike protein (S) of SARS-CoV-2 plays a pivotal role in 
mediating viral entry into host cells. We continued our efforts to develop small-molecule SARS-CoV-2 entry 
inhibitors. In this work, two sets of BA derivatives were designed and synthesized based on the hit BA-1 that was 
identified as a novel SARS-CoV-2 entry inhibitor. Compound BA-4, the most potent one, showed broad inhibitory 
activities against pOmicron and other pseudotyped variants with EC50 values ranging 2.73 to 5.19 μM. Moreover, 
pSARS-CoV-2 assay, SPR analysis, Co-IP assay and the cell–cell fusion assay coupled with docking and muta-
genesis studies revealed that BA-4 could stabilize S in the pre-fusion step to interfere with the membrane fusion, 
thereby displaying promising inhibition against Omicron entry.   

1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
that leads to the coronavirus disease 2019 (COVID-19), has rapidly 
spread around the world, devastating consequences for the health sector 
and the economy since the late December of 2019 [1,2]. Currently, the 
public become more aware of the devastation caused by the emerging 
variants and mutations of SARS-CoV-2, as exampled by Omicron variant, 
which is posing a great challenge to public health and safety globally 
[3–5]. As of September 2022, there have been>610 million confirmed 
cases and 6.5 million deaths worldwide despite a ring vaccination pro-
gram with the FDA-approved BNT162b2 and others, underlining the 
urgency for developing effective antiviral agents to prevent these lethal 
infections. Remdesivir [6], a RdRp inhibitor, was approved by the 
United States Food and Drug Administration (FDA) in May 2020 for the 
treatment of severe COVID-19 patients. In December 2021, a nucleoside 

analog molnupiravir that was originally used for influenza, was also 
approved by FDA [7]. The third drug approved by FDA is paxlovid, 
which was found to reduce the risk of hospitalization and death by 89 % 
in the Phase 2/3 EPIC-HR study [8]. In addition, other small-molecule 
drugs targeting the replication cycle of SARS-CoV-2 are currently 
being developed in clinic [9,10]. For example, small-molecule inhibitors 
GC373 and GC376 can effectively inhibit the enzymatic activity of 
3CLpro by covalent modification with the amino acid residue Cys145 of 
the catalytic site to display potent inhibitory potency coupled with low 
toxicity, which represent potential candidate drugs for the treatment of 
COVID-19 [11]. 

SARS-CoV-2 is a new member of single-stranded RNA and enveloped 
β-coronaviruses family, of which infection process starts from the viral 
entry into host cells. Evidence has shown that the spike protein (S) of 
SARS-CoV-2 is a “Type I” viral transmembrane glycoprotein, which 
plays a vital role in viral entry [12,13]. The S protein consists of two 

* Corresponding authors at: Department of Human anatomy, School of Medicine, Jinan University, Guangzhou, 510632, China (S. Li); Guangdong Provincial Key 
Laboratory of New Drug Screening, School of Pharmaceutical Sciences, Southern Medical University, Guangzhou, 510515, China (S. Liu); Key Laboratory for Bio-
based Materials and Energy of Ministry of Education, College of Materials and Energy, South China Agricultural University, Guangzhou, 510642, China (G. Song). 

E-mail addresses: lisumei1234@163.com (S. Li), liusw@smu.edu.cn (S. Liu), songgp1021@scau.edu.cn (G. Song).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Bioorganic Chemistry 

journal homepage: www.elsevier.com/locate/bioorg 

https://doi.org/10.1016/j.bioorg.2022.106316 
Received 7 October 2022; Received in revised form 7 November 2022; Accepted 5 December 2022   

mailto:lisumei1234@163.com
mailto:liusw@smu.edu.cn
mailto:songgp1021@scau.edu.cn
www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2022.106316
https://doi.org/10.1016/j.bioorg.2022.106316
https://doi.org/10.1016/j.bioorg.2022.106316
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2022.106316&domain=pdf


Bioorganic Chemistry 131 (2023) 106316

2

subunits, namely S1 and S2, of which the former can recognize and bind 
to human angiotensin-converting enzyme 2 (ACE2) receptor of host cells 
through RBD domain and the latter is responsible for regulating S- 
mediated viral/cell membrane fusion [14,15]. Structurally, S2 subunit is 
composed of fusion peptide (FP), heptapeptide repeat 1 (HR1), hepta-
peptide repeat 2 (HR2), transmembrane domain (TM), and cytoplasmic 
domain (CP) [16]. After SARS-CoV-2 S1 binds to ACE2, the S protein 
needs to be activated by cellular proteases to permit insertion of FP into 
the host membrane, the anchoring process. Subsequently, the HR1 and 
HR2 regions of the trimeric viral transmembrane protein interact to 
form a six-helix bundle, which pulls the viral and cellular membranes 
together and mediates fusion, thereby leading to the release of the viral 
genome into the cytoplasm [17]. All these steps, attachment to the 
cellular receptors, conformational changes of S1/S2, FP insertion, 
rearrangement, and 6HB formation, are critical for SARS-CoV-2 infec-
tion and more importantly, the S2 subunit sequence is more conserva-
tive than the S1 subunit sequence [18]. Collectively, the SARS-CoV-2 S2 
subunit mediates viral fusion and entry, which represents the main 
target for the development of neutralizing antibodies, and small- 
molecule fusion inhibitors. 

So far, multiple potential SARS-CoV-2 fusion inhibitors have been 
identified, which showed good antiviral activities in vivo/vitro, as 
exampled by HR-derived peptides EK1 and its analogs [19], niclosamide 
[20], bergamottin (1, Fig. 1A) [3], clofazimine [21], and other natural 
products such as angeloylgomisin O (2, Fig. 1A), schisandrin B (3, 
Fig. 1A) [22]. For example, EK1 and its analogs have been shown to 
target the HR1 or HR2 domain to interact with virus-cell fusion, thereby 
exhibiting potent inhibition against SARS-CoV-2 and its variants in vivo 
[19]. Zhou and co-workers reported that bergamottin could act at 
multiple stages of the SARS-CoV-2 life cycle to reduce viral entry into 
cells by both blocking the S-mediated membrane fusion stage and 
inhibiting the expression of ACE2 [3]. Angeloylgomisin O and schisan-
drin B that were extracted from Schisandra chinensis, a plant used to 
treat hepatitis, were found to exhibit strong inhibitory effects on mem-
brane fusion and show more potent antiviral activity against SARS-CoV- 
2 than remdesivir [22]. In addition, our group has previously conducted 
multiple high-throughput screens of various small-molecule libraries to 
identify salvianolic acid C (Sal-C, 4, Fig. 1A) [23] and estradiol (5, 
Fig. 1A) [24] as potential anti-SARS-CoV-2 agents, which could inhibit 
SARS-CoV-2 infection in vitro by blocking the formation of six-helix 
bundle core of S to block S-mediated membrane fusion. However, only 
a few SARS-CoV-2 fusion inhibitors have advanced to clinical trials up to 
now. 

Betulinic acid (BA, 6, Fig. 1B), a naturally occurring pentacyclic 
triterpene, represents a promising structure type for a wide variety of 

agents with good antiviral use against HIV, influenza virus, HSV and 
others [25–27]. For example, the BA core is present in bevirimat, an HIV 
maturation inhibitor, which has undergone phase 2 clinical evaluation. 
Interestingly, BA was found to possess anti-SARS-CoV activity in the μM 
range in vitro and in particular, betulonic acid (7, Fig. 1B), an oxidized 
analog at C-3 position of BA, exhibited improved anti-SARS-CoV po-
tency with an EC50 of 0.63 μM [28]. Recently, a class of BA derivatives 
with a 1, 2, 3-triazolo-fused BA structure have been shown to be potent 
inhibitors of HCoV-229E nsp15 replication by Naesens and co-workers 
[29]. Encouraged by these results, we decided to investigate if BA and 
its derivatives will also have anti-SARS-CoV-2 activity in vitro. 

Here, we report identification of a class of SARS-CoV-2 fusion in-
hibitors with a 3-O-β-chacotriosyl BA structure based on the hit BA-1. 
We describe their hit-to-lead modification, structure–activity relation-
ship (SAR), and the mechanistic findings, giving rise to the lead com-
pound BA-4 that can directly target S protein as a novel Omicron fusion 
inhibitor. These biological data consisted well with the binding model 
that we obtained by the lead compound BA-4 docking in the Omicron S 
protein structure, which was supported by site-specific mutation. We 
demonstrate that the interface in Omicron S where the lead BA-4 binds, 
can be as a potential target for developing Omicron and other SARS- 
CoV-2 fusion inhibitors. 

2. Results and discussion 

2.1. Chemical synthesis 

Compound BA-1 was prepared according to our previous procedure 
[34]. The synthetic routes for title compounds BA-3 – BA-16 and amide 
analogs BA-N-1 as well as BA-N-2 were illustrated in Scheme 1. Ester-
ification of BA with benzyl bromide in the presence of potassium car-
bonate afforded the known intermediate 8 [35]. 3β-acetoxylup-20 (29)- 
ene-3, 28-diol 9 [36] was obtained from the commercially available 
betulin following literature procedures. The TfOH catalyzed coupling 
reaction between 9 and benzyl 2, 2, 2-trichloroacetimidate furnished 
benzyl-substituted ether 10, which then went through the hydrolysis 
reaction under basic conditions (LiOH) to yield the intermediate 11. 

With glycosyl acceptor 8 or 11 as well as the known the glycosyl 
donor 2, 3, 4, 6-tetra-O-benzoyl-D-glucopyranosyl trichloroacetimidate 
12 [30] in hand, TMSOTf-catalyzed glycosylations were performed to 
provide compound 13 or 14, followed by the hydrolysis reaction under 
basic conditions (CH3ONa in MeOH) to yield 3-O-β-glucopyranoside 15 
or 16, respectively. Subsequently, the pivaloyl (Piv) group could be 
selectively installed at the 3, 6-OHs of the β-glucopyranosyl residues in 
15 or 16 at a controlled low temperature to afford 17 or 18, respectively. 

Fig. 1. A. Chemical structures of representative small-molecule SARS-CoV-2 fusion inhibitors 1–5 Fig. 1B. Chemical structures of betulinic acid 6, betulonic acid 7, 
the hit compound BA-1 and the lead compound BA-4. 
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With the glycosyl donor 2, 3, 4-tri-O-acetyl-L-rhamnopyranosyl tri-
chloroacetimidate 19 [30] and acceptor 17 or 18, the glycosylation 
reaction was then performed under TMSOTf activation to provide crude 
trisaccharides, followed by sodium hydroxide (NaOH)-mediated 

deprotection to give the title compound BA-16 or BA-20, respectively. 
Using 10 % Pd/C as a catalyst, hydrogenolysis of the benzyl group in BA- 
16 or BA-20 was carried out smoothly to provide the title saponin BA-2 
or BA-17, respectively. Then the intermediate 20 was obtained from BA- 

Scheme 1. Reagents and conditions: (a) BnBr, K2CO3, DMF; (b) benzyl 2, 2, 2-trichloroacetimidate, TfOH, CH2Cl2; (c) LiOH, THF-MeOH-H2O; (d) TMSOTf, 4 Å Ms, 
CH2Cl2; (e) CH3ONa, MeOH; (f) PivCl, CH2Cl2; (g) (i) TMSOTf, 4 Å Ms, CH2Cl2; (ii) NaOH, MeOH-THF-H2O; (h) 10 % Pd/C, H2, MeOH-THF; (i) (i) Ac2O, DMAP, 
pyridine; (j) (i) various bromide alkanes, K2CO3, DMF; (ii) CH3ONa, MeOH; (k) (i) (COCl)2, CH2Cl2 (ii) R1R2N•HCl, Et3N, CH2Cl2; (iii) CH3ONa, CH3OH. 

Scheme 2. Reagents and conditions: (a) Ac2O, DMAP, pyridine; (b) 10 % Pd/C, H2, MeOH-THF; (c) (i) PCC, CH2Cl2; (ii) CH3ONa, MeOH; (d) (i) CH3I, Ag2O, ACN; (ii) 
CH3ONa, MeOH; (e) (i) SOCl2, CH2Cl2; (ii) CH3ONa, MeOH. 
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2 through a direct acetylation reaction with acetic anhydride, which 
served as the coupling partner for subsequent diversifications, respec-
tively. Under the basic conditions, the corresponding alkyl residues were 
incorporated at the C-28 position of BA in 20, followed by removing all 
the acetyl groups using the similar method as 15 and 16 to afford the 
subseries BA-3 – BA-15 (Table 2), with different hydrophobic sub-
stituents at the C-28 position of BA core. On the other hand, 20 was 
treated with oxalyl chloride to furnish 28‑acyl chloride, which was then 
condensed with appropriate amines, followed by removal of all the Ac 
groups with MeONa to give the corresponding target saponins BA-N-1 
and BA-N-2, respectively. 

The following attempts were made to decorate the hydroxy-
methylene moiety at the C-17 position of BA-17 to expand our chemical 
diversity. As depicted in Scheme 2, treatment of BA-20 with acetic an-
hydride as did 20 gave rise to 21, followed by hydrogenolysis of the 
benzyl group in 21 over palladium/carbon to yield the important in-
termediate 22, which served as the starting partner for subsequent di-
versifications, respectively. On the one hand, BA-17 was converted to 
the corresponding aldehyde BA-18 by reaction of 22 with the freshly 
prepared PCC reagent, which then undergo hydrolysis reaction with 
CH3ONa similarly as compounds 15 and 16. On the other hand, nucle-
ophilic substitution of 22 with methyl iodide, followed by CH3ONa- 
mediated deprotection of all Ac groups gave rise to BA-19. In addition, 
by treating with thionyl chloride, compound 22 was readily converted 
into chlorides, of which all the Ac groups were then hydrolyzed using 
CH3ONa to afford the title saponin BA-21. 

2.2. Hit discovery 

Previous screening efforts focused on human CoVs (SARS-CoV, 
HCoV-229E) and consequently revealed these BA-based molecules with 
potential could inhibit SARS-CoV-2 or other variants in the SARS-CoV-2 
family. Since the chacotrioside moiety, a 2, 4-branched trisaccharide 
residue, has been characterized as an antiviral-privileged fragment 
[30,31], we supposed that introducing this moiety into BA might 
enhance the potency of pharmacologically active molecules. Thus, we 
decided to fuse this unique fragment to BA at the C-3 position, giving rise 
to the saponin BA-1 (Fig. 1B). Initial attempts to confirm the inhibitory 
effects of BA and BA-1 on infectious SARS-CoV-2 virus (wuhan-HU-1 
variant) were made in a BSL-3 facility, wherein we determined their 
EC50 values against authentic SARS-CoV-2 in Vero-E6 cells using a full- 
time treatment model. Encouragingly, BA-1 proved to be a highly 
effective SARS-CoV-2 inhibitor with an EC50 value of 0.51 μM, which did 
not exhibit cytotoxicity against Vero E6, even at a concentration of 50 
μM (Fig. 2A). This data demonstrated that BA-1 might interfere only 
slightly with the growth of Vero E6 cells and could inhibit specifically 
SARS-CoV-2 in cell cultures. In contrast to BA-1, the starting compound 
BA was virtually inactive (Table 1), implying that the privileged 

β-chacotriosyl moiety is critical for the anti-SARS-CoV-2 activity. 
Briefly, these results suggested that the 3-O-β-chacotriosyl betulonic 
acid methyl ester BA-1 possessed excellent efficiency against SARS-CoV- 
2 and promising safety, which should be identified as a hit for further 
development. 

Due to its pivotal role in the SARS-CoV-2 life cycle that is involved in 
the viral maturation process to cleave the virus-encoded polyproteins, 
the 3CL protease has become a key target for discovery of anti-SARS- 
CoV-2 agents. It has been confirmed that BA possessed moderate 
inhibitory effects on SARS 3CL protease activity with an IC50 value of 10 
μM [28]. SARS 3CL and SARS-CoV-2 3CL are structurally similar 
members of the human CoV family, sharing high homology and simi-
larity in sequences, structures, and functions [32]. Thus, in parallel, 
these two compounds were also evaluated for inhibition of SARS-CoV-2 
3CL protease activity based on a quenched fluorescence energy transfer 
(FRET) method where Ebselen was used as a positive control. As ex-
pected, BA displayed an acceptable enzyme inhibitory effect, especially 
at a high concentration 100 μM (Table 1). In contrast, BA-1 only 
exhibited weak inhibitory ability with a 31.3 % inhibition rate at 100 
μM, consistent with a low equilibrium dissociation constant (KD) value 
of 46.3 μM (Fig. 2B) on the basis of a surface plasmon resonance (SPR) 
analysis, suggesting that BA-1 inhibited replication of SARS-CoV-2 
through a different mechanism or pathway from BA and the positive 
control Ebselen. Collectively, these results demonstrate that BA-1 has a 
potent anti-SARS-CoV-2 activity with a high selectivity index in cell 
culture models but its antiviral potency is independent of inhibition 
toward 3CL protease. 

2.3. Target identification 

Evidence from several reports has illustrated that BA derivatives 
could effectively interfere with the fusion of the incoming virus to the 
host cell membrane to block HIV/H5N1/SARS and other viral entry into 

Fig. 2. (A) Evaluation on cytotoxicity of BA-1 and inhibitory activity against authentic SARS-CoV-2 virus (wuhan-HU-1 variant) infection in Vero-E6 cells. (B) SPR 
analysis of the interaction between BA-1 with SARS-CoV-2 3CL. 

Table 1 
anti-SARS-CoV-2 and inhibitory activities against 3CL of BA and BA-1.  

Compound Anti-SARS-CoV-2 
EC50

a (µM) 
inhibition rate against 3CL (%)b 

100 50 25 

BA >20  72.2  51.4  30.2 
BA-1 0.51 ± 0.19  31.3  22.6  18.5 
Ebselen 0.08 ± 0.01  98.5  97.6  96.2  

a The samples were examined in Vero-E6 cells in triplicate. Vero-E6 cells were 
incubated with test compounds and SARS-CoV-2 (wuhan-HU-1 variant), and the 
concentration of test compound resulting in 50 % cell protection was reported as 
the EC50. Values are the mean of three experiments, presented as the mean ±
standard deviation (SD). bInhibitory rate against 3CL based on the FRET assay. 
Data are expressed as the mean ± SD of three experiments. 
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test cells in the low micromolar range [28,33]. Considering the simi-
larity between the viral fusion proteins such as gp41/HIV-1, HA2/H5N1, 
GP/EBOV and S2 of SARS-CoV-2, all of which play key roles in virus- 
induced membrane fusion, we speculated that a further anti-SARS- 
CoV-2 mechanism of BA-1 might be the blocking of SARS-CoV-2 entry 
by inhibiting the membrane fusion, thereby disrupting viral entry into 
the host cells. To confirm our hypothesis, BA-1 was firstly evaluated in a 
luciferase-expressing pseudovirus encoding SARS-CoV-2 S protein 
(pSARS-CoV-2) inhibition assay, which allowed for direct comparison of 
S protein function with a common lentiviral core and reporter [23]. 
Notably, we found that BA-1 exhibited the similar capability in effec-
tively inhibiting pSARS-CoV-2 as the positive control Sal-C, a small- 
molecule SARS-CoV-2 entry inhibitor previously shown to bind S 
directly [23], and the inhibitory effect was concentration-dependent 
with an EC50 value of 4.64 μM (Fig. 3A). It was interesting that BA-1 
displayed not only negligible inhibition toward VSV-G pseudovirus 
(Fig. 3A) but also marginal cytotoxicity against 293 T-ACE2 cells 
(HEK293T cells overexpressing human angiotensin-converting enzyme 
2) within the effective concentration range (Fig. 3B). These results 
highlighted that BA-1 could exert inhibitory activity against SARS-CoV- 
2 entry by targeting the S protein and the similarity in the potency of BA- 
1 between the pseudovirus and infectious virus assays supported the 
validity of the S/HIV-based anti-SARS-CoV-2 assay used in 293 T-ACE2 
cells. 

