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ARTICLE INFO ABSTRACT
Keywords: Annual and sporadic influenza outbreaks pose a great threat to human health and the economy worldwide.
Influenza Moreover, the frequent mutation of influenza viruses caused by antigen drift complicates the application of
PROTAC.S.d antiviral therapeutics. As such, there is an urgent need for novel antiviral agents to tackle the problem of
g::;:;?;;rase insufficient efficacy of licensed drugs. Inspired by the success of the newly emerged PROTACs (PROteolysis

TArgeting Chimeras) strategy, we report herein the design and synthesis of novel PROTAC molecules based on an
oseltamivir scaffold to combat severe annual influenza outbreaks. Among these, several compounds showed good
anti-HIN1 activity and efficient influenza neuraminidase (NA) degradation activity. The best compound, 8e,
effectively induced influenza NA degradation in a dose-dependent manner and relied on the ubig-
uitin-proteasome pathway. Moreover, Compound 8e exhibited potent antiviral activity toward both wild-type
H1N1 virus and an oseltamivir-resistant strain (HIN1, H274Y). A molecular docking study demonstrated that
Compound 8e had good hydrogen-bonding and hydrophobic interactions with both the active sites of NA and Von
Hippel-Lindau (VHL) proteins, which could effectively drive the favorable interaction of these two proteins. Thus,
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as the first report of a successful anti-influenza PROTAC, this proof of concept will greatly widen the application
range of the PROTAC technique to antiviral drug discovery.

1. Introduction

Annual and sporadic influenza outbreaks have resulted in an enor-
mous burden on human health and the economy worldwide (Grienke
et al., 2010; Kadam and Wilson, 2017). The WHO has reported that the
annual seasonal influenza epidemic involves approximately 3-5 million
cases of severe illness, with 290-650 thousand deaths (Zhang et al.,
2018b). Influenza-related clinical symptoms vary from mild diseases to
severe lethal pneumonia and nervous system damage (Krammer et al.,
2018; Lowen Anice et al., 2008; Sellers et al., 2017). Outbreaks from the
1918 Spanish flu to the 2009 swine flu have cost thousands of people's
lives, and the frequent mutation of influenza viruses caused by antigen
drift complicates the application of antiviral therapeutics (Hensley et al.,
2009). Thus, the search for anti-influenza drugs with novel scaffolds or
new mechanisms is urgently needed to tackle the problem of insufficient
efficacy of licensed vaccines and drugs.

Influenza virus is a negative-stranded RNA virus belonging to the
Orthomyxoviridae family (Schrauwen and Fouchier, 2014). The life cycle
of influenza virus has rigorous and precise steps (Paules and Subbarao,
2017). In addition, there are many key proteins involved in influenza
virus proliferation, including RNA-dependent RNA polymerase (RdRp)
and neuraminidase (NA) (Christopher, 2007; Schrauwen et al., 2014).
Therefore, targeting the critical protein involved in virus propagation to
develop influenza inhibitors has garnered much attention. Amantadine
(an M2 inhibitor, Fig. 1) was the first licensed anti-influenza drug in 1966
and has since been gradually withdrawn from clinical use due to severe
nervous system side effects and drug resistance (Rey-Carrizo et al., 2013;
Wang et al., 2013). Oseltamivir (Fig. 1), as the first orally available
influenza NA inhibitor, is widely used to treat influenza infection as a
first-line therapy (Zhang et al., 2018b). Other anti-influenza drugs tar-
geting NA, such as zanamivir and peramivir (Fig. 1), are dosed intrave-
nously or inhaled because of their high polarity (Anuwongcharoen et al.,
2016). Despite the great success of the discovery of influenza NA in-
hibitors, various mutants have been identified with the frequent use of
oseltamivir (Collins et al., 2008; Memoli et al., 2010). Although these
mutants remain sensitive to zanamivir, they limit the clinical application
of oseltamivir, with a better drug compliance. In addition, the search for
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robust anti-influenza agents has also focused on RdRp inhibitors, which
have been confirmed to have antiviral activities ranging from good to
excellent (Credille et al., 2016; Massari et al., 2015, Massari et al., 2021;
McGowan et al., 2019). Recently, two RdRp inhibitors, favipiravir and
baloxavir marboxil (PA inhibitor, Fig. 1), were approved by Japan and
the FDA, respectively, for the treatment of influenza infections (Du et al.,
2020; Takashita et al., 2016). However, due to the severe teratogenicity
of favipiravir and the emerging drug resistance of baloxavir marboxil
(Hirotsu et al., 2020; Zaraket and Saito, 2016), the therapeutic efficacy of
these two drugs remains a huge obstacle. Thus, considering the enormous
threats associated with influenza infections, the development of in-
hibitors with diverse scaffolds is urgently needed.

