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ARTICLE INFO ABSTRACT

Keywords: Honokiol, isolated from a traditional Chinese medicine (TCM) Magnolia officinalis, is a biphenolic compound with
Honokiol several biological activities. To improve and broaden its biological activity, herein, two series of honokiol thi-
Thioethers

oethers bearing 1,3,4-oxadiazole moieties were prepared and assessed for their a-glucosidase and SARS-CoV-2
entry inhibitory activities. Among all the honokiol thioethers, compound 71 exhibited the strongest a-glucosi-
dase inhibitory effect with an ICsy value of 18.9 + 2.3 uM, which was superior to the reference drug acarbose
(ICsp = 24.4 £ 0.3 uM). Some interesting results of structure-activity relationships (SARs) have also been dis-
cussed. Enzyme kinetic study demonstrated that 71 was a noncompetitive a-glucosidase inhibitor, which was
further supported by the results of molecular docking. Moreover, honokiol thioethers 7e, 9a, 9e, and 9r exhibited
potent antiviral activity against SARS-CoV-2 pseudovirus entering into HEK-293 T-ACE2", Especially 9a dis-
played the strongest inhibitory activity against SARS-CoV-2 pseudovirus entry with an ICsg value of 16.96 +
2.45 puM, which was lower than the positive control Evans blue (21.98 + 1.98 pM). Biolayer interferometry (BLI)
binding and docking studies suggested that 9a and 9r may effectively block the binding of SARS-CoV-2 to the
host ACE2 receptor through dual recognition of SARS-CoV-2 spike RBD and human ACE2. Additionally, the
potent honokiol thioethers 71, 9a, and 9r displayed relatively no cytotoxicity to normal cells (LO2). These
findings will provide a theoretical basis for the discovery of honokiol derivatives as potential both a-glucosidase
and SARS-CoV-2 entry inhibitors.

1,3,4-Oxadiazole
a-Glucosidase inhibitor
SARS-CoV-2 entry inhibitor

1. Introduction derived from the bark of the Magnolia officinalis plant (Fig. 1), and has

long been used in traditional Chinese medicine formulas or Chinese

Natural products are the components or metabolites of animals, plant
extracts, insects, marine organisms, and microorganisms, which serve as
the molecular basis for Chinese herbal medicine to perform pharmaco-
dynamic functions.'~? Natural products have long been appreciated for
their chemical diversity, biochemical specificity, and other molecular
properties that make them suitable as lead structures for drug discov-
ery.> From 1981 to 2014, >59% of new drugs approved by the US FDA
were derived directly or indirectly from natural products.' Currently,
70-95% of the global population are using traditional medicinal herbs
and their natural bioactive ingredients for disease treatment or pre-
vention, and over 50% of all clinical medicines are from natural sub-
stances or their derivatives.*® The Chinese herbal medicine “Hou Po” is

* Corresponding authors.

patent medications. “Hou Po” has been proven to have many pharma-
cological effects such as antiaging, antitumor, and antidiabetic.” '’
Honokiol (1, Fig. 1), an important biphenolic component of Magnolia
officinalis Rehd et Wils., has piqued the interest of a growing number of
researchers due to its good biological activity, high targeting, and low
toxicity.'1® Several recent studies in vivo and in vitro models have
demonstrated multiple biological efficacies of honokiol, including anti-
angiogenesis,14 anticancer,lS’l(’ antiviral,17 anti-inﬂammatory,18 anti-
oxidant activities.'® In addition, recently, honokiol has been reported to
have a good inhibitory effect on SARS-COV-2 infection.’’2? However,
little attention has been paid so far to the biological activities of hono-
kiol derivatives in the treatment of diabetes and inhibition of SARS-CoV-
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2 infection.

Based on the above-mentioned, and in our continuous efforts to
improve and broaden the biological activity of honokiol,>> ?* herein, we
have successfully prepared two series of honokiol thioethers containing
1,3,4-oxadiazole moieties (7 and 9, Fig. 1), and evaluated their
a-glucosidase and SARS-CoV-2 entry inhibitory activities.

2. Results and discussion

2.1. Preparation of honokiol thioethers bearing the 1,3,4-oxadiazole
moiety (7a-p, 9a, c, e, g j-m, o, q, and 9r)

As shown in Scheme 1, we first synthesized the key intermediates
(4a, ¢, e, g, j-m, 0, q, r) and (6a—p) through two different routes using
various substituted aryl acids according to the reported methods.?>2°
Subsequently, the honokiol was reacted with concentrated nitric acid
(HNO3) to obtain 3,5'-dinitrohonokiol (2) in a high yield. Then, the
reduction of compound 2 in the presence of SnCl, to give 3,5'-dia-
minohonokiol (3), followed by the cyclization of 3 with carbon disulfide
(CS») to afford a key intermediate 4 at 140 °C. In the end, with the in-
termediate 4 in hand, it was reacted with the corresponding 2-chloro-
methyl-5-substituted phenyl-1,3,4-oxadiazoles (6a-p) to obtain the
disubstituted honokiol thioethers 7a—p.