Having identified S as the potential target, we then utilized the 
cell–cell fusion assay mediated by SARS-CoV-2 S protein to explore 

whether BA-1 had any effect on the viral membrane fusion, the critical 
step for entry of SARS-CoV-2 viruses into host cells for initiation of virus 
infection. As shown in Fig. 3C, BA-1 was identified to potently interfere 
with the membrane fusion of S-overexpressed-HEK293T and Vero-E6 
cells in a marked dose-dependent manner at 24 h, demonstrating that 
its antiviral potency apparently involved action on SARS-CoV-2 S- 
mediated membrane fusion. Taken together, BA-1 represents a novel 
SARS-CoV-2 fusion inhibitor, which was selected as a promising struc-
ture for further research and optimization. 

2.4. Proposed binding mode of hit to the spike protein 

In view of SARS-CoV-2 S as the important target and the membrane 
fusion interaction between virus and host cells as the critical interrup-
tion event, we performed blind docking calculations based on the X-ray 
crystal structures of SARS-CoV-2 S (PDB code: 6VXX) to investigate the 
potential binding site. A proposed binding mode of BA-1 was established 
(Fig. 4), which indicated that BA-1 could occupy well a cavity between 
the S1 and S2 subunits at the entrance to a large tunnel that links with 
equivalent tunnels from the other monomers of the trimer at the 
threefold axis. As shown in Fig. 4, at the upper region of the cavity, the 
hydrophilic chacotriosyl residue of BA-1 made multiple stable hydrogen 
bonds with the backbone of residues Thr961, Leu303, Arg765, and 
Lys964 to result in increased interaction with S, further supporting the 
proposition that that the trisaccharide moiety was vital to improve 
antiviral activity. Hydrophobic pentacyclic triterpenoid skeleton of BA- 

Table 2 
Inhibitory activities of saponins BA-1-BA-16 against infection of 293 T-ACE2 cells by pSARS-CoV-2.  

Compound R EC50
a (μM) CC50 

b(μM) SIc 

BA-1 CH3 4.64 ± 0.52 40.88 ± 0.25 8.81 
BA-2 OH ＞20.00 NT NT 
BA-3 Et 3.70 ± 0.72 36.12 ± 1.05 9.76 
BA-4 n-propyl 3.12 ± 0.40 39.13 ± 0.73 12.54 
BA-5 6.42 ± 0.20 76.49 ± 1.23 11.91 

BA-6 5.37 ± 0.37 24.36 ± 0.33 4.54 

BA-7 5.54 ± 0.81 16.39 ± 0.19 2.96 

BA-8 6.05 ± 0.38 47.25 ± 0.63 7.81 

BA-9 ＞20.00 NT NT 

BA-10 7.67 ± 0.31 51.81 ± 1.35 6.75 

BA-11 9.03 ± 0.56 46.12 ± 0.31 5.11 

BA-12 ＞20.00 NT NT 

BA-13 8.61 ± 0.47 36.21 ± 0.75 4.21 

BA-14 8.23 ± 0.55 84.62 ± 0.76 10.28 

BA-15 15.90 ± 0.82 75.52 ± 1.63 4.75 

BA-16 3.13 ± 0.42 12.79 ± 0.25 4.09 

Sal-C / 4.06 ± 0.51 >100.00 >24.63  

a The samples were examined in 293 T-ACE2 cells in triplicate. 293 T-ACE2 cells were incubated with test compounds and pSARS-CoV-2, and the concentration of 
test compound resulting in 50 % cell protection was reported as the EC50. Values are the mean of three experiments, presented as the mean ± standard deviation (SD). 
b50% cellular cytotoxicity concentration (CC50). cSI: selectivity index as CC50/EC50. 
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1 occupied a large lipophilic region located in the middle of the cavity, 
creating a tight hydrophobic interaction with the side chain of Val772 to 
maintain the active conformation of BA-1. 

To further confirm the above binding mode, we conducted the single 
amino acid mutagenesis of pSARS-CoV-2 S to understand the molecular 
basis of fusion inhibition by the hit BA-1. As indicated by the pre-
liminary mutagenesis studies (Fig. 5), the pSARS-CoV-2 N764A/R765A/ 
Q957A/K964 A mutations resulted in a significant loss of potency to-
ward BA-1 in dose-dependent fashion relative to WT S. In short, the 
docking result, supported by the mutagenesis studies, led us to propose a 
potential SARS-CoV-2-S binding pose of BA-1, which reflected some 
characteristics that could guide subsequent structural modification and 
optimization. 

2.5. Design of novel SARS-CoV-2 fusion inhibitors 

The proposed mode analysis indicated that the hit BA-1 fitted well in 
the binding region, where important hydrogen-bond networks were 
observed between the chacotriosyl moiety and the cavity. However, 
there was still some space for further modification to fit better in the 

binding site. On the basis of the proposed mode, we identified a hy-
drophobic region under the aglycone core that is formed by D663, P665, 
V772, D775 and K776 residues. As depicted in Fig. 4, the C-17 position 
of BA-1 seemed well positioned to extend into this pocket but there is no 
chemical structure that can form stable interactions with this region. We 
reasoned that this cavity could be presumably occupied by an alterna-
tive bulky group like an ethyl ester substituent or another type of linear/ 
ring structure to yield better intermolecular interactions to improve 
potency. Here, our strategy was to enhance antiviral activity by 
extending from the 17-position of the aglycone BA to fill the bottom area 
of the binding cavity. At the other side of the molecule, the β-chaco-
triosyl fragment moiety probably needs to be kept since it forms multiple 
hydrogen bonds with S protein. It is noteworthy that most of the pocket 
residues are conserved, which highlights the relevance of this S interface 
pocket for new SARS-CoV-2 fusion inhibitors design. Briefly, we 
attempted to improve potency further by increasing steric bulk to more 
completely occupy this area of the binding pocket and derive additional 
hydrophobic contacts, which resulted in a set of 3-O-β-chacotriosyl BA 
derivatives. 

Fig. 3. (A) Dose-response curves and EC50 of BA-1 on inhibiting the entry of SARS-CoV-2 PsV and VSV-G in 293 T-ACE2 cells. (B) Evaluation on cytotoxicity of BA-1 
in 293 T. (C) BA-1 inhibited pSARS-CoV-2 infection by dose-dependent blocking of S-mediated membrane fusion. 
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2.6. Sars of the BA saponins modified at 28-position 

We focused our SAR campaign on investigating the alkyl groups at 
the C-28 position of BA, to a lesser extent, the linker at the C-17 position. 
Initially, we changed the ester moiety at the C-17 position of BA-1 into 
amide moiety as its bioisosteric surrogates (compound BA-N-1 and BA- 
N-2) to investigate their influence on biological activity. Unexpectedly, 
BA-N-1 and BA-N-2 showed significantly reduced inhibition against 
pSARS-CoV-2 entry relative to BA-1 (Figure S1), presumably due to 
unfavorable conformation. For example, BA-N-1 and BA-N-2 only 
exhibited about 50 % inhibition rate against pSARS-CoV-2 at high 
concentration 20 μM. Thus, further amide modifications incorporated at 
the 17-position of BA were not pursued and we turned attention to the 
ester linker in this study. To identify novel and potent SARS-CoV-2 entry 
inhibitors, we performed a screen of the above two series of 3-O- 
β-chacotriosyl BA derivatives BA-2–BA-16 based on the established 
pseudovirus model of SARS-CoV-2 (S/HIV) under low level containment 
(biosafety level 2) while VSVG/HIV pseudoviral transduction was used 

as a specificity control to exclude inhibitory effect on post-entry for HIV 
infection. As shown in Table 2, the variety of structural modifications 
described herein, especially the incorporation of bulky alkyl or aryl 
substituents, furnished compounds either almost equipotent or more 
potent against pSARS-CoV-2 virus while no effects on VSVG (Figure S2). 
Among these analogs, the 28-n-propyl-substituted analogue BA-4 
showed the strongest inhibition toward pSARS-CoV-2 virus coupled with 
the highest selectivity index (SI = 12.54). 

To continue probing interactions with the potential binding pocket, 
our initial efforts were made by changing the length, size or type of the 
fragments linked by ester group at the C-28 position of BA to fine-tune 
the hydrophobicity effects on the antiviral activities, exampled by the 
analogs BA-2–BA-16. As illustrated in Table 2, the free carboxylic acid 
BA-2 exhibited a significant decrease in potency against pSARS-CoV-2 
relative to BA-1 (EC50 ＞ 20.00 μM), probably due to limited mem-
brane permeability. Careful examination on the chemical structure of 
BA-2 revealed that the carboxylic acid moiety may be responsible for its 
inferior cellular activities, which is known to negatively impact cell 

Fig. 4. Molecular docking of BA-1 to spike protein (PDB: 6VXX). S1 subunit, S2 subunit, and BA-1 were shown as orange ribbon, blue ribbon, magenta sticks, 
respectively. Green dashes in the interaction plot indicating hydrogen bond. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 5. (A) Inhibitions of BA-1 against SARS-CoV-2 PsV and its mutants infections in 293 T-ACE2 cells, including N764A/R765A/Q957A/K964A. (B) Antiviral 
efficacy of BA-1 against SARS-CoV-2 PsV mutants caused by site-directed mutation, including N764A/R765A/Q957A/K964A. 
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membrane permeability. However, ethyl ester BA-3 displayed a slight 
increased potency (EC50 = 3.63 μM) compared to BA-1. These findings 
reveal that the substitutions at the C-28 position of BA may play an 
important role in the drug-target interactions and appropriate C-28 
substitutions are helpful in improving the antiviral potency, especially 
against SARS-CoV-2 virus. Based on the docking analysis, we inferred 
that this cavity could accomodate an alternative larger substituent than 
ethyl group and further chemical optimization at the side chain of BA-1 
probably led to more potent entry inhibitors. This hypothesis gave rise to 
analogs BA-4–BA-8 (Table 2) with improved (BA-4 vs BA-1) or main-
tained inhibitory activities. Notably, augmenting the length and hy-
drophobicity of R substituent with n-propyl group (BA-4) led to 1.5-fold 
enhanced inhibitory activity (EC50 = 3.12 μM) BA-1, rendering com-
pound BA-4 as the most potent candidate against pSARS-CoV-2 entry 
identified in the preliminary SAR optimization attempt. The improve-
ment in potency may be attributed to the fact that the n-propyl group 
(BA-4) can occupy the binding pocket more because of its bigger bulk 
than methyl group to enhance the intermolecular hydrogen and hy-
drophobic interactions with SARS-CoV-2 S (see Fig. 9B). However, an 
increase in the length (BA-5, BA-6 and BA-7) or volume (BA-8) of the 
hydrophobic side chain via the inclusion of a n-butyl, n-pentyl, n-hexyl 
or isopropyl moiety at the 28-position of BA did not lead to more active 
compounds but coupled with different effects on cytotoxicity against 
293 T-ACE2 cells. For example, the replacement of methyl moiety with 
n-butyl group (BA-5) or isopropyl residue (BA-8) resulted in a slight 
drop in antiviral potency while there was concomitant decrease in 
cytotoxicity against 293 T-ACE2 cells. In contrast to compound BA-5, 
the replacement by longer n-pentyl (BA-6) or n-hexyl (BA-7) presented a 
1.7- to 2.5-fold increased toxic while keeping similar anti-SARS-CoV-2 
activities. These data suggest that the side chain length at the C-28 po-
sition of BA is a critical component of both antiviral activity and selec-
tivity index for this chemotype. In additional to these linear alkyl 
residues, the substitution of the methyl group in BA-1 with ring struc-
tures such as a cyclohexyl moiety generated BA-9, and surprisingly, the 
activity observed in pseudoviruses was entirely lost against pSARS-CoV- 
2 (Table 2). This data revealed that the volume size of R subsite was 
limited and this moiety was intolerant to cyclic alkyl chains. Collec-
tively, these results demonstrated that a hydrophobic alkyl side chain 
with a length between 1 and 4 atoms at the position 28 of BA is optimal 
for inhibition against SARS-CoV-2 entry, which seems to accept a short 
and linear structure. 

The encouraging antiviral profiles of compounds with small linear 
alkyl substituents, exampled by BA-3 and BA-4 prompted an examina-
tion of introduction of functional groups into the preferred ethyl or n- 
propyl substituent to form additional potential interactions, exampled 
by the analogs BA-10–BA-16 (Table 2). With the exception of 2′- hy-
droxyl derivative BA-12, these analogs exhibited comparable or slightly 
reduced antiviral activity compared to BA-4, as a result, their potency 
was still potent enough to emphasize the significance of the modification 
of side chains attached to C-28 position of BA. Among this set of de-
rivatives, chlorine derivative BA-10 was more active than the corre-
sponding bromine derivative BA-11 though 2.4-fold decreased potency 
relative to BA-4. However, insertion of a hydroxyl group into ethyl 
moiety (BA-12) led to a total loss of potency, of while oxidic product BA- 
13 could maintain comparable potency to BA-1, supporting the need for 
the general high hydrophobicity required for the side scaffold at the C- 
28 position of BA. To weaken cytotoxic activity, we incorporated in our 
chemical optimization campaign modifications to the preferred BA-4 
based on the conformational constraints strategy, anticipated to 
enhance selectivity index. As shown in Table 2, the incorporation of a 
rigid carbon–carbon double bond (BA-14) led to a 2.6-fold reduced 
potency coupled with remarkably decreased cytotoxicity compared to 
BA-4, thereby displaying a similar SI as BA-4 but superior to BA-1. This 
result implied that the unsaturated fragment was tolerated on the alkyl 
side chain region in this set of SARS-CoV-2 entry inhibitors. In contrast 
to compound BA-14, the cyclized derivative BA-15 suffered a significant 

4.9-fold loss of inhibition against pSARS-CoV-2 probably due to steric 
clashes with S protein, though it displayed reduced cytotoxicity as did 
BA-14. To address this gap, we hypothesized that it was better to 
incorporate the cyclized aromatic group through a flexible linker at the 
C-28 position of BA to form additional interaction with S protein. As 
expected, benzyl ester (BA-16) demonstrated comparable potency to 
BA-4 against pSARS-CoV-2 (EC50 = 3.13 μM) while showing increased 
cytotoxicity. As seen in Fig. S3A, the docking model demonstrated that 
the introduced benzyl moiety was extended to the inside of hydrophobic 
pockets and formed tight Van der Waals interactions with Pro665 and 
Val772 residues, and thus made a good functional ligand–protein 
interaction. In short, these results again emphasize the importance of the 
property, type, and size of the R substituent at the C-28 position of BA for 
exhibiting inhibition against pSARS-CoV-2. 

2.7. Sars of the betulin derivatives 

For better orientation of the tail region of BA-1 into the new hy-
drophobic pocket, we then shifted our focus onto the more flexible ether 
linker moiety at the 17-position of of BA. Firstly, we proceed to inves-
tigate the effect of the 17-COOH of BA on the anti-SARS-CoV-2 activity 
through reduction of the carboxyl group. As depicted in Table 3, the 
betulin saponin BA-17 displayed no potencies in cellular assays as did 
the unsubstituted acid analogue BA-2, supporting the highly hydro-
phobic nature of the potential new SARS-CoV-2-S binding site. Inter-
estingly, further optimization for potencies through oxidation of 
hydroxyl group at the 28 position of BA-17 was achieved in betulini-
caldehyde saponin BA-18 with an EC50 value of 5.12 μM, which indi-
cated the requirement of the hydrophobic properties at the 17 position 
of the aglycone skeleton to maintain highly potent inhibitory activity 
against pSARS-CoV-2. The observation prompted us to examine the 
potential of more hydrophobic modification around the hydroxyl group 
in betulin at the 28 positon. Therefore, a small set of 3-O-β-chacotriosyl 
betulin derivatives BA-19 – BA-21 differing only in the substituent at the 
17 position were picked for the preliminary SARs study. Although a bit 
less potent than the ester analogue BA-1, methyl ether of OH (BA-19) 
induced a markedly increase in inhibitory activity relative to BA-17, 
again highlighting that the enhancement of potency appeared to be 
correlated to the lipophilicity of the substituents at the 17 position. 
Interestingly, the introduction of benzyl group at the 28-position of BA- 
17 yielded compound BA-20 with moderate potency, which was 4.81- 
fold less active than its benzyl ester analogue BA-16. As seen in 
Fig. S3B, reduction of carbonyl group to methylene resulted in more 
flexible conformation of side chain linked at the 28 position, which 
would not stabilize the BA skeleton orientation and make the head 
chacotriosyl moiety shift toward the inside of the binding cavity, thus 
failing to form hydrogen bond with the critical residue Lys964. Since the 
hydrophobic interaction between the side chain and the new hydro-
phobic pocket was critical for increased potency of these SARS-CoV-2 
entry inhibitors, we attempted to enhance the hydrophobic interaction 
by replacing hydroxyl group at the 28 position of BA-17 with one 
chlorine atom to produce BA-21. Surprisingly, BA-21 presented a sub-
stantial increase in SARS-CoV-2 entry inhibitory potency though it 
exhibited poor SI because of high toxic. One possible reason for the 
increased antiviral activity of BA-21 was that the incorporation of 
chlorine atom into the end of the side chain at the 28 position led to a 
greater binding interaction energy with the active pocket in the S pro-
tein, as illustrated in Fig. S3C. This result reinforced the importance of 
the chlorine atom as a versatile design element for lead optimization 
while needing to balance between the potency and cytotoxicity. 