PROteolysis TArgeting Chimeras (PROTACs) are a newly emerging
modality utilized for targeted protein depletion by recruiting the intra-
cellular ubiquitin—proteasome system (Cromm and Crews, 2017;
Neklesa et al., 2017). PROTACs are bifunctional molecules that combine
the POI (protein of interest) ligand and E3 ligase ligand via diverse
linkers (Lai and Crews, 2017; Naro et al., 2020; Ottis et al., 2017).
Notoriously, drug resistance to viral infection has represented a huge
obstacle for the discovery of novel antiviral agents. PROTACs, as a robust
chemical biology approach, have drawn great attention from medicinal
chemists for drug discovery due to their superior substoichiometric cat-
alytic nature and ability to handle drug resistance compared with
traditional occupancy-driven pharmacology (Lai and Crews, 2017; Zheng
et al., 2021). To date, the milestones of PROTAC technology develop-
ment, from the initially reported PROTAC targeting methionine
aminopeptidase-2 (MetAp-2) by recruiting peptide E3 ligase ligands to
small molecule-based PROTACs, have facilitated intense research in
small-molecule drug discovery (Sakamoto et al., 2001, 2003; Schnee-
kloth et al., 2004, 2008). Intriguingly, the PROTAC strategy has been
extensively applied for the degradation of diverse targets, showing effi-
cient activity toward both wild-type and mutants and serving as clinical
candidates for the treatment of various cancers (Hu et al., 2019; Lai et al.,
2016; Su et al., 2019; Yang et al., 2020; Zhou et al., 2018). Recently, the
first reported virus-targeted PROTAC efficiently inhibited virus replica-
tion in both wild-type and mutant strains by degrading hepatitis C virus
(HCV) NS3 protease based on the telaprevir structure, which shed light
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Fig. 1. Chemical structures of representative approved anti-influenza drugs.
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on the discovery of novel antiviral agents based on a degradation strategy
(de Wispelaere et al., 2019). In addition, a few studies have identified
degraders that have activity in SARS-CoV-2 infections (Desantis et al.,
2021; Haniff et al., 2020).

Inspired by these works and considering the continuing detriment of
influenza epidemics, we report herein the design and synthesis of
oseltamivir-based PROTACs aimed at combating influenza diseases. For
the structural modification of oseltamivir, intense research has always
focused on the amino- or carboxylate-moiety by targeting an additional
150-cavity or 430-cavity, respectively (Ju et al., 2020; Zhang et al.,
2018a), which could improve the antiviral activity and overcome drug
resistance. Hence, we designed and synthesized a variety of
oseltamivir-based PROTACs by exploiting the widely used E3 ligase li-
gands VHL or CRBN via different linkers, including flexible or rigid
linkages such as alkyl, PEGylated, piperidyl, piperazinyl and triazolyl
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chains (Fig. 2). The systematic structure-activity relationship (SAR) study
indicated that several compounds showed high potency against HIN1
proliferation in vitro. We found that the best compound, 8e, exhibited
good antiviral activity toward both the wild-type HIN1 virus and an
oseltamivir-resistant strain (HIN1, H274Y). Mechanistic studies illus-
trated that Compound 8e degraded the NA protein in a dose-dependent
manner and relied on the ubiquitin—proteasome pathway.