Additionally, as Scheme 2 displays, honokiol and iodine (Iz) were
reacted to give an iodocyclization compound 5, and then the hydrox-
ymethylation of 5 produced intermediate 6 with formaldehyde (HCHO)
and sodium hydroxide (NaOH). Afterwards, intermediate 6 was ring-
opened in the presence of zinc and acetic acid to obtain compound 7,
followed by a chlorination reaction to give another important interme-
diate 8. Finally, the monosubstituted honokiol thioethers 9a, c, e, g,
j—m, o, q, and 9r were achieved by the reaction of compound 8 with the
intermediates 5-aryl-1,3,4-oxadiazole-2-thiols (4a, c, e, g, j-m, o, q, 1)
in the presence of potassium carbonate (K2CO3) and potassium iodide
(KD). All the title honokiol thioethers have purity > 95% by HPLC assay.
Moreover, structures of all the title honokiol thioethers 7a—p, 9a, c, e, g,
j-m, o, q, and 9r were characterized by IR, 'H/'3C NMR, and HR-MS
spectral analyses.

Magnolia officinalis Rehd.et Wils.
("Hou Po" in Chinese)

honokiol, 1

Bioorganic & Medicinal Chemistry 67 (2022) 116838

2.2. a-Glucosidase inhibitory activity and structure-activity relationships
(SARs)

All the title honokiol thioethers (7a-p, 9a, c, e, g, j-m, o, q, and 9r)
were evaluated for their in vitro a-glucosidase inhibitory activities with
the reference drug acarbose as a positive control.”” As shown in Table 1,
after the introduction of the 1,3,4-oxadiazole ring on the precursor
honokiol, most of the target honokiol thioethers displayed more potent
a-glucosidase inhibitory activities than honokiol. Among them, hono-
kiol thioethers 7h, 7k, 71, 70, and 90 showed outstanding inhibitory
activities with inhibition rates of 91.5%, 95.3%, 95.2%, 95.5%, and
81.8%, respectively. To further investigate the a-glucosidase inhibitory
activities of potent derivatives 7h, 7k, 71, 70, and 9o, their ICs( values
were determined as 25.8 + 2.3, 25.0 + 1.9, 18.9 + 2.3, 24.5 + 2.0, and
52.9 + 3.4 pM, respectively. In particular, derivative 71 exhibited the
strongest inhibitory activity with an ICsg value of 18.9 + 2.3 uM, which
was more potent than the reference drug acarbose (24.4 + 0.3 pM).

Furthermore, some interesting structure-activity relationships
(SARs) were also obtained. The SARs revealed that in the series of
honokiol dithioether derivatives (7a-p), the derivatives were more
active when there was a substituent on the phenyl group of the 1,3,4-
oxadiazole ring than that of no substituent on the phenyl group. For
example, among compounds 7a-p, 7a (R = -Ph) exhibited the weakest
inhibitory effect with an inhibition rate of only 6.3%. When the halogen
groups substituted on the phenyl ring of the 1,3,4-oxadiazole ring, the
introduction of 5-(2-bromophenyl)-1,3,4-oxadiazole ring on honokiol
gave the most active compounds than that of other 5-(halogenphenyl)-
1,3,4-oxadiazole rings. For example, the inhibition rate of 7h was
91.5%, whereas the inhibition rates of 7b-g, 7i, and 7k were 33.9%,
14.6%, 8.4%, 19.4%, 10.4%, 57.9%, 12.4%, and 22.4%, respectively.
When electron donating groups (EDGs) substituted on the phenyl ring of
the 1,3,4-oxadiazole ring, the introduction of 5-(2-methylphenyl)-1,3,4-
oxadiazole, 5-(3-methylphenyl)-1,3,4-oxadiazole or 5-(3-meox-
ylphenyl)-1,3,4-oxadiazole on honokiol could enhance the a-glucosidase
inhibitory effect {e.g 7k [R = —(2-CH3)Ph] vs. 7m [R = —(4-CH3)Ph],
and 70 [R = —(3-OCH3)Ph] vs. 7p [R = —(4-OCH3)Ph]}. Additionally, in
the series of honokiol monosulfide derivatives, it was also found that the
introduction of 5-(3-meoxylphenyl)-1,3,4-oxadiazole on honokiol could
result in a more potent derivative than those of other 1,3,4-oxadiazoles.
Among honokiol monosulfide derivatives, 9o displayed the best
a-glucosidase inhibitory activity.

S
fala
R \N'

target compounds 9

Fig. 1. Honokiol and its thioether derivatives derived from Magnolia officinalis.
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Scheme 1. Synthetic routes of honokiol dithioether derivatives 7a-p.
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Scheme 2. Synthetic routes of honokiol monosulfide derivatives 9a-c, e, g, j-m, o, q, and 9r.
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Table 1
In vitro a-glucosidase inhibitory activity of honokiol thioethers.”

