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A B S T R A C T   

To date, Proteolysis Targeting Chimera (PROTAC) technology has been successfully applied to mediate 
proteasomal-induced degradation of several pharmaceutical targets mainly related to oncology, immune disor
ders, and neurodegenerative diseases. On the other hand, its exploitation in the field of antiviral drug discovery is 
still in its infancy. Recently, we described two indomethacin (INM)-based PROTACs displaying broad-spectrum 
antiviral activity against coronaviruses. Here, we report the design, synthesis, and characterization of a novel 
series of INM-based PROTACs that recruit either Von-Hippel Lindau (VHL) or cereblon (CRBN) E3 ligases. The 
panel of INM-based PROTACs was also enlarged by varying the linker moiety. The antiviral activity resulted very 
susceptible to this modification, particularly for PROTACs hijacking VHL as E3 ligase, with one piperazine-based 
compound (PROTAC 6) showing potent anti-SARS-CoV-2 activity in infected human lung cells. Interestingly, 
degradation assays in both uninfected and virus-infected cells with the most promising PROTACs emerged so far 
(PROTACs 5 and 6) demonstrated that INM-PROTACs do not degrade human PGES-2 protein, as initially hy
pothesized, but induce the concentration-dependent degradation of SARS-CoV-2 main protease (Mpro) both in 
Mpro-transfected and in SARS-CoV-2-infected cells. Importantly, thanks to the target degradation, INM-PROTACs 
exhibited a considerable enhancement in antiviral activity with respect to indomethacin, with EC50 values in the 
low-micromolar/nanomolar range. Finally, kinetic solubility as well as metabolic and chemical stability were 
measured for PROTACs 5 and 6. Altogether, the identification of INM-based PROTACs as the first class of SARS- 
CoV-2 Mpro degraders demonstrating activity also in SARS-CoV-2-infected cells represents a significant advance 
in the development of effective, broad-spectrum anti-coronavirus strategies.   

1. Introduction 

Targeted protein degradation (TPD), exemplified through proteoly
sis targeting chimeras (PROTACs), is receiving a great deal of attention 
from both industry and academia as a new generation of therapeutics 
based on the removal of disease-related target proteins [1–5]. Struc
turally, a PROTAC is a hetero-bifunctional molecule composed of two 
ligands, one binding to a protein of interest (POI) and the other one 

recruiting an E3 ubiquitin ligase, connected through a linker. Thus, the 
chemically induced proximity between POI and E3 ligase leads to the 
formation of a ternary complex (POI-PROTAC-E3 ligase) that can trigger 
the ubiquitination of the POI and its subsequent degradation via the 
ubiquitin proteasomal system [6,7]. Since its first conceptualization in 
2001 by Crews and coworkers [8], thousands of PROTACs have been 
reported becoming a new paradigm in drug discovery. Among them, 
PROTACs ARV-110 and ARV-471 were the first oral PROTACs to be 
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advanced to clinical investigation for the treatment of prostate and 
breast cancer, respectively, but several further PROTACs candidates 
then followed the same fate, thus demonstrating how this technology is 
quickly going to approach to the clinics [9–13]. 

Differently from classical protein inhibitors, PROTACs work with a 
catalytic and event-driven mechanism of action that awards them of 
relevant advantages, such as abolishing all the POI functions at once, 
achieving a more prolonged biologic effect, and reducing the dose and 
thus off-target side effects and toxicity [14]. To date, PROTAC tech
nology has been widely and successfully applied against 
oncology-related target proteins as well as in the case of immune dis
orders, neurodegenerative, and cardiovascular diseases [10,15,16]. On 
the other hand, its exploitation in the antiviral field is still marginal 
[17–21]. Only recently, TPD technology has started to be considered as a 
potential and emerging weapon against pathogenic viruses by promot
ing the degradation of either viral or host-related protein targets 
[22–30]. Besides the common advantages that TPD may provide over 
the traditional small-molecule inhibitors, antiviral PROTACs can benefit 
of high selectivity toward pathogen-specific isoforms, but above all 
could be less prone to the induction of drug resistance, since either 
mutations or changes in abundance of POI might occur less frequently 
[20]. One challenge of applying TPD to antiviral targets is represented 
by the ligand selection. Indeed, for most of the antiviral PROTACs 
developed so far, the ligand was an enzymatic inhibitor of the POI [23, 
30]. However, it might be difficult to discriminate between the antiviral 
activity due to the inhibition of the POI in the context of infection and 
the antiviral activity exclusively linked to the degradation of the POI, 
since when inhibited by the ligand, a reduction in its levels occurs in the 
context of infection. This can be overcome by using a ligand not acting as 
an enzymatic inhibitor as a warhead, not inducing by itself a reduction 
of the POI in the context of infection. 