2. Results

2.1. SAR study on anti-HIN1 activity of synthesized oseltamivir-based
PROTACs

Because the structural modifications of oseltamivir have been mainly
focused on the amino or carboxylate moieties, we designed and
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Fig. 2. Design strategy of oseltamivir-based PROTACs with diverse linkers through use of different E3 ligase ligands.
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Fig. 3. Degradation activity of NA protein in the presence of PROTACs 8e and 11 at different concentrations. (A, C) The NA degradation level was evaluated by
western blot. (B, D) Western blot bands were quantified by ImageJ. The data were obtained from at least two independent assays.

synthesized two series (eight subtypes) of PROTACs with diversified
linkers by connecting E3 ligase ligands on these two binding sites of
oseltamivir (Fig. 2, see Schemes S1-8 for the synthetic details). Then, the
anti-HIN1 activity of these synthesized compounds was evaluated by
plaque formation assays in MDCK cells, in which oseltamivir phosphate
(OSP) was used as the positive control (Table 1). In general, the SAR
study of this type of PROTAC revealed that most compounds showed
good anti-HIN1 activity, in which N-substituted oseltamivir PROTACs
(Series I) were usually more potent than carboxylate-derived PROTACs
(Series II). Moreover, the type of linkers and the selectivity of the E3 li-
gands also impacted the anti-HIN1 efficacy of these PROTAGs. First, for
the N-substituted oseltamivir PROTACs with alkyl chains of varying
lengths, when pomalidomide was selected as the E3 ligand, Compounds
5a-f (Scheme S1A, entries 1-6) exhibited good antiviral activity with low
micromolar values. We found that the VHL ligand-derived PROTACs 8a-f
(Scheme S1B, entries 7-12) showed comparable activity to those with a
pomalidomide ligand. In particular, Compound 8e, with a nine-carbon
alkyl chain, exerted the best antiviral activity (ECso = 0.33 pM), which
was better than the reference drug oseltamivir phosphate (OSP, Table 1,
entries 11 vs. 25). Next, we synthesized Compound 11, a close analog of
8e with an aklyl amine linker at the binding site of CH3-VHL, which
showed a slightly lower antiviral efficacy of 0.61 pM compared with the
latter (entries 11 vs. 13). In addition, diverse structural modifications
were conducted on linkers (Schemes S3-6, Table 1), including the
PEGylated chain (17a,b), piperazine (24), piperidine (29) or triazole
moiety (34), to investigate the impact of different linkers on antiviral
activity. However, except for 24 (entry 16), most PROTACs were essen-
tially inactive against HIN1 proliferation (Table 1, entries 16 vs. 14, 15,
17,18). To explore the mechanism of action of the antiviral activity of the
best compound, 8e, we synthesized the negative control Compound 8e-
neg (Scheme S8, Table 1), which could not recruit the E3 ligase due to
the configuration inversion of the hydroxyl group in the pyrrolidinyl

moiety. Subsequently, we evaluated the anti-HIN1 activity of Com-
pounds 8e-neg and CHs-VHL ligand 6b; as expected, these two com-
pounds exhibited no activity toward virus proliferation.

In addition, structural modification of the oseltamivir scaffold has
also focused on the carboxylate moiety, although it always displays
inferior antiviral activity compared with amino-derived analogs (Ju et
al., 2020; Zhang et al, 2018a). For comparison, oseltamivir
carboxylate-derived PROTACs (40a, b and 45a, b, entries 19-22) were
also designed and synthesized. However, these carboxylate-based PRO-
TACs showed weaker antiviral activity than the amino-based PROTACs
(Table 1, 40a vs. 5c¢, 45b vs. 8d). It is worth noting that all synthesized
compounds exhibited no obvious cytotoxicity to normal cells, with a
CCso > 50 pM (Table 1).

