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Abstract Interfering hepatitis B virus (HBV) capsid assembly holds promise as a therapeutic approach

for chronic hepatitis B (CHB). Novel anti-HBV agents are urgently needed to overcome drug resistance

challenges, with targeted protein degradation (TPD) emerging as a hopeful strategy. Herein, we report the

first degradation of HBV core protein (HBC), a multifunctional structural protein, using small-molecule

degraders developed by hydrophobic tagging (HyT) technology. Structureeactivity relationship (SAR)

analysis identified compound HyT-S7, featuring an adamantyl group, exhibiting potent inhibitory activity

(EC50 Z 0.46 mmol/L, HepAD38 cells) and degradation ability (DC50 Z 3.02 � 0.54 mmol/L) in a dose-

and time-dependent manner. Mechanistic studies demonstrated that the autophagyelysosome pathway

was a potential driver of HyT-S7-induced HBC degradation. Remarkably, HyT-S7 effectively degraded

11 drug-resistant mutants, including highly resistant strains P25G and T33N, to Phase III drug GLS4.

Furthermore, cellular thermal shift assay, surface plasmon resonance assay, and molecular dynamics sim-

ulations revealed the precise mode of HyT-S7 binding to HBC with the adamantyl group potentially

*Corresponding authors.

E-mail addresses: zhanpeng1982@sdu.edu.cn (Peng Zhan), yuhuanlibj@126.com (Yuhuan Li), wushuoimb@126.com (Shuo Wu).
yThese authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2025.02.033

2211-3835 ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsev ie r.com/ loca te /apsb
www.sc iencedi rec t .com

Acta Pharmaceutica Sinica B 2025;15(4):2170e2196



mimicking protein misfolding to facilitate HBC degradation. This first proof-of-concept study highlights

the potential of HyT-mediated TPD in HBC as a promising avenue for discovering novel HBV and other

antiviral agents with favorable drug resistance profiles.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Hepatitis B virus (HBV) is a hepatotropic pathogen that
invades the human body, resulting in hepatitis B infection.
Chronic hepatitis B (CHB) may further progress to cirrhosis or
liver cancer, ultimately leading to mortality. It is estimated by
the World Health Organization (WHO) that approximately 296
million individuals were afflicted with CHB, and 820,000 people
died from hepatitis B in 2019. Consequently, Hepatitis B has
emerged as a grave global public health concern1. Currently,
there are two categories of drugs employed in the clinical
treatment of CHB: nucleoside analogs (NAs) and interferon
(IFN)2. Up to now, NAs approved by the US Food and Drug
Administration (FDA) for HBV treatment include lamivudine
(3TC), telbivudine (LdT), entecavir (ETV), adefovir dipivoxil
(ADV) and tenofovir (TAF) prodrugs (tenofovir disololol and
tenofovir arafenamide) (Fig. 1A). NAs have demonstrated
remarkable efficacy as anti-HBV medications. However, the
prolonged use necessary for treating chronic infection may
eventually result in the development of drug resistance. For
instance, mutations such as M204V/I/S are associated with
resistance to lamivudine, while A181T/V mutations confer
resistance to adefovir3. IFN therapy frequently results in
numerous adverse reactions, encompassing flu-like symptoms,
gastrointestinal disturbance, thrombocytopenia, neutropenia, and
depression4. Moreover, the stability of covalently closed circular
DNA (cccDNA) in the host nucleus serves as a resilient

transcription template and remains a primary factor contributing
to persistent HBV infection. Neither of these drugs can eliminate
cccDNA and achieve a cure for CHB5. Consequently, there is a
pressing demand for research and development focused on novel
targets and mechanisms for anti-HBV drugs.

HBV capsid protein plays crucial roles in the viral life cycle,
such as facilitating nucleocapsid assembly, encapsulating viral
pregenomic RNA (pgRNA), and interacting with cccDNA, mak-
ing it garner considerable interest as a promising target6e10. HBV
capsid is formed by assembling 90 or 120 dimers of the core
protein (HBC)11. These dimers are connected through hydropho-
bic forces, forming hexamers, and then assembled into an icosa-
hedral capsid. Core protein allosteric modulators (CpAMs) bind to
the core protein dimer interface, thereby disrupting or interfering
with the HBV capsid assembly processes12. The chemical struc-
tures of representative CpAMs are illustrated in Fig. 1B6-8.
CpAMs operate through two distinct mechanisms. Type I CpAMs,
exemplified by heteroaryldihydropyrimidine derivatives (HAPs)
like Bay41-4109 and GLS4, impede virus proliferation by
inducing the aggregation of core proteins. This results in the
formation of non-capsid structures with compromised function-
ality and abnormal configuration13e15. On the other hand, type II
CpAMs, including phenylpropenamides (PPAs) such as AT-130
and sulfamoylbenzamides (SBAs) like NVR 3-778 and JNJ-
6379, disrupt the encapsidization of pgRNA. This interference
leads to the creation of empty capsids devoid of the viral genome,
rendering the virus incapable of infection16,17.
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Figure 1 (A) Chemical structures of NAs approved by FDA; (B) Chemical structures of representative CpAMs.
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Presently, the effective concentration at which CpAMs inhibit
HBV replication in vitro, known as EC50, has reached nanomolar
levels, with about 20 CpAMs undergoing clinical studies. How-
ever, the emergence of accumulated mutations in the binding
pocket of CpAMs poses a risk of drug resistance. Up to now, a
total of 19 resistant mutations have been identified at 13 different
residues (Phe23, Phe24, Pro25, Asp29, Leu30, Thr33, Leu37,
Ile105, Thr109, Phe110, Tyr118, Val124 and Arg127)18. Notably,
the T33N and P25G mutants exhibited a reduction in sensitivity to
HBV CpAMs by more than 66 times. Additionally, various mu-
tations can lead to cross-resistance, resulting in decreased sensi-
tivity to different structural types of CpAMs16. Therefore, it is
imperative to discover novel HBV CpAMs with improved drug
resistance profiles urgently.

Employing an event-driven mode, targeted protein degradation
(TPD) presents an effective strategy to overcome drug resistance
stemming from mutations in the targeted viral protein by facili-
tating their degradation19. Hydrophobic tagging technology (HyT)
stands out as a particularly promising TPD method. Serving as a
heterobifunctional molecule, HyT comprises three components: a
ligand for the protein of interest (POI), a hydrophobic moiety, and
a linker connecting these two parts20. Recently, SBA-derived
structures have undergone rapid development, gaining consider-
able attention in the field of medicinal chemistry21,22. NVR 3-778,
representing the extensively studied SBA chemotype, was the first
CpAM demonstrating antiviral efficacy in patients with HBV
infection23,24. Given this significance, we opted to utilize NVR
3-778 as the tool compound for designing HyT degraders.
Through analysis of the co-crystal structure between NVR 3-778
and HBC, it was observed that the 3,4,5-trifluorophenyl group
penetrates deeply into the hydrophobic pocket of HBC, while the
4-hydroxypiperidine occupies the solvent-exposed region (Fig. 2).
Based on the binding pattern of NVR 3-778 in complex with
HBC, there were several polar amino acid residues proximate to
the hydroxypiperidine moiety of NVR 3-778. Given that intro-
ducing more hydrogen bond acceptors or donors might enhance
the binding affinity of NVR 3-778-based degraders to HBC, an
amino group replaced the hydroxyl group before introducing

hydrophobic groups and obtained the POI ligand SP-5, which
demonstrated anti-HBVactivity comparable to that of NVR 3-778.
Firstly, target compounds of series I were designed by connecting
SP-5 with an adamantyl group, a commonly used hydrophobic
tag, through a linear linker. Following an antiviral activity
screening, it was determined that a linker length of seven carbon
atoms displayed optimal antiviral efficacy. Subsequently, this ad-
vantageous linker was employed to connect various hydrophobic
groups in order to generate more potent degraders, and target
compounds of series II were designed accordingly. It has been
reported that linkers possessing greater rigidity exhibit improved
degradation activity and druggability25; hence, different ring
structures were chosen for designing target compounds of series
III (Fig. 2).

All target compounds underwent assessment for their anti-
HBV activity, cytotoxicity, and degradation activity toward HBC
in HepAD38 cells. These results allowed us to establish a
structureeactivity relationship (SAR). Furthermore, we conducted
a series of Western blot assays to investigate the mechanisms of
action of the representative compound and sequentially performed
cellular thermal shift assay (CETSA) and surface plasmon reso-
nance (SPR) assay to validate its target. Finally, molecular
docking and molecular dynamics simulation were conducted to
obtain a comprehensive understanding of the binding mode of
representative compound in the binding pocket.

2. Results and discussion

2.1. Chemistry

The target compounds in series I were synthesized following the
outlined procedures in Scheme 1. Commercially available 3-
(chlorosulfonyl)-4-fluorobenzoic acid (1) was converted into in-
termediate 2 by reacting with thionyl chloride. Refluxing inter-
mediate 2 and 3,4,5-trifluoroaniline in toluene yielded the key
intermediate 3. The key intermediate 3 underwent an acylation
reaction with 4-Boc-aminopiperidine to give intermediate 4.
Removal of the Boc protecting group using trifluoroacetic acid

Figure 2 Design idea of HBC degraders based on HyT technology (PDB code: 5T2P). The figure of NVR 3-778 binding with HBC was

generated in PyMOL (www.pymol.org).
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(TFA) generated intermediate 5, which was subsequently utilized
for amide coupling with 1-adamantaneacetic acid to produce
target compound HyT-S1. In addition, coupling of different
substituted N-Boc alkylamino acids with intermediate 5 in DCM
afforded intermediates 6(aeh). The Boc protecting group was
then removed using TFA to yield intermediates 7(aeh), which
were further employed for amide coupling with 1-
adamantaneacetic acid to afford target compounds HyT-(S2eS9).

The synthesis of target compounds HyT-(S10eS11, S13eS15)
was achieved using the pathway described in Scheme 2. Coupling
of different hydrophobic groups with intermediate 7f in DCM
afforded target compounds HyT-(S10eS11, S13eS14). Addi-
tionally, coupling of (tert-butoxy) carbonyl Arg (Boc)2-OH
(symmetrical) with 7f in acetonitrile yielded the target compound
HyT-S15.

The synthesis of the target compound HyT-S12 was accom-
plished through a pathway outlined in Scheme 3. Intermediate 8
was obtained through an amide condensation reaction with in-
termediate 5. Then, intermediate 8 underwent LiOH-mediated
hydrolysis to yield intermediate 9, which was used for the sub-
sequent amide coupling with 1-bicyclo[2.2.1]hept-5-en-2-
ylmethanamine to produce the target compound HyT-S12.

The synthetic pathway for the preparation of target compounds
in series III was illustrated in Scheme 4. Coupling of different
substituted N-Boc acids with intermediate 5 in DCM afforded
intermediates 10(aen); Subsequently, removal of the Boc pro-
tecting group using TFA yielded intermediates 11(aen), which
were employed for the subsequent amide coupling with 1-
adamantaneacetic acid to afford target compounds HyT-
(S16eS29).

2.2. Biological evaluation of SP-5-based HBC HyT degraders

The HepAD38 cell line, derived from HepG2 cells and character-
ized by tetracycline-inducible HBV expression, exhibited an
approximately 11-fold increase in viral DNA production compared
to HepG2.2.15 cells26. This cell line proved valuable for scruti-
nizing the viral replication cycle and screening potential anti-HBV
drugs. A total of 29 synthesized compounds were assessed for their
activity against HBV DNA replication and cytotoxicity in
HepAD38 cells using standard quantitative polymerase chain re-
action (qPCR) and cytopathic effect (CPE) methods, respectively.
The lead compound NVR 3-778 served as a positive control. The
EC50, CC50, and selectivity index (SI, CC50/EC50) values of the

Scheme 1 The synthetic route of series I. Reagents and conditions: (i) SOCl2, toluene, DMF, 120 �C; (ii) 3,4,5-trifluoroaniline, toluene, 120 �C;
(iii) 4-Boc-aminopiperidine, DCM, TEA, 0 �C to r.t. Yield: 80%; (iv) TFA, DCM, 0 �C to r.t. Yield: 83%; (v) 1-adamantaneacetic acid, HATU,

DIEA, DCM, 0 �C to r.t. Yield: 73%; (vi) different substituted N-Boc alkylamino acids, HATU, DIEA, DCM, 0 �C to r.t. Yield: 69%e80%; (vii)

TFA, DCM, 0 �C to r.t. Yield: 61%e76%; (viii) 1-adamantaneacetic acid, HATU, DIEA, DCM, 0 �C to r.t. Yield: 67%e77%.

Scheme 2 The synthetic route of target compounds HyT-(S10eS11, S13eS15). Reagents and conditions: (i) different acid, HATU, DIEA,

DCM, 0 �C to r.t. Yield: 67%e71%; or (tert-Butoxy) carbonyl Arg (Boc)2-OH (symmetrical), NMI, TCFH, CH3CN, r.t. Yield: 65%.
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target compounds are presented in Tables 1e3. In consideration of
the anti-HBV activities, all target compounds underwent further
evaluation for their effects on HBC degradation in the
HepAD38 cells by the Western blot analysis (Figs. 3 and 4).

2.2.1. In vitro anti-HBV assays and degradation activity
evaluation of target compounds HyT-(S1eS15)
Based on the strategy mentioned above, since there was no report
on HyT-based degraders targeting HBC, we first designed and
synthesized HyT-(S1eS6) connected by six carbon chains (0e10-
atom lengths) and HyT-(S7eS9) connected by three polyethylene
glycol (PEG) chains (7e13-atom lengths) to explore the suitable
length range of linker. As detailed in Table 1, most of the target
compounds in series I exhibited moderate to excellent anti-HBV
activity. Interestingly, the anti-HBV activity first decreased (from
HyT-S1 to HyT-S5 and from HyT-S7 to HyT-S8) and then
increased (from HyT-S5 to HyT-S6 and from HyT-S8 to HyT-S9)
with the increase of chain length, and HyT-S1 displayed the most
potent anti-HBV activity with an EC50 value of 0.40 mmol/L.
Compound HyT-S5, characterized by an 8-carbon atom linker,

displayed approximately 10 times less potent than HyT-S1, which
indicated that compounds with a shorter linker of fewer than eight
atoms exhibit a favorable influence on cellular potency. Despite
HyT-S1 showcasing the most potent antiviral activity in series I,
comparable to the positive control NVR 3-778 (EC50 Z 0.26 mmol/
L, CC50 Z 11.11 mmol/L), it displayed higher cytotoxicity
(CC50 Z 7.70 mmol/L) with a SI value of only 19.25. However,
when PEG was employed as a linker with a carbon atom number of
seven, HyT-S7 not only demonstrated good antiviral activity
(EC50 Z 0.46 mmol/L) but also significantly reduced cytotoxicity
(CC50 Z 28.84 mmol/L), making it a promising candidate for
further modification as an advantageous linker.

According to the favorable linker identified in series I, different
hydrophobic tags with diphenyl (HyT-S10), fluorene (HyT-S11),
norbornene (HyT-S12), alkyl-substituted phenyl (HyT-S13),
(�)-menthoxyacetyl (HyT-S14) or Boc protected arginine (HyT-
S15) were introduced to obtain target compounds in series II. All
these compounds exhibited excellent anti-HBV activity (Table 2).
Substituting fluorene (HyT-S11), norbornene (HyT-S12), and Boc-
protected arginine (HyT-S15) as hydrophobic tags led to a

Scheme 3 The synthetic route of target compound HyT-S12. Reagents and conditions: (i) monoethyl adipate, HATU, DIEA, DCM, 0 �C to r.t.

Yield: 78%; (ii) LiOH, THF: H2OZ 1:1, r.t. Yield: 70%; (iii) 1-bicyclo[2.2.1]hept-5-en-2-ylmethanamine, HATU, DIEA, DCM, 0 �C to r.t. Yield:

65%.

Scheme 4 The synthetic route of series III. Reagents and conditions: (i) differently substituted N-Boc acids, HATU, DIEA, DCM, 0 �C to r.t.

Yield: 60%e74%; (ii) 4 mol/L HCl in dioxane, DCM, r.t.; (iii) 1-adamantaneacetic acid, HATU, DIEA, DCM, 0 �C to r.t. Yield: 36%e71%.
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significant reduction in cytotoxicity and an increase in the selec-
tivity index. Particularly forHyT-S11with an EC50 of 0.21 mmol/L,
slightly superior to the lead compound NVR 3-778, whose SI value
was approximately four times that of NVR 3-778.

To explore whether the synthesized new compounds could
degrade HBC, we assessed the degradability of all target com-
pounds in series I and series II, with GAPDH or b-Actin as a
loading control, and the results were presented in Fig. 3. In series I
with adamantyl as the hydrophobic ligand (Fig. 3A), compounds
HyT-S1 and HyT-S2 effectively induced HBC degradation, while
HyT-(S3eS6) did not exhibit any degradation activity. This may
be attributed to the increased flexibility of the compounds with
extended linker length, hindering the stable binding of the hy-
drophobic groups to the surface of HBC. Compounds HyT-
(S7eS9) containing PEG linker all demonstrated degradation
activity, consistent with their anti-HBV activity order (HyT-
S7 > HyT-S9 >HyT-S8). In series II (Fig. 3B), replacing ada-
mantyl with diphenyl (HyT-S10), fluorene (HyT-S11), alkyl-
substituted phenyl (HyT-S13), (�)-menthoxyacetyl (HyT-S14),

and Boc-protected arginine (HyT-S15) still retains some degra-
dation activity. Among them, HyT-S11 exhibited the highest
degradation activity in series II, slightly weaker than HyT-S7 in
series I (Fig. 3C). However, when adamantyl was replaced with
norbornene (HyT-S12), the degradation activity against HBC was
lost. Analysis of SAR for these compounds demonstrates that
degradation is dependent on the hydrophobic tag type and length
of the linker, and the adamantyl group remains the most effective
hydrophobic moiety for inducing HBC degradation.

2.2.2. In vitro anti-HBV assays and degradation activity
evaluation of target compounds HyT-(S16eS29)
Building upon the appropriate linker length, we proceeded to
examine the impact of a rigid linker on both anti-HBVactivity and
HBC degradation activity, aiming to identify a potent HBC
degrader possessing favorable drug-like properties. Herein, we
designed and synthesized 14 HyTs HyT-(S16eS29) with different
ring linkers and using adamantyl as a hydrophobic group. As
presented in Table 3, the different ring linkers in series III can be

Table 1 Anti-HBV activity and cytotoxicity of compounds HyT-(S1eS9).

Compd. Linker EC50
a (mmol/L) CC50

b (mmol/L) SIc

HyT-S1 e 0.40 7.70 19.25

HyT-S2 0.47 33.33 70.91

HyT-S3 0.89 33.33 37.45

HyT-S4 1.80 77.61 43.12

HyT-S5 4.46 100.00 22.42

HyT-S6 1.29 33.33 25.84

HyT-S7 0.46 28.84 62.70

HyT-S8 1.42 NDd NAe

HyT-S9 1.19 16.65 13.99

NVR 3-778 e 0.26 11.11 42.73

aEC50 is the concentration of the test compounds for reduction of HBV DNA by 50% in HepAD38 cells. EC50 values were evaluated from HBV

DNA by the qPCR assay after 6 days of incubating the cells with the compounds.
bCC50 is the concentration of the test compounds for reduction of the viability of HepAD38 cells by 50%. CC50 values were measured by the CPE

method.
cSelective index (SI) is the ratio of CC50/EC50.
dNot determined.
eNot applicable.
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divided into six types: ① six-membered ring (HyT-S16eS19), ②
five-membered ring (HyT-S20eS21), ③ four-membered ring
(HyT-S22eS23), ④ spiral ring (HyT-S24eS25), ⑤ bridge ring
(HyT-S26eS27) and ⑥ phenyl connected six-membered ring
(HyT-S28eS29). The SAR of series III can be summarized as
follows: (i) Overall, the average anti-HBV activity is ranked in the
following order: ③>⑤>①>②>④>⑥; HyT-S23 with cyclo-
butylamine as a linker (EC50 Z 0.20 mmol/L,
CC50 Z 60.00 mmol/L) is the most potent compound in this series,
surpassing NVR 3-778 (EC50 Z 0.31 mmol/L,
CC50 Z 10.00 mmol/L), and exhibiting significantly reduced
cytotoxicity compared to NVR 3-778. (ii) In instances where the
linker adopts a six-membered ring structure: a) For the piperidine
ring, the different positions of the nitrogen atom lead to significant
differences in activity (HyT-S19 > HyT-S16); b) Compound
HyT-S17 with one additional methylene improved the anti-HBV
activity relative to HyT-S16; c) The efficacy of a six-membered
ring with two nitrogen atoms surpasses that of a counterpart
with only one nitrogen atom (HyT-S18 > HyT-S17); (iii) In cases
where the linker takes the form of a five-membered ring, com-
pound HyT-S21, featuring a one-carbon atom extension in the

linker, demonstrated heightened anti-HBV activity compared to
HyT-S20. This trend aligns with observations seen with a six-
membered ring linker, implying that the incorporation of a
methylene group enhances flexibility and facilitates the binding of
the small molecule to the target; (iv) The replacement of azazo-
cyclobutane (HyT-S22) with cyclobutylamine (HyT-S23) resulted
in an improvement in activity, potentially attributed to the
increased interactions between NH and the binding site; (v) The
effectiveness of 6-azaspiro[2.5]octane (HyT-S24) markedly out-
performed that of 3-azaspiro[5.5]undecane (HyT-S25); (vi) The
efficacy of 3-azabicyclo[3.1.0]hexane (HyT-S27) exceeded that of
bicyclo[2.2.2]octane (HyT-S26); (vii) When the linker adopts a
phenyl connected six-membered ring: a) The presence of two
nitrogen atoms in the six-membered ring enhanced its effective-
ness compared to a counterpart with one nitrogen atom (HyT-
S29 > HyT-S28), aligning with the rule for a six-membered ring
linker and indicating that the nitrogen atom of piperazine is more
favorable for activity than the CH group of piperidine. This phe-
nomenon may be explained by the typical “necessary nitrogen
atom” concept27; Thus, according to the bioisosteric replacement
criteria (positional analog scanning)28, the application of the

Table 2 Anti-HBV activity and cytotoxicity of compounds HyT-(S10eS15).