Taken together, through our SARs effort, we discovered that the 
introduction of hydrophobic side chain at the 17 position of the aglycone 
BA was favorable to enhance anti-SARS-CoV-2 activities as a result of 
increased interaction with S. In the present SARs study, the type of linker 
at the 17 position of the aglycone may affect the preferential binding 
conformation between saponins and the S protein, which in turn affects 
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inhibitory potency toward pSARS-CoV-2. Similarly, the intensity of the 
hydrogen bond between the chacotriosyl residue and the binding pocket 
as well as hydrophobic interaction formed by the aglycone with S may 
also change due to the introduction of the different substituent group at 
the 28 position, which will lead to changes in compound activity. In 
addition, the potency change was probably attributed to various factors 
including the length, volume and type of the substituent group at the 28 
position, not just the hydrophobic properties. In general, the substitu-
tion of short and small-volume hydrophobic groups did improve the 
inhibitory effects of these saponins. Among them, BA-4 stood out with 
the most potent antiviral activity in vitro and best selectivity index, 
rendering compound BA-4 as the lead compound against SARS-CoV-2 
entry identified in the SARs optimization attempt. 

2.8. Broad inhibitory activities against Omicron and other variants 

More recently, the emerged Omicron and Delta variants that bear 
multiple mutations in their S proteins have exhibited increased adapt-
ability and transmissibility. The good potencies of representative com-
pounds BA-1 and BA-4 against pSARS-CoV-2 prompted us to examine 
the inhibitory activity of these two saponins against emerging variants 
such as Omicron, Delta, and other variants with N501Y, D614G, E484K, 
or P681H single mutation in their S proteins, respectively. As shown in 
Table 4, the broad antiviral effects of BA-1 and BA-4 against these SARS- 
CoV-2 pseudoviruses containing multiple mutations in S protein were 
observed in micromole levels, implying that these newly developed BA 

saponins are broad-spectrum anti-SARS-CoV-2 agents that can block the 
S-mediated SARS-CoV-2 entry process. Notably, saponins BA-1 and BA- 
4 demonstrated comparable potency against Omicron pseudovirus to 
pSARS-CoV-2 with EC50s of 7.04 μM and 4.66 μM, which was in good 
agreement with the SARs. Briefly, broad and appreciable inhibition of 
viral entry for all pSARS-CoV-2 variants tested, along with good selec-
tivity index, highlights the lead compound BA-4 as a potential antiviral 
candidate for the treatment of Omicron infections. 

2.9. Validation of Omicron s binding 

Given the robust activity of the lead compound BA-4 against Omi-
cron, we used this virus to reveal its mechanism of action and appreciate 
how its anti-SARS-CoV-2 was. To explore whether the findings in the 
present SARS-CoV-2 study could be extended to Omicron, a similar VSV- 
based Omicron S protein-bearing pseudovirus (pv) was firstly used to 
assess the efficacy of BA-4 on virus entry. As shown in Fig. 6A, BA-4 
exhibited a dose-dependent inhibition of Omicron pv infection while no 
inhibition was observed on VSV-G pseudoviral transduction. Moreover, 
it was found that BA-4 showed strong binding affinity to S of Omicron 
variant with a KD value of 0.36 μM based on a SPR assay (Fig. 6B), 
demonstrating that BA-4 could directly target the Omicron S protein to 
block virus entry into hose cells. 

2.10. BA-4 could mediate membrane fusion of viral entry 

Omicron entry into host cells can divided into two major steps: virus 
attachment to host cell receptor and virus-cell membrane fusion. As the 
lead compound BA-4 could inhibit Omicron entry into hose cells by 
targeting S, we further dissected which steps were blocked by BA-4. As 
shown in Fig. 7A, BA-4 displayed little effect on the interaction of 
Omicron S1 subunit with its ACE2 receptor based on a Co- 
Immunoprecipitation (Co-IP) assay, the critical step for recognition 
and attachment of Omicron to host cells for initiation of virus infection, 
suggesting that BA-4 may be acting during Omicron S2 mediated fusion 
stage. Notably, BA-4 was able to interfere with the membrane fusion of 
A549 cells mediated by Omicron S in a concentration-dependent fashion 
(as seen in Fig. 7B), supporting our hypothesis. Interestingly, we found 
that BA-4 bound strongly to the Omicron S2 subunit, displaying a potent 
dose-dependent response, with a much higher KD value of 85.2 pM 
(Fig. 7C) relative to S; no specific binding to Omicron S1 subunit was 

Table 3 
Inhibitory activities of saponins BA-17-BA-21 against infection of 293 T-ACE2 cells by pSARS-CoV-2.  

Compound R EC50
a (μM) CC50 

b(μM) SIc 

BA-17 >20.00 NT NT 

BA-18 5.12 ± 0.31 29.86 ± 0.22 5.83 

BA-19 11.38 ± 1.41 34.18 ± 0.93 3.01 

BA-20 15.07 ± 1.05 96.20 ± 1.88 6.38 

BA-21 3.53 ± 0.18 15.01 ± 0.24 4.25 

Sal-C / 4.06 ± 0.51 >100.00 >24.63  

a The samples were examined in 293 T-ACE2 cells in triplicate. 293 T-ACE2 cells were incubated with test compounds and pSARS-CoV-2, and the concentration of 
test compound resulting in 50 % cell protection was reported as the EC50. Values are the mean of three experiments, presented as the mean ± standard deviation (SD). 
b50% cellular cytotoxicity concentration (CC50). cSI: selectivity index as CC50/EC50. 

Table 4 
Inhibitory activities of BA-1 and BA-4 against Omicron pseudovirus and other 
variants.  

varians 
compds 

EC50
a(μM) 

Omicron Delta N501Y D614G E484K P681H 

BA-1 7.04 ±
0.35 

8.79 ±
0.22 

5.84 ±
0.60 

7.70 ±
0.41 

8.41 ±
0.63 

9.62 ±
0.50 

BA-4 4.66 ±
0.52 

4.25 ±
0.37 

2.73 ±
0.31 

3.01 ±
0.25 

4.75 ±
0.58 

5.19 ±
0.86  

a The samples were examined in 293 T-ACE2 cells in triplicate. 293 T-ACE2 
cells were incubated with test compounds and pSARS-CoV-2, and the concen-
tration of test compound resulting in 50 % cell protection was reported as the 
EC50. 
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found for BA-4 in the parallel experiment (Fig. 7D). Taken together, 
these results revealed that the lead compound BA-4 had a specific af-
finity to S2, and thus interfered with the viral and cell membrane fusion, 
by which Omicron entry into host cells could be blocked. 

2.11. BA-4 could target the prefusion state during viral-host fusion 

Receptor engagement by RBD will induce conformation change of 
Omicron S2 subunit from the pre-fusion state to a post-fusion trimer-of- 
hairpins conformation to result in viral membrane fusion, where the 6- 
HB structure formed by HR1 and HR2 regions in the S2 subunit has been 
identified as a critical element of the trimer-of-hairpins [18]. For a better 
understanding of possible mechanism during the fusion of Omicron with 
cellular membranes treated by BA-4, we determined the biophysical 
change of 6-HB by using circular-dichroism (CD) spectroscopy as 
described before [23]. Unlike Sal-C that can target the 6-HB of SARS- 
CoV-2 (Figure S4), BA-4 had negligible effect on inhibiting viral 6-HB 
formation (Fig. 8), demonstrating that BA-4 exerted potent inhibitory 
effect on Omicron-cell membrane fusion by the different action mech-
anism from Sal-C. Based on these data, we speculated that a further anti- 
Omicron mechanism of BA-4 might be the maintaining S protein in the 
pre-fusion step during the fusion of virus particle into host cells to inhibit 
Omicron entry. 

To investigate the potential binding mode of our new compounds, 
selected BA-4 was docked into Omicron S (PDB code: 7TF8) that is 
physically blocked in the pre-fusion state. As depicted in Fig. 9A, at the 
head region, stable hydrogen bonds between the β-chacotriosyl moiety 
and Lys964, Thr761, Arg765, Thr302, Glu309 as well as Leu303 are 
formed to create a critical interaction with the Omicron S protein, which 
is conducive to stabilizing the pre-fusion state of S to prevent its 
conformational rearrangements. In the center of the binding pocket, BA 
aglycone makes multiple Van der Waals interactions with Arg765, 
Val772, Pro665 and Ile312 residues, which is helpful in maintaining the 
active conformation of BA-4. In the underpart region, the n-propyl side 
chain at the 28 position of BA forms additional hydrophobic contacts 
with Lys310, validating that extension of methyl side chain in BA-1 is 
contributing positively to binding with S. Consistent well with this 
result, BA-4 adopts the similar binding mode with SARS-CoV-2 S 
(Fig. 9B), suggesting that there is a general similarity between the 
structure of the SARS-CoV-2 S binding pocket and that of other variants 
bearing S mutants. While a hydrophobic interaction between Lys310 in 
the binding cacity and the n-propyl residue appears to be weakened, 
both chacotriosyl moiety and BA skeleton of BA-4 are able to be 
involved in multiple similar interactions with Lys964, Leu303, and other 
residues in this corresponding hydrophobic pocket as that with Omicron 

S. Thus, we hypothesize that the observed broad inhibition against 
pSARS-CoV-2 Omicron and other variants maybe results from the 
similar binding mode in this region with corresponding S protein. Taken 
together, the high conservation of residues located in this binding cavity 
among different SARS-CoV-2 strains, makes this cavity an ideal target 
for designing novel SARS-CoV-2 fusion inhibitors that can disrupt the 
the viral and cell membrane fusion to display broad antiviral activities. 

2.12. Site-specific mutation of Omicron-S supports s binding as blocking 
inhibition of viral entry 

Based on the CD spectroscopy and docking analysis, the potential 
mechanism of antiviral activity of the lead compound BA-4 against 
SARS-CoV-2 is more intriguing as BA-4-binding site is physically 
blocked in the Omicron-S prefusion state. We next used the single amino 
acid mutagenesis of pOmicron S to confirm our hypothesis, where the 
representative residues K964 and R765 in the fusion loop of conserved 
S2 subunit were evaluated. When compared to WT Omicron, pOmicron 
S mutant K964A caused a right shift and an over 2.5-fold loss of potency 
in response to BA-4 (Fig. 10A). Similarly, the pOmicron S mutant R765A 
showed only a modest right shift of the dose–response curve, possibly 
due to weaker hydrogen bond between R765 and S relative to K964 as 
seen in Fig. 9A. Furthermore, the similar trend of the response to BA-1 in 
the pOmicron S mutant K964A or R765A was observed (Fig. 10B). The 
SARs and docking, supported by the mutagenesis studies, confirmed the 
binding of BA-4 to the site near the key residue K964 in the binding 
cavity between the attachment (S1) and fusion (S2) subunits. 

2.13. Compound BA-4 exhibited promising liver microsomes, intestinal 
S9-UDPGA and stability in mouse plasma 

Given that the lead compound BA-4 displayed braod and promising 
anti-SARS-CoV-2 activities in vitro, we further evaluated the stability of 
BA-4 in vitro metabolic stability in mouse liver, mouse intestinal S9- 
UDPGA and in mouse plasma, respectively. First, we evaluated the 
metabolic stability of BA-4 in a mouse liver microsomes assay while 
propafenone with moderate metabolic stability was used as the control 
compound. As depicted in Table 5, compound BA-4 displayed accept-
able metabolic stability with a half-life value of 16.1 min in mouse liver 
microsomes, which was superior to 6.8 min of propafenone. Meanwhile, 
BA-4 also exhibited reasonable clearance rates with the intrinsic clear-
ance (CL) value of 59.3 μL/min/mg, which was 4-fold lowe than that of 
propafenone in the same assay (CL = 201.6 μL/min/mg). In addition, 
the stability of BA-4 in mouse intestinal S9-UDPGA was also evaluated 
where clozapine was tested for comparison. Notably, 35 showed 

Fig. 6. (A) Dose-response curves and EC50 of BA-4 on inhibiting the entry of Omicron and VSV-G in 293 T-ACE2 cells. (B) SPR analysis of the interaction between BA- 
4 with Omicron S-trimer. 
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promising stability in mouse intestinal S9-UDPGA with higher half-life 
values of 77.8 min and lower CL value of 14.1 μL/min/mg compared 
to that of microsomal stability, though was inferior to those of clozapine. 

Then we examined the stability of BA-4 in mouse plasma using 
propantheline bromide as a reference. As shown in Table 6, BA-4 
exhibited moderate stability in mouse plasma, displaying an approxi-
mately 50 % compound retention after 120 min incubation, which was 
superior to that of the reference propantheline bromide. Collectively, 
these results reveal that the lead compound BA-4 possesses acceptable 

metabolic stability in mouse liver microsomes and stability in mouse 
plasma as well as reasonable S9-UDPGA, which meets the basic re-
quirements of ADMET. 

3. Conclusions 

This study presented here discovered a hit compound BA-1 that 
showed good inhibition against infectious and pseudotyped SARS-CoV-2 
virus by directly targeting the S protein. Based on the structure BA-1, 

Fig. 7. (A) With addition of BA-4 (20 uM), Co-IP assays showed no affection of the binding of SARS-CoV-2 S protein and ACE2 (anti-Flag). (B) BA-4 inhibited SARS- 
CoV-2 Omicron mutant infection via blocking Omicron protein-mediated membrane fusion. (C) SPR analysis of the interaction between BA-4 with Omicron S2. (D) 
SPR analysis of the interaction between BA-4 with Omicron S1. 
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rational drug design and subsequent chemical optimization resulted in 
the development of the lead compound BA-4, as a novel Omicron fusion 
inhibitor. Utilizing the SPR assay, CD spectroscopy, docking and muta-
genesis studies, we confirmed that the anti-Omicron mechanism of BA-4 
was through directly binding to the S protein, which was capable of 
stabilizing S in the pre-fusion step to block Omicron entry into host cells. 
Moreover, the lead compound BA-4 was found to have a broad-spectrum 
entry inhibition against all SARS-CoV-2 variants tested and display 
favorable SI values. Overall, BA-4 represents a novel and potent Omi-
cron fusion inhibitor and justifies further development as a potential 
candidate for treatment of SARS-CoV-2 infections. 

4. Experimental 

4.1. Chemistry 

Solvents were purified in a conventional manner. Thin layer chro-
matography (TLC) was performed on precoated E. Merck silica gel 60 
F254 plates. Flash column chromatography was performed on silica gel 
(200–300 mesh, Qingdao, China). 1H NMR and 13C NMR spectra were 
taken on a JEOL JNM-ECP 600 spectrometer with tetramethylsilane as 
an internal standard, and chemical shifts are recorded in ppm values. 
Mass spectra were recorded on a Q-TOF Global mass spectrometer. 

Fig. 8. The CD curve of the SARS-CoV Omicron HR1P/HR2P complex (purple) shows a characteristic α-helix spectrum with a minimum at 208 or 222 nm. The 
secondary structure of 6-HB in the HR1P/HR2P mixture was unaffected by the addition of BA-4 (20 µM), as shown by the purple and red models. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. (A) Molecular docking of BA-4 to Omicron 
spike protein (PDB: 7TF8). S1 subunit, S2 subunit, and 
BA-4 were shown as magenta ribbon, purple ribbon, 
orange sticks, respectively. Yellow dashes in the 
interaction plot indicating hydrogen bond. Red dashes 
in the interaction plot indicating hydrophobic inter-
action. (B) Molecular docking of BA-4 to spike protein 
(PDB: 6VXX). S1 subunit, S2 subunit, and BA-4 were 
shown as orange ribbon, blue ribbon, green sticks, 
respectively. Yellow dashes in the interaction plot 
indicating hydrogen bond. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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4.1.1. 28-(Benzyloxy)-3β-acetoxy-lup-20 (29)-ene-3-ol (10) 
To a solution of 9 (3.00 g, 6.19 mmol), benzyl 2, 2, 2-trichloroaceti-

midate (3.42 g, 13.62 mmol) and 4 Å molecular sieves in dry CH2Cl2 (50 
mL) was added TfOH (0.14 g, 0.93 mmol) at − 10 ℃ under N2 atmo-
sphere. The reaction mixture was kept at − 10 ◦C for 2 h and warmed to 
room temperature for 1 h. After the reaction was complete detected by 
TLC, triethylamine was added to quench the reaction. The mixture was 
filtered and the filtrate was concentrated under reduced pressure. The 
residue was purified by silica gel column chromatography (petroleum-
ether-EtOAc-CH2Cl2, 30:1:1) to yield 10 (3.16 g, 89 %) as a white solid. 
1H NMR (600 MHz, CDCl3): δ 7.45–7.20 (m, 5H, Ar-H), 4.64 (s, 1H, C =
CH2-1), 4.56 (s, 2H, Ar-CH2), 4.48 (s, 1H, C = CH2-2), 3.51 (d, 1H, J =
8.9 Hz), 3.09 (d, 1H, J = 8.9 Hz), 2.35 (td, 1H, J = 10.6, 5.6 Hz), 2.03 (s, 
3H, COCH3), 1.66 (s, 3H, CH3), 0.94 (s, 6H, 2 × CH3), 0.84 (s, 9H, 3 ×
CH3), 0.79 (d, 1H, J = 9.5 Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 
171.14, 150.85 (C-20), 139.13, 128.43 (two), 127.67 (two), 127.56, 
109.64 (C-29), 81.07, 73.50, 68.15, 55.47, 50.38, 48.94, 48.10, 47.38, 
42.71, 40.96, 38.47, 37.91, 37.54, 37.16, 34.98, 34.21, 30.10, 30.05, 
28.07, 27.22, 25.25, 23.81, 21.44, 20.94, 19.18, 18.31, 16.62, 16.27, 
15.89, 14.86. HRMS (ESI) m/z: calcd for C39H59O3 [M + H]+, 575.4464; 
found, 575.4478. 

4.1.2. 28-(Benzyloxy)-3β-hydroxy-lup-20 (29)-ene-3-ol (11) 
To a solution of 10 (3.16 g, 5.50 mmol) and LiOH (2.87 g, 0.12 

mmol) in THF-MeOH-H2O (90 mL) and then the reaction mixture was 
stirred at 50 ℃ for 12 h. After the reaction was complete detected by 
TLC, 1 M HCl was added to adjust pH = 7. The mixture was concentrated 
in vacuo. The residue was dissolved in EtOAc (150 mL), then extracted 
with water (3 × 50 mL) and brine (3 × 50 mL). The combined organic 
layer was concentrated under vacuum after drying over Na2SO4. The 
resulting crude was then purified by column chromatography (CH2Cl2- 
MeOH, 30:1) to give 11 (2.1 g, 72 %) as a white solid. 1H NMR (600 
MHz, CDCl3): δ 7.37–7.31 (m, 5H, Ar-H), 4.64 (s, 1H, C = CH2-1), 4.55 
(s, 2H, Ar-CH2), 4.48 (s, 1H, C = CH2-2), 3.51 (d, 1H, J = 8.9 Hz), 3.09 
(d, 1H, J = 8.9 Hz), 2.35 (td, 1H, J = 10.7, 5.6 Hz), 1.66 (s, 3H, CH3), 
0.96, 0.94, 0.84, 0.79, 0.75 (each s, each 3H, CH3), 0.66 (d, 1H, J = 9.4 
Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 150.85 (C-20), 139.11, 128.43 
(two), 127.67 (two), 127.56, 109.61 (C-29), 79.07, 73.50, 68.14, 55.38, 
50.47, 48.96, 48.07, 47.38, 42.71, 40.94, 38.97, 38.79, 37.55, 37.24, 
34.98, 34.28, 30.11, 30.06, 28.11, 27.50, 27.23, 25.29, 20.92, 19.20, 
18.43, 16.20, 15.89, 15.49, 14.89. HRMS (MALDI) m/z: calcd for 
C37H56O2Na [M + Na]+, 555.4178; found, 555.4192. 