2.2. Degradation activity of synthesized oseltamivir-based PROTACs

The influenza NA protein degradation activity of the synthesized
compounds was further evaluated. The full-length fragment of NA was
amplified from pPoll-WSN-NA and inserted into Flag-tagged vectors.
293T cells were transfected with the plasmids, and compounds were
added after 8 h. Next, after incubation for 24 h, western blotting was
utilized to evaluate the NA protein level. For the N-substituted oselta-
mivir PROTACs, Compounds 8e, 11 and 17a,b with alkyl or PEGylated
chains at fixed lengths induced the degradation of the influenza NA
protein at 20 pM, of which Compounds 8e and 11 could degrade NA with
better efficacy in a dose-dependent manner (Fig. 3 and S1). As shown in
Fig. S1, we observed that oseltamivir carboxylate-based PROTACs (40a,b
and 45a,b) at 10 yM showed no degradation activity. Alternately, we
speculated that the PROTACs cannot lead to the degradation of the NA
protein, possibly due to the difference of linker subtypes or length. In
addition, OSP or CH3-VHL-ligand (6b) exhibited no degradation activity
in this experiment.
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Table 1
Anti-HIN1 activity of N-substituted oseltamivir PROTACs".
Series | fo) Series Il o
OI" 0/\ O’I,
fentiss 118 /:( LINKER E3 Ligase Ligar
entries 1-
O M LINKER E3 Ligase Ligar AO NH, (entries 19-22)
Entry Cmpd Linker E3 ligand ECsp (uM)® CCs (uM)©

1 5a A Pomalidomide 1.19£0 11 > 50

(o]
5b M Pomalidomide 2.02+0.06 > 50

2
3 5¢c ;‘;\A/V%}a Pomalidomide 1.71£0.13 >50
4 5d W Pomalidomide 2.03£0.02 > 50
5 5e M Pomalidomide 1.84+0.23 >50
6 5f M Pomalidomide 4.13+£0.14 > 50
7 8a M VHL 2.270.13 > 50
8 8b W CHa-VHL 2.01£0.23 > 50
9 8¢ w CHa-VHL 1.880.09 > 50
10 8d \<\/\Nw0«\ CHa-VHL 1.22:0.18 > 50
11 8e M CHa-VHL 0.330.06 > 50
12 8f M CHy-VHL 1.4410.04 > 50
13 1 Ao~ CHa-VHL 0.61+0.01 > 50
14 17a Ao~y VHL NAS > 50
15 17b gy CHa-VHL NA > 50
16 24 NQN”O}‘ CHa-VHL 1.24+0.31 > 50

17 29 A(QNM CHa-VHL NA > 50

S
18 34 N CHg-VHL NA > 50
mo ’NN 3
19 40a EH«A/\O% Pomalidomide 9.66£0.54 > 50
H
20 40b AN Pomalidomide 1.8240.37 > 50
(e}
H
21 45a AN~y CHa-VHL 5.060.08 > 50
(o]
H
22 45b Ny CHa-VHL NA > 50
(o]
23 8e-neg NA > 50
24 6b NA > 50
25 OSP 0.36 > 50
o~ OH oH
o) N s N 1
/jHN 2 N e NH NN
Py N‘O%\” & & ) “ o4
8e-neg 6b

@ The anti-H1N1 activity of all synthesized PROTACs was evaluated by plaque formation assays in MDCK cells. Oseltamivir phosphate (OSP) was used as the positive
control. All data were acquired from at least three independent experiments. ECs: effective concentration protecting 50% of cells from virus infection. ‘CCsp: minimum
concentration inducing 50% death of normal cells. YNA: no activity (ECso > 50 pM).
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2.3. Compound 8e efficiently inhibited HIN1 proliferation in vitro

Due to the good NA degradation activity and antiviral activity of
Compound 8e, we further verified the in vitro antiviral activity via
western blot, plaque formation and qRT-PCR assays. As shown in Fig. 4A,
Compound 8e significantly inhibited the expression level of viral
nucleoprotein (NP) in a dose-dependent manner and completely sup-
pressed the expression of NP at 1.3 uM. Even when the concentration of
8e was reduced to 0.31 pM, the virus inhibition rate was still greater than
50%. Alternatively, the qRT-PCR data demonstrated that Compound 8e
could significantly reduce the viral NP mRNA level in the supernatant,
with OSP used as a positive control (Fig. 4B). Additionally, we observed
that Compound 8e exerted comparable anti-HI1N1 activity to that of OSP
via plaque assays (Fig. 4C). Additionally, this compound showed no
obvious cytotoxicity in MDCK cells, as depicted in Fig. 4D.