Compd. Hydrophobic Tag EC50
a (mmol/L) CC50

b (mmol/L) SIc

HyT-S10 0.26 20.00 76.92

HyT-S11 0.21 34.64 164.95

HyT-S12 e 0.22 28.84 131.09

HyT-S13 0.59 11.55 19.58

HyT-S14 0.29 11.55 39.83

HyT-S15 0.45 60.00 133.33

NVR 3-778 e 0.24 NDd NAe

aEC50 is the concentration of the test compounds for reduction of HBV DNA by 50% in HepAD38 cells. EC50 values were evaluated from HBV

DNA by the qPCR assay after 4 days of incubating the cells with the compounds.
bCC50 is the concentration of the test compounds for reduction of the viability of HepAD38 cells by 50%. CC50 values were measured by the CPE

method.
cSelective index (SI) is the ratio of CC50/EC50.
dNot determined.
eNot applicable.
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nitrogen-walk or nitrogen-scan (N-scan) approach will be more
beneficial to systematically investigate the influence of the linker
on the activity29e31 and drug-like profiles; b) The introduction of
an additional phenyl group led to a significant decrease in activity
compared to a six-membered ring linker (HyT-S28 < HyT-S16);
c) Substituting methylene with phenyl resulted in reduced activity
(HyT-S28 < HyT-S17, HyT-S29 < HyT-S18). Despite the initial
design intention of introducing the phenyl group to enhance linker
rigidity in compounds HyT-S28 and HyT-S29, their anti-HBV
efficacy was notably reduced. It is essential to highlight the sub-
stantial decrease in cytotoxicity observed for this series of
compounds.

In addition to an assessment of the cellular inhibitory activity,
the potency of these compounds for their HBC degradative ac-
tivity was evaluated in HepAD38 cells. As depicted in Fig. 4, this

series comprises eight compounds capable of inducing HBC
degradation. Among them, HyT-S18 and HyT-S19 exhibit
excellent degradation activity at 10 mmol/L (Fig. 4A), with HyT-
S19 demonstrating superior degradation activity compared to
HyT-S18, consistent with their antiviral activities (HyT-S19:
EC50 Z 0.27 mmol/L; HyT-S18: EC50 Z 0.57 mmol/L). Although
significantly inhibiting the growth of HepAD38 cells, HyT-S23
still failed to decrease the level of HBC (Fig. 4B). Thus,
increasing the rigidity of the linker does not seem to favor the
enhancement of compound degradation activity (Fig. 4C).

The gross SAR indicated that compounds with adamantyl as the
hydrophobic ligand and containing a PEG linker may facilitate
these HyTs in achieving the potency for HBC degradation. Among
them, HyT-S7 showed the best degradation activity. Subsequently,
we further determined its efficacy in another cell line,

Table 3 Anti-HBV activity and cytotoxicity of compounds HyT-(S16eS29).

Compd. Linker EC50
a (mmol/L) CC50

b (mmol/L) SIc

HyT-S16 1.10 >60 >54.55

HyT-S17 0.65 28.84 44.37

HyT-S18 0.57 60.00 105.26

HyT-S19 0.27 60.00 222.22

HyT-S20 1.38 >60 >43.48

HyT-S21 0.56 >60 >107.14

HyT-S22 0.44 60.00 136.36

HyT-S23 0.20 60.00 300.00

HyT-S24 0.48 >60 >125.00

HyT-S25 2.71 >60 >22.14

HyT-S26 0.56 60.00 107.14

HyT-S27 0.45 >60 >133.33

HyT-S28 5.34 >60 >11.24

HyT-S29 0.93 >60 >64.52

NVR 3-778 e 0.31 10.00 32.26

aEC50 is the concentration of the test compounds for reduction of HBV DNA by 50% in HepAD38 cells. EC50 values were evaluated from HBV

DNA by the qPCR assay after 4 days of incubating the cells with the compounds.
bCC50 is the concentration of the test compounds for reduction of the viability of HepAD38 cells by 50%. CC50 values were measured by the CPE

method.
cSelective index (SI) is the ratio of CC50/EC50.

Discovery of first-in-class HyT-based degraders of HBV core protein 2177



Hep2.2.15 cells (Supporting Information Table S1, Supporting In-
formation Fig. S1), and tested its effect on other HBV replication
intermediates, including intracellular HBV DNA intermediates
(Supporting Information Fig. S2A), extracellular HBsAg
(Fig. S2B), and HBeAg (Fig. S2C) of HepAD38 cells. The results
showed that HyT-S7 also had a good inhibitory effect on these
related indicators. Therefore, compound HyT-S7 was selected as a
representative HBC degrader for further characterization.

2.3. HyT-S7 degraded HBC in concentration- and time-
dependent manner

To further evaluate the degradation efficiency of HyT-S7,
HepAD38 cells were treated with gradient-diluted HyT-S7, fol-
lowed by cell lysis 24 h later and Western blot assay. The results of
three independent replicate experiments were selected for quanti-
tative analysis. As depicted in Fig. 5A andB,HyT-S7 could degrade
HBC in a concentration-dependent manner. Based on the quantified
results, the half-maximal degradation concentration (DC50) ofHyT-
S7 for HBC was calculated to be 3.02 � 0.54 mmol/L.

Meanwhile, to confirm whether the compound HyT-S7 induces
the degradation of HBC by introducing a hydrophobic group to
mimic the misfolded protein state, we designed and synthesized a
compound called SP-O-7 (7f) lacking hydrophobic groups as a

negative control. We evaluated its cellular activity in inhibiting
HBV DNA replication (EC50 Z 4.89 mmol/L) as well as its ability
to induce degradation of HBC. Despite exhibiting certain cellular
activity, SP-O-7 (20 mmol/L) was unable to induce degradation of
HBC (Fig. 5A and B), thus demonstrating that the degradation
activity of HyT-S7 depends on the introduction of the hydro-
phobic group. Since SP-O-7 lacks degradation activity and only
exerts an inhibitory effect, its activity in inhibiting HBV DNA
replication is more than ten times weaker than that of HyT-S7,
thereby substantiating that the excellent anti-HBV activity of
compound HyT-S7 originates from its degradation activity.

Furthermore, to evaluate the degradation kinetics of compound
HyT-S7, we selected different time points to examine the
expression levels of HBC in HepAD38 cells after incubation. As
shown in Fig. 5C, after 4 h of administration, there was a slight
decrease in the expression level of HBC in HepAD38 cells. With
prolonged incubation time, the degradation effect became more
pronounced, indicating that HyT-S7 can degrade HBC in
HepAD38 cells in a time-dependent manner.

2.4. HyT-S7 degraded HBC through the autophagy pathway

It has been reported that the processing of misfolded proteins may
involve the ubiquitin-proteasome pathway, chaperone-mediated

Figure 3 Degradation test for HBC with target compounds HyT-(S1eS15). HepAD38 cells were cultured in the presence of tetracycline (tetþ)

or in the absence of tetracycline and mock treated (tete) or treated with HyT-(S1eS15) (maximum non-toxic concentration by CPE method,

HyT-S1: 4 mmol/L; HyT-(S2eS6): 5 mmol/L; HyT-(S7eS12): 6 mmol/L; HyT-(S13eS14): 2 mmol/L; HyT-S15: 20 mmol/L; SP-5 (20 mmol/L) or

NVR 3-778 (6 mmol/L) for 72 h. (A, B) HBV core protein (HBC) expression was detected by Western blot assay with a rabbit polyclonal antibody.

GAPDH served as the loading control. (C) The quantification results of HBC/GAPDH (or b-actin) ratio from two independent immunoblots are

shown.
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Figure 4 Degradation test for HBC with target compounds HyT-(S16eS29). HepAD38 cells were cultured in the presence of tetracycline

(tetþ) or in the absence of tetracycline and mock treated (tete) or treated with HyT-(S16eS29) (maximum non-toxic concentration by CPE

method, HyT-S16: 60 mmol/L; HyT-S17: 2 mmol/L; HyT-S18: 10 mmol/L; HyT-S19: 10 mmol/L; HyT-S20: 30 mmol/L; HyT-S21: 30 mmol/L;

HyT-S22: 15 mmol/L; HyT-S23: 30 mmol/L; HyT-S24: 60 mmol/L; HyT-S25: 15 mmol/L; HyT-S26: 30 mmol/L; HyT-S27: 60 mmol/L; HyT-S28:

30 mmol/L; HyT-S29: 30 mmol/L; SP-5 (20 mmol/L) or NVR 3-778 (6 mmol/L) for 72 h. (A, B) HBC expression was detected by Western blot

assay. GAPDH served as the loading control. (C) The quantification results of HBC/GAPDH ratio from two independent immunoblots are shown.

Figure 5 HyT-S7 degraded HBC in concentration-and time-dependent manner. (A, B) HepAD38 cells cultured in the absence of tetracycline

were treated with the indicated concentrations of the compound HyT-S7, SP-O-7 (20 mmol/L) or NVR 3-778 (6 mmol/L) for 24 h. HBC expression

was detected by Western blot assay. GAPDH served as the loading control. The quantification results of HBC/GAPDH ratio from three inde-

pendent immunoblots are shown. (C) HepAD38 cells were cultured in tetracycline-free complete medium for 24 h and then incubated with treated

with 6 mmol/L HyT-S7 or DMSO in the presence of 50 mg/mL cycloheximide (CHX) for the indicated time. After washing with pre-chilled PBS,

the cells were lysed and HBV core protein levels were determined by Western blot assay.
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pathway, and autophagyelysosome pathway32. MG132 and bor-
tezomib can effectively inhibit the activity of the 20S proteasome
by targeting threonine residues and effectively block the protein
hydrolysis activity of the 26S proteasome complex33,34, making
them widely used proteasome inhibitors for mechanistic studies.
The chaperone protein Hsp70 can recognize unfolded or mis-
folded proteins exposed in hydrophobic regions and mediate
polyubiquitination and proteasomal degradation35. Compound 17-
AAG can induce upregulation of Hsp70 expression36and is
commonly used to investigate whether the degradation of target
compounds is related to Hsp70. 3-Methyladenine (3-MA) inhibits
the early stages of autophagosome formation37, while chloroquine
(CQ) prevents the late-stage degradation of autolysosomes by
lysosomes38, thus serving as autophagy inhibitors to explore the
influence of the autophagyelysosome system on target compound
degradation. In this study, we systematically investigated whether
the degradation of HBC by compound HyT-S7 is related to the
above three pathways.

Firstly, to confirm whether the ubiquitin-proteasome system is
involved in the degradation of HBC induced by HyT-S7, we
investigated the effect of proteasome inhibitors on the degradation
efficacy of HyT-S7. As shown in Fig. 6A, MG132, and bortezo-
mib failed to reverse the degradation effect of HyT-S7 on HBC.
Subsequently, as illustrated in Fig. 6B, the addition of 17-AAG did
not affect the degradation of HBC by HyT-S7. These experimental
findings suggest that HyT-S7 does not induce the degradation of
HBC through the ubiquitin-proteasome system mediated by
Hsp70. Next, we co-treated HepAD38 cells with autophagy in-
hibitors and HyT-S7, and the results were illustrated in Fig. 6C.
Both 3-MA and HCQ could reverse the degradation effect of HyT-
S7 on HBC. Additionally, it has been reported that MG132 could
act as an autophagy activator39e41, which can be observed from
Fig. 6A that the addition of MG132 promotes the degradation of
HBC induced by HyT-S7. Furthermore, a data-independent
acquisition (DIA)-based proteomic analysis was performed to
evaluate differentially expressed proteins on HepAD38 cells

Figure 6 Degradation mechanism analysis of HyT-S7. (A) HepAD38 cells cultured in the absence of tetracycline were treated with the

indicated concentrations of HyT-S7 with or without proteasome inhibitor MG132 (5 mmol/L) or bortezomib (0.5 mmol/L); (B) Hsp70 inducer 17-

AAG (2 mmol/L); (C) autophagy inhibitor 3-MA (5 mmol/L) or hydroxychloroquine (HCQ) sulfate (50 mmol/L) for 8 h. HBC and GAPDH

proteins were detected by Western blot assay. (D, E) The data-independent acquisition (DIA)-based proteomic analysis of HepAD38 cells

treated with DMSO or 6 mmol/L HyT-S7 for 24 h. (D) Volcano plots demonstrating global changes in protein abundance. The x axis displays

the relative abundance of all identified proteins (8013) in compound HyT-S7-treated cells (log2 FC) vs. DMSO-treated cells. The y axis displays P

values (elog10) from triplicate experiments. (E) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis of differentially

expressed proteins. a: Metabolism; b: Organismal systems; c: Environmental information processing; d: Genetic information processing; e:

Human diseases; f: Cellular processes.
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treated with HyT-S7. In total, 8013 proteins were identified and
quantified from our proteomic data. Based on fold-change
screening and comparison with the DMSO group, we identified
234 upregulated proteins and 224 downregulated proteins (fold
change >1.2 or <0.83, P < 0.05) after HyT-S7 treatment. We did
observe a significant increase or decrease in proteins involved in
the autophagy pathway, such as JUN, SQSTM1 (p62), LC3B,
WIPI1, TBC1D17, ERN1, TMEM39A, TMEM41B and SKP2
(Fig. 6D). Moreover, the KEGG pathways analysis showed that
there are 33 proteins related to transport, catabolism, fording,
sorting and degradation underwent significant systemic changes in
the presence of HyT-S7 (Fig. 6E). Collectively, these results
indicate that HyT-S7 can induce the degradation of HBC through
the autophagy pathway.

2.5. HyT-S7 exhibited remarkable degradation activity against
11 CpAMs-resistant mutant HBC

As mentioned earlier, mutations accumulated within the binding
pocket of CpAMs can easily lead to resistance, and many muta-
tions can result in cross-resistance, whereby sensitivity to CpAMs
of different structural types decreases16. Protein degraders, due to
their “event-driven” mechanism of action, do not rely on potent
interactions with the target protein, providing an effective solution
to overcome resistance caused by amino acid residue mutations in
the binding site. Therefore, we utilized Western blot assays to test
the degradation activity of compound HyT-S7 and its controls
(with non-toxic concentration, Supporting Information Fig. S3) in
HepG2 cells against 11 common CpAMs-resistant mutant proteins
(P25A, P25G, D29L, D29W, T33N, I105F, I105W, I105Y, T109A,
V124W, and V124F).

In this experiment, in addition to the lead compound NVR
3-778, we also included the clinically used nucleoside analog
anti-HBV drug 3TC and the class I CpAM Bay 41-4109 as
control drugs. It is noteworthy that Bay 41-4109 can induce the
misassembly of core proteins into non-capsid structures followed
by cellular degradation18. This property can be utilized to assess
better whether HyT-S7 possesses an advantage in degrading
mutant HBC. As depicted in Fig. 7, neither NVR 3-778 nor 3TC
showed any degradation effect on either wild-type or 11 mutant
types of HBC. In the wild-type, Bay 41-4109 could completely
degrade HBC in HepG2 cells, and HyT-S7 also demonstrated
excellent degradation capability. However, the degradation ac-
tivity of Bay 41-4109 against mutant strains was significantly
reduced (P25G, D29L, T33N, T109A, V124W, V124F) or even
lost (P25A, D29W, I105F, I105Y, I105W) (Supporting Infor-
mation Fig. S4). In contrast, HyT-S7 maintained good degra-
dation efficiency against all 11 mutant HBC in a dose-dependent
manner (Fig. S4, Supporting Information Fig. S5), particularly
for the highly resistant strains P25G and T33N to a Phase III
CpAM GLS4. These results indicate that HyT-S7 can effectively
induce the degradation of both HBC and its drug-resistant mu-
tants. Therefore, the application of HyT technology to HBV
CpAMs holds promise for addressing potential drug resistance
issues.

2.6. Compound HyT-S7 binds to HBC

To confirm that the target of compound HyT-S7 is HBC, we
sequentially conducted cellular thermal shift assay (CETSA) and
surface plasmon resonance (SPR) assay, with NVR 3-778, SP-5,
and SP-O-7 as controls.

Figure 7 Degradation test for HBC with amino acid mutations reported in CpAMs resistance. HepG2 cells transfected with pCMV-HBC or

pCMV-HBC-derived plasmids expressing core protein with indicated charged amino acid mutation (A), or transfected with pHBV1.3, pHBV1.3-

V124F, or pHBV1.3-V124W (B). 6 h post transfection, the culture media were replaced with fresh media (NC) or media containing HyT-S7

(6 mmol/L), NVR 3-778 (3 mmol/L), 3 TC (1 mmol/L) or Bay 41-4109 (1 mmol/L) and cultured for additional 18 h. Intracellular HBV core protein

were examined with the Western blot assay. GAPDH served as the loading control.

Discovery of first-in-class HyT-based degraders of HBV core protein 2181



Firstly, CETSA was conducted in HepAD38 cells to validate
whether compound HyT-S7 can bind to HBC in cells. As shown in
Fig. 8A and B, upon elevating HBC the temperature beyond
57 �C, a significant increase in HBC expression level was
observed in the HyT-S7-treated group compared to the control
group (DMSO), accompanied by a remarkable rightward shift of
the CETSA melting curve with DTm value of 5.4 �C. Since the
thermodynamic stability of the protein is enhanced after binding
with the compound, it can be demonstrated that compound HyT-
S7 can bind to HBC in the cells.

Next, an SPR assay was performed to test the interaction be-
tween compound HyT-S7 and HBC at different concentrations,
along with control compounds NVR 3-778, SP-5, and SP-O-7. As

shown in Fig. 8CeF, the KD value of HyT-S7 was determined to
be 0.78 mmol/L, indicating a potent binding affinity with HBC, far
superior to the control compounds. Notably, compared with NVR
3-778, HyT-S7 exhibited a similar Kon value but a much lower Koff

value (Supporting Information Table S2), indicating that the
presence of the hydrophobic tag of adamantyl induced a robust
interaction between the HBC and HyT-S7 and enhanced the sta-
bility of the complex. Conversely, the binding kinetics of NVR
3-778 and SP-5 with HBC reveal both fast association and
dissociation rates, suggesting a weaker interaction between HBC
and these two compounds. In general, these results demonstrate
that the introduction of adamantyl (hydrophobic moiety) not only
enables HyT-S7 to induce the degradation of HBC but also

Figure 8 CompoundHyT-S7 binds to HBC. (A, B) Cellular thermal shift assay (CETSA). Incubate the cell lysate from HepAD38 cells cultured in

complete culture medium without tetracycline for 96 h with DMSO, HyT-S7 (6 mmol/L), NVR 3-778 (6 mmol/L), SP-5 (20 mmol/L), or SP-O-7

(20 mmol/L) for 30 min at room temperature. Then the mixtures were heated on a gradient from 37 to 72 �C for 3 min. The supernatant was

collected and loaded onto a 10% SDS-PAGE gel. The levels of HBC were detected by Western blot assay. The quantitative results of HBC of group

DMSO and HyT-S7 are shown. Data are shown as mean � SD from three independent experiments. (CeF) The interactions between HBC protein,

and the compound HyT-S7, NVR 3-778, SP-5, or SP-O-7 were analyzed by a SPR assay performed on a CM5 chip integrated in the Reichert4 SPR

system.
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enhances the affinity of the SBA scaffold for HBC. Therefore,
CETSA, SPR, and previous degradation studies collectively
demonstrate that compound HyT-S7 can target and degrade HBC.