4.1.3. General procedure for 13 and 14 
To a solution of 8 or 11 (1 eq), 2, 3, 4, 6-tetra-O-benzoyl-D-gluco-

pyranosyl trichloroacetimidate 12 (1.5 eq) and 4 Å molecular sieves in 
dry CH2Cl2 (30 mL) was added TMSOTf (0.15 eq) at − 5 ℃ under N2 
atmosphere. The reaction mixture was kept at − 5 ◦C for 0.5 h and then 
warmed to room temperature for 1 h. After the reaction was complete 
detected by TLC, the reaction was quenched with trimethylamine. The 
mixture was filtered and the filtrate was concentrated under vacuum. 
Then the residue was purified by silica gel column chromatography 
(petroleumether-EtOAc-CH2Cl2, 8:1:1) to produce 13 or 14 as a white 
solid, respectively. 

4.1.3.1. Benzyl-3β-O-(2, 3, 4, 6-tetra-O-benzoyl-β-d-glucopyranosyl)-lup- 
20 (29)-ene-28-oic acid (13). Compound 13 was obtained as a white 
solid. 1H NMR (600 MHz, CDCl3): δ 7.95–7.65 (m, 15H, Ar-H), 
7.46–7.09 (m, 10H, Ar-H), 5.77 (t, 1H, J = 9.7 Hz, H-3′), 5.45 (t, 1H, 
J = 9.5 Hz, H-4′), 5.00 (d, 1H, J = 12.2 Hz, Ar-CH2-1), 4.95 (d, 1H, J =
12.3 Hz, Ar-CH2-2), 4.72 (s, 1H, C = CH2-1), 4.70 (s, 1H, C = CH2-2), 
4.64–4.59 (m, 1H, H-1′), 4.51–4.48 (m, 1H, H-2′), 4.46 (dd, 1H, J =
11.9, 3.4 Hz, H-6′-1), 4.40 (dd, 1H, J = 11.9, 6.6 Hz, H-6′-2), 4.06–3.96 
(m, 1H, H-5′), 2.92 (dd, 1H, J = 11.7, 4.5 Hz, H-3), 2.13 (d, 1H, J = 12.4 
Hz), 1.57, 0.77, 0.59, 0.56, 0.52, 0.47 (each s, each 3H, CH3), 0.40 (d, 
1H, J = 9.7 Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 175.85 (C-28), 
166.12, 165.96, 165.40, 165.11, 150.69 (C-20), 136.53, 133.56, 133.32, 
133.18, 130.16, 129.93 (two), 129.84 (four), 129.82 (three), 129.74, 
129.66, 129.47, 128.91, 128.85, 128.58 (three), 128.52 (two), 128.47 
(three), 128.37 (two), 128.34 (three), 128.16 (two), 109.64 (C-29), 
103.31 (C-1′), 90.81, 73.05, 72.22, 72.05, 70.37, 65.83, 63.52, 56.62, 

Fig. 10. (A) Inhibitions of BA-4 against SARS-CoV-2 PsV mutants caused by site-directed mutation, including R765A, K964A. (B) Inhibitions of BA-1 against SARS- 
CoV-2 PsV mutants caused by site-directed mutation, including R765A, K964A. 

Table 5 
Metabolic stability in the presence of mouse liver microsomes and stability in the 
intestinal S9-UDPGA of BA-4.  

compd mouse liver microsomes mouse S9-UDPGA 

T1/2
a 

(min) 
CLint(mic)

b 

(μL/min/mg) 
T1/2

a 

(min) 
CLint(in vitro)b 

(μL/min/mg) 

BA-4 16.1 59.3 77.8 14.1 
propafenone 6.8 201.6 / / 
clozapine / / >145 <6.8  

a T1/2 is the half-life and CLint (mic) is the intrinsic clearance. bCLint (mic) =

0.693/half-life/mg microsome protein per milliliter. 

Table 6 
Stability of compound BA-4 in mouse plasma.  

incubation time 
(min) 

BA-4 remained Propantheline bromide remained 
mouse plasma (%) mouse plasma (%) 

0 100 100 
30 73.6 45.5 
60 61.3 18.2 
90 53.4 10.3 
120 47.5 2.0  
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55.65, 50.61, 49.52, 46.97, 42.41, 40.68, 38.93, 38.67, 38.23, 37.03, 
36.86, 34.30, 32.19, 30.71, 29.60, 27.58, 26.06, 25.63, 20.92, 19.60, 
18.12, 16.11, 16.06, 15.87, 14.69. HRMS (ESI) m/z: calcd for C71H81O12 
[M + H]+, 1125.5728; found, 1125.5750. 

4.1.3.2. 28-(Benzyloxy)-3β-O-(2, 3, 4, 6-tetra-O-benzoyl-β-d-glucopyr-
anosyl)-lup-20 (29)-ene-3-ol (14). Compound 14 was obtained as a 
white solid. 1H NMR (600 MHz, CDCl3): δ 8.05–7.80 (m, 10H, Ar-H), 
7.56–7.22 (m, 15H, Ar-H), 5.91 (t, 1H, J = 9.9, H-3′), 5.56 (t, 1H, J =
10.1 Hz, H-4′), 4.86 (s, 1H, C = CH2-1), 4.84 (s, 1H, C = CH2-2), 
4.68–4.63 (m, 1H, H-1′), 4.62–4.56 (m, 3H, H-2′, Ar-CH2), 4.58–4.49 
(m, 1H, H-6′-1), 4.50–4.42 (m, 1H, H-6′-2), 4.19–4.10 (m, 1H, H-5′), 
3.49 (d, 2H, J = 8.9 Hz, C-CH2), 3.07 (dd, 1H, J = 11.2, 6.6 Hz, H-3), 
2.40–2.31 (m, 1H), 1.69, 0.90, 0.78, 0.72, 0.67, 0.61 (each s, each 3H, 
CH3), 0.54 (d, 1H, J = 10.1 Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 
166.05, 165.90, 165.34, 165.06, 150.76 (C-20), 138.98, 133.48, 133.24, 
133.10, 133.08, 129.87 (two), 129.78 (four), 129.75 (three), 129.71, 
129.44, 128.88, 128.82, 128.45 (two), 128.38 (three), 128.32 (four), 
127.56 (three), 127.47, 109.49 (C-29), 103.26 (C-1′), 90.70, 73.40, 
73.01, 72.19, 72.01, 70.33, 68.02, 63.46, 55.54, 50.36, 48.86, 47.92, 
47.28, 42.56, 40.80, 38.87, 38.59, 37.41, 36.76, 34.89, 34.12, 30.01, 
27.52, 27.09, 25.99, 25.21, 20.79, 19.20, 18.06, 15.98 (two), 15.74, 
14.72. HRMS (ESI) m/z: calcd for C71H81O11 [M + H]+, 1111.5935; 
found, 1111.5947. 

4.1.4. Benzyl 3β-O-(D-glucopyranosyl)-lup-20 (29)-ene-28-oic acid (15) 
To a stirred solution of compound 13 (12.11 g, 10.7 mmol) in CH2Cl2 

(60 mL) and MeOH (60 mL), CH3ONa was added until pH = 10. Stirring 
was continued overnight at room temperature. Then, the mixture was 
neutralized with Dowex 50 × 8 (H+) resin until pH = 7, filtered and then 
evaporated to remove excess solvent under vacuum. The residue was 
purified by silica gel column chromatography (CH2Cl2-MeOH, 10:1) to 
give 15 (7.05 g, 92 %) as a white solid. 1H NMR (600 MHz, CD3OD): δ 
7.42–7.29 (m, 5H, Ar-H), 5.16 (d, 1H, J = 12.1 Hz, Ar-CH2-1), 5.08 (d, 
1H, J = 12.1 Hz, Ar-CH2-2), 4.70 (s, 1H, C = CH2-1), 4.59 (s, 1H, C =
CH2-2), 4.30 (d, 1H, J = 7.8 Hz, H-1′), 3.90 (s, 1H), 3.83 (dd, 1H, J =
11.9, 2.3 Hz, H-6′-1), 3.67 (dd, 1H, J = 11.9, 5.2 Hz, H-6′-2), 3.38–3.27 
(m, 1H, H-5), 3.19–3.09 (m, 1H), 3.07–2.96 (m, 1H, H-3), 2.28–2.21 (m, 
2H), 1.68, 1.02, 0.97, 0.83, 0.82, 0.74 (each s, each 3H, CH3), 0.71 (d, 
1H, J = 9.7 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 177.06 (C-28), 
151.67 (C-20), 137.90, 129.61 (two), 129.54 (two), 129.23, 110.40 (C- 
29), 106.73 (C-1′), 90.73, 78.18, 77.58, 75.57, 71.50, 66.80, 62.71, 
57.77, 57.09, 51.90, 50.60, 48.44, 43.49, 41.88, 40.25, 39.55, 38.00, 
37.88, 35.53, 33.13, 31.62, 30.69, 28.43, 27.64, 27.61, 27.16, 26.82, 
22.06, 19.65, 19.26, 16.86, 16.62, 15.22. HRMS (ESI) m/z: calcd for 
C43H65O8 [M + H]+, 709.4679; found, 709.4691. 

4.1.5. 28-(Benzyloxy)-3β-O-(d-glucopyranosyl)-lup-20 (29)-ene-3-ol (16) 
Compound 16 was obtained from 14 as a white solid using the 

similar method as 15. 1H NMR (600 MHz, CD3OD): δ 7.32–7.00 (m, 5H, 
Ar-H), 4.60 (s, 1H, C = CH2-1), 4.50 (s, 1H, C = CH2-2), 4.34 (dd, 1H, J 
= 12.3, 6.8 Hz, H-6′-1), 4.24 (d, 1H, J = 7.7 Hz, H-1′), 3.90–3.72 (m, 1H, 
H-6′-2), 3.67–3.40 (m, 2H), 3.21–3.04 (m, 6H), 1.92 (s, 2H), 1.60 (s, 3H, 
CH3), 0.97 (s, 6H, 2 × CH3), 0.76 (s, 9H, 3 × CH3), 0.65 (d, 1H, J = 10.0 
Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 150.38 (C-20), 138.82, 128.04 
(two), 127.60 (two), 127.57, 108.98 (C-29), 105.36 (C-1′), 89.38, 76.86, 
76.23, 74.25, 72.97, 70.19, 67.69, 67.53, 61.40, 55.68, 50.38, 48.74, 
42.33, 40.69, 38.90, 38.62, 37.43, 36.61, 34.07, 33.92, 29.83, 29.66, 
27.10, 26.91, 25.82, 25.17, 20.62, 17.93, 15.53, 15.48, 15.22, 14.02. 
HRMS (MALDI) m/z: calcd for C43H66O7Na [M + Na]+, 717.4706; 
found, 717.4732. 

4.1.6. General procedure for 17 and 18 
To a stirred solution of 15 or 16 (1.00 mmol) in 30 mL of dry pyridine 

and CH2Cl2 (V: V = 1: 1), PivCl (5.00 mmol) was added slowly to the 

mixture at − 15 ℃ under argon atmosphere. Stirring was continued for 
12 h at that temperature and then the reaction was quenched with 
CH3OH. Excess solvent was removed in vacuo. The residue was extracted 
with dichloromethane and washed with saturated NaHCO3 solution and 
brine. The organic layer was dried over Na2SO4 and concentrated under 
vacuum to furnish a crude product that was further purified by column 
chromatography (petroleumether-EtOAc-CH2Cl2, 8:1:1) to produce 17 
or 18, respectively. 

4.1.6.1. Benzyl-3β-O-(3, 6-di-O-pivaloyl-β-d-glucopyranosyl)-lup-20 (29)- 
ene-28-oic acid (17). Compound 17 was obtained in 84 % yield as white 
solid. 1H NMR (600 MHz, CDCl3): δ 7.39–7.28 (m, 5H, Ar-H), 5.14 (d, 
1H, J = 12.3 Hz, Ar-CH2-1), 5.08 (d, 1H, J = 12.3 Hz, Ar-CH2-2), 
4.91–4.81 (m, 1H), 4.72 (s, 1H, C = CH2-1), 4.60 (s, 1H, C = CH2-2), 
4.45 (dd, 1H, J = 11.8, 2.2 Hz, H-6′-1), 4.39 (d, 1H, J = 7.8 Hz, H-1′), 
4.18 (dd, 1H, J = 12.0, 7.2 Hz, H-6′-2), 3.62–3.50 (m, 1H, H-5′), 3.45 (t, 
1H, J = 9.4 Hz), 3.12 (dd, 1H, J = 11.9, 4.5 Hz), 3.03 (dd, 1H, J = 10.9, 
4.4 Hz, H-3), 2.27 (d, 2H, J = 12.3 Hz), 1.68 (s, 3H, CH3), 1.24 (s, 9H, C 
(CH3)3), 1.20 (s, 9H, C(CH3)3), 0.96, 0.93, 0.79, 0.78, 0.74 (each s, each 
3H, CH3), 0.66 (d, 1H, J = 9.2 Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 
180.42, 178.72 (C-28), 175.92, 150.78 (C-20), 136.57, 128.61 (two), 
128.36 (two), 128.18, 109.67 (C-29), 104.84 (C-1′), 90.54, 78.07, 74.21, 
72.76, 70.26, 65.86, 63.93, 56.67, 55.72, 50.61, 49.55, 47.04, 42.47, 
40.76, 39.17, 38.70, 38.26, 36.99, 34.34, 32.21, 30.72, 29.66, 28.29, 
27.20 (two), 26.06, 25.65, 20.98, 19.54, 18.27, 16.59, 16.21, 15.94, 
14.74. HRMS (ESI) m/z: calcd for C53H81O10 [M + H] +, 877.5830; 
found, 877.5862. 

4.1.6.2. 28-(Benzyloxy)-3β-O-(3, 6-di-O-pivaloyl-β-d-glucopyranosyl)- 
lup-20 (29)-ene-3-ol (18). Compound 18 was obtained as a white solid. 
1H NMR (600 MHz, CDCl3): δ 7.41–7.18 (m, 5H, Ar-H), 4.89–4.87 (m, 
1H), 4.65 (d, 1H, J = 2.5 Hz), 4.61–4.52 (m, 2H, C = CH2), 4.47 (d, 1H, J 
= 6.1 Hz), 4.47–4.41 (m, 1H), 4.40 (d, 1H, J = 7.8 Hz, H-1′), 4.18 (dd, 
1H, J = 11.8, 7.2 Hz, H-6′-1), 3.62–3.40 (m, 4H), 3.17–3.06 (m, 1H, H- 
3), 2.39 (d, 1H, J = 12.9 Hz), 1.67 (s, 3H, CH3), 1.24 (s, 9H, C(CH3)3), 
1.20 (s, 9H, C(CH3)3), 0.97, 0.93, 0.83 (each s, each 3H, CH3), 0.80 (s, 
6H, 2 × CH3), 0.67 (d, 1H, J = 10.0 Hz, H-5); 13C NMR (151 MHz, 
CDCl3): δ 180.29, 178.62, 150.83 (C-20), 138.99, 128.33 (two), 127.56 
(two), 127.47, 109.47 (C-29), 104.73 (C-1′), 90.38, 77.95, 74.12, 73.39, 
72.70, 70.14, 68.01, 63.83, 55.56, 50.32, 48.86, 47.96, 47.29, 42.58, 
40.84, 39.07 (two), 38.84, 38.57, 37.42, 36.85, 34.12, 29.99, 28.18, 
27.17 (four), 27.10 (five), 25.95, 25.19, 20.81, 19.14, 18.18, 16.48, 
16.04, 15.78, 14.73. HRMS (ESI) m/z: calcd for C53H83O9 [M + H] +, 
863.6037; found, 863.6051. 

4.1.7. General procedure for BA-16 and BA-20 
To a mixture of 17 or 18 (1.0 mmol) and 4 Å molecular sieves in 

dried CH2Cl2 (20 mL) at − 40 ◦C under argon was added TMSOTf (0.20 
mmol), followed by a solution of the 2, 3, 4-tri-O-acetyl-L-rhamnopyr-
anosyl trichloroacetimidate 19 (5.00 mmol) in dry CH2Cl2 (5 mL). After 
stirring at − 40 ◦C for 3 h, the reaction mixture was warmed to 0 ◦C and 
stirred for 5 h under argon. After the reaction was complete detected by 
TLC, the reaction was quenched with Et3N. The solid was filtered, and 
the filtrate was concentrated in reduced pressure and then purified by 
column chromatography (petroleum ether-EtOAc, 1:1) to afford the 
crude trisaccharide product. Subsequently, to a stirred solution of this 
crude product in 20 mL THF and CH3OH (V:V = 1:1), 4 M NaOH (10 mL) 
was added. After stirred at 45 ◦C for 10 h, 1 M HCl was added to adjust 
pH = 7. The resulting precipitate was filtered off and washed with 
CH3OH, and then concentrated under vacuum. The obtained crude 
product was further purified by column chromatography, eluting with 
CH2Cl2/CH3OH mixtures, with gradient from 8:1 to 4:1, to furnish the 
target compound BA-16 or BA-20, respectively. 
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4.1.7.1. Benzyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-16). Compound BA-16 was 
obtained as a white powder. 1H NMR (600 MHz, CD3OD): δ 7.42–7.30 
(m, 5H, Ar-H), 5.35 (d, 1H, J = 1.7 Hz, Rha-H-1), 5.17 (d, 1H, J = 12.1 
Hz, Ar-CH2-1), 5.09 (d, 1H, J = 12.1 Hz, Ar-CH2-2), 4.82 (d, 1H, J = 1.1 
Hz, Rha-H-1), 4.70 (s, 1H, C = CH2-1), 4.60 (s, 1H, C = CH2-2), 4.41 (d, 
1H, J = 7.7 Hz, H-1′), 4.11 (s, 1H), 4.03–3.93 (m, 2H), 3.92–3.90 (m, 
2H), 3.90–3.79 (m, 1H, H-5′), 3.75 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 
3.68 (d, 1H, J = 3.7 Hz), 3.63 (dd, 1H, J = 9.6, 3.2 Hz, Rha-H-3), 
3.57–3.53 (m, 2H), 3.48–3.33 (m, 2H), 3.34–3.25 (m, 2H), 3.12 (dd, 
1H, J = 11.7, 4.4 Hz, H-3), 3.05–2.96 (m, 1H), 2.29–2.35 (m, 1H), 1.68 
(s, 3H, CH3), 1.27 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.21 (d, 3H, J = 6.2 Hz, 
Rha-H-6), 1.02 (s, 3H, CH3), 0.97 (s, 3H, CH3), 0.83 (s, 6H, 2 × CH3), 
0.74 (s, 3H, CH3), 0.70 (d, 1H, J = 9.8 Hz, H-5); 13C NMR (151 MHz, 
CD3OD): δ 177.16 (C-28), 151.71 (C-20), 137.88, 130.21, 129.93, 
129.61 (two), 129.55 (two), 129.25, 110.37 (C-29), 105.48 (C-1′), 
103.02 (Rha-C-1), 101.98 (Rha-C-1), 90.40, 80.29, 79.19, 78.10, 76.40, 
73.91, 73.66, 72.41, 72.10, 71.97, 70.72, 69.99, 66.83, 61.94, 57.80, 
57.39, 51.96, 50.62, 47.81, 43.49, 41.89, 40.32, 39.58, 38.01, 37.87, 
35.53, 33.12, 31.62, 30.68, 28.39, 27.35, 26.85, 22.05, 19.61, 19.24, 
18.03, 17.90, 16.99, 16.92, 16.59, 15.18. HRMS (ESI) m/z: calcd for 
C55H84O16Na [M + Na]+, 1023.5657; found, 1023.5623. 