Compound Substituent (R) Inhibition rate (%) ICs0 (UM)
7a —Ph 6317 b

7b —(2-F)Ph 33.9+28 -

7c —(3-F)Ph 146 £1.9 -

7d —(4-F)Ph 84+04 -

7e —(2-C)Ph 19.4 +£ 3.1 -

7f —(3-Ch)Ph 104 +£1.4 -

78 —(4-Cl)Ph 57.9 + 2.6 -

7h —(2-Br)Ph 91.5+0.1 25.8 +£2.3
7i —(3-Br)Ph 12.4 £ 2.3 -

7j —(4-Br)Ph 224+ 1.4 -

7k —(2-CH3)Ph 95.3+1.6 25.0+1.9
71 —(3-CH3)Ph 95.2 + 0.4 189 + 2.3
7m —(4-CH3)Ph 13.5+0.3 -

7n —(2-OCH3)Ph 252+ 1.6 -

70 —(3-OCH3)Ph 95.5 £ 0.7 24.5 + 2.0
7p —(4-OCH3)Ph 9.9+ 04 -

9a -Ph 69.8 + 3.8 -

9c¢ —(3-F)Ph 535+ 1.5 -

9e —(2-C)Ph 64.5 + 2.5 -

9g ~(4-Cl)Ph 71+1.3 -

9j —(4-Br)Ph 3.7+0.1 -

9k —(2-CH3)Ph 64.5 + 2.1 -

91 —(3-CH3)Ph 78.2 £ 0.1 -

9m —(4-CH3)Ph 6.7 £ 0.6 -

90 —(3-OCH3)Ph 81.8 £ 2.1 529 + 3.4
9q —(4-NO,)Ph 79.5 £ 0.1 -

Or 3-pyridyl 33.2+21 -
honokiol / 171 £1.7 -
acarbose® / 96.4 + 0.5 24.4 £ 0.3

2 Values are expressed as mean 4 SD (n = 3).
b Not determined; Acarbose was used as the positive control.

2.3. Kinetic and molecular docking studies

To investigate the inhibition mode of honokiol thioethers towards
a-glucosidase, the enzyme kinetic of the potent derivative 71 was
analyzed by using the Lineweaver-Burk plot.”’ ?® As revealed in Fig. 2A,
the Vp, values gradually declined with increasing of the concentration of
inhibitor 71 at a constant Ky, value. Consequently, this result indicated
that the inhibitor 71 was a noncompetitive inhibitor against a-glucosi-
dase. Additionally, the K; value of inhibitor 71 was determined by the
Dixon plot method to be approximately 20.8 pM (Fig. 2B).

Furthermore, to explore the possible interaction mode of the potent
compound 71 with a-glucosidase, molecular docking studies were con-
ducted based on previous reports.’*2° As shown in Fig. 3B, the binding
site of 71 to a-glucosidase is significantly different from that of acarbose
to a-glucosidase. The former is bound to the top domain of the enzyme,
while the latter is bound to the middle domain of the enzyme. This result

(A)

Compound 71

o0 uM

®18.9 uM

A378 M

1/V(OD 4¢/min)!

-1 1.0 3.0 5.0 7.0 2.0
-50

1/[S](uM) !
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was consistent with 71 being a noncompetitive inhibitor as demonstrated
in the enzyme kinetic test. In addition, as displayed in the 2D bonding
patterns of 71 and acarbose to a-glucosidase (Fig. 3A and 3C), it can be
found that the sulfur atom of 71 interacted with residue Glu497 through
a hydrogen bond; The nitrogen atom of 1,3,4-oxadiazole ring of 71
formed interactions with residues Lys373 and Asn489 through hydrogen
bonds; Two phenyl rings of the skeleton of 71 had n-n stacking in-
teractions with residue Lys568. While acarbose is bound to a-glucosi-
dase mainly through hydrogen bonds with its residues Asp307, Glu276,
Asp69, Asp214, and His280.

2.4. Antiviral activities of honokiol thioethers against SARS-CoV-2
pseudovirus entry

A model of SARS-CoV-2 spike pseudotyped viruses carrying a re-
porter of luciferase to infect HEK-293 T-ACE2" cells was first con-
structed according to the previous reports.*>? The control was cells
only infected with SARS-CoV-2 spike pseudovirus, whose luciferase
luminescence value was defined as 100%. Evans blue was served as a
positive inhibitor for viral entry. As displayed in Table 2, the toxicities of
honokiol thioethers to the host HEK-293 T-ACE2" cells were well
improved after optimizing the structure of honokiol, and their maximum
nontoxic concentration (CCp > 100 uM) values were all greater than that
of the precursor honokiol (CCy = 50.0 pM). Moreover, among these
honokiol thioethers, compounds 7e, 9a, 9e, and 9r exhibited potent
antiviral effect on SARS-CoV-2 pseudovirus entering HEK-293 T-ACE2".
Especially 9a displayed the strongest inhibition of pseudovirus entry
with an ICsg value of 16.96 + 2.45 pM, which was lower than the pos-
itive control Evans blue (21.98 + 1.98 pM). Furthermore, it can be
visualized from Fig. S1 that the inhibitory effect against pseudovirus
entry of Evans blue, 9a, and 9r was in a concentration-dependent
manner. Compound 9a almost completely inhibited SARS-CoV-2 pseu-
dovirus entry at 100 pM and did not exhibit any toxicity to the host cells.
The above results indicated that 9a could be a prospective candidate as
an inhibitor of SARS-CoV-2 virus entry.