2.7. Molecular docking and molecular dynamics simulation of
HyT-S7

In order to comprehend the interaction between the target com-
pounds and HBC, we conducted molecular docking simulations for
the optimal compound, HyT-S7, using Schrödinger software, and
the resulting binding modewas visualized by PyMOL. Our docking
analysis relied on the co-crystal structure of NVR 3-778 and HBC
(PDB: 5T2P). The results revealed a good overlap betweenHyT-S7
and NVR 3-778 within the identical pocket of HBC, as illustrated in
Fig. 9A. The 3,4,5-trifluorophenyl group of HyT-S7 and NVR
3-778 was situated within the large hydrophobic pocket defined by
residues Pro25, Leu30, Thr33, and Trp102. Hydrogen bonds were
observed between the amide oxygen ofHyT-S7 and the side chains
of both Trp102 and Ser106. Additionally, the amide nitrogen of
HyT-S7 formed hydrogen bonds with the side chain of Thr128 from
the adjacent capsid dimer, which is crucial for its inhibitory activity.
Furthermore, the phenyl group of HyT-S7 engaged in a pep

stacking interaction with Tyr118, while the oxygen atom and amino
hydrogen atom of the linker act as hydrogen bond acceptor and
donor, respectively, forming dual hydrogen bonds with Ile139
(Fig. 9B), which may facilitate the attachment of hydrophobic
groups onto the surface of the protein.

To obtain a more comprehensive understanding of the favored
binding mode of HyT-S7 in the binding pocket, we conducted
molecular dynamics (MD) simulations on the complex of HyT-S7
with HBC (PDB code: 5T2P) using the Desmondmodulewithin the
Schrodinger suite, spanning a duration of 250 ns. As depicted in
Fig. 9C, the average root-mean-square deviation (RMSD) of the
protein-HyT-S7 complex exhibited oscillations around 4.0 Å
throughout the 250 ns simulation period, which suggested thatHyT-
S7 was stable in several conformers relative to the initial docked
structure. Fig. 9D and E depict the protein-ligand contacts between
HyT-S7 and HBC, highlighting the detailed interactions involving
specific residues, including hydrogen bonds, hydrophobic contacts,
and water bridges. Of particular note, the interactions fraction plot
suggests that certain interactions persist consistently throughout a
percentage of the 250 ns simulations, while multiple contacts be-
tween individual residues and the ligandmay result in an interaction
fraction exceeding 1.0 (Fig. 9D). Furthermore, in Fig. 9E visualizes

Figure 9 Molecular docking and molecular dynamics simulation of HyT-S7. (A) Cartoon mode of interactions between HyT-S7 and HBC; (B)

Two-dimensional diagram of interactions betweenHyT-S7 and HBC; (C) Protein RMSD plots of theMD simulations of HBC in complex withHyT-

S7 (green line) and NVR 3-778 (red line); (D) Number of protein-ligand contacts in each trajectory frame for HyT-S7 with HBC; (E) Interactions

fraction plots of HyT-S7 with specific amino acid residues of HBC, green: H-bonds, purple: Hydrophobic, red: ionic, blue: water bridges; (F)

Different frames of dockingmodes of HBC in complexwithHyT-S7 in 250 ns simulations. The figures were generated by PyMOL (www.pymol.org).
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the count of contact forces between HyT-S7 and HBC in each tra-
jectory frame, alongside the specific residue codes involved in
ligand interaction, with darker shades of orange indicating more
robust interactions. The enduring presence of characteristic
hydrogen bonds with Thr128 and Trp102 remained with HyT-S7
throughout the simulation, underscoring the significance of these
interactions in maintaining complex stability. Examining different
frames in Fig. 9F from the MD simulations indicated that the ada-
mantyl group (red line) could always extend on the surface of the
protein, which may facilitate HyT-S7 to mimic the protein misfold
state to achieve HBC degradation. These observations elucidate the
underlying structural factor to facilitate the HBC degradation
induced by HyT-S7 and provide a theoretical foundation for the
subsequent phase of rational structure optimization.

3. Conclusions

Herein, the degradation of HBV core protein with SBA-based
small-molecule degraders was revealed as the first example of
hydrophobically tagged degraders targeting viral proteins. In this
work, compound HyT-S7 with adamantyl group exhibited potent
anti-HBV activity (EC50 Z 0.46 mmol/L, HepAD38 cells) and
degradation activity for HBC, being selected as a representative
compound for further mechanistic investigation.

Firstly, HyT-S7 had been demonstrated to degrade HBC in a
dose- and time-dependent manner (DC50 Z 3.02 � 0.54 mmol/L),
and the degradation activity ofHyT-S7 depends on the introduction
of the hydrophobic group. To investigate the mechanisms of action
of HyT-S7, we systematically conducted a series of Western blot
assays related to the ubiquitin-proteasome pathway, chaperone-
mediated pathway, and autophagyelysosome pathway, as well as
DIA-based proteomic analysis, and found that
autophagyelysosome pathway was a potential driver of HyT-S7-
induced HBC degradation. Notably, HyT-S7 showed excellent
degradation efficiency against 11 CpAMs-resistant mutant HBC
(P25A, P25G, D29L, D29W, T33N, I105F, I105W, I105Y, T109A,
V124W, and V124F) with a concentration-dependent manner,
particularly for the highly resistant strains P25G and T33N to Phase
III CpAMGLS4, which represents a promising approach to address
potential drug resistance issues of HBV CpAMs. Furthermore,
CETSA and SPR assay collectively demonstrated that compound
HyT-S7 could directly bind toHBC. Finally, molecular docking and
molecular dynamics simulation results elucidated the key in-
teractions between HyT-S7 and HBC, as well as the underlying
structural factor that facilitates HBC degradation.

In conclusion, this work successfully applied HyT to HBV core
protein for the first time and elucidated the mechanism of action of
the representative compound as well as its advantage in overcoming
drug resistance, providing a valuable reference for addressing
resistance issues associated with other antiviral medications.

4. Experimental

4.1. Chemistry

All new compound’s melting points (mp) were determined using a
micro melting point apparatus (RY-1G, Tianjin Skylight). 1H NMR
and 13CNMR spectrawere obtained inDMSO-d6 onBrukerAV-400
or Bruker AV-600 MHz spectrometer using tetramethylsilane
(TMS) as the internal reference. Chemical shifts were reported in
d values (ppm), and J valueswere expressed in hertz (Hz). Thin layer

chromatography (TLC) was performed to monitor reactions or pu-
rify products on Silica Gel GF254 and HUANGHAI_HSGF254,
0.15e0.2 mm (Merck), respectively. Spots were visualized with
iodine vapor or by irradiation with UV light (l Z 254 or 365 nm).
Mass spectra (MS) were carried out on an LC Autosampler Device:
Standard G1313A instrument (TSQ Vantage LCeMS/MS,
ThermoFisher). Flash column chromatography was performed on a
column packed with Silica Gel60 (200e300 mesh, Shanghai Hao-
hong Scientific Co., Ltd.). Solvents were of reagent grade and, if
needed, were purified and dried by standard methods. Rotary
evaporators were involved in the concentration of the reaction so-
lutions under reduced pressure. The solvents DCM, acetonitrile,
methanol, etc., were obtained from Sinopharm Chemical Reagent
Co., Ltd. (SCRC) and were of AR grade. The key reactants,
including 3-chlorosulfonyl-4-fluorobenzoic acid (Cat No.1109322,
Leyan, Shanghai, China), 3,4,5-trifluoroaniline (Cat No.1023036,
Leyan, Shanghai, China), 4-Boc-aminopiperidine (Cat
1041132, Leyan, Shanghai, China), etc. were purchased from
Shanghai Haohong Scientific Co., Ltd. The purity of target com-
pounds was evaluated using a Shimadzu HPLC system (Shimadzu
SPD-20A/20AV). HPLC conditions were as follows: Agilent
ZORBAX, SB-C18 column (250 mm� 4.6 mm� 5 mm); isocratic
elution method: mobile phase A: methanol (80%); mobile phase B:
water (20%); flow rate: 1.0mL/min;wavelength: 254.4 or 250.4 nm,
temperature: 30 �C, injection volume: 10 mL. All tested target
compounds possessed purities of >95%.

4.1.1. tert-Butyl (1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamate (4)
A solution of 3-(chlorosulfonyl)-4-fluorobenzoic acid (1, 1.0
equiv.) in toluene (30 mL) at ambient temperature was succes-
sively added to thionyl chloride (6.0 equiv.) and DMF (1 mL),
and the resulting yellowish solution was heated to 120 �C for 4 h
(monitored by TLC), giving a slurry. The solvent was removed in
vacuo by coevaporation with toluene, providing 3-(chlor-
osulfonyl)-4-fluorobenzoyl chloride (2) as a brown oil, which was
used in the next step without purification. Intermediate 2 (1.0
equiv.) was dissolved in toluene (30 mL), and then a solution of
3,4,5-trifluoroaniline (1.0 equiv.) in toluene (3 mL) was added
dropwise over 10 min. The mixture was heated to 120 �C for 2 h
(monitored by TLC). The reaction was cooled to room temper-
ature and filtered, and the obtained cake was washed with a small
amount of toluene, resulting in 2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl) benzenesulfonyl chloride (3), which was applied to
the next step without further purification. Under an ice bath, the
4-Boc-aminopiperidine (1.0 equiv.), TEA (2.0 equiv.), and inter-
mediate 3 (1.2 equiv.) were successively dissolved in DCM
(20 mL). The resulting mixture was then stirred at room tem-
perature (monitored by TLC). Then, the reaction mixture was
filtered under reduced pressure, and the filter cake was washed
with DCM. Finally, intermediate 4 was obtained after drying the
filter cake. White solid, yield: 80%. 1H NMR (400 MHz, DMSO-
d6) d 10.82 (s, 1H), 8.34 (t, J Z 6.3 Hz, 2H), 7.72 (dt, J Z 14.0,
7.2 Hz, 3H), 6.88 (d, J Z 6.6 Hz, 1H), 3.60 (d, J Z 12.1 Hz, 2H),
3.42e3.34 (m, 1H), 2.78 (t, J Z 11.3 Hz, 2H), 1.79 (d,
J Z 11.3 Hz, 2H), 1.40 (d, J Z 9.4 Hz, 2H), 1.36 (s, 9H). ESI-
MS: m/z 530.43 [MeH]e, C23H25F4N3O5S [531.15].

4.1.2. 3-((4-Aminopiperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-
trifluorophenyl)benzamide (5)
Under an ice bath, TFA was added dropwise to intermediate 4 in
30 mL of DCM (monitored by TLC). Then, the resulting mixture
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solution was alkalized to pHw7 with a saturated sodium bicar-
bonate solution and then extracted with DCM (40 mL). Then, the
combined organic layer was washed with saturated sodium bi-
carbonate (3 � 20 mL), dried over anhydrous Na2SO4, filtered,
and concentrated under reduced pressure to afford the intermedi-
ate 5. White solid, yield: 83%. 1H NMR (400 MHz, DMSO-d6)
d 10.84 (s, 1H), 8.34 (dd, JZ 9.7, 3.8 Hz, 2H), 7.72 (td, JZ 10.5,
9.6, 6.1 Hz, 3H), 3.74 (d, J Z 12.6 Hz, 2H), 3.19e3.07 (m, 1H),
2.75 (t, JZ 11.8 Hz, 2H), 1.99e1.92 (m, 2H), 1.51 (qd, JZ 12.1,
3.5 Hz, 2H). ESI-MS: m/z 432.84 [MþH]þ, C18H17F4N3O3S
[431.09].

4.1.3. 3-((4-(2-((1S,3S)-Adamantan-1-yl)acetamido)piperidin-
1-yl)sulfonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)benzamide (HyT-
S1)
1-Adamantaneacetic acid (1.2 equiv.) and HATU (1.5 equiv.)
were mixed in 30 mL of DCM and stirred in an ice bath for
30 min. Subsequently, DIEA (2.0 equiv.) and intermediate 5 (1.0
equiv.) were added to the mixture and then stirred at room
temperature (monitored by TLC). The resulting mixture was
evaporated under reduced pressure, and the residue was initially
washed with 1 mol/L HCl and extracted with ethyl acetate
(3 � 20 mL). Then, the combined organic layer was washed with
saturated sodium bicarbonate (3 � 20 mL), dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure to
afford the corresponding crude product, which was purified by
flash column chromatography (ethyl acetate) to afford the target
compound HyT-S1. White solid, yield: 73%. Mp: >200 �C. 1H
NMR (400 MHz, DMSO-d6) d 10.77 (s, 1H, NH), 8.38e8.34 (m,
1H, NH), 8.34e8.29 (m, 1H, Ph-H), 7.75e7.67 (m, 3H, Ph-H),
7.64 (d, J Z 7.5 Hz, 1H, Ph-H), 3.72e3.62 (m, 1H, Ph-H),
3.59 (d, J Z 12.4 Hz, 2H), 2.84 (t, J Z 11.0 Hz, 2H), 1.89
(s, 3H), 1.83e1.78 (m, 2H), 1.78 (s, 2H), 1.67e1.50 (m, 12H),
1.45e1.34 (m, 2H). 13C NMR (150 MHz, DMSO-d6) d 169.69,
164.00, 160.67 (d, J Z 259.7 Hz), 150.48 (d, J Z 253.4 Hz),
135.72 (d, J Z 9.8 Hz), 131.34 (d, J Z 3.2 Hz), 130.85, 126.08
(d, J Z 15.2 Hz), 118.55 (d, J Z 22.9 Hz), 105.39 (dd,
J Z 25.5, 5.4 Hz), 105.33, 105.30, 50.37, 44.79, 44.66, 42.59,
36.94, 32.65, 31.41, 28.53. HRMS (ESI): m/z Calcd. for
C30H33F4N3O4NaS [MþNa]þ 630.2026; found 630.2024. HPLC
purity: 96.3%.

4.1.4. General procedure for the synthesis of 6(aeh)
Boc-protected amine-terminated linkers (1.2 equiv.) and HATU
(1.5 equiv.) were mixed in 30 mL of DCM and stirred in an ice
bath for 30 min. Subsequently, DIEA (2.0 equiv.) and intermediate
5 (1.0 equiv.) were added to the mixture and then stirred at room
temperature (monitored by TLC). The resulting mixture was
evaporated under reduced pressure, and the residue was initially
washed with 1 mol/L HCl and extracted with ethyl acetate
(3 � 20 mL). Then, the combined organic layer was washed with
saturated sodium bicarbonate (3 � 20 mL), dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure to
afford the corresponding crude product, which was purified by
flash column chromatography (ethyl acetate) to afford the in-
termediates 6(aeh).

4.1.4.1. tert-Butyl (4-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-4-oxobutyl)
carbamate (6a). White solid, yield: 76%. 1H NMR (400 MHz,
DMSO-d6) d 10.78 (s, 1H), 8.39e8.28 (m, 2H), 7.73 (dt,

J Z 17.0, 8.5 Hz, 4H), 6.74 (s, 1H), 3.73e3.54 (m, 3H),
2.94e2.76 (m, 4H), 2.00 (t, J Z 7.1 Hz, 2H), 1.80 (d,
J Z 12.2 Hz, 2H), 1.54 (dd, J Z 13.5, 6.6 Hz, 2H), 1.41 (d,
J Z 14.3 Hz, 2H), 1.36 (s, 9H). ESI-MS: m/z 639.11 [MþNa]þ,
615.11 [MeH]e. C27H32F4N4O6S [616.20].

4.1.4.2. tert-Butyl (5-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-5-oxopentyl)
carbamate (6b). White solid, yield: 80%. 1H NMR (400 MHz,
DMSO-d6) d 10.81 (s, 1H), 8.34 (dd, J Z 12.2, 6.8 Hz, 2H), 7.76
(dd, J Z 18.3, 7.4 Hz, 4H), 6.79 (s, 1H), 3.73e3.53 (m, 3H),
2.92e2.83 (m, 4H), 2.01 (t, J Z 7.2 Hz, 2H), 1.85e1.73 (m, 2H),
1.50e1.41 (m, 4H), 1.36 (s, 9H), 1.32e1.27 (m, 2H). ESI-MS: m/z
652.82 [MþNa]þ, 629.02 [MeH]e. C28H34F4N4O6S [630.21].

4.1.4.3. tert-Butyl (6-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-6-oxohexyl)
carbamate (6c). White solid, yield: 77%. 1H NMR (400 MHz,
DMSO-d6) d 10.78 (s, 1H), 8.40e8.27 (m, 2H), 7.80e7.65 (m,
4H), 6.72 (s, 1H), 3.64 (dd, J Z 25.8, 10.9 Hz, 3H), 2.84 (dq,
J Z 21.0, 11.2, 8.8 Hz, 4H), 2.00 (t, J Z 7.2 Hz, 2H), 1.79 (d,
J Z 10.4 Hz, 2H), 1.44 (dt, J Z 19.5, 9.6 Hz, 4H), 1.36 (s, 9H),
1.32 (d, J Z 7.3 Hz, 2H), 1.17 (dt, J Z 14.3, 7.3 Hz, 2H). ESI-
MS: m/z 666.94 [MþNa]þ, 643.23 [MeH]e. C29H36F4N4O6S
[644.23].

4.1.4.4. tert-Butyl (7-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-7-oxoheptyl)
carbamate (6d). White solid, yield: 75%. 1H NMR (400 MHz,
DMSO-d6) d 11.23 (s, 1H), 8.41e8.28 (m, 2H), 7.93e7.78 (m,
3H), 7.74e7.64 (m, 1H), 6.78 (s, 1H), 3.69e3.57 (m, 5H), 3.08
(dd, J Z 12.1, 5.9 Hz, 2H), 2.76e2.68 (m, 2H), 2.06e1.94 (m,
2H), 1.78 (d, J Z 10.4 Hz, 2H), 1.36 (s, 9H), 1.29 (dd, J Z 5.8,
3.0 Hz, 6H), 1.21e1.17 (m, 2H). ESI-MS: m/z 680.87 [MþNa]þ,
657.06 [MeH]e. C30H38F4N4O6S [658.24].

4.1.4.5. tert-Butyl (8-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-8-oxooctyl)
carbamate (6e). White solid, yield: 69%. 1H NMR (400 MHz,
DMSO-d6) d 10.79 (s, 1H), 8.40e8.28 (m, 2H), 7.73 (q, J Z 9.4,
8.1 Hz, 4H), 6.73 (s, 1H), 3.73e3.54 (m, 3H), 2.94e2.75 (m, 4H),
2.01 (t, J Z 7.0 Hz, 2H), 1.80 (d, J Z 11.5 Hz, 2H), 1.50e1.39
(m, 4H), 1.37 (s, 9H), 1.35e1.29 (m, 2H), 1.24e1.15 (m, 6H).
ESI-MS: m/z 695.07 [MþH]þ, 671.61 [MeH]e. C31H40F4N4O6S
[672.26].

4.1.4.6. tert-Butyl (2-(2-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-2-oxoethoxy)
ethyl)carbamate (6f). White solid, yield: 78%. 1H NMR
(400 MHz, DMSO-d6) d 10.80 (s, 1H), 8.38e8.28 (m, 2H),
7.77e7.62 (m, 4H), 6.93 (t, J Z 5.4 Hz, 1H), 3.81 (s, 2H),
3.79e3.65 (m, 3H), 3.39 (t, J Z 5.4 Hz, 2H), 3.11 (q, J Z 5.4 Hz,
2H), 2.75 (t, J Z 11.8 Hz, 2H), 1.79 (d, J Z 10.4 Hz, 2H), 1.53
(qd, J Z 12.5, 3.9 Hz, 2H), 1.38 (s, 9H). ESI-MS: m/z 654.80
[MþNa]þ, 631.04 [MeH]e. C27H32F4N4O7S [632.19].