4.1.7.2. 28-(Benzyloxy)-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glu-
copyranosyl]-lup-20 (29)-ene-3-ol (BA-20). Compound BA-20 was ob-
tained as a white powder. 1H NMR (600 MHz, CD3OD): δ 7.39–7.21 (m, 
5H, Ar-H), 5.37 (d, J = 1.7 Hz, 1H, Rha-H-1), 4.86 (d, 1H, J = 1.1 Hz, 
Rha-H-1), 4.72 (s, 1H, C = CH2-1), 4.66 (s, 1H, C = CH2-2), 4.58 (d, 2H, 
J = 12.5 Hz, Ar-CH2), 4.43 (d, 1H, J = 7.9 Hz, H-1′), 4.40 (d, 1H, J = 2.3 
Hz), 4.01–3.93 (m, 2H), 3.95–3.87 (m, 1H, H-5′), 3.84 (t, 1H, J = 9.4 Hz, 
Rha-H-4), 3.76 (dd, 1H, J = 9.7, 3.5 Hz, Rha-H-3), 3.66 (dd, 1H, J = 9.7, 
3.6 Hz, Rha-H-3), 3.66–3.58 (m, 3H), 3.60–3.48 (m, 3H), 3.48–3.35 (m, 
3H), 3.15–3.09 (m, 1H, H-3), 2.45–2.33 (m, 2H), 1.98 (s, 1H), 1.67 (s, 
3H, CH3), 1.26 (d, 3H, J = 6.3 Hz, Rha-H-6), 1.21 (d, 3H, J = 6.2 Hz, 
Rha-H-6), 1.02 (s, 3H, CH3), 0.96 (s, 3H, CH3), 0.83 (s, 6H, 2 × CH3), 
0.82 (s, 3H, CH3), 0.70 (d, 1H, J = 9.5 Hz, H-5); 13C NMR (151 MHz, 
CD3OD): δ 150.40 (C-20), 138.78, 128.03 (two), 127.66 (two), 127.31, 
108.92 (C-29), 104.10 (C-1′), 101.60 (Rha-C-1), 100.55 (Rha-C-1), 
94.36, 89.03, 78.91, 77.83, 76.72, 75.03, 72.92, 72.83, 72.53, 72.29, 
71.05, 70.74, 70.62, 69.33, 68.61, 67.82, 67.43, 60.56, 55.95, 50.43, 
42.29, 40.67, 38.96, 38.89, 37.42, 36.59, 34.51, 34.02, 29.75, 29.60, 
27.02, 26.87, 25.98, 25.16, 20.57, 18.07, 17.88, 16.75, 16.65, 16.53, 
15.63, 15.50, 15.11, 13.93. HRMS (MALDI) m/z: calcd for C55H86O15Na 
[M + Na]+, 1009.5864; found, 1009.5882. 

4.1.8. General procedure for BA-2 and BA-17 
To a stirred solution of BA-16 or BA-20 (1.00 mmol) in 20 mL of dry 

methanol and tetrahydrofuran (V: V = 1:1), 10 % Pd/C (100 mg) was 
added at r.t. under argon atmosphere. Then the solution was stirred at 
room temperature for 12 h under hydrogen atmosphere. The mixture 
was filtered and concentrated under reduced pressure. The resultant 
crude material was purified by column chromatography (CH2Cl2- 
CH3OH, 5:1) to afford the title compound BA-2 or BA-17 as a white 
solid, respectively. 

4.1.8.1. 3β-O-[2, 4-Di-O-(α-l-Rhamnopyranosyl)-β-d-glucopyranosyl]-lup- 
20 (29)-ene-28-oic acid (BA-2). Saponin BA-2 was obtained as a white 
powder. 1H NMR (600 MHz, CD3OD): δ 5.38 (s, 1H, Rha-H-1), 4.86 (d, 
1H, J = 1.1 Hz, Rha-H-1), 4.70 (s, 1H, C = CH2-1), 4.59 (s, 1H, C = CH2- 
2), 4.42 (d, 1H, J = 7.6 Hz, H-1′), 4.03–3.96 (m, 2H), 3.98–3.85 (m, 1H, 
H-5′), 3.79 (t, 1H, J = 10.0 Hz, Rha-H-4), 3.67–3.63 (m, 2H), 3.57 (t, 1H, 
J = 9.8 Hz, Rha-H-4), 3.48–3.37 (m, 1H), 3.35–3.32 (m, 2H), 3.23–3.19 
(m, 4H), 3.14 (dd, 1H, J = 11.5, 4.2 Hz, H-3), 3.05–3.03 (m, 1H), 2.23 
(d, 1H, J = 12.0 Hz), 1.69 (s, 3H, CH3), 1.27 (d, 3H, J = 6.2 Hz, Rha-H- 
6), 1.21 (d, 3H, J = 6.0 Hz, Rha-H-6), 1.03, 1.00, 0.96, 0.86, 0.83 (each 

s, each 3H, CH3), 0.76–0.70 (m, 1H, H-5); 13C NMR (151 MHz, CD3OD): 
δ 172.73 (C-28), 151.99 (C-20), 110.19 (C-29), 105.48 (C-1′), 102.81 
(Rha-C-1), 101.77 (Rha-C-1), 90.38, 80.07, 79.13, 78.02, 76.38, 74.16, 
73.84, 73.63, 73.02, 72.40 (two), 72.07, 71.97, 70.58, 69.89, 69.09, 
61.83, 57.53, 57.38, 51.98, 50.37, 43.53, 41.90, 40.32 (two), 39.55, 
38.01 (two), 35.57, 31.68, 30.83, 28.37, 27.36, 26.86, 22.07, 19.57, 
19.26, 18.01, 17.90, 16.98, 16.93, 16.68, 15.15. HRMS (ESI) m/z: calcd 
for C48H77O16 [M + H]+, 909.5290; found, 909.5277. 

4.1.8.2. 3β-O-[2, 4-Di-O-(α-l-Rhamnopyranosyl)-β-d-glucopyranosyl]-lup- 
20 (29)-ene-3, 28-diol (BA-17). Compound BA-17 was obtained as a 
white powder. 1H NMR (600 MHz, CD3OD): δ 5.16 (s, 1H, Rha-H-1), 
4.81 (s, 1H, Rha-H-1), 4.47 (s, 1H, C = CH2-1), 4.35 (s, 1H, C = CH2- 
2), 4.20 (d, 1H, J = 7.7 Hz, H-1′), 3.83–3.64 (m, 5H), 3.56 (t, 1H, J = 8.8 
Hz), 3.47–3.40 (m, 4H), 3.36 (t, 1H, J = 8.5 Hz), 3.23–3.20 (m, 2H), 3.09 
(s, 2H, C-CH2), 2.89–2.83 (m, 1H, H-3), 2.20 (d, 1H, J = 11.5 Hz), 1.46 
(s, 3H, CH3), 1.05 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.00 (d, 3H, J = 6.0 Hz, 
Rha-H-6), 0.85, 0.81, 0.78, 0.65, 0.62 (each s, each 3H, CH3), 0.59–0.48 
(m, 1H, H-5); 13C NMR (151 MHz, CD3OD): δ 151.81 (C-20), 110.27 (C- 
29), 105.45 (C-1′), 102.77 (Rha-C-1), 101.74 (Rha-C-1), 90.39, 80.16, 
79.24, 77.98, 76.39, 73.65, 72.41, 72.12, 71.99, 70.57, 69.90, 61.89, 
60.32, 57.33, 51.83, 50.00, 43.94, 43.76, 42.16, 42.12, 40.32 (two), 
38.64, 37.97, 35.45, 34.98, 30.78, 30.33, 28.38, 27.35, 26.58, 23.45, 
22.63, 21.99, 19.39, 19.26, 17.99, 17.88, 16.98, 16.85, 16.53, 15.25, 
9.09, 7.84. HRMS (MALDI) m/z: calcd for C48H79O15 [M + H]+, 
895.5497; found, 895.5473. 

4.1.9. General procedure for 20 and 21 
Compound BA-2 or BA-20 (1.0 mmol) was dissolved in 20 mL of dry 

pyridine, Ac2O (16.0 mmol) and DMAP (0.8 mmol) were added at 0 ℃. 
The reaction mixture was warmed to 60 ℃ and stirred for 24 h under N2 
atmosphere. After excess solvent was removed in vacuo, the crude 
product was extracted with ethyl acetate, which was then washed with 
1 M HCl, saturated NaHCO3 solution and brine. The organic layer was 
dried over Na2SO4 and concentrated in vacuo to provide a crude residue. 
The residue was further purified by column chromatography (petro-
leumether-EtOAc-CH2Cl2, 3:1:1) to yield 20 or 21, respectively. 

4.1.9.1. 3β-O-[2, 4-Di-O-(2, 3, 4-tri-O-Acetyl-α-l-rhamnopyranosyl)-β-(3, 
6-di-O-acetyl)-d-glucopyranosyl]-lup-20(29)-ene-28-oic acid (20). Com-
pound 20 was obtained as a white powder. 1H NMR (600 MHz, CDCl3): δ 
5.28–5.20 (m, 3H), 5.17 (dd, 1H, J = 10.2, 3.2 Hz, Rha-H-3), 5.10 (dd, 
1H, J = 3.5, 1.8 Hz, Rha-H-2), 5.05–5.01 (m, 4H), 4.80 (d, 1H, J = 1.7 
Hz, Rha-H-1), 4.74 (s, 1H, C = CH2-1), 4.62 (s, 1H, C = CH2-2), 4.53 (d, 
1H, J = 7.7 Hz, H-1′), 4.46 (dd, 1H, J = 12.4, 2.1 Hz, H-6′-1), 4.27 (dd, 
1H, J = 13.4, 5.3 Hz, H-6′-2), 4.25–4.17 (m, 1H, H-5′), 3.91–3.81 (m, 
2H), 3.76 (t, 1H, J = 9.3 Hz, Rha-H-4), 3.71–3.58 (m, 3H), 3.14–3.12 (m, 
1H), 3.05–2.94 (m, 1H, H-3), 2.27 (d, 1H, J = 12.5 Hz), 2.14, 2.13, 2.11, 
2.10, 2.04, 2.01, 1.99, 1.97 (each s, each 3H, each CH3CO), 1.70 (s, 3H, 
CH3), 1.17 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.15 (d, 3H, J = 6.2 Hz, Rha-H- 
6), 1.01, 0.98, 0.92, 0.82, 0.78 (each s, each 3H, CH3), 0.71 (d, 1H, J =
10.3 Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 181.96, 170.76, 170.37, 
170.27, 170.22 (C-28), 170.14 (two), 169.81, 150.48 (C-20), 109.85 (C- 
29), 103.83 (C-1′), 99.58 (Rha-C-1), 97.03 (Rha-C-1), 90.15, 78.05, 
77.48, 77.16, 75.59, 75.43, 72.17, 71.20, 70.59, 70.00, 69.80, 68.69, 
68.58, 68.00, 66.75, 62.31, 56.44, 56.07, 50.57, 49.27, 46.98, 42.51, 
40.77, 39.24, 39.20, 38.45, 36.99, 34.35, 32.23, 30.65, 29.74, 27.80, 
26.23, 25.54, 21.60, 21.07, 21.01, 20.97, 20.94 (three), 20.86, 20.81, 
19.45, 18.25, 17.34, 17.24, 16.34, 16.13, 16.02, 14.75. HRMS (ESI) m/z: 
calcd for C64H95O24 [M + H]+, 1247.6213; found, 1247.6235. 

4.1.9.2. 28-(Benzyloxy)-3β-O-[2, 4-Di-O-(2, 3, 4-tri-O-Acetyl-α-l-rham-
nopyranosyl)-β-(3, 6-di-O-acetyl)-d-glucopyranosyl]-lup-20 (29)-ene-3-ol 
(21). Compound 21 was obtained as a white powder. 1H NMR (600 
MHz, CDCl3): δ 7.37–7.23 (m, 5H, Ar-H), 5.49–5.30 (m, 3H), 5.26 (dd, 
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1H, J = 9.7, 3.4 Hz, Rha-H-3), 5.15–5.01 (m, 2H), 4.84 (s, 1H, Rha-H-1), 
4.65 (s, 1H, Rha-H-1), 4.56 (s, 1H, C = CH2-1), 4.48 (s, 1H, C = CH2-2), 
4.42 (d, 1H, J = 8.1 Hz, H-1′), 4.34–4.17 (m, 3H), 4.08 (dd, 1H, J = 9.8, 
7.0 Hz, H-2′), 3.99 (d, 1H, J = 2.5 Hz), 3.73 (t, 1H, J = 9.5 Hz, Rha-H-4), 
3.61 (t, 1H, J = 9.1 Hz, Rha-H-4), 3.54–3.40 (m, 3H), 3.09 (d, 2H, J =
9.1 Hz), 2.40–2.32 (m, 1H), 2.18–1.94 (m, 24H, 8 × CH3CO), 1.67 (s, 
3H, CH3), 1.27 (d, 3H, J = 6.4 Hz, Rha-H-6), 1.19 (d, 3H, J = 6.3 Hz, 
Rha-H-6), 1.05 (s, 3H, CH3), 0.94 (s, 3H, CH3), 0.83 (s, 3H, CH3), 0.81 (s, 
6H, 2 × CH3), 0.70 (d, 1H, J = 9.5 Hz, H-5); 13C NMR (151 MHz, CDCl3): 
δ 171.93 (C-28), 170.20, 170.12 (two), 170.10 (two), 170.00 (two), 
169.78, 149.64 (C-20), 140.06, 128.45, 127.69, 127.58, 118.61 (C-29), 
104.07 (C-1′), 99.31 (Rha-C-1), 97.63 (Rha-C-1), 85.23, 83.18, 73.99, 
71.64, 70.09, 69.45, 69.23, 68.12, 67.33, 65.05, 57.77, 56.60, 54.34, 
53.95 (three), 51.52, 50.15, 48.71, 46.99, 45.85, 42.58, 42.15, 42.00, 
41.39, 40.82, 39.10, 38.70, 38.22, 36.30, 33.53, 33.14, 30.14, 27.94, 
27.52, 25.75, 25.25, 21.62, 21.14 (two), 20.99 (two), 20.91 (three), 
17.86, 16.11, 14.78. HRMS (ESI) m/z: calcd for C71H103O23 [M + H]+, 
1323.6890; found, 1323.6898. 

4.1.10. General procedure for BA-3 – BA-15 
To a solution of BA-2 (1.00 mmol) in DMF (20 mL) was added K2CO3 

(5 mmol) at 30 ◦C under N2 atmosphere. After stirring at 30 ◦C for 2 h, 
the corresponding halogenated hydrocarbon (3.00 mmol) was added. 
Stirring was continued overnight at that temperature. After the mixture 
was evaporated to remove excess solvent under reduced pressure, the 
residue was dissolved in EtOAc (100 mL), then extracted with water (3 
× 50 mL) and brine (3 × 50 mL). The combined organic layer was 
concentrated in vacuo after drying over Na2SO4. Then, the residue was 
re-dissolved in MeOH (10 mL) and CH2Cl2 (10 mL), CH3ONa was added 
until pH = 10. After the reaction mixture was stirred at r.t. for 5 h, 
Dowex 50 × 8 (H+) resin was added until pH = 7. The reaction mixture 
was filtered and concentrated under vacuum. The residue was purified 
by silica gel column chromatography (CH2Cl2-MeOH, 6:1) to give title 
saponins BA-3–BA-15. 

4.1.10.1. Ethyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-3). Similarly, BA-3 was pre-
pared as a white solid in 82 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.37 (d, 1H, J = 1.7 Hz, Rha-H-1), 4.82 (s, 1H, Rha-H-1), 4.74 
(s, 1H, C = CH2-1), 4.62 (s, 1H, C = CH2-2), 4.43 (d, 1H, J = 7.7 Hz, H- 
1′), 4.24–4.07 (m, 2H), 4.03–3.96 (m, 2H), 3.92 (dd, 1H, J = 9.5, 3.2 Hz, 
Rha-H-3), 3.86 (dd, 1H, J = 3.3, 1.8 Hz, Rha-H-2), 3.81 (dd, 1H, J =
12.1, 2.0 Hz, H-6′-1), 3.76 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 3.70–3.68 
(m, 1H), 3.66 (dd, 1H, J = 3.4, 1.7 Hz), 3.66–3.60 (m, 1H), 3.58–3.56 
(m, 1H), 3.52–3.34 (m, 2H), 3.34–3.29 (m, 2H), 3.15 (dd, 1H, J = 11.7, 
4.4 Hz, H-3), 2.26 (d, 1H, J = 8.2 Hz), 1.71 (s, 3H, CH3), 1.28 (s, 3H, 
CH3), 1.27 (d, 3H, J = 6.3 Hz, Rha-H-6), 1.22 (d, 3H, J = 6.1 Hz, Rha-H- 
6), 1.05, 1.02, 0.96, 0.88, 0.85 (each s, each 3H, CH3), 0.75 (d, 1H, J =
9.8 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 177.58 (C-28), 151.78 (C- 
20), 110.34 (C-29), 105.49 (C-1′), 103.03 (Rha-C-1), 101.99 (Rha-C-1), 
90.40, 80.30, 79.20, 78.11, 76.42, 73.91, 73.67, 72.41, 72.11, 71.97, 
70.73, 69.99, 61.95, 61.02, 57.72, 57.43, 52.00, 50.57, 43.52, 41.97, 
40.34 (two), 39.64, 38.05, 37.95, 36.97, 35.57, 33.14, 31.66, 30.75, 
28.40, 27.36, 26.88, 22.09, 19.62, 19.27, 18.02, 17.90, 16.99, 16.93, 
16.64, 15.21, 14.71 (two). HRMS (ESI) m/z: calcd for C50H82O16Na [M 
+ Na]+, 961.5501; found, 961.5423. 