2.5. Honokiol thioethers 9a and 9r bind and interact with SARS-CoV-2
spike receptor-binding domain (RBD) and angiotensin-converting enzyme
2 (ACE2) receptor

As we know, SARS-CoV-2 can use ACE2 receptor on the surface of
human cells to invade cells and thus achieve infection.®® To further
investigate the inhibition mode of these honokiol thioethers, we evalu-
ated the binding behaviors of two potent compounds 9a and 9r in
combination with both SARS-CoV-2 spike RBD and human ACE2 by
biolayer interferometry (BLI) binding and docking assays. As displayed
in Fig. 4, the binding ability of 9a and 9r with SARS-CoV-2 spike RBD

(B) 450 -
90.125 uM
400 -
m0.25 uM
350
300 ) 0.5 uM
-~
£ 250 4 1M
E
c'-év‘ 200 1 X2 uM
() 150,
=~
< /
—
- s -20 -15 -10 —%0 5 10 15 20 25 30 35 40 45

Concentration of 71 (uM)

Fig. 2. Kinetic studies of compound 71 against a-glucosidase. (A): The Lineweaver-Burk plot in the absence and presence of different concentrations of 71; (B): The
Dixon plot in the presence of different concentrations of p-nitrophenyl-a-b-glucopyranoside (PNPG).
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Fig. 3. Binding results of compounds 71 and acarbose in the active sites of a-glucosidase (PDB: 3AXH). (A): 2D binding model of 71 with a-glucosidase; (B): 3D

binding models of 71 and acarbose with a-glucosidase; (C): 2D binding model of

Table 2

ICs( values of honokiol thioethers against the entry of SARS-CoV-2 spike pseu-
dovirus into HEK-293 T-ACE2" cells.

Compound  SubstituentR  CCp (uM) for 4 ICso (uM) against pseudovirus
h entry

7a -Ph >100 >100

7b —-(2-F)Ph >100 >100

7¢ —(3-F)Ph >100 >100

7d —-(4-F)Ph >100 >100

7e —-(2-CDPh >100 84.35 + 5.58
7f —(3-Cl)Ph >100 >100

78 -(4-Cl)Ph >100 >100

7h —(2-Br)Ph >100 >100

7i —(3-Br)Ph >100 >100

7j —(4-Br)Ph >100 >100

7k —(2-CH3)Ph >100 >100

71 —(3-CH3)Ph >100 >100

7m —(4-CH3)Ph >100 >100

7n —(2-OCH3)Ph >100 >100

70 —-(3-OCH3)Ph  >100 >100

7p —-(4-OCH3)Ph  >100 >100

9a -Ph >100 16.96 + 2.45
9b —(2-F)Ph >100 >100

9e —-(2-CD)Ph >100 85.18 + 12.76
9k —(2-CH3)Ph >100 >100

or 3-pyridyl >100 45.61 + 4.66
honokiol / 50.00 >50
Evans blue / >100 21.98 +1.98

and human ACE2 was in a dose-dependent manner. Further based on the
data in Table 3, it was evident that both derivatives 9a and 9r bound
more strongly to SARS-CoV-2 spike RBD with equilibrium dissociation
constant (Kp) values of 6.94 + 0.22 and 7.29 + 0.96 pM, respectively,
compared with honokiol. Similarly, 9a and 9r also had the slightly
stronger binding ability to ACE2 protein than honokiol (Kp = 16.98 +
3.4 pM), and their Kp values were 14.03 + 1.10 and 15.98 + 0.92 pM,
respectively. Moreover, the binding energy values of 9a and 9r with
SARS-CoV-2 spike RBD (9a: —-33.7192 kcal/mol; 9r: —32.4406 kcal/mol)
and human ACE2 (9a: —42.3154 kcal/mol; 9r: —34.6448 kcal/mol) ob-
tained by molecular docking studies were consistent with the BLI assay
results described above (Table 3). In addition, the binding ability of 9a
with both SARS-CoV-2 spike RBD and ACE2 was slightly stronger than
that of 9r.