Given the severity of the SARS-CoV-2 outbreak and considering the 
pressing need to counteract new potentially emerging pathogenic vari
ants [31], we previously decided to exploit PROTAC technology in the 
search for anti-coronavirus PROTACs endowed with an innovative 
mechanism of action [27]. Indeed, as mentioned before, PROTACs may 
achieve antiviral activity through the degradation of targets involved in 
virus replication differently from the target inhibition exploited by the 
anti-SARS-CoV-2 drugs licensed so far (molnupiravir, paxlovid) [32,33] 
or by the multitude of antivirals identified in record-breaking times by 
the research community [34–37]. In this context, small-molecule main 
protease (Mpro) inhibitors [38–45], papain-like protease inhibitors 
[46–48], RNA-dependent RNA polymerase inhibitors [49,50], entry 
targeting inhibitors [51], and non-structural proteins inhibitors [52] 
emerged as the most promising anti-SARS-CoV-2 strategies. 

We recently proposed the first PROTAC application of indomethacin 
(INM)-based degraders endowed with SARS-CoV-2 inhibitory activity 
[27]. In particular, the design of the reported PROTACs was based on the 
weak anti-SARS-CoV-2 compound indomethacin (EC50 ~ 100 μM), 
which is a well-known, non-steroidal anti-inflammatory drug that 
non-selectively inhibits COX-1 and COX-2 enzymes. Although with a 
mechanism of action still unclear, INM has been shown to also possess 
broad-spectrum antiviral activity against different unrelated viruses, 
including SARS-CoV [53], herpesviruses [54], cytomegalovirus [55], 
and hepatitis B virus [56]. More recently, its activity against 
SARS-CoV-2 has been also investigated in in vitro, in vivo, and clinical 
studies [57–60]. Among the possible mechanisms that have been hy
pothesized, one involves the biosynthetic pathway of prostaglandin [58, 
59,61,62]. Indeed, INM inhibits the prostaglandin E synthase type 2 
(PGES-2) [63], a host protein found as an interactor of nsp7 protein of 
SARS-CoV-2 in a protein-protein interaction screening [61,62]. The 
interaction between nsp7 and PGES-2 was also highlighted by Gordon 
et al. as a potential pan-CoV antiviral target, since it was found 
conserved across the three highly pathogenic CoVs SARS-CoV, SAR
S-CoV-2, and MERS-CoV [61,62]. Thus, in 2021 aiming at investigating 
whether PROTAC technology could represent a valid approach also in 

the search for anti-CoVs agents, we synthesized and tested four 
INM-based PROTACs for anti-SARS-CoV-2 activity [27]. Among them, 
PROTACs 3 [27] and 5 [27] (Fig. 1), both hijacking Von-Hippel Lindau 
(VHL) as E3 ligase and differing only in the linker composition, dis
played an almost 5-fold improved ability compared to INM in inhibiting 
SARS-CoV-2 replication in infected cells (EC50 = 18.1 and 21.5 μM, 
respectively, versus 94.9 μM for INM), coupled with a discrete Selectivity 
Index (SI) (SI > 11 and > 12, respectively) [27]. Moreover, they 
exhibited broad-spectrum activity encompassing also endemic human 
coronaviruses (HCoVs), i.e., the β-coronavirus HCoV-OC43 and the 
α-coronavirus HCoV-229E (with EC50 = 4.7–2.5 μM and 36.5–3.2 μM, 
respectively) [27]. To note, seven types of coronaviruses infecting 
humans have been identified so far; among them, besides the three 
highly pathogenic coronaviruses SARS-CoV, MERS-CoV and 
SARS-CoV-2, four seasonal coronaviruses are also known, i.e. OC43, 
229E, NL63, and HKU1 [64]. 

In the present work, the length, flexibility, and geometry of the linker 
connecting INM and VHL E3 ligase binding moiety were further inves
tigated (PROTACs 6–11) along with the exploration of cereblon (CRBN) 
as another E3 ligase (PROTACs 12–14). Their design, synthesis, and 
biological activity are described. Moreover, an in-depth exploration on 
the PROTAC-mediated mechanism of action, target degradation, and 
physico-chemical/ADME properties are also reported. 