4.1.10.2. n-Propyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-4). Similarly, BA-4 was pre-
pared as a white solid in 80 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.38 (s, 1H, Rha-H-1), 4.85 (d, 1H, J = 1.2 Hz, Rha-H-1), 4.73 
(s, 1H, C = CH2-1), 4.63 (s, 1H, C = CH2-2), 4.44 (d, 1H, J = 7.7 Hz, H- 
1′), 4.14–4.00 (m, 2H), 4.03–3.95 (m, 2H), 3.92 (dd, 1H, J = 9.6, 3.3 Hz, 
Rha-H-3), 3.88–3.78 (m, 1H), 3.76 (dd, 1H, J = 9.5, 3.3 Hz, Rha-H-3), 
3.66 (t, 1H, J = 10.6 Hz, Rha-H-4), 3.58 (t, 1H, J = 8.1 Hz), 

3.50–3.38 (m, 3H), 3.38–3.29 (m, 3H), 3.15 (dd, 1H, J = 11.7, 4.4 Hz, H- 
3), 3.10–2.98 (m, 1H), 2.28 (d, 1H, J = 10.3 Hz), 1.72 (s, 3H, CH3), 
1.50–1.35 (m, 2H, CH2), 1.28 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.23 (d, 3H, 
J = 6.2 Hz, Rha-H-6), 1.05, 1.03, 1.01, 0.96, 0.89, 0.86 (each s, each 3H, 
CH3), 0.75 (d, 1H, J = 9.9 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 
177.69 (C-28), 151.75 (C-20), 110.36 (C-29), 105.50 (C-1′), 103.02 
(Rha-C-1), 102.00 (Rha-C-1), 90.40, 80.29, 79.21, 78.11, 76.42, 73.91, 
73.67, 72.41, 72.10, 71.96, 70.73, 69.99, 66.78, 61.95, 57.89, 57.43, 
51.99, 50.59, 43.54, 41.97, 40.34 (two), 39.70, 38.05, 36.97, 35.58, 
33.21, 31.68, 30.79, 28.41, 27.36, 26.88, 23.20 (two), 22.10, 19.63, 
19.28, 18.03 (two), 17.90 (two), 16.99, 16.94, 16.67, 15.24. HRMS (ESI) 
m/z: calcd for C51H84O16Na [M + Na]+, 975.5557; found, 975.5582. 

4.1.10.3. n-Butyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-5). Similarly, BA-5 was pre-
pared as a white solid in 78 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.36 (s, 1H, Rha-H-1), 4.86 (d, 1H, J = 1.1 Hz, Rha-H-1), 4.72 
(s, 1H, C = CH2-1), 4.61 (s, 1H, C = CH2-2), 4.42 (d, 1H, J = 7.7 Hz, H- 
1′), 4.17–4.02 (m, 2H), 4.01–3.93 (m, 2H), 3.91 (dd, 1H, J = 9.5, 7.7 Hz, 
H-2′), 3.87–3.77 (m, 1H), 3.75 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 
3.71–3.59 (m, 2H), 3.57 (t, 1H, J = 9.0 Hz, Rha-H-4), 3.48–3.34 (m, 
3H), 3.33–3.30 (m, 2H), 3.14 (dd, 1H, J = 11.6, 4.3 Hz, H-3), 3.10–2.98 
(m, 1H), 1.95 (d, 1H, J = 9.7 Hz), 1.70 (s, 3H, CH3), 1.46–1.43 (m, 4H), 
1.27 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.21 (d, 3H, J = 6.1 Hz, Rha-H-6), 
1.03, 1.01 (each s, each 3H, CH3), 0.97 (t, 3H, J = 7.4 Hz, CH3), 0.94, 
0.87, 0.84 (each s, each 3H, CH3), 0.74 (d, 1H, J = 9.3 Hz, H-5); 13C NMR 
(151 MHz, CD3OD): δ 177.72 (C-28), 151.76 (C-20), 110.34 (C-29), 
105.48 (C-1′), 103.04 (Rha-C-1), 101.99 (Rha-C-1), 90.39, 80.34, 79.21, 
78.12, 76.41, 73.91, 73.67, 72.41, 72.11, 71.98, 70.73, 69.99, 64.84, 
61.95, 57.89, 57.41, 51.99, 50.59, 43.54, 41.97, 40.34 (two), 39.73, 
38.04, 38.00, 35.58, 33.20, 31.96 (two), 31.68, 30.79, 28.39, 27.36, 
26.88, 22.09, 20.43 (two), 19.59, 19.26, 18.02, 17.90, 16.99, 16.92, 
16.68, 15.20, 14.04. HRMS (ESI) m/z: calcd for C52H87O16 [M + H]+, 
967.5994; found, 967.6018. 

4.1.10.4. n-Pentyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-6). Similarly, BA-6 was pre-
pared as a white solid in 76 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.38 (d, 1H, J = 1.7 Hz, Rha-H-1), 4.83 (d, 1H, J = 1.2 Hz, 
Rha-H-1), 4.73 (s, 1H, C = CH2-1), 4.63 (s, 1H, C = CH2-2), 4.44 (d, 1H, 
J = 7.7 Hz, H-1′), 4.19–4.03 (m, 2H), 4.03–3.95 (m, 2H), 3.94–3.92 (m, 
1H), 3.86 (dd, 1H, J = 3.2, 1.8 Hz, Rha-H-2), 3.82 (dd, 1H, J = 12.0, 2.0 
Hz, H-6′-1), 3.76 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 3.72–3.63 (m, 2H), 
3.64 (dd, 1H, J = 3.4, 1.1 Hz, Rha-H-2), 3.58 (t, 1H, J = 9.0 Hz, Rha-H- 
4), 3.50–3.38 (m, 2H), 3.35–3.30 (m, 2H), 3.16 (dd, 1H, J = 11.7, 4.2 
Hz, H-3), 3.10–2.98 (m, 2H), 2.27 (d, 1H, J = 9.4 Hz), 1.72 (s, 3H, CH3), 
1.47–1.38 (m, 6H), 1.29 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.23 (d, 3H, J =
6.2 Hz, Rha-H-6), 1.05, 1.03, 0.96, 0.96, 0.88, 0.86 (each s, each 3H, 
CH3), 0.76 (d, 1H, J = 9.9 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 
177.77 (C-28), 151.78 (C-20), 110.35 (C-29), 105.49 (C-1′), 103.05 
(Rha-C-1), 102.00 (Rha-C-1), 90.38, 80.34, 79.21, 78.13, 76.42, 73.92, 
73.68, 72.43, 72.11, 71.99, 70.74, 69.99, 65.13, 61.96, 57.91, 57.41, 
51.98, 50.58, 49.85, 43.55, 41.98, 40.34, 39.76, 38.05, 35.59, 33.23, 
31.70, 30.79, 29.59 (three), 28.39, 27.36, 26.88, 23.36 (two), 22.09, 
19.60, 19.27, 18.02, 17.90, 16.99, 16.92, 16.72, 15.19, 14.43 (two). 
HRMS (ESI) m/z: calcd for C53H89O16 [M + H]+, 981.6151; found, 
981.6183. 

4.1.10.5. n-Hexyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-7). Similarly, BA-7 was pre-
pared as a white solid in 75 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.38 (d, 1H, J = 1.1 Hz, Rha-H-1), 4.85 (d, 1H, J = 1.1 Hz, 
Rha-H-1), 4.73 (s, 1H, C = CH2-1), 4.63 (s, 1H, C = CH2-2), 4.44 (d, 1H, 
J = 7.7 Hz, H-1′), 4.19–4.03 (m, 2H), 4.03–3.95 (m, 2H), 3.93 (dd, 1H, J 
= 9.5, 7.3 Hz, H-2′), 3.86 (dd, 1H, J = 3.2, 1.8 Hz, Rha-H-2), 3.82 (dd, 
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1H, J = 12.0, 2.0 Hz, H-6′-1), 3.76 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 
3.72–3.63 (m, 2H), 3.64 (d, 1H, J = 3.4 Hz, Rha-H-2), 3.58 (t, 1H, J 
= 9.0 Hz, Rha-H-4), 3.50–3.38 (m, 2H), 3.33 (brs, 1H), 3.16 (dd, 1H, J =
11.7, 4.2 Hz, H-3), 3.10–2.98 (m, 1H), 2.27 (d, 1H, J = 9.4 Hz), 1.72 (s, 
3H, CH3), 1.47–1.38 (m, 8H), 1.29 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.23 (d, 
3H, J = 6.2 Hz, Rha-H-6), 1.05, 1.03, 0.96, 0.96, 0.88, 0.86 (each s, each 
3H, CH3), 0.76 (d, 1H, J = 9.9 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 
177.80 (C-28), 151.79 (C-20), 110.36 (C-29), 105.50 (C-1′), 103.06 
(Rha-C-1), 102.01 (Rha-C-1), 90.39, 80.36, 79.22, 78.14, 76.44, 73.93, 
73.68, 72.43, 72.12, 71.99, 70.75, 70.00, 65.15, 61.97, 57.92, 57.42, 
51.98, 50.59, 43.55, 41.99, 40.35, 40.31, 39.78, 38.05, 35.59, 33.25, 
32.57, 31.71, 30.82, 29.87, 28.40, 27.37, 27.07, 26.88, 23.73 (two), 
22.10, 19.60, 19.27, 18.02, 17.90, 16.99, 16.92, 16.73, 15.20, 14.40. 
HRMS (ESI) m/z: calcd for C54H91O16 [M + H]+, 995.6307; found, 
995.6335. 

4.1.10.6. Isopropyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-8). Similarly, BA-8 was pre-
pared as a white solid in 78 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.36 (s, 1H, Rha-H-1), 4.82 (d, 1H, J = 1.1 Hz, Rha-H-1), 
5.06–4.94 (m, 1H), 4.72 (s, 1H, C = CH2-1), 4.61 (s, 1H, C = CH2-2), 
4.42 (d, 1H, J = 7.7 Hz, H-1′), 4.03–3.95 (m, 2H), 3.91 (dd, 1H, J = 9.5, 
7.2 Hz, H-2′), 3.84 (m, 1H), 3.80 (d, 1H, J = 10.9 Hz), 3.75 (dd, 1H, J =
9.6, 3.4 Hz, Rha-H-3), 3.71–3.59 (m, 2H), 3.57 (t, 1H, J = 9.7 Hz, Rha-H- 
4), 3.48–3.34 (m, 2H), 3.32–3.30 (m, 2H), 3.14 (dd, 1H, J = 11.5, 4.2 
Hz, H-3), 3.07–2.97 (m, 1H), 2.24 (d, 1H, J = 8.5 Hz), 1.70 (s, 3H, CH3), 
1.28–1.25 (m, 6H), 1.25 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.21 (d, 3H, J =
6.2 Hz, Rha-H-6), 1.03, 1.01, 0.95, 0.87, 0.84 (each s, each 3H, CH3), 
0.74 (d, 1H, J = 9.6 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 177.14 (C- 
28), 151.82 (C-20), 110.31 (C-29), 105.48 (C-1′), 103.02 (Rha-C-1), 
101.99 (Rha-C-1), 90.39, 80.31, 79.21, 78.11, 76.41, 73.90, 73.66, 
72.41, 72.10, 71.97, 70.72, 69.98, 68.36, 61.95, 57.67, 57.42, 51.99, 
50.51, 43.53, 42.01, 40.34 (two), 39.69, 38.04 (two), 35.56, 33.14, 
31.70, 30.72, 28.40, 27.36, 26.90, 22.11 (three), 22.05 (two), 19.62, 
19.26, 18.02, 17.90, 16.98, 16.93, 16.70, 15.20. HRMS (ESI) m/z: calcd 
for C51H85O16 [M + H]+, 953.5838; found, 953.5852. 

4.1.10.7. Cyclohexyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-gluco-
pyranosyl]-lup-20 (29)-ene-28-oic acid (BA-9). Similarly, BA-9 was 
prepared as a white solid in 73 % yield for two steps; 1H NMR (400 MHz, 
CD3OD): δ 5.34 (s, 1H, Rha-H-1), 4.85 (d, 1H, J = 1.2 Hz, Rha-H-1), 4.68 
(s, 1H, C = CH2-1), 4.56 (s, 1H, C = CH2-2), 4.40 (d, 1H, J = 7.7 Hz, H- 
1′), 3.98–3.95 (m, 2H), 3.92–3.69 (m, 3H), 3.68–3.46 (m, 3H), 
3.46–3.32 (m, 2H), 3.12 (d, 1H, J = 9.6 Hz, H-3), 2.70–2.66 (m, 10H, 
cyclohexanol-H), 2.22 (d, 1H, J = 12.8 Hz), 1.67 (s, 3H, CH3), 1.24 (d, 
3H, J = 6.3 Hz, Rha-H-6), 1.18 (d, 3H, J = 6.1 Hz, Rha-H-6), 1.00, 0.98, 
0.94, 0.83, 0.81 (each s, each 3H, CH3), 0.71 (d, 1H, J = 9.9 Hz, H-5); 13C 
NMR (101 MHz, CD3OD): δ 170.73 (C-28), 152.26 (C-20), 110.12 (C- 
29), 105.46 (C-1′), 102.97 (Rha-C-1), 101.96 (Rha-C-1), 90.40, 80.22, 
79.19, 78.08, 76.40, 73.90, 73.67, 72.41, 72.08 (two), 71.98, 70.70, 
69.98, 61.91, 57.40, 52.01, 50.42, 43.56, 41.93, 40.32 (two), 39.57, 
38.03, 35.60, 35.38 (two), 31.73, 30.86, 28.38, 27.35, 26.90, 22.09, 
19.57, 19.26, 18.01 (two), 17.91 (two), 16.97 (two), 16.90 (two), 16.73, 
15.13. HRMS (ESI) m/z: calcd for C54H89O16 [M + H]+, 993.6151; 
found, 993.6175. 

4.1.10.8. 2′-Chloroethyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glu-
copyranosyl]-lup-20 (29)-ene-28-oic acid (BA-10). Similarly, BA-10 was 
prepared as a white solid in 74 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.38 (s, 1H, Rha-H-1), 4.82 (d, 1H, J = 1.2 Hz, Rha-H-1), 4.75 
(s, 1H, C = CH2-1), 4.63 (s, 1H, C = CH2-2), 4.44 (d, 1H, J = 7.9 Hz, H- 
1′), 4.40–4.32 (m, 2H), 3.97–3.95 (m, 2H), 3.82–3.80 (m, 3H), 
3.72–3.51 (m, 2H), 3.44–3.41 (m, 2H), 3.16 (d, 1H, J = 10.7 Hz, H-3), 
2.29 (d, 1H, J = 10.1 Hz, H-13), 1.73 (s, 3H, CH3), 1.29 (d, 3H, J = 6.0 
Hz, Rha-H-6), 1.23 (d, 3H, J = 6.0 Hz, Rha-H-6), 1.05, 1.04, 0.97, 0.89, 

0.86 (each s, each 3H, CH3), 0.76 (d, 1H, J = 9.3 Hz, H-5; 13C NMR (151 
MHz, CD3OD): δ 177.21 (C-28), 151.74 (C-20), 110.38 (C-29), 105.50 
(C-1′), 103.06 (Rha-C-1), 102.01 (Rha-C-1), 90.41, 80.35, 79.21, 78.14, 
76.44, 73.93, 73.68, 72.43, 72.12 (two), 71.99, 70.75, 70.00, 65.09, 
61.97, 57.98, 57.43, 52.00, 50.63, 43.54, 43.26, 42.00, 40.35 (two), 
39.72, 38.05, 35.58, 33.08, 31.63, 30.82, 28.40, 27.38, 26.88, 19.60, 
19.27, 18.02 (two), 17.91, 16.99 (two), 16.94 (two), 16.65, 15.21. 
HRMS (ESI) m/z: calcd for C50H82O16Cl [M + H]+, 973.5291; found, 
973.5317. 

4.1.10.9. 2′-Bromoethyl 3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glu-
copyranosyl]-lup-20 (29)-ene-28-oic acid (BA-11). Similarly, BA-11 was 
prepared as a white solid in 70 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 5.34 (d, 1H, J = 1.8 Hz, Rha-H-1), 4.83 (s, 1H, Rha-H-1), 4.70 
(s, 1H, C = CH2-1), 4.58 (s, 1H, C = CH2-2), 4.40 (d, 1H, J = 7.7 Hz, H- 
1′), 4.16–4.08 (m, 2H), 3.99–3.91 (m, 2H), 3.89 (dd, 1H, J = 9.6, 7.4 Hz, 
H-2′), 3.83–3.81 (m, 1H), 3.78 (dd, 1H, J = 12.0, 2.0 Hz, H-6′-1), 3.72 
(dd, 1H, J = 9.7, 3.1 Hz, Rha-H-3), 3.64 (dd, 1H, J = 13.0, 5.6 Hz, H-6′- 
2), 3.63–3.56 (m, 2H), 3.59–3.49 (m, 1H), 3.46–3.34 (m, 2H), 3.32–3.27 
(m, 2H), 3.16–3.07 (m, 1H, H-3), 3.03–2.93 (m, 1H), 2.27 (d, 1H, J =
12.8 Hz), 1.67 (s, 3H, CH3), 1.24 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.19 (d, 
3H, J = 6.1 Hz, Rha-H-6), 1.01, 0.98, 0.92, 0.84, 0.81 (each s, each 3H, 
CH3), 0.71 (d, 1H, J = 9.6 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 
177.62 (C-28), 151.83 (C-20), 110.42 (C-29), 105.46 (C-1′), 103.02 
(Rha-C-1), 101.97 (Rha-C-1), 90.37, 80.32, 79.20, 78.11, 76.40, 73.90, 
73.67, 72.41, 72.10 (two), 71.98, 70.71, 69.97, 66.33, 61.12, 57.88, 
57.40, 51.99, 49.85, 43.52, 41.95 (two), 40.32 (two), 39.57, 38.03 
(two), 33.04, 30.72, 28.37, 27.35, 26.86, 22.05, 19.57, 19.25, 18.00 
(two), 17.90 (two), 16.97 (two), 16.89 (two), 16.59, 15.16. HRMS (ESI) 
m/z: calcd for C50H82O16Br [M + H]+, 1017.4786; found, 1017.4803. 