Furthermore, details of the interaction of compounds 9a and 9r with
SARS-CoV-2 spike RBD and human ACE2 can be obtained in Fig. 5A-D.
Compounds 9a and 9r interacted with SARS-CoV-2 spike RBD mainly via
residues Tyr505 and Asn501 (Fig. 5A and B); The interaction of 9a with
human ACE2 was stronger than that of 9r, mainly via hydrogen bonds
with a key residue Arg514 (Fig. 5C and D). Taken together, these find-
ings indicated that 9a and 9r may effectively block the binding of SARS-

acarbose with a-glucosidase.

CoV-2 to the host ACE2 receptor through dual recognition of SARS-CoV-
2 spike RBD and human ACE2.

2.6. Cytotoxicity against normal cells (LO2)

The potent compounds 71, 9a, and 9r were selected for cytotoxicity
assay to investigate their toxic effects on normal mammalian cells using
the MTT assay.>* As displayed in Fig. 6, the viability of normal cells
(LO2) did not change much after treatment with different concentra-
tions of 71, 9a, and 9r, the survival rates were all above 80% even at the
100 uM level. The result revealed that these honokiol thioethers
exhibited relatively no cytotoxicity toward normal cells (LO2).

3. Conclusion

In conclusion, two series of honokiol thioethers bearing 1,3,4-oxa-
diazole fragments (7a-p, 9a, c, e, g, j-m, o, q, and 9r) were prepared
and evaluated for their a-glucosidase and SARS-CoV-2 entry inhibitory
activities. Among these honokiol thioethers, compound 71 displayed the
strongest a-glucosidase inhibitory effect with an ICsp value of 18.9 +
2.3 uM, which was more potent than the reference drug acarbose (ICsg
= 24.4 + 0.3 uM). Some interesting SARs were also observed. Enzyme
kinetic study manifested that 71 was a noncompetitive a-glucosidase
inhibitor, which was further supported by the molecular docking results.
The binding site of 71 to a-glucosidase was significantly different from
that of acarbose to a-glucosidase. Moreover, honokiol thioethers 7e, 9a,
9e, and 9r exhibited potent antiviral effects on SARS-CoV-2 pseudovirus
entering into HEK-293 T-ACE2". Especially 9a displayed the strongest
inhibitory activity against pseudovirus entry with an ICsg value of 16.96
=+ 2.45 pM, which was lower than the positive control Evans blue (21.98
=+ 1.98 uM). BLI binding and docking studies suggested that 9a and 9r
may effectively block the binding of SARS-CoV-2 to the host ACE2 re-
ceptor through dual recognition of SARS-CoV-2 spike RBD and human
ACE2. Additionally, the potent honokiol thioethers 71, 9a, and 9r dis-
played relatively no cytotoxicity to normal cells (LO2). These findings
will offer some insights into the discovery of honokiol derivatives as
potential both a-glucosidase and SARS-CoV-2 entry inhibitors.

4. Materials and methods
4.1. Chemicals and instrument

Honokiol was purchased from Shanghai Aladdin Biochemical Tech-
nology Co., LTD. The a-glucosidase enzyme and p-nitrophenyl-a-p-glu-
copyranoside (PNPG) were obtained from Beijing Solarbio Inc. All other
reagents were obtained from commercial sources. A melting-point in-
strument was used to measure the melting points (m.p.) for all the target
honokiol. Infrared spectra (IR) were detected by a PE-1710 FT-IR
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Fig. 4. Binding curves of 9a and 9r with human ACE2 and SARS-CoV-2 spike RBD proteins by BLI binding kinetics assay. (A) and (B): Compounds 9a and 9r binding
to SARS-CoV-2 spike RBD protein, respectively; (C) and (D): The interaction of 9a and 9r binding to human ACE2 protein, respectively.

Table 3

Equilibrium dissociation constant (Kp) values of 9a and 9r with SARS-CoV-2
spike RBD and human ACE2 protein by a BLI binding assay, and their binding
energy by molecular docking studies.

compound Kp values (uM) by BLI binding energy (kcal/mol)
spike RBD human ACE2 spike RBD human ACE2
9a 6.94 + 0.22 14.03 £ 1.10 -33.7192 -42.3154
9r 7.29 £ 0.96 15.98 + 0.92 -32.4406 -34.6448
honokiol 25.01 £7.29 16.98 + 3.4 -24.304 —31.963

spectrometer (Waltham, USA). 'H/!3C NMR spectra of all the target
honokiol thioethers were measured by a 400 MHz Bruker Avance
spectrometer. HRMS spectra of all the honokiol thioethers were deter-
mined using a Thermo Fisher LTQFT Ultra instrument.