4.1 .4 .7 . ter t -Butyl (2-(2-(2-( (1-((2-fluoro-5-( (3 ,4 ,5-
trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-
2-oxoethoxy)ethoxy)ethyl)carbamate (6g). White solid, yield:
71%. 1H NMR (400 MHz, DMSO-d6) d 10.80 (s, 1H), 8.39e8.28
(m, 2H), 7.76e7.67 (m, 3H), 7.64 (d, J Z 7.9 Hz, 1H), 6.79 (t,
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J Z 5.5 Hz, 1H), 3.84 (s, 2H), 3.77e3.62 (m, 3H), 3.58e3.49 (m,
4H), 3.37 (t, J Z 6.1 Hz, 2H), 3.06 (q, J Z 5.9 Hz, 2H), 2.76 (t,
J Z 11.6 Hz, 2H), 1.79 (d, J Z 10.6 Hz, 2H), 1.52 (td, J Z 13.1,
11.2, 6.4 Hz, 2H), 1.37 (s, 9H). ESI-MS: m/z 698.81 [MþNa]þ,
675.06 [MeH]e. C29H36F4N4O8S [676.22].

4.1.4.8. tert-Butyl (2-(2-(2-(2-((1-((2-fluoro-5-((3,4,5-
trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-
2-oxoethoxy)ethoxy)ethoxy)ethyl)carbamate (6h). White solid,
yield: 70%. 1H NMR (400 MHz, DMSO-d6) d 10.80 (s, 1H),
8.40e8.28 (m, 2H), 7.76e7.67 (m, 3H), 7.63 (d, J Z 8.0 Hz, 1H),
6.75 (t, JZ 5.4 Hz, 1H), 3.84 (s, 2H), 3.76e3.64 (m, 3H), 3.54 (s,
4H), 3.53e3.47 (m, 4H), 3.37 (t, J Z 6.1 Hz, 2H), 3.06 (q,
J Z 5.9 Hz, 2H), 2.76 (t, J Z 11.6 Hz, 2H), 1.83e1.74 (m, 2H),
1.57e1.45 (m, 2H), 1.36 (s, 9H). ESI-MS: m/z 742.87 [MþNa]þ,
719.06 [MeH]e. C31H40F4N4O9S [720.25].

4.1.5. General procedure for the synthesis of 7(aeh)
Under an ice bath, TFA was added dropwise to intermediates
6(aeh) in 30 mL of DCM (monitored by TLC). Then, the
resulting mixture solution was alkalized to pHw7 with a saturated
sodium bicarbonate solution and then extracted with DCM
(40 mL). Then, the combined organic layer was washed with
saturated sodium bicarbonate (3 � 20 mL), dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure to
afford the intermediates 7(aeh).

4.1.5.1. 3-((4-(4-Aminobutanamido)piperidin-1-yl)sulfonyl)-4-
fluoro-N-(3,4,5-trifluorophenyl)benzamide (7a). White solid,
yield: 72%. 1H NMR (400 MHz, DMSO-d6) d 8.35 (m, 2H), 7.90
(d, J Z 9.9 Hz, 1H), 7.72 (dt, J Z 11.9, 6.3 Hz, 4H), 3.63 (d,
J Z 12.7 Hz, 3H), 2.94e2.75 (m, 4H), 2.01 (s, 2H), 1.82 (d,
JZ 12.9 Hz, 2H), 1.54 (q, JZ 6.8 Hz, 2H), 1.41 (d, JZ 11.6 Hz,
2H). ESI-MS: m/z 517.23 [MþH]þ, 515.13 [MeH]e.
C22H24F4N4O4S [516.51].

4.1.5.2. 3-((4-(5-Aminopentanamido)piperidin-1-yl)sulfonyl)-4-
fluoro-N-(3,4,5-trifluoro- phenyl)benzamide (7b). White solid,
yield: 68%. 1H NMR (400 MHz, DMSO-d6) d 8.36 (m, 2H), 7.82
(t, J Z 10.1 Hz, 1H), 7.72 (dt, J Z 7.3, 3.7 Hz, 4H), 3.62 (d,
J Z 13.7 Hz, 3H), 2.78 (dd, J Z 26.8, 6.1 Hz, 4H), 2.01 (d,
J Z 7.9 Hz, 2H), 1.78 (m, 2H), 1.56 (tt, J Z 14.8, 7.3 Hz, 4H),
1.39 (m, 2H). ESI-MS: m/z 531.18 [MþH]þ. C23H26F4N4O4S
[530.54].

4.1.5.3. 3-((4-(6-Aminohexanamido)piperidin-1-yl)sulfonyl)-4-
fluoro-N-(3,4,5-trifluorophenyl)benzamide (7c). White solid,
yield: 70%. 1H NMR (400 MHz, DMSO-d6) d 8.39e8.30 (m, 2H),
7.82 (d, J Z 7.4 Hz, 1H), 7.71 (dt, J Z 9.7, 5.0 Hz, 4H), 3.64 (t,
J Z 15.8 Hz, 3H), 2.78 (dt, J Z 15.4, 9.5 Hz, 4H), 2.03 (t,
J Z 7.2 Hz, 2H), 1.78 (t, J Z 13.4 Hz, 2H), 1.49 (tt, J Z 14.6,
7.4 Hz, 4H), 1.42e1.33 (m, 2H), 1.25 (p, J Z 7.6, 7.1 Hz, 2H).
ESI-MS: m/z 545.10 [MþH]þ, 543.21 [MeH]e. C24H28F4N4O4S
[544.57].

4.1.5.4. 3-((4-(7-Aminoheptanamido)piperidin-1-yl)sulfonyl)-4-
fluoro-N-(3,4,5-trifluorophenyl)benzamide (7d). White solid,
yield: 76%. 1H NMR (400 MHz, DMSO-d6) d 8.38e8.30 (m, 2H),
7.81 (d, J Z 7.6 Hz, 1H), 7.71 (d, J Z 9.4 Hz, 4H), 3.61 (d,
J Z 11.3 Hz, 3H), 2.84e2.71 (m, 4H), 2.01 (d, J Z 7.3 Hz, 2H),
1.79 (d, J Z 14.2 Hz, 2H), 1.50e1.44 (m, 4H), 1.38 (d,

J Z 10.5 Hz, 2H), 1.32 (d, J Z 10.4 Hz, 2H), 1.25 (m, 2H). ESI-
MS: m/z 559.38 [MþH]þ, 557.28 [MeH]e. C25H30F4N4O4S
[558.59].

4.1.5.5. 3-((4-(8-Aminooctanamido)piperidin-1-yl)sulfonyl)-4-
fluoro-N-(3,4,5-trifluorophenyl)benzamide (7e). White solid,
yield: 65%. 1H NMR (400 MHz, DMSO-d6) d 8.18 (m, 2H), 7.80
(s, 1H), 7.72 (d, J Z 4.1 Hz, 4H), 3.58 (dd, J Z 8.1, 4.4 Hz, 3H),
2.78e2.70 (m, 4H), 2.00 (m, 2H), 1.76 (d, J Z 2.0 Hz, 2H), 1.57
(dd, J Z 4.4, 2.1 Hz, 4H), 1.45e1.42 (m, 4H), 1.36 (d,
J Z 2.0 Hz, 2H), 1.33 (d, J Z 1.2 Hz, 2H). ESI-MS: m/z 573.45
[MþH]þ. C26H32F4N4O4S [572.62].

4.1.5.6. 3-((4-(2-(2-Aminoethoxy)acetamido)piperidin-1-yl)sul-
fonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)benzamide (7f). White
solid, yield: 63%. 1H NMR (400 MHz, DMSO-d6) d 8.34 (m, 2H),
7.85 (d, J Z 8.1 Hz, 1H), 7.72 (dq, J Z 10.6, 5.2, 4.3 Hz, 4H),
3.81e3.62 (m, 4H), 3.57 (t, J Z 5.1 Hz, 2H), 3.53e3.44 (m, 1H),
2.97 (t, J Z 5.2 Hz, 2H), 2.77 (t, J Z 12.3 Hz, 2H), 1.88e1.72
(m, 2H), 1.52 (qd, J Z 12.1, 3.7 Hz, 2H). ESI-MS: m/z 533.09
[MþH]þ, 531.18 [MeH]e. C22H24F4N4O5S [532.51].

4.1.5.7. 3-((4-(2-(2-(2-Aminoethoxy)ethoxy)acetamido)piper-
idin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)benzamide
(7g). White solid, yield: 66%. 1H NMR (400 MHz, DMSO-d6)
d 8.20 (m, 2H), 7.84 (d, J Z 14.6 Hz, 4H), 7.71e7.64 (m, 1H),
3.87 (d, J Z 11.3 Hz, 3H), 3.68 (d, J Z 16.7 Hz, 4H), 3.56 (m,
2H), 3.14e2.87 (m, 2H), 2.73 (d, J Z 30.9 Hz, 2H), 2.61 (d,
J Z 11.5 Hz, 2H), 1.76 (d, J Z 13.0 Hz, 2H), 1.51 (td, J Z 13.1,
4.0 Hz, 2H). ESI-MS: m/z 577.19 [MþH]þ, C24H28F4N4O6S
[576.56].

4.1.5.8. 3-((4-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)acet-
amido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)
benzamide (7h). White solid, yield: 61%. 1H NMR (400 MHz,
DMSO-d6) d 8.23e8.11 (m, 2H), 7.77 (qt, J Z 11.3, 5.2 Hz, 4H),
7.70e7.60 (m, 1H), 3.85 (dd, J Z 10.7, 5.2 Hz, 3H), 3.72e3.64
(m, 4H), 3.63e3.59 (m, 2H), 3.55 (d, J Z 3.0 Hz, 4H), 3.43 (dt,
J Z 8.0, 4.1 Hz, 2H), 2.96 (q, J Z 5.1 Hz, 1H), 2.83e2.71 (m,
1H), 2.61 (t, J Z 12.2 Hz, 2H), 1.79 (t, J Z 6.8 Hz, 2H), 1.50 (td,
J Z 12.3, 3.9 Hz, 2H). ESI-MS: m/z 620.99 [MþH]þ.
C26H32F4N4O7S [620.62].

4.1.6. General procedure for the synthesis of HyT-(S2eS9)
1-Adamantaneacetic acid (1.2 equiv.) and HATU (1.5 equiv.) were
mixed in 30 mL of DCM and stirred in an ice bath for 30 min.
Subsequently, DIEA (2.0 equiv.) and intermediates 7(aeh) (1.0
equiv.) were added to the mixture and then stirred at room tem-
perature (monitored by TLC). The resulting mixture was evapo-
rated under reduced pressure, and the residue was initially washed
with 1 mol/L HCl and extracted with ethyl acetate (3 � 20 mL).
Then, the combined organic layer was washed with saturated
sodium bicarbonate (3 � 20 mL), dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure to afford the
corresponding crude product, which was purified by flash column
chromatography (ethyl acetate) to afford the target compounds
HyT-(S2eS9).

4.1.6.1. 3-((4-(4-(2-((1S,3S)-Adamantan-1-yl)acetamido)buta-
namido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)
benzamide (HyT-S2). White solid, yield: 67%. Mp:
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211e212 �C. 1H NMR (400 MHz, DMSO-d6) d 10.79 (s, 1H,
NH), 8.38e8.34 (m, 1H, NH), 8.34e8.28 (m, 1H, NH), 7.80 (d,
J Z 7.5 Hz, 1H, Ph-H), 7.76e7.68 (m, 3H, Ph-H), 7.65 (t,
J Z 5.5 Hz, 1H, Ph-H), 3.71e3.63 (m, 1H), 3.60 (d, J Z 12.5 Hz,
2H), 2.96 (q, J Z 6.6 Hz, 2H), 2.82 (t, J Z 11.0 Hz, 2H), 2.01 (q,
J Z 6.8, 6.1 Hz, 2H), 1.89 (s, 3H), 1.85e1.79 (m, 2H), 1.78 (s,
2H), 1.74e1.48 (m, 14H), 1.46e1.31 (m, 2H). 13C NMR
(150 MHz, DMSO-d6) d 171.59, 170.27, 164.01, 160.67 (d,
JZ 260.0 Hz), 150.48 (d, JZ 253.9 Hz), 135.73 (d, JZ 9.7 Hz),
131.36 (d, J Z 3.0 Hz), 130.85, 126.06 (d, J Z 15.7 Hz), 118.56
(d, J Z 22.4 Hz), 105.38 (dd, J Z 25.1, 5.2 Hz), 50.55, 44.93,
44.68, 42.62, 38.51, 36.95, 33.45, 32.60, 31.36, 28.55, 25.98.
HRMS (ESI): m/z Calcd. for C34H40F4N4O5NaS [MþNa]þ

715.2553; found 715.2562. HPLC purity: 97.2%.

4.1.6.2. 3-((4-(5-(2-((3r,5r,7r)-Adamantan-1-yl)acetamido)pen-
tanamido)p iper id in-1-y l ) su l fony l ) -4-fluoro-N-(3 ,4 ,5 -
trifluorophenyl)benzamide (HyT-S3). White solid, yield: 72%.
Mp: 218e219 �C. 1H NMR (600 MHz, DMSO-d6) d 10.78 (s, 1H,
NH), 8.36 (dd, J Z 6.5, 2.1 Hz, 1H, NH), 8.32 (ddd, J Z 8.1, 4.2,
2.3 Hz, 1H, NH), 7.75 (d, J Z 7.6 Hz, 1H, Ph-H), 7.74e7.69 (m,
3H, Ph-H), 7.61 (t, J Z 5.4 Hz, 1H, Ph-H), 3.66 (ddt, J Z 14.1,
10.6, 5.8 Hz, 1H), 3.61 (d, J Z 12.4 Hz, 2H), 2.98 (q, J Z 6.8 Hz,
2H), 2.82 (t, J Z 11.0 Hz, 2H), 2.02 (t, J Z 7.3 Hz, 2H), 1.89 (s,
3H), 1.80 (d, J Z 6.5 Hz, 4H), 1.67e1.50 (m, 12H), 1.46 (dt,
J Z 15.2, 7.4 Hz, 2H), 1.40 (dd, J Z 17.1, 6.1 Hz, 2H), 1.33 (dt,
J Z 14.4, 7.3 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) d 171.80,
170.13, 164.01, 160.67 (d, J Z 259.6 Hz), 150.46 (d,
J Z 249.3 Hz), 135.73 (d, J Z 9.5 Hz), 131.36 (d, J Z 3.2 Hz),
126.06 (d, J Z 15.3 Hz), 118.56 (d, J Z 22.8 Hz), 105.46, 105.38
(dd, J Z 25.3, 5.2 Hz), 105.29, 50.56, 44.90, 44.70, 42.63, 38.54,
36.96, 35.50, 32.61, 31.39, 29.30, 28.56, 23.28. HRMS (ESI): m/z
Calcd. for C35H42F4N4O5NaS [MþNa]þ 729.2710; found
729.2706. HPLC purity: 95.6%.

4.1.6.3. 3-((4-(6-(2-((1S,3S)-Adamantan-1-yl)acetamido)hex-
anamido)p iper id in -1 -y l ) su l fony l ) -4 -fluoro-N- (3 ,4 ,5 -
trifluorophenyl)benzamide (HyT-S4). White solid, yield: 74%.
Mp: 186e187 �C. 1H NMR (600 MHz, DMSO-d6) d 10.78 (s, 1H,
NH), 8.35 (dd, J Z 6.5, 2.2 Hz, 1H, NH), 8.32 (ddd, J Z 8.2, 4.3,
2.3 Hz, 1H, NH), 7.75e7.67 (m, 4H, Ph-H), 7.59 (t, J Z 5.4 Hz,
1H, Ph-H), 3.65 (dq, J Z 10.7, 3.7 Hz, 1H), 3.61 (d, J Z 12.5 Hz,
2H), 2.97 (q, J Z 6.7 Hz, 2H), 2.81 (t, J Z 11.0 Hz, 2H), 2.00 (t,
J Z 7.4 Hz, 2H), 1.89 (s, 3H), 1.79 (d, J Z 9.8 Hz, 4H),
1.67e1.50 (m, 12H), 1.45 (p, J Z 7.6 Hz, 2H), 1.42e1.36 (m,
2H), 1.36e1.31 (m, 2H), 1.20 (dq, JZ 15.0, 6.9, 6.5 Hz, 2H). 13C
NMR (150 MHz, DMSO-d6) d 171.85, 170.13, 164.01, 160.67 (d,
JZ 259.6 Hz), 150.48 (d, JZ 254.1 Hz), 135.73 (d, JZ 9.9 Hz),
131.36 (d, J Z 3.0 Hz), 130.86, 126.03 (d, J Z 15.5 Hz), 118.56
(d, J Z 22.7 Hz), 105.46, 105.38 (dd, J Z 25.5, 5.3 Hz), 105.29,
50.56, 44.93, 44.73, 42.63, 38.68, 36.97, 35.84, 32.60, 31.38,
29.44, 28.55, 26.60, 25.42. HRMS (ESI): m/z Calcd. for
C36H44F4N4O5NaS [MþNa]þ 743.2866; found 743.2875. HPLC
purity: 97.4%.

4.1.6.4. 3-((4-(7-(2-((3R,5R,7R)-Adamantan-1-yl)acetamido)
heptanamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-
trifluorophenyl)benzamide (HyT-S5). White solid, yield: 68%.
Mp: 187e188 �C. 1H NMR (600 MHz, DMSO-d6) d 10.78 (s, 1H,
NH), 8.36 (dd, J Z 6.5, 2.2 Hz, 1H, NH), 8.32 (ddd, J Z 8.4, 4.4,
2.3 Hz, 1H, NH), 7.77e7.69 (m, 4H, Ph-H), 7.59 (t, J Z 5.4 Hz,

1H, Ph-H), 3.69e3.63 (m, 1H), 3.63e3.58 (m, 2H), 2.98 (q,
J Z 6.8 Hz, 2H), 2.82 (t, J Z 10.9 Hz, 2H), 2.01 (t, J Z 7.5 Hz,
2H), 1.90 (s, 3H), 1.80 (d, J Z 4.3 Hz, 4H), 1.67e1.51 (m, 12H),
1.48e1.42 (m, 2H), 1.42e1.37 (m, 2H), 1.36e1.31 (m, 2H), 1.22
(tt, J Z 10.9, 4.4 Hz, 4H). 13C NMR (150 MHz, DMSO-d6)
d 171.91, 170.12, 164.02, 160.67 (d, J Z 259.9 Hz), 150.46 (d,
J Z 249.3 Hz), 135.73 (d, J Z 9.8 Hz), 131.36 (d, J Z 3.0 Hz),
130.86, 126.05 (d, JZ 15.7 Hz), 118.56 (d, JZ 22.9 Hz), 105.47,
105.38 (dd, J Z 25.3, 4.8 Hz), 105.30, 50.57, 44.89, 44.72, 42.64,
38.67, 36.97, 35.85, 32.61, 31.38, 29.53, 28.76, 28.56, 26.64,
25.70. HRMS (ESI): m/z Calcd. for C37H46F4N4O5NaS [MþNa]þ

757.3023; found 757.3029. HPLC purity: 96.2%.

4.1.6.5. 3-((4-(8-(2-((1S,3S)-Adamantan-1-yl)acetamido)octa-
namido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)
benzamide (HyT-S6). White solid, yield: 77%. Mp:
201e202 �C. 1H NMR (600 MHz, DMSO-d6) d 10.79 (s, 1H,
NH), 8.36 (dd, J Z 6.5, 2.2 Hz, 1H, NH), 8.32 (ddd, J Z 8.4, 4.3,
2.3 Hz, 1H, NH), 7.76e7.69 (m, 4H, Ph-H), 7.59 (t, J Z 5.4 Hz,
1H, Ph-H), 3.66 (ddt, J Z 10.1, 6.5, 3.7 Hz, 1H), 3.61 (d,
JZ 12.5 Hz, 2H), 2.99 (q, J Z 6.7 Hz, 2H), 2.82 (t, J Z 11.0 Hz,
2H), 2.01 (t, J Z 7.4 Hz, 2H), 1.90 (s, 3H), 1.79 (d, J Z 5.9 Hz,
4H), 1.68e1.51 (m, 12H), 1.45 (dt, J Z 14.3, 7.4 Hz, 2H), 1.40
(dd, J Z 17.3, 6.6 Hz, 2H), 1.37e1.32 (m, 2H), 1.26e1.17 (m,
6H). 13C NMR (150 MHz, DMSO-d6) d 171.88, 170.10, 164.00,
160.68 (d, J Z 259.6 Hz), 150.43 (d, J Z 248.8 Hz), 135.79 (d,
J Z 9.9 Hz), 131.32 (d, J Z 2.9 Hz), 130.88, 125.85 (d,
J Z 15.6 Hz), 118.61 (d, J Z 22.6 Hz), 105.41, 105.33 (dd,
J Z 25.4, 5.1 Hz), 105.25, 50.56, 44.84, 44.74, 42.61, 38.66,
36.94, 35.83, 32.59, 31.37, 29.62, 29.04, 28.91, 28.52, 26.79,
25.65. HRMS (ESI): m/z Calcd. for C38H48F4N4O5NaS [MþNa]þ

771.3179; found 771.3181. HPLC purity: 97.8%.