2.4. Mechanism of action studies of compound 8e

As mentioned above, Compound 8e could degrade the influenza NA
protein and inhibit virus proliferation. Hence, we conducted mechanistic
studies to further investigate the degradation mechanism of Compound
8e. First, we observed that 8e-neg exhibited no degradation activity
toward NA protein because it lost the binding affinity of E3 ligase
(Fig. 5B). Moreover, 8e-neg displayed no antiviral activity, which indi-
cated that the antiviral activity of 8e relied on its degradation activity.
When the NA inhibitor OSP was added, it disrupted the degradation ef-
ficacy of 8e (Fig. 5A), which indicated competitive binding with NA of
both compounds. Furthermore, to verify whether this compound induced
target protein degradation via the ubiquitin-proteasomal pathway, the
effect of 8e was assayed by introducing the E3 ligand CH3-VHL and
proteasome inhibitor MG132 (Fig. 5B). In 293T cells, after treatment
with 5 pM MG132 (proteasome inhibitor) or CH3-VHL (VHL ligase

A
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ligand), the degradation of NA protein was rescued. These results proved
that Compound 8e was an NA protein-targeted PROTAC and degraded
NA through the ubiquitin—proteasome system.

2.5. Antiviral activity toward an oseltamivir-resistant strain (HIN1,
H274Y)

Due to drug resistance of the frequent use of oseltamivir and the
ability of PROTACsS to handle drug resistance, we evaluated the antiviral
activity of Compound 8e against an oseltamivir-resistant strain (HIN1,
H274Y). As shown in Fig. 6, Compound 8e significantly reduced the viral
NP protein (A) and mRNA (B) levels of the resistant strain in a dose-
dependent manner, while OSP displayed no antiviral activity in this
assay.

2.6. Molecular docking

To further understand the interaction mode of PROTAC 8e with
influenza NA protein and VHL ligase, we used molecular docking to
mimic the formation of the NA-8e-VHL ternary complex. The docking
experiment was performed by utilizing MOE2019.01 software, and the
result was processed with PyMOL. The binding mode of this ternary
complex indicated an extremely low energy of —15.69 kcal/mol (Fig. 7,
Table S1). As observed, Compound 8e was located in the middle region
between the NA-VHL protein-protein interaction surface. In addition,
both ends of Compound 8e showed good hydrogen-bonding and hydro-
phobic interactions with both the active sites of NA and VHL proteins,
which could effectively drive the interaction and binding affinity of the
two proteins.

2.6.1. Pharmacokinetic (PK) studies of 8e in rat
Considering the good in vitro inhibitory activity of influenza virus
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Fig. 4. In vitro efficacy against HIN1 replication of Compound 8e; OSP was used as the positive control. (A) Western blot assay, (B) qRT-PCR assay and (C)
plaque formation assay were used to evaluate the antiviral activity of Compound 8e. The concentration of OSP in the qRT-PCR assay was 5 pM. Mock, blank control;
NC, negative control (treated with DMSO). (D) The cytotoxicity of Compound 8e was determined with the CCK-8 reagent.
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Fig. 5. Compound 8e induced NA degradation via the ubiquitin—proteasome system. (A) NA degradation activity of Compound 8e was determined after
treatment with 8e-neg (10 uM) or OSP (10 pM). (B) NA degradation activity of Compound 8e (10 pM) after treatment with MG132 (10 uM) or CH3-VHL (10 pM).
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Fig. 6. Antiviral activity of Compound 8e against an oseltamivir-resistant strain (H1N1, H274Y). Western blot (A) and qRT-PCR (B) were used to evaluate the

NP protein or mRNA level, respectively, after treatment with Compound 8e or OSP.

proliferation and NA degradation activity of compound 8e, we further
evaluated the PK properties of this compound, wherein the key PK pa-
rameters are summarized in Table 2. The compound 8e was adminis-
trated via single intravenous (iv) injection and achieved a maximum
plasma concentration (Cpay) of 31.2 ng/mL at 4.8 min; at the same time,
it possessed a half-life of 1.6 h and high clearance (1575.3 mL/(min-kg)).
These modest PK parameters make it possible for further optimal modi-
fication of the lead compounds to improve bioavailability.