4.2. Preparation of 5-aryl-1,3,4-oxadiazole-2-thiols (4a, c, e, g j-m, o,
g, ) and 2-chloromethyl-5-substituted phenyl-1,3,4-oxadiazoles (6a—p)

The  5-aryl-1,3,4-oxadiazole-2-thiols and  2-chloromethyl-5-
substituted phenyl-1,3,4-oxadiazoles were prepared according to pre-
viously reported methods.”” In brief, 98% H3S04 (0.2 mL) was added to
the solution of various aromatic acids a-r (10 mmol) in EtOH (15 mL),
and then refluxed overnight. The mixture was concentrated once the
reaction was finished, and the residue was purified to give the corre-
sponding esters 2a-r. Following that, esters 2a-r were reacted with
NH,NH,-H0 to yield aryl hydrazides 3a-r, which were then cyclized
with carbon disulfide, potassium hydroxide (KOH), and 5% hydrochlo-
ric acid (HCI) to yield 5-aryl-1,3,4-oxadiazole-2-thiols (4a, c, e, g, j-m,
0, q, r). Additionally, the aryl hydrazides 3a-p were treated with
chloroacetyl chloride (10 mmol) to yield compounds 5a-p via another

approach. Finally, the 2-chloromethyl-5-substituted phenyl-1,3,4-
oxadiazoles (6a-p) are obtained by treating 5a—p with POCls.

4.3. Synthesis of honokiol thioethers 7a-p, 9a, c, e, g j-m, o, q, and 9r

The synthesis of intermediates 2-8 was carried out according to the
previous reports.>* > The corresponding intermediates 1,3,4-oxadia-
zoles (6a-p, 4a, c, e, g, j, k-m, o, q, r) (0.25 mmol), K,CO3 (0.5
mmol, 69.1 mg), and KI (0.02 mmol, 3.3 mg) were added to a solution of
the intermediate 4/8 (0.2 mmol) in acetone. The reaction mixture was
filtrated and then the filtrate was concentrated in vacuum, when the
reaction was completed. Then the concentrate was purified by prepar-
ative thin-layer chromatography (PTLC), yielding the honokiol thio-
ethers 7a-p, 9a, c, e, g, j-m, o, q, and 9r. Spectral data of honokiol
thioethers 7a-d are listed below, and others are listed in Supplementary
Material.

Data for 5',7-diallyl-2,2'-bis(((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)
thio)-5,7'-bibenzo[d]oxazole (7a): White solid, yield: 70%, m.p.
122-125°C; IR cm ™ '(KBr): 2978, 2931, 1550, 1504,1147, 1115, 707,
688,1H NMR (400 MHz CDCl3) 6: 7.92-7.99 (m, 5H, -Ph), 7.44-7.53 (m,
8H, -Ph), 7.29 (d, J = 1.2 Hz, 1H, -Ph), 5.99-6.08 (m, 2H, -CH = CHy),
5.11-5.19 (m, 4H, ~CH, = CH), 4.84 (s, 2H, —-CH,-N), 4.82 (s, 2H, ~CH,-
N), 3.67 (d, J = 6.4 Hz, 2H, -CH,-CH = CH)), 3.54 (d, J = 6.8 Hz, 2H,
—CHo-CH = CH,,'3C NMR (100 MHz CDCls) &: 165.75, 162.46, 162.42,
162.32, 150.91, 148.46, 142.64, 142.04, 137.47, 137.21, 134.85,
132.30, 132.02, 131.97, 129.10, 129.05, 127.02, 126.99, 125.14,
124.57,124.08,123.45,123.36,117.73,117.06,116.61, 116.35, 40.19,
34.05, 25.86; HRMS: caled for C3gHaoNgO4Se ([M + HI1) 697.1691,
found 697.1684, error value: 1.0 ppm.

Data for 5',7-diallyl-2,2'-(((5-(2-fluorophenyl)-1,3,4-oxadiazol-2-yl)
methyl)thio)-2-(((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)thio)-5,7'-
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B Pi-Siea

Fig. 5. Docking results of compounds 9a and 9r in the active sites of SARS-CoV-2 spike RBD (PDB: 6M0J) and human ACE2 proteins (PDB: 3AXH). (A) and (B)
Predicted interactions of compounds 9a and 9r with SARS-CoV-2 spike RBD, respectively. (C) and (D) Predicted interactions of compounds 9a and 9r with human

ACE2 protein, respectively.
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Fig. 6. Cell viability of LO2 cells after treatment by 71, 9a, and 9r. The results
are presented as the mean + SD.