4.1.6.6. 3-((4-(2-(2-(2-((3R,5R,7R)-Adamantan-1-yl)acetamido)
ethoxy)acetamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-
trifluorophenyl)benzamide (HyT-S7). White solid, yield: 69%.
Mp: 221e222 �C. 1H NMR (600 MHz, DMSO-d6) d 10.77 (s, 1H,
NH), 8.36 (dd, J Z 6.4, 2.0 Hz, 1H, NH), 8.32 (dq, J Z 5.8,
2.1 Hz, 1H, NH), 7.76 (t, J Z 5.5 Hz, 1H, Ph-H), 7.73e7.68 (m,
3H, Ph-H), 7.65 (d, JZ 8.0 Hz, 1H, Ph-H), 3.82 (s, 2H), 3.74 (ddt,
J Z 10.5, 6.6, 3.4 Hz, 1H), 3.68 (d, J Z 12.4 Hz, 2H), 3.41 (t,
J Z 5.6 Hz, 2H), 3.21 (q, J Z 5.6 Hz, 2H), 2.77 (t, J Z 11.6 Hz,
2H), 1.89 (s, 3H), 1.82 (s, 2H), 1.78 (d, J Z 10.3 Hz, 2H),
1.66e1.53 (m, 12H), 1.53e1.48 (m, 2H). 13C NMR (150 MHz,
DMSO-d6) d 170.52, 168.88, 164.01, 160.69 (d, J Z 259.7 Hz),
150.46 (d, J Z 248.2 Hz), 135.73 (d, J Z 9.7 Hz), 131.35 (d,
J Z 3.2 Hz), 130.84, 126.01 (d, J Z 16.0 Hz), 118.56 (d,
J Z 22.6 Hz), 105.46, 105.38 (dd, J Z 25.1, 5.0 Hz), 105.29,
70.36, 70.28, 50.54, 45.07, 44.99, 42.59, 38.64, 36.94, 32.63,
31.32, 28.55. HRMS (ESI): m/z Calcd. for C34H40F4N4O6NaS
[MþNa]þ 731.2502; found 731.2509. HPLC purity: 97.5%.

4.1.6.7. 3-((4-(2-(2-(2-(2-((3R,5R,7R)-Adamantan-1-yl)acet-
amido)ethoxy)ethoxy)acetamido)piperidin-1-yl)sulfonyl)-4-fluoro-
N-(3,4,5-trifluorophenyl)benzamide (HyT-S8). White solid,
yield: 71%. Mp: 212e213 �C. 1H NMR (600 MHz, DMSO-d6)
d 10.77 (s, 1H, NH), 8.35 (dd, J Z 6.5, 2.1 Hz, 1H, NH), 8.32
(ddd, J Z 8.1, 4.2, 2.3 Hz, 1H, NH), 7.71 (dd, J Z 10.0, 7.0 Hz,
3H, Ph-H), 7.67 (dd, J Z 7.2, 4.4 Hz, 1H, Ph-H), 7.63 (d,
J Z 7.9 Hz, 1H, Ph-H), 3.84 (s, 2H), 3.72 (ddt, J Z 14.3, 6.7,
3.6 Hz, 1H), 3.67 (d, J Z 12.4 Hz, 2H), 3.58e3.50 (m, 4H), 3.40

Discovery of first-in-class HyT-based degraders of HBV core protein 2187



(t, J Z 5.9 Hz, 2H), 3.17 (q, J Z 5.8 Hz, 2H), 2.76 (t,
J Z 11.6 Hz, 2H), 1.89 (s, 3H), 1.82 (s, 2H), 1.81e1.76 (m, 2H),
1.66e1.53 (m, 12H), 1.53e1.48 (m, 2H). 13C NMR (150 MHz,
DMSO-d6) d 170.46, 169.01, 164.00, 160.70 (d, J Z 259.7 Hz),
150.43 (d, J Z 248.2 Hz), 135.80 (d, J Z 9.7 Hz), 131.32 (d,
J Z 2.9 Hz), 130.90, 125.69 (d, J Z 15.5 Hz), 118.62 (d,
J Z 22.8 Hz), 105.42, 105.34 (dd, J Z 25.1, 4.9 Hz), 105.25,
70.60, 70.40, 69.72, 69.63, 50.43, 45.05, 45.02, 42.54, 38.69,
36.93, 32.60, 31.22, 28.51. HRMS (ESI): m/z Calcd. for
C36H44F4N4O7NaS [MþNa]þ 775.2765; found 775.2757. HPLC
purity: 98.0%.

4.1.6.8. 3-((4-(1-((3R,5R,7R)-Adamantan-1-yl)-2-oxo-6,9,12-
trioxa-3-azatetradecan-14-amido)piperidin-1-yl)sulfonyl)-4-
fluoro-N-(3,4,5-trifluorophenyl)benzamide (HyT-S9). White
solid, yield: 70%. Mp: 120e121 �C. 1H NMR (600 MHz, DMSO-
d6) d 10.77 (s, 1H, NH), 8.35 (dd, J Z 6.5, 2.2 Hz, 1H, NH), 8.32
(ddd, J Z 8.2, 4.3, 2.3 Hz, 1H, NH), 7.71 (dd, J Z 10.4, 7.5 Hz,
3H, Ph-H), 7.66 (t, J Z 5.5 Hz, 1H, Ph-H), 7.61 (d, J Z 8.0 Hz,
1H, Ph-H), 3.85 (s, 2H), 3.72 (ddt, J Z 15.0, 7.7, 4.1 Hz, 1H),
3.67 (d, JZ 12.3 Hz, 2H), 3.54 (s, 4H), 3.51 (qd, JZ 7.6, 5.1 Hz,
4H), 3.39 (t, J Z 5.9 Hz, 2H), 3.17 (q, J Z 5.8 Hz, 2H), 2.77 (t,
J Z 11.5 Hz, 2H), 1.89 (s, 3H), 1.80 (d, J Z 17.1 Hz, 4H),
1.66e1.53 (m, 12H), 1.50 (dd, J Z 11.6, 8.7 Hz, 2H). 13C NMR
(150 MHz, DMSO-d6) d 170.43, 169.01, 164.01, 160.70 (d,
JZ 259.6 Hz), 150.43 (d, JZ 248.4 Hz), 135.80 (d, JZ 9.5 Hz),
131.32 (d, J Z 3.2 Hz), 130.89, 125.73 (d, J Z 15.8 Hz), 118.63
(d, J Z 23.1 Hz), 105.43, 105.34 (dd, J Z 25.2, 4.9 Hz), 105.26,
70.58, 70.31, 70.22, 70.03, 69.98, 69.68, 50.43, 45.00, 42.54,
38.77, 36.93, 32.60, 31.26, 28.52. HRMS (ESI): m/z Calcd. for
C38H48F4N4O8NaS [MþNa]þ 819.3027; found 819.3032. HPLC
purity: 97.9%.

4.1.7. General procedure for the synthesis of HyT-(S10eS11,
S13eS14)
Carboxylic acid with different hydrophobic groups (1.2 equiv.)
and HATU (1.5 equiv.) were mixed in 30 mL of DCM and stirred
in an ice bath for 30 min. Subsequently, DIEA (2.0 equiv.) and
intermediate 7f (1.0 equiv.) were added to the mixture and then
stirred at room temperature (monitored by TLC). The resulting
mixture was evaporated under reduced pressure, and the residue
was initially washed with 1 mol/L HCl and extracted with ethyl
acetate (3 � 20 mL). Then, the combined organic layer was
washed with saturated sodium bicarbonate (3 � 20 mL), dried
over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure to afford the corresponding crude product, which was
purified by flash column chromatography (ethyl acetate) to afford
the target compounds HyT-(S10wS11, S13wS14).

4.1.7.1. 3-((4-(2-(2-(2,2-Diphenylacetamido)ethoxy)acetamido)
piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-trifluorophenyl)benza-
mide (HyT-S10). White solid, yield: 71%. Mp: 172e173 �C. 1H
NMR (600 MHz, DMSO-d6) d 10.81 (s, 1H, NH), 8.43 (t,
J Z 5.5 Hz, 1H, NH), 8.36 (dd, J Z 6.5, 2.2 Hz, 1H, NH), 8.32
(ddd, J Z 8.1, 4.2, 2.3 Hz, 1H, Ph-H), 7.71 (dd, J Z 10.0, 6.8 Hz,
3H, Ph-H), 7.67 (d, J Z 8.1 Hz, 1H, Ph-H), 7.30 (d, J Z 4.2 Hz,
8H, Ph-H), 7.22 (dq, J Z 8.7, 4.2 Hz, 2H, Ph-H), 4.96 (s, 1H),
3.82 (s, 2H), 3.73e3.69 (m, 1H), 3.67 (d, J Z 12.4 Hz, 2H), 3.45
(t, J Z 5.5 Hz, 2H), 3.29 (q, J Z 5.5 Hz, 2H), 2.72 (t,
JZ 11.7 Hz, 2H), 1.76e1.69 (m, 2H), 1.47 (qd, JZ 12.5, 4.0 Hz,
2H). 13C NMR (150 MHz, DMSO-d6) d 171.62, 168.81, 164.02,

160.70 (d, J Z 259.6 Hz), 150.43 (d, J Z 248.9 Hz), 140.86,
135.79 (d, J Z 9.6 Hz), 131.32 (d, J Z 3.1 Hz), 130.90, 128.94,
128.67, 127.07, 125.76 (d, JZ 15.4 Hz), 118.62 (d, JZ 23.1 Hz),
105.44, 105.35 (dd, J Z 25.0, 5.0 Hz), 105.27, 70.21, 70.13,
56.95, 45.03, 45.02, 39.04, 31.25. HRMS (ESI): m/z Calcd. for
C36H34F4N4O6NaS [MþNa]þ 749.2033; found 749.2037. HPLC
purity: 97.5%.

4.1.7.2. 3-((4-(2-(2-(2-(9H-Fluoren-9-yl)acetamido)ethoxy)
acetamido)piperidin-1-yl)su l fonyl)-4-fluoro-N-(3,4 ,5-
trifluorophenyl)benzamide (HyT-S11). White solid, yield: 67%.
Mp: 141e142 �C. 1H NMR (600 MHz, DMSO-d6) d 10.80 (s, 1H,
NH), 8.35 (dd, J Z 6.5, 2.1 Hz, 1H, NH), 8.31 (ddd, J Z 8.3, 4.3,
2.3 Hz, 1H, NH), 8.16 (t, J Z 5.5 Hz, 1H, Ph-H), 7.87 (d,
JZ 7.5 Hz, 2H, Ph-H), 7.71 (dd, JZ 9.6, 6.2 Hz, 3H, Ph-H), 7.68
(d, J Z 9.4 Hz, 1H, Ph-H), 7.53 (d, J Z 7.5 Hz, 2H, Ph-H), 7.37
(t, J Z 7.4 Hz, 2H, Ph-H), 7.32e7.27 (m, 2H, Ph-H), 4.36 (t,
J Z 7.7 Hz, 1H), 3.88 (s, 2H), 3.73e3.67 (m, 1H), 3.64 (d,
J Z 12.4 Hz, 2H), 3.52 (t, J Z 5.4 Hz, 2H), 3.41e3.39 (m, 2H),
2.72 (t, J Z 11.9 Hz, 2H), 2.53 (d, J Z 7.8 Hz, 2H), 1.76e1.68
(m, 2H), 1.47 (qd, J Z 12.5, 3.9 Hz, 2H). 13C NMR (100 MHz,
DMSO-d6) d 171.36, 168.89, 164.02, 160.68 (d, J Z 259.3 Hz),
150.23 (d, J Z 248.3 Hz), 147.11, 140.55, 135.79 (d,
J Z 10.1 Hz), 131.30 (d, J Z 3.1 Hz), 127.70, 127.55, 125.73 (d,
J Z 15.8 Hz), 125.02, 120.44, 118.60 (d, J Z 22.3 Hz), 105.49,
105.36 (d, J Z 25.2, 6.0 Hz), 105.24, 70.37, 70.25, 45.02, 44.01,
38.93, 31.24. HRMS (ESI): m/z Calcd. for C37H34F4N4O6NaS
[MþNa]þ 761.2033; found 761.2040. HPLC purity: 98.1%.

4.1.7.3. (S)-4-Fluoro-3-((4-(2-(2-(2-(4-isobutylphenyl)prop-
anamido)ethoxy)acetamido)piperidin-1-yl)sulfonyl)-N-(3,4,5-
trifluorophenyl)benzamide (HyT-S13). White solid, yield: 68%.
Mp: 182e183 �C. 1H NMR (600 MHz, DMSO-d6) d 10.81 (s, 1H,
NH), 8.36 (dd, J Z 6.5, 2.2 Hz, 1H, NH), 8.32 (ddd, J Z 8.3, 4.3,
2.3 Hz, 1H, NH), 8.08 (t, J Z 5.6 Hz, 1H, Ph-H), 7.75e7.66 (m,
4H, Ph-H), 7.20 (d, J Z 8.0 Hz, 2H, Ph-H), 7.06 (d, J Z 8.0 Hz,
2H, Ph-H), 3.80 (s, 2H), 3.76e3.71 (m, 1H), 3.71e3.66 (m, 2H),
3.56 (q, J Z 7.0 Hz, 1H), 3.40 (dt, J Z 12.1, 5.1 Hz, 2H),
3.28e3.16 (m, 2H), 2.75 (t, J Z 11.8 Hz, 2H), 2.38 (d,
J Z 7.1 Hz, 2H), 1.82e1.78 (m, 1H), 1.76 (dd, J Z 8.1, 5.0 Hz,
2H), 1.51 (q, J Z 10.1, 9.2 Hz, 2H), 1.30 (d, J Z 7.0 Hz, 3H),
0.84 (d, J Z 6.6 Hz, 6H). 13C NMR (150 MHz, DMSO-d6)
d 174.09, 168.88, 164.02, 160.69 (d, J Z 259.3 Hz), 150.46 (d,
JZ 249.3 Hz), 139.98, 139.63, 135.73 (d, JZ 9.8 Hz), 131.35 (d,
J Z 3.1 Hz), 130.86, 129.18, 127.39, 126.00 (d, J Z 15.4 Hz),
118.57 (d, J Z 23.1 Hz), 105.46, 105.38 (dd, J Z 25.2, 4.8 Hz),
105.30, 70.28, 70.21, 45.22, 45.07, 44.99, 44.72, 38.93, 31.30,
30.02, 22.62, 19.11. HRMS (ESI): m/z Calcd. for
C35H40F4N4O6NaS [MþNa]þ 743.2502; found 743.2511. HPLC
purity: 99.2%.

4.1.7.4. 4-Fluoro-3-((4-(2-(2-(2-(((1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl)oxy)acetamido)ethoxy)acetamido)piperidin-1-
yl)sulfonyl)-N-(3,4,5-trifluorophenyl)benzamide (HyT-
S14). White solid, yield: 69%. Mp: 106e107 �C. 1H NMR
(600 MHz, DMSO-d6) d 10.81 (s, 1H, NH), 8.36 (dd, J Z 6.5,
2.2 Hz, 1H, NH), 8.32 (ddd, J Z 8.3, 4.3, 2.3 Hz, 1H, NH),
7.75e7.69 (m, 4H, Ph-H), 7.64 (t, J Z 5.8 Hz, 1H, Ph-H),
4.05e3.88 (m, 2H), 3.82 (s, 2H), 3.80 (d, J Z 14.9 Hz, 1H),
3.73 (ddt, J Z 10.6, 6.7, 3.7 Hz, 1H), 3.68 (d, J Z 12.3 Hz, 2H),
3.45 (h, J Z 5.4, 5.0 Hz, 2H), 3.33e3.26 (m, 2H), 3.12 (td,
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J Z 10.5, 4.0 Hz, 2H), 2.76 (t, J Z 11.5 Hz, 2H), 2.17 (ddq,
J Z 9.6, 6.9, 3.4, 2.6 Hz, 1H), 2.05e1.97 (m, 1H), 1.82e1.75 (m,
2H), 1.60 (d, J Z 11.8 Hz, 1H), 1.55 (dd, J Z 11.3, 4.9 Hz, 2H),
1.27e1.23 (m, 4H), 0.87e0.85 (m, 6H), 0.73 (d, J Z 6.9 Hz, 3H).
13C NMR (100 MHz, DMSO-d6) d 170.26, 168.83, 164.00, 160.70
(d, J Z 259.5 Hz), 150.43 (d, J Z 248.5 Hz), 135.81 (d,
J Z 10.0 Hz), 131.30 (d, J Z 3.1 Hz), 130.89, 125.75 (d,
J Z 15.5 Hz), 118.64 (d, J Z 22.5 Hz), 105.33 (dd, J Z 24.7,
6.4 Hz), 79.93, 79.11, 70.13, 68.24, 65.62, 48.32, 47.84, 45.00,
44.96, 38.40, 34.50, 34.47, 31.32, 31.30, 25.58, 25.45, 23.36,
23.19, 22.69, 22.63, 21.33, 16.77, 16.50. HRMS (ESI): m/z Calcd.
for C34H44F4N4O7NaS [MþNa]þ 751.2765; found 751.2770.
HPLC purity: 96.8%.

4.1.8. 2-Methylpropan-2-yl {[(6E,11S)-18-({1-[(2-fluoro-5-
{[(3,4,5-trifluorophenyl)amino]carbonyl}phenyl)dioxo-l6-
sulfanyl]hexahydropyridin-4-yl}amino)-2,2-dimethyl-11-({[(2-
methylprop-2-yl)oxy]carbonyl}amino)-4,12,18-trioxo-3,16-dioxa-
5,7,13-triazaoctadecan-6-ylidene]amino}methanoate (HyT-S15)
A mixture of intermediate 7f (1.0 equiv.), (tert-butoxy) carbonyl
Arg (Boc)2-OH (symmetrical) (1.0 equiv.), and NMI (3.0 equiv.)
in MeCN (10 mL) was stirred 10 min before TCFH (1.1 equiv.)
was added. The mixture was stirred at room temperature over-
night (monitored by TLC). The resulting mixture was evaporated
under reduced pressure, and the residue was extracted with ethyl
acetate (3 � 20 mL) and water. Then, the combined organic
layer was washed with saturated sodium bicarbonate
(3 � 20 mL), dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure to afford the corresponding
crude product, which was purified by flash column chromatog-
raphy (ethyl acetate) to afford the target compound HyT-S15.
White solid, yield: 65%. Mp: 132e133 �C. 1H NMR (600 MHz,
DMSO-d6) d 11.46 (s, 1H, NH), 10.78 (s, 1H, NH), 8.33 (dd,
J Z 6.4, 2.0 Hz, 1H, NH), 8.29 (ddd, J Z 8.0, 4.2, 2.3 Hz, 1H,
NH), 8.24 (t, J Z 5.5 Hz, 1H, NH), 7.95 (t, J Z 5.3 Hz, 1H,
NH), 7.72e7.65 (m, 4H, Ph-H), 6.85 (d, J Z 8.0 Hz, 1H, Ph-H),
3.89e3.83 (m, 1H), 3.80 (s, 2H), 3.71 (dd, J Z 11.2, 3.5 Hz,
1H), 3.67 (d, J Z 11.9 Hz, 2H), 3.43e3.37 (m, 2H), 3.28 (dt,
J Z 11.0, 5.8 Hz, 1H), 3.25e3.19 (m, 2H), 3.17 (dd, J Z 13.5,
5.9 Hz, 1H), 2.72 (t, J Z 11.6 Hz, 2H), 1.76 (d, J Z 12.3 Hz,
2H), 1.51 (dd, J Z 25.7, 14.1 Hz, 4H), 1.44 (s, 11H), 1.35 (d,
J Z 5.9 Hz, 16H), 1.32 (d, J Z 8.5 Hz, 2H). 13C NMR
(100 MHz, DMSO-d6) d 172.59, 168.86, 168.81, 164.01, 163.59,
160.69 (d, J Z 259.8 Hz), 155.71, 152.54, 150.43 (d,
J Z 259.7 Hz), 135.81 (d, J Z 10.0 Hz), 131.33 (d,
J Z 2.4 Hz), 130.88, 125.74 (d, J Z 15.0 Hz), 118.63 (d,
J Z 22.8 Hz), 105.45, 105.33 (dd, J Z 24.5, 6.1 Hz), 105.21,
83.30, 78.56, 78.50, 70.20, 70.04, 67.41, 45.06, 38.76, 31.76,
31.27, 31.25, 28.71, 28.64, 28.45, 28.07. HRMS (ESI): m/z
Calcd. for C43H60F4N8O12NaS [MþNa]þ 1011.3885; found
1011.3890. HPLC purity: 97.5%.