3. Discussion

Annual influenza epidemics around the world have led to serious
burdens on people's health. To date, FDA-approved anti-influenza drugs
show an insufficient efficacy for the treatment of influenza infections
due to their severe side effects and the development of drug resistance.
In recent years, PROTAC technology has been widely used for drug
discovery, including undruggable targets, which suggests the broad
application prospects of this technique. Additionally, degraders of the
HCV protease NS3/4A based on the PROTAC strategy with good anti-
viral activities against both wild-type and mutant strains have been
identified. Thus, in this study, we designed and synthesized a broad
panel of PROTACs based on an oseltamivir scaffold to exhibit potent
antiviral activity against wild-type and oseltamivir-resistant strains and
provide an alternative strategy for the discovery of anti-influenza
agents.

We initially evaluated the anti-HIN1 activity of these synthesized
oseltamivir PROTACs, and the results showed that most compounds
inhibited virus proliferation at low-to sub-micromolar values, of which
Compounds 8e and 11 were identified as having the better antiviral ac-
tivity (ECsp = 0.33 or 0.61 pM). Based on the ability of PROTACS to
induce the degradation of target proteins, we performed western blot
assay to assess the degradation activity of these PROTACs. The results
illustrated that Compounds 8e, 11 and 17a,b could degrade the NA
protein significantly at 10 or 20 pg/mL. To confirm that the inhibitory
activity of 8e was mainly dependent on its degradation activity, we
synthesized Compound 8e-neg, which could not recruit the E3 ligase.

Both the results of the anti-HIN1 activity assay and the degradation
activity assays suggested that Compound 8e-neg showed no inhibitory
activity or degradation activity, indicating that Compound 8e exhibited
good anti-influenza activity by degrading the NA protein.

Since the formation of a ternary complex of PROTACs with the target
protein and E3 ligase was identified to play a key role in degradation
activity (Luh et al., 2020), we evaluated the degradation efficacy of
Compound 8e by adding the NA inhibitor (OSP) and E3 ligase binder
(CH3-VHL, 6b). As observed, both competitive inhibitors could disrupt
the formation of the ternary complex, thus leading to loss of the degra-
dation efficacy of the target protein NA. Furthermore, to confirm that the
degradation activity of Compound 8e was dependent on the ubig-
uitin—proteasome system, we used a proteasome inhibitor (MG132). The
results showed that the degradation efficacy was completely rescued. As
stated above, Compound 8e induced NA degradation via the ubig-
uitin-proteasome system.

As reported, the PROTAC strategy can be utilized to tackle the
problem of drug resistance. Herein, we tested the antiviral efficacy of
Compound 8e toward an oseltamivir-resistant strain (H1IN1, H274Y).
The western blot results demonstrated that this compound could signif-
icantly inhibit virus proliferation at low micromolar values, while osel-
tamivir showed no antiviral activity in this assay.

Lastly, we evaluated the PK profiles of compound 8e in rat to assess its
druggability. Preliminary PK studies indicated that compound 8e showed
modest PK properties, while it's worthwhile to be further optimized (NA
binder, linker and E3 ligase ligand optimizations) to identify a better
orally bioavailable NA degrader to combat influenza infections.

In conclusion, we report herein the first discovery of influenza NA
protein-targeting PROTAC degraders based on an oseltamivir scaffold to
provide an alternative for potential treatments of influenza infections.
However, one issue is that only a few PROTACs displayed moderate
degradation activity toward the target protein, and the correlation be-
tween inhibitory activity and degradation activity remains unclear and
needs to be further elucidated. We believe that this PROTAC technology
will expand the horizons of discovery for novel antiviral agents for
existing or newly emerging virus epidemics.
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Fig. 7. Predicted binding mode of the NA-8e-VHL ternary complex (NA protein PDB: 2HUO, VHL protein PDB: 5NW2). (A) The backbone of the protein was
rendered in a tube and colored green (NA protein) and blue (E3 protein). (B, C) The binding mode of 8e with E3 and NA. Hydrogen bond distance and n-stacking

distance are represented in yellow.