bibenzo[d]oxazole (7b): Yellow solid, yield: 40%, m.p. 58-61°C; IR
crn’l(KBr): 2921, 1504, 1494, 1147, 1114, 668,1H NMR (400 MHz
CDCl3) &: 7.95-8.03 (m, 2H, -Ph), 7.91 (d, J = 1.6 Hz, 1H, -Ph),
7.50-7.52 (m, 3H, -Ph), 7.44 (d, J = 1.2 Hz, 1H, -Ph), 7.28-7.29 (m, 2H,
-Ph), 7.17-7.24 (m, 3H, -Ph), 5.99-6.08 (m, 2H, -CH = CH,), 5.11-5.19
(m, 4H, -CH, = CH), 4.86 (s, 2H, -CH,-N), 4.83 (s, 2H, —-CH>-N), 3.67 (d,
J = 6.4 Hz, 2H, -CH,-CH = CH)), 3.53 (d, J = 6.8 Hz, 2H,-CH,-CH =
CH2,13C NMR (100 MHz CDCl3) 6: 162.82, 162.51, 162.21, 160.04 (d,
Jecr = 257.0 Hz), 150.89, 148.45, 142.62, 142.02, 137.40, 137.22,
134.87, 133.85, 133.79, 133.70, 132.27, 129.80, 125.11, 124.67,
124.54, 124.06, 123.30, 117.71, 117.14, 117.02 (d, Jccr = 17.0 Hz),
117.01,116.46 (d, Jocp = 28.0 Hz), 112.04, 111.93, 40.18, 34.04, 25.79;
HRMS: caled for CsgHp7FoNgO4S2 ([M + HI]T) 733.1503, found
733.1501, error value: 0.3 ppm.

Data for 5',7-diallyl-2,2'-(((5-(3-fluorophenyl)-1,3,4-oxadiazol-2-yl)
methyl)thio)-2-(((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)thio)-5,7'-

bibenzo[d]oxazole (7c): Yellow solid, yield: 68%, m.p. 133-135°C; IR
cmfl(KBr): 2925, 1508, 1493, 1149, 1117, 869,1H NMR (400 MHz
CDCly) 6: 7.92 (d, J = 1.6 Hz, 1H, -Ph), 7.75-7.81 (m, 2H, -Ph),
7.64-7.72 (m, 2H, -Ph), 7.52 (d, J = 1.2 Hz, 1H, -Ph), 7.40-7.48 (m, 3H,
-Ph), 7.30 (d, J = 1.2 Hz, 1H, -Ph), 7.19-7.22 (m, 2H, -Ph), 5.99-6.08
(m, 2H, —-CH = CHy), 5.11-5.20 (m, 4H, -CH, = CH), 4.84 (s, 2H, -CH>-
N), 4.81 (s, 2H, -CH»-N), 3.67 (d, J = 6.8 Hz, 2H, -CH,-CH=CH,), 3.54
(d, J = 6.8 Hz, 2H, -CH»-CH=CH,,'3C NMR (100 MHz CDCls) 5: 164.74,
163.11 (d, Jcr = 187.0 Hz), 162.82, 162.76, 162.52, 150.91, 148.46,
142.59, 141.99, 137.51, 137.17, 134.82, 132.30, 131.01, 130.95,
130.87, 125.35, 125.26, 125.16, 124.62, 124.05, 123.36, 122.77,
119.16,119.12 (d, Jocr = 21.0 Hz), 118.95, 117.74, 117.07, 116.61 (d,
Jccr = 25.0 Hz), 114.19, 114.16, 113.95, 40.18, 34.05, 25.82; HRMS:
caled for CsgHarFaNgO4So (M + H1T) 733.1503, found 733.1500, error
value: 0.4 ppm.

Data for 5',7-diallyl-2,2'-(((5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl)
methyl)thio)-2-(((5-phenyl-1,3,4-oxadiazol-2-yl)methyl)thio)-5,7'-
bibenzo[d]oxazole (7d): White solid, yield: 72%, m.p. 104-106°C; IR
cmfl(KBr): 2923, 1609, 1498, 1236, 1148, 1115, 844,1H NMR (400
MHz CDCl3) &: 7.92-8.02 (m, 5H, -Ph), 7.52 (d, J = 1.2 Hz, 1H, -Ph),
7.44 (d,J= 0.8 Hz, 1H, -Ph), 7.29 (d, J = 1.6 Hz, 1H, -Ph), 7.12-7.18 (m,
4H, -Ph), 5.99-6.08 (m, 2H, -CH=CHy), 5.12-5.20 (m, 4H, -CH,=CH),
4.83 (s, 2H, —CH,-N), 4.81 (s, 2H, —CH,-N), 3.67 (d, J = 6.4 Hz, 2H,
—CH»-CH=CHy), 3.54 (d, J = 6.4 Hz, 2H, —CH,-CH=CH,,'3C NMR (100
MHz CDCl3) é: 166.15, 163.77 (d, Jcrp = 187.0 Hz), 162.48, 162.43,
162.27, 150.90, 148.45, 142.61, 142.01, 137.49, 137.17, 134.81,
132.28, 129.38, 129.35, 129.29, 129.26, 125.12, 124.56, 124.03,
123.38, 119.80, 119.77, 117.73, 117.07, 116.47 (d, Jccr = 22.0 Hz),
116.42 (d, Jecr = 22.0 Hz), 40.18, 34.05, 25.84; HRMS: calcd for
C3gHa7FaNg04S, ([M + H]™) 733.1503, found 733.1495, error value:
1.1 ppm.