4.1.10.10. 2′-Hydroxylethyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d- 
glucopyranosyl]-lup-20 (29)-ene-28-oic acid (BA-12). Similarly, BA-12 
was prepared as a white solid in 70 % yield for two steps; 1H NMR (600 
MHz, CD3OD): δ 5.37 (s, 1H, Rha-H-1), 4.82 (d, 1H, J = 1.1 Hz, Rha-H- 
1), 4.73 (s, 1H, C = CH2-1), 4.61 (s, 1H, C = CH2-2), 4.42 (d, 1H, J = 7.7 
Hz, H-1′), 4.16–4.14 (m, 2H), 3.97–3.95 (m, 2H), 3.87–3.71 (m, 3H), 
3.66–3.64 (m, 1H), 3.57 (t, 1H, J = 8.7 Hz), 3.47–3.35 (m, 2H), 
3.34–3.32 (m, 3H), 3.19–3.11 (m, 1H, H-3), 3.02–3.00 (m, 2H), 2.31 (d, 
1H, J = 11.9 Hz), 1.71 (s, 3H, CH3), 1.27 (d, 3H, J = 6.0 Hz, Rha-H-6), 
1.22 (d, 3H, J = 6.1 Hz, Rha-H-6), 1.04, 1.01, 0.95, 0.87, 0.84 (each s, 
each 3H, CH3), 0.73 (d, 1H, J = 9.7 Hz, H-5); 13C NMR (151 MHz, 
CD3OD): δ 178.06 (C-28), 151.73 (C-20), 110.36 (C-29), 105.48, 105.30 
(C-1′), 103.02 (Rha-C-1), 101.97 (Rha-C-1), 90.37, 80.30, 79.17, 78.12, 
76.41, 73.91, 73.67, 72.41, 72.11 (two), 71.98, 70.72, 69.97, 61.94, 
57.86, 57.41, 56.45, 51.97, 51.84, 50.62, 43.50, 41.90, 40.33 (two), 
39.63, 38.04, 37.86, 35.55, 33.13, 31.62, 30.80, 28.40, 27.36, 26.84, 
22.06, 19.60, 19.27, 18.03, 17.91, 16.99, 16.92, 16.59, 15.21. HRMS 
(ESI) m/z: calcd for C50H83O17 [M + H]+, 955.5630; found, 955.5658. 

4.1.10.11. 2′-Oxopethyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glu-
copyranosyl]-lup-20 (29)-ene-28-oic acid (BA-13). Similarly, BA-13 was 
prepared as a white solid in 65 % yield for two steps; 1H NMR (500 MHz, 
CD3OD): δ 9.60 (s, 1H, CHO), 5.33 (s, 1H, Rha-H-1), 4.87 (d, 1H, J = 1.1 
Hz, Rha-H-1), 4.82 (brs, 2H), 4.68 (s, 1H, C = CH2-1), 4.57 (s, 1H, C =
CH2-2), 4.38 (d, 1H, J = 7.8 Hz, H-1′), 3.92–3.87 (m, 3H), 3.74 (dd, 1H, 
J = 9.6, 7.5 Hz, H-2′), 3.63–3.61 (m, 4H), 3.53 (t, 1H, J = 9.2 Hz, Rha-H- 
4), 3.42–3.33 (m, 1H), 3.28–3.26 (m, 2H), 3.20–3.14 (m, 3H), 3.12–3.10 
(m, 1H, H-3), 3.01–2.91 (m, 2H), 2.19 (d, 1H, J = 11.3 Hz), 1.66 (s, 3H, 
CH3), 1.23 (d, 3H, J = 6.0 Hz, Rha-H-6), 1.17 (d, 3H, J = 6.0 Hz, Rha-H- 
6), 0.99, 0.97, 0.90, 0.83, 0.80 (each s, each 3H, CH3), 0.70 (d, 1H, J =
9.4 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 207.02, 178.08 (C-28), 
151.72 (C-20), 110.38 (C-129), 105.49 (C-1′), 103.00 (Rha-C-1), 101.98 
(Rha-C-1), 90.39, 80.23, 79.17, 78.10, 76.41, 73.89, 73.65, 72.40, 72.08 
(two), 71.96, 70.70, 69.98, 61.91, 57.85, 57.40, 51.96, 51.86, 50.61, 
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43.49, 41.89, 40.33 (two), 39.62, 38.03 (two), 37.86, 35.54, 33.12, 
31.60, 30.79, 28.39, 27.35, 26.82, 22.06, 19.59, 19.26, 18.03 (two), 
17.91 (two), 16.99, 16.93, 16.58, 15.21. HRMS (ESI) m/z: calcd for 
C50H81O17 [M + H]+, 953.5474; found, 953.5496. 

4.1.10.12. Allyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-d-glucopyr-
anosyl]-lup-20 (29)-ene-28-oic acid (BA-14). Similarly, BA-14 was pre-
pared as a white solid in 68 % yield for two steps; 1H NMR (600 MHz, 
CD3OD): δ 6.04–5.90 (m, 1H), 5.38 (s, 1H, Rha-H-1), 5.35 (d, 1H, J =
11.7 Hz), 5.25 (d, 1H, J = 10.4 Hz), 4.85 (s, 1H, Rha-H-1), 4.73 (s, 1H, C 
= CH2-1), 4.61 (s, 1H, C = CH2-2), 4.58 (d, 2H, J = 8.2 Hz), 4.43 (d, 1H, 
J = 7.7 Hz, H-1′), 4.03–3.94 (m, 2H), 3.92 (dd, 1H, J = 9.5, 7.2 Hz, H-2′), 
3.88–3.77 (m, 2H), 3.75 (dd, 1H, J = 9.6, 3.3 Hz, Rha-H-3), 3.71–3.60 
(m, 2H), 3.62–3.53 (m, 1H), 3.49–3.35 (m, 3H), 3.33–3.31 (m, 1H), 3.15 
(dd, 1H, J = 11.3, 4.1 Hz, H-3), 3.02–3.00 (m, 1H), 2.89–2.87 (m, 1H), 
2.27 (d, 1H, J = 9.4 Hz), 1.71 (s, 3H, CH3), 1.28 (d, 3H, J = 6.1 Hz, Rha- 
H-6), 1.22 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.04, 1.02, 0.94, 0.87, 0.85 
(each s, each 3H, CH3), 0.74 (d, 1H, J = 9.5 Hz, H-5); 13C NMR (151 
MHz, CD3OD): δ 177.18 (C-28), 151.78 (C-20), 61.97, 57.91, 57.42, 
52.01, 50.64, 43.53, 42.00, 40.35, 39.66, 38.05, 37.92, 36.97, 35.56, 
35.38 (two), 33.13, 31.62, 30.77, 28.38, 27.37, 26.86, 22.07, 19.55, 
19.26, 18.01, 17.90, 16.98, 16.89, 16.64, 15.14. HRMS (ESI) m/z: calcd 
for C51H83O16 [M + H]+, 951.5681; found, 951.5703. 

4.1.10.13. Cyclopropylmethyl-3β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)- 
β-d-glucopyranosyl]-lup-20 (29)-ene-28-oic acid (BA-15). Similarly, BA- 
15 was prepared as a white solid in 70 % yield for two steps; 1H NMR 
(600 MHz, CD3OD): δ 5.37 (s, 1H, Rha-H-1), 4.82 (s, 1H, Rha-H-1), 4.74 
(s, 1H, C = CH2-1), 4.62 (s, 1H, C = CH2-2), 4.43 (d, 1H, J = 7.7 Hz, H- 
1′), 4.04–3.94 (m, 4H), 3.91 (dd, 1H, J = 9.6, 7.2 Hz, H-2′), 3.90–3.78 
(m, 1H), 3.76 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 3.72–3.60 (m, 3H), 
3.58 (t, 1H, J = 8.4 Hz), 3.48–3.35 (m, 3H), 3.33–3.31 (m, 2H), 3.15 (dd, 
1H, J = 11.4, 4.3 Hz, H-3), 3.10–2.99 (m, 2H), 2.29 (d, 1H, J = 10.1 Hz), 
1.71 (s, 3H, CH3), 1.28 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.22 (d, 3H, J = 6.2 
Hz, Rha-H-6), 1.04, 1.02, 0.96, 0.88, 0.85 (each s, each 3H, CH3), 0.75 
(d, 1H, J = 9.7 Hz, H-5), 0.58 (q, 2H, J = 7.7 Hz), 0.32 (q, 2H, J = 7.5 
Hz); 13C NMR (151 MHz, CD3OD): δ 177.72 (C-28), 151.81 (C-20), 
110.34 (C-29), 105.50 (C-1′), 103.04 (Rha-C-1), 102.00 (Rha-C-1), 
90.40, 80.31, 79.21, 78.12, 76.42, 73.91, 73.67, 72.42, 72.11 (two), 
71.98, 70.73, 69.99, 69.68, 61.95, 57.87, 57.43, 52.00, 50.60, 43.56, 
41.97, 40.35 (two), 39.71, 38.05, 35.60, 33.21, 31.70, 30.78, 28.41, 
27.37, 26.90, 22.12, 19.63, 19.28, 18.03 (two), 17.90 (two), 16.99 
(two), 16.94 (two), 16.73, 15.24, 10.99. HRMS (ESI) m/z: calcd for 
C52H85O16 [M + H]+, 965.5838; found, 965.5856. 

4.1.11 General procedure for BA-N-1 and BA-N-2. To a solution of 
compound 20 (1.0 mmol) in 10 mL dried CH2Cl2 was added oxalyl 
chloride (1 mL) under argon. Then the mixture was stirred at room 
temperature for 12 h and concentrated to dryness in vacuo. To a dried 
CH2Cl2 (10 mL) solution of methylamine hydrochloride or dimethyl-
amine hydrochloride (2.0 mmol) was added to the crude acid chloride. 
The reaction mixturewas was stirred at r.t. for 3 h under argon and then 
concentratedunder reduced pressure. The obtained residue was re- 
dissolved in 2:1 MeOH/CH2Cl2 (15 mL) and then NaOMe was added 
until pH = 10. After stirred at r.t. for 3 h, the solution was neutralized 
with Dowex 50 × 8 (H+) resin until pH = 7, filtered and concentrated in 
vacuo. Then the residue was purified by silica gel column chromatog-
raphy (CH2Cl2-MeOH, 6:1) to yield compounds BA-N-1 and BA-N-2, 
respectively. 

4.1.11. N-{β-O-[2, 4-Di-O-(α-l-rhamnopyranosyl)-β-Dglucopyranosyl]- 
lup-20 (29)-ene-28-oyl}-methylamine (BA-N-1) 

BA-N-1 was prepared as a white solid in 85 % yield for three steps. 1H 
NMR (600 MHz, CD3OD): δ 5.37 (s, 1H, Rha-H-1), 4.83 (s, 1H, Rha-H-1), 
4.71 (s, 1H, C = CH2-1), 4.59 (s, 1H, C = CH2-2), 4.43 (d, 1H, J = 7.4 Hz, 
H-1′), 3.94–3.90 (m, 3H), 3.83 (d, 1H, J = 12.0 Hz), 3.76 (t, 1H, J = 11.2 

Hz), 3.71–3.52 (m, 3H), 3.45–3.36 (m, 3H), 2.70 (s, 3H, NH-CH3), 
2.57–2.55 (m, 1H), 2.11 (d, 1H, J = 12.2 Hz), 1.69 (s, 3H, CH3), 
1.25–1.19 (m, 6H, 2 × Rha-H-6), 1.03, 1.00, 0.96, 0.87, 0.84 (each s, 
each 3H, CH3), 0.78–0.70 (m, 1H, H-5); 13C NMR (151 MHz, CD3OD): δ 
179.75 (C-28), 152.37 (C-20), 109.93 (C-29), 105.45 (C-1′), 103.04 
(Rha-C-1), 101.94 (Rha-C-1), 90.34, 80.34, 79.13, 78.17, 76.42, 73.93, 
73.70, 72.44, 72.11 (two), 72.03, 70.74, 69.96, 61.92, 57.43, 56.94, 
52.09, 51.43, 48.17, 43.48, 41.97, 40.33 (two), 39.34, 38.97, 38.05, 
35.59, 34.13, 31.93, 30.54, 28.39, 27.38, 26.98, 26.42, 22.14, 19.63, 
19.27, 18.04, 17.96, 16.99, 16.91, 16.72, 15.09. HRMS (ESI) m/z: calcd 
for C49H81O15NNa [M + Na]+, 946.5498; found, 946.5447. 

4.1.12. N-{β-O-[2, 4-di-O-(α-l-rhamnopyranosyl)-β-Dglucopyranosyl]- 
lup-20(29)-ene-28-oyl}-dimethylamine (BA-N-2) 

BA-N-2 was prepared as a white solid in 82 % yield for three steps; 1H 
NMR (600 MHz, CD3OD): δ 5.37 (s, 1H, Rha-H-1), 4.81 (s, 1H, Rha-H-1), 
4.70 (s, 1H, C = CH2-1), 4.58 (s, 1H, C = CH2-2), 4.43 (d, 1H, J = 7.7 Hz, 
H-1′), 4.00–3.95 (m, 3H), 3.92 (dd, 1H, J = 9.5, 6.8 Hz, H-2′), 3.87–3.78 
(m, 3H), 3.75 (dd, 1H, J = 9.5, 3.4 Hz, Rha-H-3), 3.70–3.62 (m, 2H), 
3.57–3.55 (m, 1H), 3.47–3.35 (m, 2H), 3.2 (s, 6H, 2 × NCH3), 3.07–2.95 
(m, 1H, H-3), 2.34 (d, 1H, J = 13.4 Hz), 1.70 (s, 3H, CH3), 1.27 (d, 3H, J 
= 6.2 Hz, Rha-H-6), 1.21 (d, 3H, J = 6.1 Hz, Rha-H-6), 1.03, 1.00, 0.95, 
0.87, 0.84 (each s, each 3H, CH3), 0.74 (s, 1H, H-5); 13C NMR (151 MHz, 
CD3OD): δ 177.13 (C-28), 152.63 (C-20), 109.83 (C-29), 105.47 (C-1′), 
103.09 (Rha-C-1), 101.98 (Rha-C-1), 90.40, 80.44, 79.19, 78.19, 76.44, 
73.94, 73.70, 72.45, 72.13, 72.03, 70.76, 70.00, 61.96, 57.51, 56.09, 
53.92, 52.28, 47.49, 43.03, 41.94, 40.36, 38.49, 38.08, 36.83, 35.62, 
32.92, 32.44, 31.02, 28.37, 27.38, 27.03, 22.34, 19.75, 19.29, 18.01, 
17.91, 17.48, 17.29, 17.10, 16.98, 16.68, 15.10. HRMS (ESI) m/z: calcd 
for C50H83O15NNa [M + Na]+, 960.5660; found, 960.5691. 

4.1.13. 3β-O-[2, 4-Di-O-(2, 3, 4-tri-O-Acetyl-α-l-rhamnopyranosyl)-β-(3, 
6-di-O-acetyl)-d-glucopyranosyl]-lup-20 (29)-ene-3, 28-diol (22) 

Compound 21 (360 mg, 0.27 mmol) dissolved in THF (5 mL) and 
MeOH (5 mL), and 10 % Pd/C (40 mg) was added to the solution. The 
reaction mixture was stirred under atmospheric pressure hydrogen at r.t. 
for 1 h. After Pd/C was filtered off, the mixture was concentrated under 
vacuum to give a crude residue, which was purified by column chro-
matography (petroleumether-EtOAc-CH2Cl2, 2:1:1) to obtain 22 (302 
mg, 90 %) as a white powder. 1H NMR (600 MHz, CDCl3): δ 5.52–5.21 
(m, 2H), 5.11–5.07 (m, 3H), 4.86 (s, 1H, C = CH2-1), 4.82 (s, 1H, C =
CH2-2), 4.69–4.67 (m, 1H), 4.58 (d, 1H, J = 7.9 Hz, H-1′), 4.42 (t, 1H, J 
= 9.7 Hz, Rha-H-4), 4.36–4.16 (m, 3H), 4.16–3.88 (m, 4H), 3.73 (t, 1H, 
J = 9.2 Hz, H-4′), 3.61 (t, 1H, J = 8.8 Hz, Rha-H-4), 3.55–3.43 (m, 2H, C- 
CH2), 3.31 (d, 1H, J = 10.6 Hz), 3.18–3.05 (m, 1H, H-3), 2.15, 2.12, 
2.12, 2.06, 2.04, 2.00, 1.99, 1.95 (each s, each 3H, each CH3CO), 1.67 (s, 
3H, CH3), 1.24 (d, 3H, J = 6.3 Hz, CH3), 1.17 (d, 3H, J = 6.3 Hz, CH3), 
1.04 (s, 6H, 2 × CH3), 1.00 (s, 3H, CH3), 0.81 (s, 6H, 2 × CH3), 0.75 (d, 
1H, J = 7.0 Hz, H-5); 13C NMR (151 MHz, CDCl3): δ 170.27, 170.13 
(three), 170.09 (three), 169.82, 150.01 (C-20), 111.18 (C-29), 104.02 
(C-1′), 99.14 (Rha-C-1), 97.36 (Rha-C-1), 90.28, 82.28, 76.33, 75.63, 
75.56, 75.42, 71.67, 71.22, 70.70, 70.02, 69.73, 69.62, 69.28, 69.11, 
68.71, 68.21, 66.66, 62.66, 60.42, 56.05, 50.44, 48.92, 47.88, 42.81, 
41.08, 39.26, 36.94, 34.26, 34.08, 29.35, 28.28, 27.84, 26.99, 26.29, 
25.88, 23.02, 22.58, 21.06, 20.92 (three), 20.88 (three), 20.84 (three), 
20.76 (two), 18.29, 17.49 (two), 17.42 (two), 16.24 (two), 16.23, 14.89, 
14.80. HRMS (ESI) m/z: calcd for C64H97O23 [M + H]+, 1233.6421; 
found, 1233.6443. 