4.1.9. Ethyl 6-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-6-oxohexanoate
(8)
Monoethyl adipate (1.2 equiv.) and HATU (1.5 equiv.) were mixed
in 30 mL of DCM and stirred in an ice bath for 30 min. Subse-
quently, DIEA (2.0 equiv.) and intermediate 5 (1.0 equiv.) were
added to the mixture and then stirred at room temperature for
another 5 h (monitored by TLC). The resulting mixture was
evaporated under reduced pressure, and the residue was initially
washed with 1 mol/L HCl and extracted with ethyl acetate

(3 � 20 mL). Then, the combined organic layer was washed with
saturated sodium bicarbonate (3 � 20 mL), dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure to
afford the corresponding crude product, which was purified by
flash column chromatography (ethyl acetate) to afford the inter-
mediate 8. White solid, yield: 78%. 1H NMR (400 MHz, DMSO-
d6) d 10.82 (s, 1H), 8.39e8.29 (m, 2H), 7.80 (d, J Z 7.5 Hz, 1H),
7.76e7.67 (m, 3H), 4.03 (q, J Z 7.1 Hz, 2H), 3.69e3.57 (m, 3H),
2.82 (t, J Z 11.3 Hz, 2H), 2.26 (t, J Z 6.7 Hz, 2H), 2.03 (s, 2H),
1.86e1.75 (m, 2H), 1.46 (s, 4H), 1.43e1.33 (m, 2H), 1.17 (d,
JZ 14.2 Hz, 3H). ESI-MS: m/z 588.20 [MþH]þ. C26H29F4N3O6S
[587.17].

4.1.10. 6-((1-((2-Fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)
phenyl)sulfonyl)piperidin-4-yl)amino)-6-oxohexanoic acid (9)
Intermediate 8 (1.0 equiv.) was dissolved in a mixture of 10 mL
THF and 10 mL water. Then, LiOH (3.0 equiv.) was slowly added
to the above solution, and the mixture was stirred at room tem-
perature (monitored by TLC). The resulting mixture solution was
acidized to pH 2e3 with 1 mol/L HCl. Then, the mixture was
filtered under reduced pressure, and the filter cake was washed
with water. Finally, intermediate 9 was obtained after drying the
filter cake. White solid, yield: 70%. 1H NMR (400 MHz, DMSO-
d6) d 11.05 (s, 1H), 8.37e8.30 (m, 2H), 7.81 (d, J Z 7.5 Hz, 1H),
7.78e7.66 (m, 3H), 3.71e3.62 (m, 1H), 3.58 (d, J Z 12.6 Hz,
2H), 2.84 (t, J Z 11.0 Hz, 2H), 2.14 (t, J Z 6.6 Hz, 2H), 2.01 (t,
J Z 6.4 Hz, 2H), 1.83e1.73 (m, 2H), 1.45e1.43 (m, 2H), 1.35
(ddd, J Z 24.6, 17.0, 4.4 Hz, 4H). ESI-MS: m/z 560.13 [MþH]þ,
558.46 [MeH]e. C24H25F4N3O6S [559.14].

4.1.11. N1-(Bicyclo[2.2.1]hept-2-en-1-ylmethyl)-N6-(1-((2-
fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)
piperidin-4-yl)adipamide (HyT-S12)
Intermediate 9 (1.2 equiv.) and HATU (1.5 equiv.) were mixed in
30 mL of DCM and stirred in an ice bath for 30 min. Subse-
quently, DIEA (2.0 equiv.) and 1-bicyclo[2.2.1]hept-5-en-2-
ylmethanamine (1.0 equiv.) were added to the mixture and then
stirred at room temperature for another 5 h (monitored by TLC).
The resulting mixture was evaporated under reduced pressure, and
the residue was initially washed with 1 mol/L HCl and extracted
with ethyl acetate (3 � 20 mL). Then, the combined organic layer
was washed with saturated sodium bicarbonate (3 � 20 mL), dried
over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure to afford the corresponding crude product, which was
purified by flash column chromatography (CH3OH: DCMZ 1:20)
to afford the target compound HyT-S12. White solid, yield: 65%.
Mp: 192e193 �C. 1H NMR (400 MHz, DMSO-d6) d 10.98 (s, 1H,
NH), 8.40 (dd, JZ 5.5, 3.1 Hz, 1H, NH), 8.36 (d, JZ 6.7 Hz, 1H,
NH), 7.83 (d, J Z 7.5 Hz, 1H, Ph-H), 7.77 (dd, J Z 10.4, 6.4 Hz,
3H, Ph-H), 7.74e7.68 (m, 1H, Ph-H), 6.13 (dd, J Z 5.5, 2.9 Hz,
1H, CH]CH), 5.94 (dd, J Z 5.5, 2.7 Hz, 1H, CH]CH),
3.72e3.64 (m, 1H), 3.61 (d, J Z 12.5 Hz, 2H), 2.87e2.70 (m,
5H), 2.61 (ddd, J Z 13.1, 8.9, 5.6 Hz, 1H), 2.02 (s, 4H),
1.83e1.69 (m, 3H), 1.47e1.15 (m, 10H). 13C NMR (150 MHz,
DMSO-d6) d 172.09, 171.83, 164.05, 160.65 (d, J Z 259.6 Hz),
150.36 (d, J Z 248.6 Hz), 137.27, 135.92 (d, J Z 9.2 Hz), 131.26
(d, J Z 3.0 Hz), 131.10, 125.88 (d, J Z 15.3 Hz), 118.49 (d,
J Z 22.7 Hz), 105.47, 105.39 (dd, J Z 25.5, 4.9 Hz), 105.30,
49.36, 44.81, 44.70, 44.12, 43.00, 42.34, 38.87, 35.68, 35.65,
31.34, 30.22, 25.54, 25.45. HRMS (ESI): m/z Calcd. for
C32H36F4N4O5NaS [MþNa]þ 687.2240; found 687.2244. HPLC
purity: 96.2%.
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4.1.12. General procedure for the synthesis of 10(aen)
Boc-protected amine-terminated linkers (1.2 equiv.) and HATU
(1.5 equiv.) were mixed in 30 mL of DCM and stirred in an ice
bath for 30 min. Subsequently, DIEA (2.0 equiv.) and intermediate
5 (1.0 equiv.) were added to the mixture and then stirred at room
temperature (monitored by TLC). The resulting mixture was
evaporated under reduced pressure, and the residue was initially
washed with 1 mol/L HCl and extracted with ethyl acetate
(3 � 20 mL). Then, the combined organic layer was washed with
saturated sodium bicarbonate (3 � 20 mL), dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure to
afford the corresponding crude product, which was purified by
flash column chromatography (ethyl acetate: petroleum
ether Z 3:2) to afford the intermediates 10 (aen).

4.1.12.1. tert-Butyl 4-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)piperidine-
1-carboxylate (10a). White solid, yield: 70%. 1H NMR
(400 MHz, DMSO-d6) d 10.80 (s, 1H), 8.38e8.29 (m, 2H), 7.79
(d, J Z 7.6 Hz, 1H), 7.76e7.68 (m, 3H), 3.92 (d, J Z 12.2 Hz,
2H), 3.63 (td, J Z 12.5, 11.7, 5.6 Hz, 3H), 2.81 (t, J Z 11.1 Hz,
2H), 2.75e2.63 (m, 2H), 1.83e1.74 (m, 2H), 1.63e1.56 (m, 2H),
1.46e1.39 (m, 5H), 1.39 (s, 9H). ESI-MS: m/z 641.35 [MeH]e,
C29H34F4N4O6S [642.21].

4.1.12.2. tert-Butyl 4-(2-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-2-oxoethyl)
piperidine-1-carboxylate (10b). White solid, yield: 67%. 1H
NMR (400 MHz, DMSO-d6) d 10.82 (s, 1H), 8.38e8.29 (m, 2H),
7.80 (d, J Z 7.5 Hz, 1H), 7.77e7.66 (m, 3H), 3.93e3.81 (m, 2H),
3.72e3.55 (m, 3H), 2.82 (t, JZ 11.1 Hz, 2H), 2.75e2.57 (m, 2H),
1.95 (d, J Z 7.0 Hz, 2H), 1.79 (d, J Z 10.0 Hz, 3H), 1.54 (d,
J Z 12.2 Hz, 2H), 1.38 (s, 11H), 0.96 (qd, J Z 12.2, 3.7 Hz, 2H).
ESI-MS: m/z 679.14 [MþNa]þ, 655.40 [MeH]e. C30H36F4N4O6S
[656.23].

4.1.12.3. tert-Butyl 4-(2-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-2-oxoethyl)
piperazine-1-carboxylate (10c). White solid, yield: 68%. 1H
NMR (400 MHz, DMSO-d6) d 10.79 (s, 1H), 8.34 (ddd, J Z 13.1,
6.5, 2.3 Hz, 2H), 7.95e7.83 (m, 1H), 7.77e7.67 (m, 3H), 3.67
(ddd, J Z 37.0, 7.9, 3.9 Hz, 5H), 3.48e3.41 (m, 3H), 3.14 (dt,
J Z 10.0, 5.1 Hz, 3H), 2.81 (t, J Z 11.5 Hz, 2H), 2.59e2.53 (m,
2H), 1.85e1.75 (m, 2H), 1.55e1.45 (m, 2H), 1.39 (s, 9H). ESI-
MS: m/z 658.03 [MþH]þ, 656.42 [MeH]e. C29H35F4N5O6S
[657.22].

4.1.12.4. tert-Butyl 3-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)piperidine-
1-carboxylate (10d). White solid, yield: 74%. 1H NMR
(400 MHz, DMSO-d6) d 10.82 (s, 1H), 8.39e8.29 (m, 2H),
7.97e7.87 (m, 1H), 7.77e7.67 (m, 3H), 3.87 (dd, J Z 21.5,
9.1 Hz, 2H), 3.63 (dd, J Z 19.4, 7.5 Hz, 3H), 2.82 (t,
J Z 11.1 Hz, 2H), 2.72e2.53 (m, 2H), 2.15 (tt, J Z 11.0, 3.7 Hz,
1H), 1.78 (dt, J Z 20.3, 11.6 Hz, 3H), 1.67e1.57 (m, 1H),
1.55e1.40 (m, 2H), 1.38 (s, 9H), 1.26 (ddd, J Z 16.3, 8.3, 3.8 Hz,
2H). ESI-MS: m/z 642.84 [MþH]þ, 665.16 [MþNa]þ, 641.39
[MeH]e. C29H34F4N4O6S [642.21].

4.1.12.5. tert-Butyl 3-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)pyrrolidine-

1-carboxylate (10e). White solid, yield: 72%. 1H NMR
(400 MHz, DMSO-d6) d 10.80 (s, 1H), 8.34 (ddd, J Z 14.6, 5.5,
2.0 Hz, 2H), 7.94 (d, J Z 7.7 Hz, 1H), 7.76e7.67 (m, 3H),
3.73e3.57 (m, 4H), 3.17 (dq, J Z 25.4, 8.8, 8.3 Hz, 3H), 2.82 (t,
J Z 11.1 Hz, 3H), 1.98e1.85 (m, 2H), 1.81 (dd, J Z 8.7, 4.6 Hz,
2H), 1.40 (d, J Z 2.0 Hz, 2H), 1.38 (s, 9H). ESI-MS: m/z 651.12
[MþNa]þ, 627.39 [MeH]e. C28H32F4N4O6S [628.20].

4.1.12.6. tert-Butyl 3-(2-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)amino)-2-oxoethyl)pyr-
rolidine-1-carboxylate (10f). White solid, yield: 62%. 1H NMR
(400 MHz, DMSO-d6) d 10.80 (s, 1H), 8.34 (dtd, J Z 10.8, 5.5,
4.5, 2.0 Hz, 2H), 7.86 (d, J Z 6.9 Hz, 1H), 7.72 (td, J Z 8.2, 6.4,
3.7 Hz, 3H), 3.76e3.54 (m, 4H), 3.33e3.32 (m, 2H), 3.32e3.24
(m, 2H), 3.14 (p, J Z 9.8 Hz, 1H), 2.89e2.79 (m, 3H), 2.11 (d,
J Z 6.6 Hz, 2H), 1.97e1.84 (m, 2H), 1.84e1.75 (m, 2H), 1.38 (s,
9H). ESI-MS: m/z 641.37 [MeH]e, C29H34F4N4O6S [642.21].

4.1.12.7. tert-Butyl 3-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)azetidine-1-
carboxylate (10g). White solid, yield: 64%. 1H NMR (400 MHz,
DMSO-d6) d 10.84 (s, 1H), 8.38e8.29 (m, 2H), 8.00 (d,
JZ 7.5 Hz, 1H), 7.77e7.66 (m, 3H), 3.94e3.74 (m, 4H), 3.68 (dt,
J Z 6.9, 3.4 Hz, 1H), 3.60 (d, J Z 12.4 Hz, 2H), 3.18 (ddd,
J Z 14.4, 8.5, 5.9 Hz, 1H), 2.82 (t, J Z 11.1 Hz, 2H), 1.87e1.77
(m, 2H), 1.40e1.37 (m, 2H), 1.36 (s, 9H). ESI-MS: m/z 637.10
[MþNa]þ, 613.40 [MeH]e. C27H30F4N4O6S [614.18].

4.1.12.8. tert-Butyl (3-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)cyclobutyl)
carbamate (10h). White solid, yield: 72%. 1H NMR (400 MHz,
DMSO-d6) d 10.79 (s, 1H), 8.38e8.28 (m, 2H), 7.76e7.66 (m,
4H), 7.11 (d, J Z 7.9 Hz, 1H), 3.84e3.72 (m, 1H), 3.61 (d,
J Z 12.6 Hz, 3H), 2.79 (t, J Z 10.6 Hz, 2H), 2.50e2.43 (m, 1H),
2.26e2.14 (m, 2H), 2.01e1.89 (m, 2H), 1.83e1.74 (m, 2H),
1.40e1.37 (m, 2H), 1.35 (s, 9H). ESI-MS: m/z 651.17 [MþNa]þ,
627.41 [MeH]e. C28H32F4N4O6S [628.20].

4.1.12.9. tert-Butyl 1-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)-6-azaspiro
[2.5]octane-6-carboxylate (10i). White solid, yield: 61%. 1H
NMR (400 MHz, DMSO-d6) d 10.81 (s, 1H), 8.39e8.29 (m, 2H),
8.04 (d, J Z 7.6 Hz, 1H), 7.71 (dd, J Z 10.1, 6.6 Hz, 3H),
3.73e3.57 (m, 3H), 3.50e3.38 (m, 2H), 3.06e2.93 (m, 1H), 2.82
(t, JZ 11.0 Hz, 2H), 1.87e1.75 (m, 2H), 1.58e1.43 (m, 4H), 1.38
(s, 9H), 1.38e1.31 (m, 2H), 1.27e1.15 (m, 2H), 0.95e0.90 (m,
1H), 0.71 (dd, J Z 7.8, 3.9 Hz, 1H). ESI-MS: m/z 691.19
[MþNa]þ, 667.43 [MeH]e. C31H36F4N4O6S [668.23].

4.1.12.10. tert-Butyl 9-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)-3-azaspiro
[5.5]undecane-3-carboxylate (10j). White solid, yield: 60%. 1H
NMR (400 MHz, DMSO-d6) d 10.80 (s, 1H), 8.33 (ddd, J Z 13.2,
5.6, 2.1 Hz, 2H), 7.70 (ddd, J Z 14.3, 10.7, 6.2 Hz, 4H),
3.69e3.57 (m, 3H), 3.30e3.22 (m, 4H), 2.80 (t, JZ 11.0 Hz, 2H),
1.81e1.73 (m, 2H), 1.65 (d, J Z 12.9 Hz, 2H), 1.44 (d,
J Z 8.2 Hz, 5H), 1.38 (s, 13H), 1.22e1.18 (m, 2H), 1.08e0.96
(m, 2H). ESI-MS: m/z 709.49 [MeH]e, C34H42F4N4O6S [710.28].

4.1.12.11. tert-Butyl (4-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)bicyclo
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[2.2.2]octan-1-yl)carbamate (10k). White solid, yield: 67%. 1H
NMR (400 MHz, DMSO-d6) d 10.79 (s, 1H), 8.39e8.28 (m, 2H),
7.76e7.66 (m, 3H), 7.17 (d, J Z 7.8 Hz, 1H), 6.37 (s, 1H),
3.72e3.57 (m, 3H), 2.75e2.66 (m, 2H), 1.68 (q, J Z 9.9, 8.9 Hz,
14H), 1.45 (qd, JZ 12.5, 12.0, 3.4 Hz, 2H), 1.35 (s, 9H). ESI-MS:
m/z 681.47 [MeH]e, C32H38F4N4O6S [682.24].

4.1.12.12. tert-Butyl 6-((1-((2-fluoro-5-((3,4,5-trifluorophenyl)
carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carbamoyl)-3-
azabicyclo[3.1.0]hexane-3-carboxylate (10l). White solid, yield:
65%. 1H NMR (400 MHz, DMSO-d6) d 10.79 (s, 1H), 8.39e8.29
(m, 2H), 8.05 (d, J Z 7.6 Hz, 1H), 7.76e7.66 (m, 3H), 3.71e3.62
(m, 1H), 3.62e3.53 (m, 2H), 3.45 (d, J Z 11.4 Hz, 2H), 3.27 (d,
J Z 12.1 Hz, 3H), 2.84 (t, J Z 10.9 Hz, 2H), 1.87e1.75 (m, 4H),
1.44e1.39 (m, 1H), 1.37 (s, 9H), 1.31 (t, JZ 3.0 Hz, 1H). ESI-MS:
m/z 663.13 [MþNa]þ, 639.37 [MeH]e. C29H32F4N4O6S [640.20].

4 .1 .12 .13 . t e r t -Bu ty l 4 - (4 - ( (1 - ( (2 -fluoro-5- ( (3 ,4 ,5 -
trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carba-
moyl)phenyl)piperidine-1-carboxylate (10m). White solid, yield:
70%. 1H NMR (400 MHz, DMSO-d6) d 10.81 (s, 1H), 8.40e8.30
(m, 2H), 8.23 (d, J Z 7.7 Hz, 1H), 7.73 (dd, J Z 10.3, 5.7 Hz,
5H), 7.32 (d, JZ 8.2 Hz, 2H), 3.73 (d, JZ 12.3 Hz, 2H), 3.62 (dt,
J Z 13.1, 6.5 Hz, 2H), 3.14 (q, J Z 7.5 Hz, 2H), 2.81 (t,
J Z 11.5 Hz, 4H), 1.88 (d, J Z 10.3 Hz, 2H), 1.74 (d,
JZ 11.3 Hz, 2H), 1.67e1.61 (m, 2H), 1.49 (dd, JZ 12.6, 3.7 Hz,
2H), 1.41 (s, 9H). ESI-MS: m/z 741.21 [MþNa]þ, 717.45
[MeH]e. C35H38F4N4O6S [718.24].