Table 2
In vivo PK parameters of compound 8e in rat.

Cmpd® Route” Species® Cinax (ng/mL)"

Ty/2 (h)

AUCo_ (h-ng/mL) Vi (L/kg) Cl (mL/(min-kg))

8e iv rat 31.2

27.9 178.5 1575.3

# The compound 8e was formulated as solution with 5% DMSO and 10% solutol in Saline.
b Dosage: 3 mg/kg via single intravenous injection. Plasma samples were measured for drug exposure by LC-MS/MS.

¢ Sprague-Dawley rat was used (n = 3).

4 The maximum drug concentration (Cpay) Was observed at t = 4.8 min, the first sampling time point after iv administration.

4. Materials and methods
4.1. Plaque formation assays

MDCK cells were seeded into 12-well plates and infected with 70 PFU
H1N1 virus per well without fetal bovine serum, followed by incubation
for 1 h at 37 °C. Then, the medium on the cells was replaced with
2 x MEM medium containing test compounds at the indicated concen-
trations in 0.5% agarose. After incubation at 37 °C for 72 h, the cells were
fixed with 3% formaldehyde and stained with 1% crystal violet.

4.2. Western blot

Cells were lysed in RIPA reagent, and the cellular extracts were mixed
with SDS gel loading buffer and then resolved by SDS-PAGE. The
membranes were blocked in skim milk and incubated with the indicated
primary antibodies. After incubation with the secondary antibodies, the
membranes were soaked with ECL reagents (GE) for visualization.

4.2.1. qRT-PCR
Virion RNA in the supernatant was extracted with the Viral Nucleic
Acid Purification Kit. Viral RNA was reverse transcribed into cDNA.
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qRT-PCR was performed with qPCR SYBR Green Master Mix using
QuantStudio 6.

4.3. NA degradation assays

The full-length fragment of NA was amplified from pPoll-WSN-NA
and inserted into Flag-tagged vectors. 293 T cells were transfected with
the plasmids, and Compound 8e was added after 8 h. Next, Western blot
was utilized to assess the NA-Flag protein level. For competitive inhibi-
tion of the proteasome, 5 pM MG132 or CH3-VHL or 10 pM OSP or CHs-
VHL was added at the same time as the PROTAC after transfection.

4.4. Molecular docking

PROTAC 8e was processed with Chemdraw 3D to minimize the en-
ergy and then saved in pdb format. The PDB data for NA protein and VHL
ligase were downloaded from the PDB archive and then pretreated with
the protein preparation unit of MOE2019.01, which includes removal of
H>0, supplementation of missing components and minimization of the
energy. The docking experiment was conducted by MOE2019.01, and the
pretreated compound was selected to dock with the two proteins 50
times. Then, the docking result and binding mode were determined with
PyMOL 2.1 software.

4.5. Pharmacokinetic studies

In PK studies, compound 8e was administrated via intravenous injection
(iv, 3 mg/kg), nine SD (Sprague-Dawley) rats were divided equally into 3
groups (n = 3). All animal study procedures followed the Guide for the Care
and Use Committee at Wuhan University (permit no. 501320070 A, Wuhan,
China). Firstly, testing compound 8e was dissolved in 5% DMSO, 10%
solutol and 85% saline. After compound was administrated, plasma samples
were acquired at 0.083, 0.25, 0.5, 1, 2, 4, 8 and 24 h respectively. The
samples were anticoagulated with heparin sodium and centrifugated at
6800 g for 6 min at 2-8 °C. Finally, the sample was analyzed by LC-MS/MS
and the PK parameters were calculated via phoenix WinNonlin 7.0.
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