4.1.14. 3β-O-[2, 4-Di-O-(α-l-Rhamnopyranosyl)-β-d-glucopyranosyl]-lup- 
20 (30)-en-28-al (BA-18) 

To a solution of 21 (0.20 g, 0.16 mmol, 1.0 eq) in CH2Cl2-MeOH (20 
mL, V: V = 1: 1) and was added PCC (0.10 g, 0.41 mmol) at 0 ℃ under 
argon. After the mixture was stirred at r.t. for 4 h, the reaction mixture 
was filtered and the filtrate was concentrated under vacuum. The res-
idue was dissolved in EtOAc (60 mL), then extracted with water (3 × 30 
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mL) and brine (3 × 30 mL). The organic phase was concentrated under 
reduced pressure. The residue was re-dissolved in MeOH (10 mL) and 
CH2Cl2 (10 mL), CH3ONa was added until pH = 10. The reaction mixture 
was stirred at r.t. until the reaction was complete detected by TLC. Then, 
the mixture was neutralized with Dowex 50 × 8 (H+) resin until pH = 7. 
The reaction mixture was filtered and evaporated to remove excess 
solvent under vacuum. The residue was purified by silica gel column 
chromatography (CH2Cl2-MeOH, 5:1) to produce BA-18 (0.13 g, 84 % 
for two steps). 1H NMR (600 MHz, CD3OD): δ 9.58 (s, 1H, CHO), 5.29 (s, 
1H, Rha-H-1), 4.89 (s, 1H, Rha-H-1), 4.56 (s, 2H, C = CH2), 4.35 (d, 1H, 
J = 7.7 Hz, H-1′), 3.87 (m, 2H), 3.79–3.63 (m, 1H), 3.62–3.44 (m, 3H), 
3.42–3.29 (m, 3H), 3.25–3.23 (m, 3H), 3.12–3.00 (m, 1H, H-3), 
2.86–2.73 (m, 2H), 2.03–1.80 (m, 1H), 1.64 (s, 3H, CH3), 1.17 (m, 6H, 2 
× Rha-H-6), 1.00–0.67 (m, 15H, 5 × CH3); 13C NMR (151 MHz, CD3OD): 
δ 207.06 (CHO), 149.80 (C-20), 110.21 (C-29),104.09 (C-1′), 101.65 
(Rha-C-1), 100.62 (Rha-C-1), 89.04, 78.95, 77.84, 76.74, 75.05, 72.54, 
72.30, 71.04, 70.73, 70.61, 69.35, 68.63, 60.58, 59.13, 56.53, 56.00, 
50.64, 42.50, 42.28, 42.17, 40.66, 40.55, 38.95, 38.69, 36.66, 34.20, 
29.43, 26.99, 25.98, 20.68, 19.76, 18.19, 17.86, 16.63, 16.52, 15.61, 
15.51, 15.26, 15.09, 13.75, 13.68, 13.30. HRMS (ESI) m/z: calcd for 
C49H81O15 [M + H]+, 909.5575; found, 909.5593. 

4.1.15. 28-(Methoxy)-3β-O-[2, 4-di-O-(α-l-Rhamnopyranosyl)-β-d- 
glucopyranosyl]-lup-20 (29)-ene-3-al (BA-19) 

To a solution of 21 (0.20 g, 0.16 mmol) in ACN (10 mL) was added 
Ag2O (0.19 g, 0.81 mmol). After stirring for 20 min, CH3I (0.12 g, 0.81 
mmol) was added quickly while the mixture was at 60 ℃ under argon 
atmosphere. Stirring was continued overnight at that temperature. Then 
the mixture was cooled to room temperature, filtered and the filtrate was 
concentrated under vacuum. The residue was dissolved in EtOAc (100 
mL), then extracted with water (3 × 50 mL) and brine (3 × 50 mL). The 
organic phase was concentrated under vacuum. Then, the residue was 
re-dissolved in MeOH (10 mL) and CH2Cl2 (10 mL), CH3ONa was added 
until pH = 10. After the reaction mixture was stirred at r.t. for 5 h, 
Dowex 50 × 8 (H+) resin was added until pH = 7. The reaction mixture 
was filtered and concentrated under vacuum. The residue was purified 
by silica gel column chromatography (CH2Cl2-MeOH, 6:1) to afford BA- 
19 (0.12 g, 83 % for two steps). 1H NMR (600 MHz, CD3OD): δ 5.39 (s, 
1H, Rha-H-1), 4.85 (d, 1H, J = 1.7 Hz, Rha-H-1), 4.72 (s, 1H, C = CH2-1), 
4.60 (s, 1H, C = CH2-2), 4.44 (d, 1H, J = 7.7 Hz, H-1′), 3.99 (dd, 1H, J =
3.5, 1.7 Hz, Rha-H-2), 3.93 (dd, 1H, J = 9.5, 7.4 Hz, H-2′), 3.86 (dd, 1H, 
J = 3.3, 1.9 Hz, Rha-H-2), 3.86–3.78 (m, 1H), 3.77 (dd, 1H, J = 9.7, 3.5 
Hz, Rha-H-3), 3.67 (dd, 1H, J = 9.7, 3.8 Hz, Rha-H-3), 3.58 (t, 1H, J =
9.3 Hz, Rha-H-3), 3.50–3.38 (m, 3H), 3.36–3.30 (m, 4H), 3.20–3.11 (m, 
2H), 2.49–2.45 (m, 1H), 1.71 (s, 3H, CH3), 1.29 (d, 3H, J = 6.2 Hz, Rha- 
H-6), 1.23 (d, 3H, J = 6.3 Hz, Rha-H-6), 1.10, 1.06, 1.03, 0.90, 0.87 
(each s, each 3H, CH3), 0.76 (d, 1H, J = 9.8 Hz, H-5); 13C NMR (151 
MHz, CD3OD): δ 151.77 (C-20), 110.33 (C-29), 105.49 (C-1′), 103.05 
(Rha-C-1), 102.00 (Rha-C-1), 90.39, 80.36, 79.21, 78.14, 76.43, 73.93, 
73.68, 72.43, 72.12, 72.00, 70.75, 70.00, 61.96, 59.88, 57.38, 51.87, 
50.13, 48.41, 43.78, 42.15, 40.35, 40.29, 38.88, 38.01, 35.77, 35.47, 
31.07, 30.99, 30.77, 28.40, 28.35, 27.37, 26.59, 22.00, 19.42, 19.28, 
18.02, 17.90, 17.00, 16.90, 16.58, 15.33. HRMS (MALDI) m/z: calcd for 
C49H82O15Na [M + Na]+, 933.5551; found, 933.5573. 

4.1.16. 28-Chloro-3β-O-[2, 4-di-O-(α-l-Rhamnopyranosyl)-β-d- 
glucopyranosyl]-lup-20 (29)-ene-3-al (BA-21) 

To a solution of 21 (0.20 g, 0.16 mmol, 1.0 eq) in dry CH2Cl2 (10 mL) 
was added SOCl2 (18 µL, 0.21 mmol) at 0 ℃ under N2 atmosphere. After 
the mixture was stirred at r.t. for 12 h, the reaction was quenched with 
NaHCO3 at 0 ℃. Then, the reaction mixture was concentrated under 
vacuum. The residue was dissolved in EtOAc (60 mL), then extracted 
with water and brine, dried over Na2SO4, and concentrated in reduced 
pressure. The obtained crude product was re-dissolved in MeOH (10 mL) 
and CH2Cl2 (10 mL), CH3ONa was added until pH = 10. The reactant 
was then held at 30 ◦C until TLC indicated the reaction was complete. 

Dowex 50 × 8 (H + ) resin was added until pH = 7. Removal of the 
precipitate by filtration provided a yellowish solution, which was 
concentrated under vacuum. The residue was purified by silica gel col-
umn chromatography (CH2Cl2-MeOH, 6:1) to yield BA-21 (0.11 g, 76 % 
for two steps). 1H NMR (600 MHz, CD3OD): δ 5.38 (s, 1H, Rha-H-1), 4.85 
(s, 1H, Rha-H-1), 4.70 (s, 1H, C = CH2-1), 4.63 (s, 1H, C = CH2-2), 4.45 
(d, 1H, J = 7.7 Hz, H-1′), 4.04–3.95 (m, 2H), 3.93 (dd, 1H, J = 9.5, 7.4 
Hz, H-2′), 3.89–3.78 (m, 2H), 3.77 (dd, 1H, J = 9.6, 3.4 Hz, Rha-H-3), 
3.73–3.59 (m, 2H), 3.55–3.56 (m, 1H), 3.53–3.43 (m, 2H), 3.47–3.36 
(m, 2H), 3.34–3.31 (m, 2H), 3.18 (dd, 1H, J = 11.7, 4.6 Hz, H-3), 
3.03–3.01 (m, 1H), 2.90–2.88 (m, 1H), 2.04–1.94 (m, 1H), 1.32–1.30 
(m, 2H), 1.23 (d, 3H, J = 6.2 Hz, Rha-H-6), 1.05 (d, 3H, J = 6.2 Hz, Rha- 
H-6), 0.98, 0.94, 0.92, 0.87, 0.85 (each s, each 3H, CH3), 0.75 (d, 1H, J 
= 9.7 Hz, H-5); 13C NMR (151 MHz, CD3OD): δ 150.19 (C-20), 108.89 
(C-29), 104.25 (C-1′), 101.01 (Rha-C-1), 100.45 (Rha-C-1), 88.45, 
87.20, 77.39, 76.90, 75.68, 72.39, 71.19, 71.09, 70.74, 70.62, 69.20, 
69.17, 68.55, 60.59, 55.97, 50.93, 46.63, 41.37, 40.72, 39.16, 38.97, 
36.94, 36.53, 36.37, 36.27, 34.72, 34.21, 33.90, 33.16, 29.27, 27.68, 
26.46, 26.43, 26.36, 26.31, 24.71, 21.25, 18.32 (two), 18.10, 16.89, 
16.44, 15.86, 13.75, 11.84. HRMS (MALDI) m/z: calcd for 
C48H79O14ClNa M + Na]+, 937.5056; found, 937.5072. 

4.2. Biology assay 

4.2.1. Cell lines and plasmids 
HEK-293 T (Human, embryonic kidney) and Vero-E6 (African green 

monkey, kidney) cells were cultured in Dulbecco’s Modified Eagle Me-
dium (Gibco) supplemented with 10 % fetal bovine serum (Capricorn 
Scientific) and 1 % penicillin (100 units/mL) /streptomycin (100 μg/ 
mL) (Gibco, USA). 293 T-ACE2 (293 T cells stably expressing human 
ACE2) were constructed by our laboratory and cultivated under the 
same conditions as above. 

Plasmid pcDNA3.1-SARS-CoV-2-Sipke and pAAV-IRES-GFP-SARS- 
CoV-2-Sipke were given by the laboratory of Professor Shibo Jiang. 
Plasmid pAAV-IRES-EGFP was purchased from Hedgehogbio Science 
and Technology ltd. Expression plasmids for full-length vesicular sto-
matitis virus (VSV) glycoprotein (VSV-G) and pNL4-3.Luc.R-E- plasmids 
were obtained from Addgene (Cambridge, MA). Based on Plasmid 
pcDNA3.1-SARS-CoV-2 Spike, its mutants N501Y, D614G and Delta 
were all retained in our laboratory. Plasmid pcDNA3.1-SARS-CoV-2- 
Omicron and its 2 mutant plasmids were constructed by our labora-
tory. In brief, primers containing mutant sites were designed to amplify 
the specified DNA fragments with pcDNA3.1-SARS-CoV-2-Omicron as a 
template. The product obtained by PCR in the previous step was sub-
jected to homologous recombination according to the manufacturer’s 
instructions (Vazyme, China). The recombinant plasmids were used to 
transform stabl3 and inoculated in culture plates containing the corre-
sponding resistance. After incubation in 37 ℃ for 12–16 h, single col-
onies on plates were selected and sequenced. Mutation sites and 
corresponding primers were shown in followed table [30]:  

765-Foward GCTTCTGCACCCAGCTGAAGGCAGCCCTGACCGGCATCGCCGTGG 

765-Reverse CTTCAGCTGGGTGCAGAAGCTGCC 
964-Foward CCAGGCCCTGAACACCCTGGTGGCGCAGCTGTCCAGCAAGTTCGG 
964-Reverse CACCAGGGTGTTCAGGGCCTGG 
Circ-Foward GCGTGAAGCTGCACTACACCGGCGGCACCGAGACATCTCAGG 
Circ-Reverse GGCTAGCACGGAAGCGACCAGCATC  

4.2.2. Pseudotyped SARS-CoV-2 infection assay 
HEK293T cells were seeded in 6-well plates and cultured overnight 

at 37 ◦C. 1 µg pNL4-3.Luc.R-E-plasmid and 0.5 µg pcDNA3.1-SARS-CoV- 
2-S plasmid were transfected into 293 T cells, and the supernatant virus 
liquid was collected after culturing at 37 ◦C for 48 h. 293 T-ACE2 cells 
were seeded in 96-well cell plates one day before infection. The con-
centration gradient drug and SARS-CoV-2 pseudovirus were mixed for 
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30 min at room temperature, and then added to the cells for 48 h of 
infection. Cells were lysed and luciferase activities were quantified by 
Luciferase assay system (Promega, USA) [30]. 

4.2.3. Cytotoxicity assay 
Cells were seeded in a 96-well plate at a density of 1*104 cells/well, 

and cultured at 37 ◦C overnight. After 48 h of concentration gradient 
administration, 20 µL of MTT working solution (5 mg/mL) was added to 
each well, and cultured at 37 ◦C for 4 h. After discarding the culture 
supernatant, 150 µL of DMSO was added to each well, and the absor-
bance at 570 nm was measured by a microplate reader after sufficient 
shaking to dissolve. According to the measured OD value, the survival 
rate of cells under the action of the corresponding concentration of drugs 
compared with the control group was calculated, respectively [31]. 

4.2.4. Authentic SARS-CoV-2 inhibition assay 
Authentic SARS-CoV-2 inhibition assay was performed by Wuhan 

institute of virology, Chinese academy of sciences. Vero-E6 cells were 
seeded in a 48-well plate at a cell density of 3*105 cells/well and 
cultured overnight at 37 ◦C, 5 % CO2. SARS-CoV-2 virus dilution (MOI =
0.05) and serially diluted drugs were pre-incubated at 37 ◦C for 1 h to 
infect cells. After that, the supernatant of the infectious material was 
fully removed and 200 µL of complete medium was added to each well to 
continue the culture. After 24 h, 150 µL of cell culture supernatant was 
collected and viral RNA was extracted with an RNA extraction kit 
(Takara, Japan). The reverse transcribed product was determined by 
qRT-PCR for viral copy number in the supernatant (Takara TB Green® 
Premix Ex Taq™ II, Japan) [31]. 

4.2.5. Co-immunoprecipitation and western blotting 
HEK-293 T cells were seeded in six-well plates at a density of 4*105 

cells/well one day in advance. 2 ug plasmids pcDNA3.1-ACE2-Flag and 
2 ug pcDNA3.1-SARS-Omicron were co-transfected into each well and 
drugs were added in at the same time. After 48 h, total cell protein was 
extracted and incubated with protein A Sepharose bound by anti-labeled 
antibody or mouse IgG. The protein samples were separated by poly-
acrylamide gel electrophoresis after 12–16 h incubation with the anti-
body and were transferred to nitrocellulose membranes (Roche, 
Germany). SARS-Omicron and ACE2 were detected by anti-SARS-CoV-S 
(Sinol biological Inc., China) and anti-Flag (Sigma, USA) with mouse 
anti-goat-horseradish peroxidase (HRP) (Fude biological Technology 
Co., ltd., China) as the secondary antibody [31]. 

4.2.6. Cell-cell fusion assays 
HEK-293 T cells were seeded in 6-well plates at a density of 4*105/ 

well and cultured overnight. After transfection with pAAV-IRES-GFP- 
SARS-CoV-2-S plasmid expressing both SARS-CoV-2-S protein and 
green fluorescent protein GFP or pAAV-IRES-GFP vector plasmid, the 
cells were cultured at 37 ◦C for 48 h. Target cells Vero-E6 were seeded in 
96-well plates at a density of 1*104 cells/well 6 h before cell fusion 
experiments. 293 T/SARS-CoV-2-S/EGFP or 293 T/EGFP effector cells 
were incubated with the concentration gradient drug for 30 min and 
then added to the target cells. After 24 h, three random fields were 
imaged by inverted fluorescence microscope (Zeiss, Germany) [19]. 

4.2.7. Surface plasmon resonance (SPR) measurement 
Compound BEA-1, or BEA-4 was fixed on the chip by photo- 

crosslinking, then recombinant SARS-CoV-2 S-trimer protein (DRA 47, 
Novoprotein Inc. Shanghai) at indicated concentrations was injected 
sequentially into the chamber in buffer PBST (0.1 % Tween 20, pH 7.4). 
The interaction of S-trimer with BEA-1, or BEA-4 fixed was detected by 
PlexArrayTM HT SPRi (Seattle, US). The reaction temperature was 
controlled at 4 ℃, binding time was 600 s, disassociation time was 360 s, 
flow rate was 0.5 μL/s. The chip was regenerated with Glycine Hydro-
chloride (pH 2.0). The data of interaction signals was retrieved and 
analyzed with PlexeraDE software [30]. 

4.2.8. Circular dichroism (CD) spectroscopy 
CD spectra were recorded on a Chirascan plus ACD (Applied Pho-

tophysics ltd, England). HR1P and HR2P were dissolved in buffer (0.1 M 
KCl, 0.05 M KH2PO4, pH 7.2) at a final concentration of 10 μM. Briefly, 
HR1P was incubated with PBS or BA-4 (20 μM) at 25 ℃ for 30 min, 
followed by addition of HR2P (10 μM). After further incubation at 25 ℃ 
for 30 min, the CD wave scans were measured from 190 to 260 nm at 4 
℃ with the bandwidth of 2 nm and the step size of 1 nm [18,19]. 

4.2.9. Molecular docking 
A molecular docking study was performed using Discovery Studio 

3.0. The 3D crystal structure of SARS-CoV-2 spike glycoprotein was 
downloaded from RCSB Protein Date Bank (https://www.rcsb.org) 
using PDB IDs of 6VXX or 7TF8, water and glycosyl molecules removed 
by manual. The protein and the ligand were prepared by minimization 
with CHARMM force field. Then the binding site of the protein was 
defined and prepared for docking by using Define Site (From Receptor 
Cavities) protocol. Molecular docking results were carried out using 
CDOCKER protocol without constraint and ranked by -CDOCK-
ER_ENERGY [37]. 

4.2.10. Plasma stability, microsomal stability and intestinal S9-UDPGA 
stability 

Plasma stability was determined as following steps [38]: (1) prepare 
a 10 mM DMSO stock of BA-4. (2) Dilute the 10 mM stock to 1 μM with 
mouse plasma. (3) Transfer 50 μL plasma into a new tube and stop re-
action using 250 μL acetonitrile. (4) Incubate the plasma sample in a 
water bath at 37 ◦C. (5) Stop reaction at 10, 30, 60, and 90 min, 
respectively. (6) Measure the compound concentration by LC-MS/MS; 
microsomal stability was determined using 10 μM BA-4 to incubate 
with mouse microsomes (0.5 mg/mL) for 5 min at 37 ◦C in phosphate 
buffer (100 mM, pH = 7.4) before 1 mM NADPH was added to start the 
reaction. Then, the cold acetonitrile was utilized to precipitate the 
protein. Lastly, the samples were centrifuged for further analysis by LC- 
MS/MS; the experimental procedures of mouse intestinal S9-UDPGA 
were similar as previously reported [39]. 
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