4 .1 .12 .14 . t e r t -Bu ty l 4 - (4 - ( (1 - ( (2 -fluoro-5- ( (3 ,4 ,5 -
trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-yl)carba-
moyl)phenyl)piperazine-1-carboxylate (10n). White solid, yield:
72%. 1H NMR (400 MHz, DMSO-d6) d 10.81 (s, 1H), 8.42e8.30
(m, 2H), 8.03 (d, J Z 7.7 Hz, 1H), 7.75e7.69 (m, 5H), 6.94 (d,
J Z 8.9 Hz, 2H), 3.86 (dt, J Z 7.1, 4.0 Hz, 1H), 3.73 (d,
J Z 11.8 Hz, 2H), 3.62 (dt, J Z 11.3, 5.0 Hz, 2H), 3.50e3.41 (m,
4H), 3.29e3.19 (m, 4H), 1.93e1.82 (m, 2H), 1.55 (td, J Z 12.8,
12.2, 2.7 Hz, 2H), 1.42 (s, 9H). ESI-MS: m/z 718.45 [MeH]e,
C34H37F4N5O6S [719.24].

4.1.13. General procedure for the synthesis of HyT-(S16eS29)
Intermediates 10 (aen) were subjected to deprotection with HCl
(4.0 mol/L in 1,4-dioxane, 10.0 equiv.) to afford intermediates
11(aen), which were used without further purification. 1-
Adamantaneacetic acid (1.2 equiv.) and HATU (1.5 equiv.) were
mixed in 30 mL of DCM and stirred in an ice bath for 30 min.
Subsequently, DIEA (2.0 equiv.) and intermediates 11(aen) (1.0
equiv.) were added to the mixture and then stirred at room tem-
perature (monitored by TLC). The resulting mixture was evapo-
rated under reduced pressure, and the residue was initially washed
with 1 mol/L HCl and extracted with ethyl acetate (3 � 20 mL).
Then, the combined organic layer was washed with saturated
sodium bicarbonate (3 � 20 mL), dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure to afford the
corresponding crude product, which was purified by flash column
chromatography (ethyl acetate) to afford the target compounds
HyT-(S16eS29).

4.1.13.1. 1-(2-((1S,3S)-Adamantan-1-yl)acetyl)-N-(1-((2-fluoro-
5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-
yl)piperidine-4-carboxamide (HyT-S16). White solid, yield:

52%. Mp: 198e199 �C. 1H NMR (400 MHz, DMSO-d6) d 10.82
(s, 1H, NH), 8.35 (d, JZ 6.4 Hz, 1H, NH), 8.34e8.30 (m, 1H, Ph-
H), 7.83 (d, J Z 7.6 Hz, 1H, Ph-H), 7.77e7.68 (m, 3H, Ph-H),
4.42 (d, J Z 12.9 Hz, 1H), 3.97 (d, J Z 12.9 Hz, 1H),
3.70e3.57 (m, 4H), 3.13 (dd, J Z 10.1, 4.5 Hz, 1H), 2.96 (t,
J Z 11.7 Hz, 1H), 2.81 (t, J Z 11.1 Hz, 2H), 2.47 (d,
J Z 12.2 Hz, 1H), 2.08 (q, J Z 13.5 Hz, 2H), 1.90 (s, 3H),
1.82e1.74 (m, 2H), 1.60 (d, J Z 19.2 Hz, 15H), 1.43e1.37 (m,
2H). 13C NMR (150 MHz, DMSO-d6) d 173.74, 168.77, 164.01,
160.68 (d, J Z 259.9 Hz), 150.43 (d, J Z 249.3 Hz), 135.80 (d,
J Z 9.7 Hz), 131.33 (d, J Z 2.9 Hz), 130.90, 125.87 (d,
J Z 15.9 Hz), 118.62 (d, J Z 22.7 Hz), 105.44, 105.35 (dd,
J Z 25.4, 5.0 Hz), 105.27, 46.21, 45.49, 44.82, 44.71, 42.56,
42.17, 40.81, 36.87, 33.43, 31.30, 29.48, 28.89, 28.55. HRMS
(ESI): m/z Calcd. for C36H42F4N4O5NaS [MþNa]þ 741.2710;
found 741.2712. HPLC purity: 95.6%.

4.1.13.2. 3-((4-(2-(1-(2-((3R,5R,7R)-Adamantan-1-yl)acetyl)
piperidin-4-yl)acetamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-
(3,4,5-trifluorophenyl)benzamide (HyT-S17). White solid, yield:
57%. Mp: 171e172 �C. 1H NMR (400 MHz, DMSO-d6) d 10.81
(s, 1H, NH), 8.35 (d, JZ 6.4 Hz, 1H, NH), 8.34e8.30 (m, 1H, Ph-
H), 7.81 (d, J Z 7.5 Hz, 1H, Ph-H), 7.76e7.66 (m, 3H, Ph-H),
4.38 (d, J Z 13.9 Hz, 1H), 3.92 (d, J Z 14.0 Hz, 1H),
3.73e3.54 (m, 4H), 3.14 (dd, J Z 4.3, 2.6 Hz, 1H), 2.94 (t,
J Z 12.2 Hz, 1H), 2.83 (t, J Z 11.0 Hz, 2H), 2.48e2.41 (m, 1H),
2.14e1.99 (m, 2H), 1.96 (d, J Z 7.0 Hz, 2H), 1.90 (s, 3H),
1.84e1.76 (m, 2H), 1.61 (d, J Z 20.4 Hz, 13H), 1.39 (q, J Z 9.2,
7.8 Hz, 2H), 0.95 (dqd, J Z 36.8, 12.6, 4.2 Hz, 2H). 13C NMR
(150 MHz, DMSO-d6) d 170.66, 168.68, 164.01, 160.67 (d,
JZ 259.4 Hz), 150.43 (d, JZ 250.3 Hz), 135.80 (d, JZ 9.4 Hz),
131.32 (d, J Z 2.7 Hz), 130.91, 125.88 (d, J Z 15.9 Hz), 118.60
(d, J Z 22.4 Hz), 105.44, 105.35 (dd, J Z 25.6, 4.9 Hz), 105.27,
54.00, 46.72, 45.50, 44.86, 44.66, 42.58, 42.25, 41.31, 36.88,
33.51, 33.43, 32.71, 31.96, 31.36, 31.34, 28.55, 18.53, 17.20,
12.90. HRMS (ESI): m/z Calcd. for C37H44F4N4O5NaS [MþNa]þ

755.2866; found 755.2857. HPLC purity: 98.3%.

4.1.13.3. 3-((4-(2-(4-(2-((3R,5R,7R)-Adamantan-1-yl)acetyl)
piperazin-1-yl)acetamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-
(3,4,5-trifluorophenyl)benzamide (HyT-S18). White solid, yield:
63%. Mp: 99e100 �C. 1H NMR (400 MHz, DMSO-d6) d 10.81 (s,
1H, NH), 8.35 (d, JZ 6.6 Hz, 1H, NH), 8.32 (dd, JZ 5.3, 3.1 Hz,
1H, Ph-H), 7.76e7.66 (m, 4H, Ph-H), 3.72 (ddd, J Z 10.4, 7.3,
4.3 Hz, 1H), 3.62 (d, J Z 11.4 Hz, 4H), 3.12 (dd, J Z 9.6, 4.9 Hz,
1H), 2.91 (s, 2H), 2.79 (t, J Z 11.4 Hz, 2H), 2.43e2.30 (m, 4H),
2.08 (s, 2H), 1.90 (s, 3H), 1.82e1.75 (m, 2H), 1.61 (d,
J Z 20.0 Hz, 13H), 1.55e1.46 (m, 2H). 13C NMR (150 MHz,
DMSO-d6) d 168.99, 164.03, 160.68 (d, JZ 259.5 Hz), 150.44 (d,
J Z 252.6 Hz), 135.73 (d, J Z 9.9 Hz), 131.38 (d, J Z 2.9 Hz),
130.90, 125.94 (d, JZ 15.8 Hz), 118.55 (d, JZ 22.9 Hz), 105.47,
105.39 (dd, J Z 24.9, 5.4 Hz), 105.31, 54.08, 53.47, 53.08, 46.53,
45.37, 44.94, 44.84, 42.62, 36.90, 33.48, 31.24, 28.58. HRMS
(ESI): m/z Calcd. for C36H43F4N5O5NaS [MþNa]þ 756.2819;
found 756.2813. HPLC purity: 98.3%.

4.1.13.4. 1-(2-((3R,5R,7R)-Adamantan-1-yl)acetyl)-N-(1-((2-
fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piper-
idin-4-yl)piperidine-3-carboxamide (HyT-S19). White solid,
yield: 71%. Mp: 186e187 �C. 1H NMR (400 MHz, DMSO-d6)
d 10.81 (s, 1H, NH), 8.35 (d, JZ 6.9 Hz, 1H, NH), 8.34e8.28 (m,
1H, Ph-H), 7.89 (dd, J Z 11.8, 7.6 Hz, 1H, Ph-H), 7.72 (td,
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JZ 8.2, 6.4, 3.5 Hz, 3H, Ph-H), 4.29 (dd, JZ 54.6, 12.4 Hz, 1H),
3.85 (dd, J Z 35.0, 13.7 Hz, 1H), 3.67e3.57 (m, 4H), 3.18e3.10
(m, 1H), 2.99e2.88 (m, 1H), 2.82 (t, JZ 11.2 Hz, 2H), 2.60e2.53
(m, 1H), 2.10 (dd, J Z 16.1, 4.9 Hz, 2H), 1.90 (s, 3H), 1.82e1.76
(m, 2H), 1.61 (d, J Z 19.0 Hz, 15H), 1.44e1.36 (m, 2H). 13C
NMR (150 MHz, DMSO-d6) d 172.56, 169.01, 164.02, 160.67 (d,
JZ 259.7 Hz), 150.46 (d, JZ 248.4 Hz), 135.75 (d, JZ 8.9 Hz),
131.37 (d, J Z 3.0 Hz), 130.86, 126.10 (d, J Z 15.3 Hz), 118.57
(d, J Z 23.0 Hz), 105.48, 105.40 (dd, J Z 24.7, 4.5 Hz), 105.31,
54.14, 45.51, 44.65, 42.60, 42.34, 36.91, 33.40, 31.32, 28.59,
18.59, 17.23. HRMS (ESI): m/z Calcd. for C36H42F4N4O5NaS
[MþNa]þ 741.2710; found 741.2704. HPLC purity: 98.5%.

4.1.13.5. 1-(2-((1S,3S)-Adamantan-1-yl)acetyl)-N-(1-((2-fluoro-
5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-
yl)pyrrolidine-3-carboxamide (HyT-S20). White solid, yield:
62%.Mp: 140e141 �C. 1H NMR (400MHz, DMSO-d6) d 10.81 (s,
1H, NH), 8.36 (d, JZ 6.7 Hz, 1H, NH), 8.32 (dd, JZ 5.9, 2.6 Hz,
1H, Ph-H), 7.97 (dd, J Z 13.7, 7.6 Hz, 1H, Ph-H), 7.76e7.68 (m,
3H, Ph-H), 3.64 (td, JZ 13.2, 12.2, 5.8 Hz, 4H), 3.49 (dd, JZ 11.6,
7.9 Hz, 1H), 3.43 (d, J Z 8.8 Hz, 1H), 3.24 (dt, J Z 11.7, 5.7 Hz,
1H), 3.16 (ddt, J Z 11.7, 7.3, 3.8 Hz, 1H), 2.89 (dd, J Z 17.4,
9.6 Hz, 1H), 2.84e2.77 (m, 2H), 1.97 (t, J Z 3.3 Hz, 2H), 1.90 (s,
3H), 1.85e1.78 (m, 2H), 1.62 (d, JZ 13.3 Hz, 13H), 1.47e1.34 (m,
2H). 13C NMR (150 MHz, DMSO-d6) d 171.47, 168.95, 164.02,
160.67 (d, J Z 259.8 Hz), 150.46 (d, J Z 249.1 Hz), 135.75 (d,
J Z 9.6 Hz), 131.37 (d, J Z 3.0 Hz), 130.88, 126.06 (d,
JZ 15.0Hz), 118.57 (d, JZ 22.8Hz), 105.39 (d, JZ 25.6, 5.4Hz),
125.91 (d, J Z 15.5 Hz), 118.61 (d, J Z 23.3 Hz), 105.48, 105.34
(dd, J Z 25.4, 4.9 Hz), 105.31, 50.04, 48.59, 47.64, 47.48, 47.15,
45.33, 45.18, 45.11, 44.67, 44.66, 44.32, 42.49, 42.36, 36.94, 33.42,
31.31, 31.27, 29.95, 28.56, 28.41. HRMS (ESI): m/z Calcd. for
C35H40F4N4O5NaS [MþNa]þ 727.2553; found 727.2555. HPLC
purity: 99.6%.

4.1.13.6. 3-((4-(2-(1-(2-((1S,3S)-Adamantan-1-yl)acetyl)pyrro-
lidin-3-yl)acetamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-
trifluorophenyl)benzamide (HyT-S21). White solid, yield: 61%.
Mp: 102e103 �C. 1H NMR (400 MHz, DMSO-d6) d 10.81 (s, 1H,
NH), 8.35 (d, J Z 6.9 Hz, 1H, NH), 8.34e8.29 (m, 1H, Ph-H),
7.88 (dd, J Z 10.8, 7.7 Hz, 1H, Ph-H), 7.77e7.68 (m, 3H, Ph-
H), 3.73e3.53 (m, 4H), 3.51e3.43 (m, 1H), 3.18 (dt, J Z 11.9,
7.8 Hz, 1H), 3.03 (dd, J Z 10.0, 7.6 Hz, 1H), 2.87e2.80 (m, 2H),
2.38 (ddt, J Z 40.9, 15.0, 7.3 Hz, 1H), 2.16e2.09 (m, 2H), 1.95
(d, J Z 5.9 Hz, 2H), 1.90 (s, 3H), 1.85e1.76 (m, 2H), 1.61 (d,
J Z 13.8 Hz, 13H), 1.46e1.32 (m, 3H). 13C NMR (150 MHz,
DMSO-d6) d 170.57, 169.02, 164.00, 163.99, 160.67 (d,
J Z 259.9 Hz), 150.43 (d, J Z 248.5 Hz), 135.80 (d,
J Z 10.0 Hz), 131.32 (dd, J Z 2.8 Hz), 130.88, 125.91 (d,
J Z 15.5 Hz), 118.61 (d, J Z 23.0 Hz), 105.42, 105.34 (dd,
J Z 25.4, 4.9 Hz), 105.25, 52.58, 50.79, 47.69, 47.35, 46.82,
44.90, 44.87, 44.67, 44.64, 42.49, 42.45, 39.12, 38.76, 36.91,
36.90, 36.42, 34.62, 33.39, 33.36, 31.80, 31.33, 29.90, 28.52.
HRMS (ESI): m/z Calcd. for C36H42F4N4O5NaS [MþNa]þ

741.2710; found 741.2713. HPLC purity: 98.6%.

4.1.13.7. 1-(2-((1S,3S)-Adamantan-1-yl)acetyl)-N-(1-((2-fluoro-
5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piperidin-4-
yl)azetidine-3-carboxamide (HyT-S22). White solid, yield: 70%.
Mp: 157e158 �C. 1H NMR (400 MHz, DMSO-d6) d 10.79 (s, 1H,
NH), 8.35 (d, JZ 6.7 Hz, 1H, NH), 8.34e8.29 (m, 1H, Ph-H), 7.99

(d, JZ 7.5 Hz, 1H, Ph-H), 7.71 (td, JZ 8.3, 6.5, 4.0 Hz, 3H, Ph-H),
4.15 (t, J Z 8.4 Hz, 1H), 4.09e4.03 (m, 1H), 3.88 (t, J Z 9.2 Hz,
1H), 3.75 (dd, J Z 9.3, 5.9 Hz, 1H), 3.72e3.65 (m, 1H), 3.61 (d,
J Z 12.3 Hz, 2H), 3.19 (dq, J Z 11.2, 4.3, 2.5 Hz, 1H), 2.83 (t,
JZ 11.1Hz, 2H), 1.90 (s, 3H), 1.81 (dd, JZ 14.8, 7.3Hz, 2H), 1.75
(s, 2H), 1.69e1.52 (m, 12H), 1.46e1.32 (m, 2H). 13C NMR
(150 MHz, DMSO-d6) d 171.17, 170.64, 164.02, 160.67 (d,
JZ 259.5 Hz), 150.46 (d, JZ 248.1 Hz), 135.75 (d, JZ 9.5 Hz),
131.38 (d, JZ 3.0 Hz), 130.87, 126.05 (d, JZ 15.7 Hz), 118.58 (d,
JZ 22.8 Hz), 105.48, 105.39 (dd, JZ 25.4, 5.7 Hz), 105.31, 53.09,
50.28, 45.27, 44.65, 42.44, 36.86, 33.17, 31.78, 31.26, 31.24, 28.51.
HRMS (ESI): m/z Calcd. for C34H38F4N4O5NaS [MþNa]þ

713.2397; found 713.2397. HPLC purity: 99.5%.

4.1.13.8. 3-((4-(3-(2-((3R,5R,7R)-Adamantan-1-yl)acet amido)
cyclobutane-1-carboxamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-
(3,4,5-trifluorophenyl)benzamide (HyT-S23). White solid, yield:
59%. Mp: >200 �C. 1H NMR (400 MHz, DMSO-d6) d 10.80 (s,
1H, NH), 8.35 (d, J Z 6.4 Hz, 1H, NH), 8.31 (d, J Z 3.5 Hz, 1H,
Ph-H), 7.96 (d, J Z 8.1 Hz, 1H, NH), 7.80e7.65 (m, 4H, Ph-H),
4.05 (h, J Z 8.3, 7.8 Hz, 1H), 3.60 (d, J Z 12.2 Hz, 3H), 2.80 (t,
J Z 11.1 Hz, 2H), 2.56 (dd, J Z 17.4, 9.5 Hz, 1H), 2.23 (p,
J Z 9.0, 7.5 Hz, 2H), 2.01e1.92 (m, 2H), 1.89 (s, 3H), 1.77 (d,
J Z 14.9 Hz, 4H), 1.68e1.47 (m, 12H), 1.44e1.30 (m, 2H). 13C
NMR (150 MHz, DMSO-d6) d 172.82, 169.52, 164.00, 160.68 (d,
JZ 259.6 Hz), 150.43 (d, JZ 249.0 Hz), 135.80 (d, JZ 9.7 Hz),
131.32 (d, J Z 2.6 Hz), 130.89, 125.81 (d, J Z 15.6 Hz), 118.62
(d, J Z 23.1 Hz), 105.43, 105.35 (dd, J Z 25.4, 4.9 Hz), 105.26,
50.19, 45.01, 44.76, 42.55, 36.93, 33.84, 32.65, 32.44, 31.31,
28.49. HRMS (ESI): m/z Calcd. for C35H40F4N4O5NaS [MþNa]þ

727.2553; found 727.2548. HPLC purity: 97.6%.

4.1.13.9. 6-(2-((3R,5R,7R)-Adamantan-1-yl)acetyl)-N-(1-((2-
fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piper-
idin-4-yl)-6-azaspiro[2.5]octane-1-carboxamide (HyT-
S24). White solid, yield: 52%. Mp: 128e129 �C. 1H NMR
(400 MHz, DMSO-d6) d 10.85 (s, 1H, NH), 8.34 (dd, J Z 9.1,
3.9 Hz, 2H, NH, Ph-H), 8.12e8.05 (m, 1H, Ph-H), 7.78e7.67 (m,
3H, Ph-H), 3.69 (dd, J Z 18.6, 4.2 Hz, 5H), 3.13 (q, J Z 7.1,
6.6 Hz, 4H), 2.82 (dd, J Z 6.2, 3.2 Hz, 1H), 2.10 (q, J Z 7.2,
6.3 Hz, 2H), 1.90 (s, 3H), 1.85e1.75 (m, 2H), 1.61 (dd, J Z 23.6,
8.1 Hz, 13H), 1.52e1.32 (m, 7H). HRMS (ESI): m/z Calcd. for
C38H44F4N4O5NaS [MþNa]þ 767.2866; found 767.2861. HPLC
purity: 98.3%.