4.4. a-Glucosidase inhibitory activity

All the honokiol thioethers were evaluated for their in vitro
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a-glucosidase inhibitory activities by using PNPG as a substrate ac-
cording to the reported methods.’® In brief, the tested compounds were
dissolved by DMSO and PBS buffer in a series of concentrations. After
adding the compounds and a-glucosidase solutions (1.0 U/mL in PBS) to
a 96-well plate, it was incubated at 37 °C for 15 min. Subsequently, 1
mM of PNPG was placed in each well, and then the mixture was incu-
bated for 10 min. Finally, the OD values at 405 nm of each well was
determined by a microplate reader. The blank control (CK) group was
only PBS buffer. The control group employed PBS to replace the solution
of tested honokiol derivatives. PBS buffer was used instead of a-gluco-
sidase solution as the blank sample group. The a-glucosidase inhibitory
rate% = [(ODcontroi-ODck) — (ODsample —-OD  plank sample]/ (OD¢on-
trol-ODck). The ICsq values of all the title honokiol thioethers were ob-
tained by SPSS 21.0 software. Each experiment was repeated three
times.

4.5. Kinetic study

In order to investigate the inhibition mechanism of compound 71,
kinetic studies were carried out as the method of previous reports.”” %% A
solution of a-glucosidase at 1.0 U/mL was incubated with 71 for 15 min
at 30 °C. A microplate reader was utilized to determine OD values every
5 min for 30 min, before adding a range of PNPG concentrations to the
above mixture. The type of inhibition and Ky, values of 71 were analyzed
using Lineweaver-Burk plots. The Dixon plot method was used to afford
K; value for 71.

4.6. Molecular docking study

Discovery Studio 4.5 was used to carried out the molecular docking
studies on the structures of oligo-1,6-glucosidase (PDB: 3AXH), SARS-
CoV-2 Spike RBD (PDB ID: 6M0J), and human ACE2 bound with its
inhibitor (PDB ID:1R4L). The structures of compounds 71, 9a, 9r, and
ligands were built and optimized by ChemBioDraw Ultra and Gaussian
software, respectively. The bind modes were based on the previously
reported methods and conducted by the Discovery Studio 4.5.%%°

4.7. Biolayer interferometry binding

All BLI assays were conducted on an Octet system to investigate the
affinities of compounds with the proteins of SARS-CoV-2 spike RBD and
human ACE2. Human ACE2 and SARS-CoV-2 spike RBD sensors were
constructed by nitrilotriacetic acid (Ni-NTA) biosensors (Fortebio, USA)
and recombinant His-tag human ACE2 or recombinant His-tag SARS-
CoV-2 spike RBD, respectively. Compounds stock solution (10 mM in
DMSO) were diluted to the different concentrations by PBS buffer. An
assay cycle consists of equilibrium incubation in PBS for 10 min, base-
line incubation in PBS for 120 s, followed by associating in compound
solution for 120 s, and then dissociation in PBS for 120 s. Both protein-
coated and blank biosensors were immersed into wells with serial di-
lutions of the samples. The experiments were carried out at 30 °C. The
binding curves were subtracted from empty biosensors and PBS controls
by selecting the “Double Reference” model. The equilibrium dissociation
constant (Kp) was calculated using a 1:1 binding model by Data Analysis
Software 9.0.

4.8. Inhibition of honokiol derivatives against SARS-CoV-2 pseudovirus
entering into HEK-293 T-ACE2"

The pseudovirus assay was carried out as previously described.°
Briefly, HEK-293 T-ACE2" cells in 96-well plates were incubated with
the tested compound that contained DMEM medium (100 pL) for 2 h.
Each well was inoculated with pseudovirus (30 pL), medium (20 pL),
and a two-fold concentration of drugs (50 pL) and incubated for addi-
tional 2 h at 37 °C. The inoculum was withdrawn after roughly 2 h of
incubation, and the cells were coated with fresh DMEM (100 pL). The
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plates were then incubated at 37 °C for 48 h before being agitated for 10
min with cell lysate buffer (100 pL). The cell lysate was then transferred
to an opaque 96-well white solid plate with luminescence solution (100
pL), which was used to measure luciferase luminescence using a
microplate reader at 578 nm. The ICsq values of inhibition pseudovirus
entry the host cells by honokiol derivatives were calculated by SPSS 21.0
software.

4.9. Cytotoxicity studies against LO2 cells

Cytotoxicities of compounds 71, 9a, and 9r towards normal cells
(LO2) were tested using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay as previous report.24
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Appendix A. Supplementary material

Supporting materials includes spectral data of all target compounds
7a-p, 9a, ¢, e, g, j-m, o, q, and 9r; detailed procedures of synthesis of
intermediates 2-8, cell culture, cell viability assay, construction of
SARS-CoV-2 spike pseudoviruses model, spectral data for compounds
7d-p, 9a—c, e, g, j-m, o, q, and 9r, and copies of spectra of compounds
7a-p, 9a, c, e, g, j-m, 0, q, and 9r. Supplementary data to this article can
be found online at https://doi.org/10.1016/j.bmc.2022.116838.
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