4.1.13.10. 3-(2-((1S,3S)-Adamantan-1-yl)acetyl)-N-(1-((2-
fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piper-
idin-4-yl)-3-azaspiro[5.5]undecane-9-carboxamide (HyT-
S25). White solid, yield: 46%. Mp: >200 �C. 1H NMR
(400 MHz, DMSO-d6) d 10.89 (s, 1H, NH), 8.40e8.32 (m, 2H,
NH, Ph-H), 7.72 (ddd, J Z 14.0, 8.5, 5.9 Hz, 4H, Ph-H),
3.69e3.55 (m, 4H), 2.80 (t, J Z 11.5 Hz, 2H), 2.07 (s, 2H),
2.04e1.94 (m, 2H), 1.90 (s, 3H), 1.82e1.73 (m, 2H), 1.72e1.54
(m, 14H), 1.52e1.32 (m, 9H), 1.30e1.21 (m, 2H), 1.21e1.15 (m,
1H), 1.10e0.98 (m, 2H). HRMS (ESI): m/z Calcd. for
C41H50F4N4O5NaS [MþNa]þ 809.3336; found 809.3337. HPLC
purity: 98.5%.

4.1.13.11. 4-(2-((3R,5R,7R)-adamantan-1-yl)acetamido)-N-(1-((2-
fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piper-
idin-4-yl)bicyclo[2.2.2]octane-1-carboxamide (HyT-S26). White
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solid, yield: 48%. Mp: >200 �C. 1H NMR (400 MHz, DMSO-d6)
d 10.79 (s, 1H, NH), 8.34 (d, J Z 6.6 Hz, 1H, NH), 8.31 (dd,
JZ 4.0, 2.1 Hz, 1H, Ph-H), 7.71 (t, JZ 8.3 Hz, 3H, Ph-H), 7.16 (d,
J Z 7.6 Hz, 1H, Ph-H), 7.12 (s, 1H, NH), 3.73e3.50 (m, 4H),
2.75e2.65 (m, 2H), 1.89 (s, 3H), 1.75 (d, J Z 12.2 Hz, 9H),
1.71e1.60 (m, 10H), 1.55 (d, JZ 14.2 Hz, 9H), 1.43 (dd, JZ 18.0,
6.8 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) d 176.35, 170.27,
164.01, 160.68 (d, JZ 259.8 Hz), 150.43 (d, JZ 248.8 Hz), 135.76
(d, J Z 9.3 Hz), 131.30 (d, J Z 3.0 Hz), 130.87, 125.85 (d,
J Z 15.6 Hz), 118.60 (d, J Z 22.7 Hz), 105.42, 105.34 (dd,
J Z 25.3, 5.1 Hz), 105.26, 50.87, 50.30, 45.38, 45.16, 42.55, 37.98,
36.99, 32.66, 31.26, 29.98, 28.80, 28.53. HRMS (ESI): m/z Calcd.
for C39H46F4N4O5NaS [MþNa]þ 781.3023; found 781.3019. HPLC
purity: 97.7%.

4.1.13.12. 3-(2-((1S,3S)-Adamantan-1-yl)acetyl)-N-(1-((2-
fluoro-5-((3,4,5-trifluorophenyl)carbamoyl)phenyl)sulfonyl)piper-
idin-4-yl)-3-azabicyclo[3.1.0]hexane-6-carboxamide (HyT-
S27). White solid, yield: 36%. Mp: 163e164 �C. 1H NMR
(400 MHz, DMSO-d6) d 10.80 (s, 1H, NH), 8.44e8.15 (m, 2H,
NH, Ph-H), 8.07 (d, J Z 7.5 Hz, 1H, Ph-H), 7.79e7.63 (m, 2H,
Ph-H), 7.51 (dd, J Z 8.4, 4.4 Hz, 1H, Ph-H), 3.71e3.49 (m, 4H),
3.28e3.22 (m, 1H), 3.18e3.09 (m, 1H), 2.82 (t, JZ 11.2 Hz, 1H),
1.97e1.92 (m, 4H), 1.90 (s, 3H), 1.85e1.77 (m, 2H), 1.61 (d,
J Z 26.4 Hz, 15H), 1.46e1.33 (m, 2H). 13C NMR (100 MHz,
DMSO-d6) d 170.09, 169.89, 164.00, 160.67 (d, J Z 259.5 Hz),
150.42 (d, J Z 248.8 Hz), 135.84 (d, J Z 9.8 Hz), 131.32 (d,
J Z 3.3 Hz), 130.94, 125.74 (d, J Z 15.6 Hz), 118.63 (d,
J Z 22.8 Hz), 105.47, 105.35 (dd, J Z 25.1, 5.5 Hz), 105.22,
53.99, 49.40, 47.66, 44.98, 44.65, 42.41, 42.25, 36.87, 33.42,
31.38, 31.31, 28.49, 25.66, 24.94, 23.61, 18.52, 17.18, 12.91.
HRMS (ESI): m/z Calcd. for C36H40F4N4O5NaS [MþNa]þ

739.2553; found 739.2545. HPLC purity: 97.8%.

4.1.13.13. 3-((4-(4-(1-(2-((1S,3S)-Adamantan-1-yl)acetyl)piper-
idin-4-yl)benzamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-
trifluorophenyl)benzamide (HyT-S28). White solid, yield: 60%.
Mp: 179e180 �C. 1H NMR (400 MHz, DMSO-d6) d 10.80 (s, 1H,
NH), 8.37 (d, J Z 6.5 Hz, 1H, NH), 8.35e8.30 (m, 1H, Ph-H),
8.23 (d, J Z 7.7 Hz, 1H, Ph-H), 7.78e7.67 (m, 5H, Ph-H), 7.31
(d, J Z 8.1 Hz, 2H, Ph-H), 4.62 (d, J Z 12.6 Hz, 1H), 4.10 (d,
J Z 13.4 Hz, 1H), 3.88 (dq, J Z 11.0, 7.3, 5.5 Hz, 1H), 3.73 (d,
JZ 12.0 Hz, 2H), 3.09 (t, JZ 12.4 Hz, 1H), 2.81 (t, JZ 11.7 Hz,
3H), 2.56 (t, JZ 12.2 Hz, 1H), 2.23 (d, JZ 13.5 Hz, 1H), 2.03 (d,
J Z 13.6 Hz, 1H), 1.89 (d, J Z 18.8 Hz, 5H), 1.84e1.73 (m, 2H),
1.63 (q, J Z 13.1, 12.6 Hz, 14H), 1.54e1.39 (m, 2H). 13C NMR
(150 MHz, DMSO-d6) d 168.84, 166.07, 164.03, 160.70 (d,
J Z 259.6 Hz), 150.43 (d, J Z 248.8 Hz), 149.36, 135.80 (d,
J Z 10.0 Hz), 133.02, 131.33 (d, J Z 3.1 Hz), 130.89, 127.95,
127.00, 125.90 (d, JZ 15.4 Hz), 118.63 (d, JZ 22.9 Hz), 105.44,
105.35 (dd, J Z 25.3, 4.8 Hz), 105.27, 47.19, 45.96, 45.59, 45.11,
42.60, 42.09, 41.74, 36.90, 33.86, 33.50, 33.04, 31.34, 28.57.
HRMS (ESI): m/z Calcd. for C42H46F4N4O5NaS [MþNa]þ

817.3023; found 817.3021. HPLC purity: 97.9%.

4.1.13.14. 3-((4-(4-(4-(2-((1S,3S)-Adamantan-1-yl)acetyl)piper-
azin-1-yl)benzamido)piperidin-1-yl)sulfonyl)-4-fluoro-N-(3,4,5-
trifluorophenyl)benzamide (HyT-S29). White solid, yield: 59%.
Mp: 244e245 �C. 1H NMR (400 MHz, DMSO-d6) d 10.81 (s, 1H,
NH), 8.37 (d, J Z 6.6 Hz, 1H, NH), 8.35e8.29 (m, 1H, Ph-H),
8.03 (d, J Z 7.5 Hz, 1H, Ph-H), 7.72 (dt, J Z 8.9, 5.0 Hz, 5H,

Ph-H), 6.94 (d, J Z 8.7 Hz, 2H, Ph-H), 3.92e3.80 (m, 1H), 3.73
(d, J Z 12.3 Hz, 2H), 3.68e3.57 (m, 4H), 3.27e3.19 (m, 4H),
2.79 (t, JZ 11.7 Hz, 2H), 2.14 (s, 2H), 1.89 (d, JZ 21.8 Hz, 5H),
1.62 (q, J Z 14.1, 13.5 Hz, 14H). 13C NMR (150 MHz, DMSO-
d6) d 169.16, 165.83, 164.06, 160.71 (d, J Z 260.4 Hz), 152.93,
150.46 (d, J Z 248.2 Hz), 135.74 (d, J Z 9.9 Hz), 131.37 (d,
J Z 2.9 Hz), 130.87, 129.07, 125.98 (d, J Z 11.8 Hz), 124.60,
118.59 (d, J Z 22.2 Hz), 114.20, 105.42 (dd, J Z 24.5, 4.6 Hz),
48.13, 47.75, 46.30, 46.17, 45.92, 45.44, 45.18, 42.62, 40.99,
36.90, 33.50, 31.49, 28.58. HRMS (ESI): m/z Calcd. for
C41H45F4N5O5NaS [MþNa]þ 818.2975; found 818.2981. HPLC
purity: 97.6%.

4.2. Cell culture and reagents

Human hepatoblastoma cell line HepG2 was maintained in MEM
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Gibco, Grand Island, PA, USA), 100 U/mL
penicillin (Invitrogen, Waltham, MA, USA) and 100 mg/mL
streptomycin (Invitrogen). HepAD38 cell line, which can sup-
port replication of the HBV genome in a tetracycline-inducible
manner, was maintained in DMEM medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Gibco), 100 U/mL peni-
cillin, 100 mg/mL streptomycin, 1 mg/mL tetracycline
(SigmaeAldrich, St. Louis, MO, USA) and 400 mg/mL G-418
(Gibco). Bay 41-4109 (HY-100029), lamivudine (3TC, HY-
B0250), 3-MA (HY-19312), and MG132 (HY-13259) were pur-
chased from MedChemExpress (Monmouth Junction, NJ, USA).
Bortezomib (S1013), Hydroxychloroquine sulfate (S4430), and
17-AAG (S1141) were purchased from SelleckChem (Houston,
TX, USA). NVR 3-778 was synthesized in-house.

4.3. In vitro anti-HBV assay in HepAD38 cells

The synthesized compounds were initially evaluated for their
inhibitory effect on the replication of HBV in HepAD38 cell lines.
Briefly, cells were plated into 48-well culture plates overnight
followed by incubating with a serial dilution of compounds in the
absence of tetracycline. After 4e6 days of treatment, the cells
were lysed with a buffer containing 10 mmol/L TriseHCl (pH
8.0), 1 mmol/L EDTA, and 1% NP-40. Cytoplasmic HBV core
DNAwas extracted and quantified by a real-time PCR assay using
TransStart Tip Green qPCR SuperMix (TransGen Biotech, Bei-
jing, China), as described previously42. The antiviral efficacy of a
compound was expressed as the half maximal effective concen-
tration (EC50) in comparison with the levels of the mock-treated
controls.

The cytotoxicity of the compounds on HepAD38 cells was
analyzed using the cytopathic effect (CPE) method. The cyto-
toxicity of a compound was expressed as the concentration that
reduced the viability of the cells by 50% (CC50). Both EC50 and
CC50 were determined using the Reed & Muench method.

4.4. Plasmids and cell transfection

The pHBV1.3, pHBV1.3-derived plasmids expressing mutant core
proteins with V124F or V124W mutation, pCMV-HBC, and
pCMV-HBC-derived plasmids expressing P25A, P25G, D29A/
D29L, D29W, T33N, I105F, I105W, I105Y, or T109Awere gifts of
Dr. Ju-Tao Guo at the Baruch S. Blumberg Institute and have been
described previously42e44.
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HepG2 cells were seeded in 24-well plates and grown to
approximately 80% confluence. Cells were then transfected with
0.25 mg desired plasmid(s) using 1.5 mL Lipofectamine 3000
(Invitrogen) per well. 6 h post-transfection, the culture media were
replaced with fresh media or media containing the desired con-
centration of compounds and cultured for an additional 18 h.
Intracellular HBV core protein was examined with the Western
blot assay.

4.5. Western blot assay

Western blot was carried out as described previously45. Cells
were lysed in an M-PER Mammalian Protein Extraction Reagent
(Thermo, Waltham, MA, USA) containing halt protease inhibitor
single-use cocktail (Thermo). The extracted total protein was
denatured by adding 5� sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (Thermo), fol-
lowed by boiling at 100 �C for 10 min. Next, approximately
10 mg denatured proteins were separated by SDS-PAGE, trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane, and
blocked with 5% (w/v) milk at room temperature. After 1 h, the
PVDF membranes were incubated with antibodies against
GAPDH/b-Actin (Cell Signaling Technology, Danvers, MA,
USA) or HBV core protein (Synthesized by GenScript, Nanjing,
China) at 4 �C overnight. Following a standard wash, the mem-
branes were incubated with a goat anti-mouse or anti-rabbit
radish peroxidase (HRP)-conjugated antibody (Cell Signaling
Technology). The signal was detected using the Omni-ECL
Femto Light Chemiluminescence Kit (EpiZyme, Shanghai,
China).

4.6. Determination of the mechanism of action of HyT-S7

4.6.1. Determination of HBC half-life
HepAD38 cells were cultured in a tetracycline-free complete
medium for 24 h and then incubated with 6 mmol/L HyT-S7 or
DMSO in the presence of 50 mg/mL CHX (Sigma) for the indi-
cated time. After washing with pre-chilled PBS, the cells were
lysed, and HBV core protein levels were determined using a
Western blot assay.

4.6.2. Proteomics analysis
HepAD38 cells cultured in a completed medium without tetracy-
cline were treated with DMSO or 6 mmol/L HyT-S7 for 24 h. Cells
were harvested by centrifugation and washed with PBS before snap
freezing in liquid nitrogen. Cells were lysed by the addition of lysis
buffer with urea at a final concentration of 8 mol/L, along with
appropriate protease and phosphatase inhibitors. Then, the mixture
was treated by a high-flux tissue grinding machine 3 times, 40 s
each. The bicinchoninic acid (BCA) method was used to determine
the final protein concentration from the supernatant collected.

100 mg of protein for each sample re-suspended with
100 mmol/L triethylammonium bicarbonate buffer (TEAB) was
reduced with 10 mmol/L Tris(2-carboxyethyl)phosphine (TCEP)
and alkylated with 40 mmol/L iodoacetamide (IAM). After
centrifugation, the pellet was collected and re-suspended in
100 mL of 100 mmol/L TEAB. Proteins were digested with trypsin
(1:50; enzyme: protein) overnight at 37 �C.

After digestion, the peptides were drained by a vacuum pump.
Then, the enzymatically drained peptides were re-solubilized with
0.1% trifluoroacetic acid (TFA), and the peptides were desalted
with HLB and drained by vacuum concentrator. Finally, the

peptides were quantified using a ThermoFisher Scientific Peptide
Quantification Kit.

Based on peptide quantification results, the peptides were
analyzed by a VanquishNeo coupled with an Orbitrap Astral mass
spectrometer (Thermo, USA) at Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China). Data-independent acquisition (DIA)
data were acquired using an Orbitrap Astral mass spectrometer
operated in DIA mode. MS data were collected over an m/z range
of 100e1700. Spectronaut software (Version 19) was used to
search the DIA raw data. Three peptides per protein and 3
daughter ions per peptide were selected for quantitative analysis.
The parameters are as follows: Protein FDR�0.01, Peptide
FDR�0.01, Peptide Confidence �99%, XIC width �75 ppm. The
shared peptides and modified peptides were excluded, and the
peak areas were calculated and summed to give the quantitative
results. Only the proteins that have at least one unique peptide
were used for protein identifications.

Bioinformatic analysis of proteomic data was performed
with the Majorbio Cloud platform (https://cloud.majorbio.
com)46. P-values and Fold change (FC) for the proteins be-
tween the two groups were calculated using the R package “t-
test.” The thresholds of fold change (>1.2 or <0.83) and P-
value <0.05 were used to identify differentially expressed
proteins (DEPs). Functional annotation of all identified proteins
was performed using the KEGG pathway (http://www.genome.
jp/kegg/).

4.6.3. Surface plasmon resonance (SPR)
The interactions between HBC protein and compound HyT-S7
were analyzed by an SPR assay performed on a CM5 chip inte-
grated into the Reichert4 SPR system (Reichert, Buffalo, NY,
USA). HBC protein was purchased from Sino Biological. All
solutions were prepared using ultrapure water obtained from the
Master Touch-S15UVF Pure Water Purification system. The
running buffer used throughout the analysis was 1% DMSO PBST
(pH 7.6 PBS buffer, 0.05% Tween-20, 1% DMSO), which was
filtered through a 0.22 mm membrane filter before use. The pro-
teins were prepared in a pH 4.5 sodium acetate solution at 200 mL,
0.25 mg/mL. Compounds were configured with 1% DMSO PBST
to the desired gradient concentrations. The analysis temperature
was controlled at 25 � 1 �C. Target/control proteins were
immobilized on the surface of the gold film of the chip containing
carboxymethyl glucan by covalent amine coupling. The target/
control proteins were immobilized on the sensing channels, and
the reference channel was employed as a negative control.
Furthermore, ethanolamine was used as a blocker to fill in the
blanks. The final signal from the sensing channel was normalized
by subtracting the signal from the reference channel. Target/con-
trol proteins were injected into the respective sensing channels at a
rate of 10 mL/min for 300 s, and the CM5 chip was ready with the
immobilization of protein. Then, compounds of the concentration
gradient were successively injected into the SPR channels at a
speed of 25 mL/min to collect the real-time SPR signals. The
binding kinetics and affinity were analyzed using TraceDrawer
software.

4.6.4. Cellular thermal shift assay (CETSA)
Cellular thermal shift assay (CETSA) is a valuable method to
confirm target engagement within a complex cellular environ-
ment by detecting changes in a protein’s thermal stability upon
ligand binding47. HepAD38 cells were cultured in a tetracycline-
free complete medium for 96 h. After digestion with trypsin, the
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cell pellet was resuspended with PBS containing protease in-
hibitors (Thermo). Then, three freezeethaw cycles in liquid ni-
trogen were performed to release cellular proteins. After high-
speed centrifugation, cell lysate was incubated with DMSO or
different compounds for 30 min at room temperature and heated
on a gradient from 37 to 72 �C for 3 min. The supernatant was
collected and loaded onto a 10% SDS-PAGE gel. The levels of
HBC were detected by Western blot assay. For the thermal
gradient analysis, each replicate series (n Z 3) was fit to a spline
curve, and the melting temperature (Tm) was determined by
calculating the value of the curve at y Z 50 using GraphPad
Prism software.

4.7. Molecular docking and molecular dynamics simulation of
HyT-S7

4.7.1. Molecular docking
Molecular docking was performed using Schrödinger Software
Release 2021-4. The X-ray crystal structure of HBC was derived
from the Protein Data Bank (PDB: 5T2P). The Protein Preparation
Wizard tool of Maestro was used to prepare the protein structure
required for subsequent docking calculations, in which missing
hydrogen atoms were added and minimized, and bond orders and
disulfide bonds were calculated. The structure of the protein was
minimized using the OPLS4 force field to optimize the hydrogen
bonding network and converge heavy atoms to an RMSD of 0.3 Å.
The “receptor grid generation” tool in Maestro was employed to
define an active site around the native ligand to cover all the
residues within 20 Å. HyT-S7 was virtually created through the
Maestro 2D Sketcher tool. Then, with Ligprep (a utility present in
the Schrödinger suite), the ligand was prepared for the docking
experiments. Appropriate tautomeric and ionization states were
generated, which served as inputs for the docking process. The
ligand docking was performed using the Glide v8.4 program with
the Standard Precision method. The van der Waals radii of
nonpolar atoms for each of the ligands were scaled by 0.8. Ligand
poses with the most negative docking scores were chosen for
further analysis.

4.7.2. Molecular dynamics simulation
Molecular dynamics simulations were performed further to
investigate the dynamic interactions between the HBC and HyT-
S7. All simulations were conducted by using Schrödinger version
2021-4 and employed the Desmond module. The previously
generated docking complex was employed as the starting coor-
dinate, which was then filled into a proper box and solvated with
water (TIP3P). The whole system was then added corresponding
Naþ or Cle to neutralize all charges of the entire system.
0.15 mol/L NaCl was added to the system to simulate salt con-
centrations under physiological conditions. The whole system was
relaxed with the default setting, and the productive simulation was
then performed for 250 ns with a temperature of 300 K and a
pressure of 1 bar. The resulting trajectory was then analyzed, and
the RMSD of the complex was calculated.
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