2. Results and discussion 

2.1. Design of second-generation INM-based PROTACs 

Considering the pivotal role of the PROTAC linker moiety in the 
formation of a productive ternary complex (POI-PROTAC-E3), and thus 
in the POI degradation efficiency, but also in the modulation of the 
physico-chemical properties of the final degrader [65,66], we designed 
and synthesized a new array of INM-based PROTACs. In particular, we 
conjugated INM and VHL E3 ligase ligand through 
piperazine-containing linkers (as in PROTAC 5 [27]) exploiting either 
aliphatic or polyethylenglycol(PEG)ylated chains of different length, 
leading to PROTACs 6–11 (Table 1). Indeed, as different studies sug
gested, the insertion of piperazine rings in the linker may help in 
increasing the solubility as well as the metabolic stability of PROTACs 
[65,66]. 

Considering that alternative E3 ligases may offer several distinct 
advantages including superior activity [67], we decided to investigate 
also a CRBN E3 ligase ligand, i.e. thalidomide. Indeed, CRBN along with 
VHL represent the most popular and generally used E3 ligases to design 
PROTACs owing their ubiquitous expression in human body [68,69]. 
Thus, in a preliminary set of PROTACs INM was combined to the 
thalidomide moiety by using aliphatic linkers of variable length 
affording PROTACs 12–14 (Table 1). In particular, a similar range in 
atom linker length to the VHL-addressing series was investigated (6–12 
vs 6–15, Table 1). 

2.2. Chemistry 

The synthesis of PROTACs 6 [66], 7 [66], 8, and 9 [66] was per
formed according to Scheme 1. In particular, INM was coupled with the 
suitable intermediate, in which the VHL ligand was decorated with the 
proper linker, by amidation reaction performed in the presence of 1-[bis 
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate (HATU) and N,N-diisopropylethylamine (DIPEA) 
at room temperature in DMF. 

As reported in Scheme 2, the VHL-containing linker intermediates 20 
[65] and 21 [65] used for the synthesis of target PROTACs 6 and 7, 
respectively, were prepared starting from VHL ligand 17. Indeed, 17 was 
first coupled with the appropriate N-Boc protected piperazine carboxylic 
acid derivatives (commercially available) through HATU-mediated 
amidation reaction (intermediates 18–19) and then successively 
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Fig. 1. Chemical structures of INM and previously reported INM-based PROTACs 3 and 5 [27]. The EC50 value represents the compound concentration that inhibits 
50 % of viral replication. The CC50 value represents the compound concentration that reduces cell viability by 50 %. 

Table 1 
Anti-CoVs activity and cytotoxicity of INM-based PROTACs.   

Compd Linker Atom linker length CC50
a 

Vero E6 (μM) 
EC50

b (μM) 
(CI)c 

SARS-CoV-2/NL/2020 

CC50 

MRC-5 (μM) 
EC50 (μM) (CI) 

HCoV- OC43 HCoV- 229E 

3d 8 >200 18.1 (7.1–46.4) >250 4.7 (1.1–18.1) 36.5 (20.1–70.3) 

5d 11 >250 21.5 (11.2–43.4) 238 ± 17 2.5 (0.8–7.5) 3.2 (1.4–7.1) 

6 6 >125 10.8 (8.0–14.4) >125 1.6 (0.9–2.8) 6.5 (4.2–10.0) 

7 7 >125 >25 13.5 ± 0.7 ND ND 

8 10 >125 >25 20.0 ± 7.1 ND ND 

9 16 >125 >25 >125 16.0 (8.3–31.7) >25 

10 12 >125 >25 22.0 ± 5.7 ND ND 

11 15 >125 >25 12.3 ± 0.4 ND ND  

12 6 >125 >25 ND ND ND 

13 8 >125 >25 ND ND ND 

14 12 >125 >25 ND ND ND 

BOCe – – >500 22.0 ± 2.6 ND ND ND 
INMd – – >500 95.1 ± 9.2 ND ND ND 

ND, Not Determined. 
a 50 % Cytotoxic Concentration, the compound concentration that reduces cell viability by 50 %, as determined by MTT assay in Vero E6 or MRC-5 cells at 72 h. 
b 50 % Effective Concentration, the compound concentration that inhibits 50 % of plaque formation, as determined by PRAs against SARS-CoV-2 in Vero E6 cells or 

different HCoV strains in MRC-5 cells. For all PROTACs, reported values represent data derived from n = 3 independent experiments in duplicate. For BOC and INM 
reported values represent mean ± SD of data derived from n = 2 independent experiments in duplicate. 

c Confidence Interval, 95 % Profile likelihood, calculated with GraphPad Prism 8.0 software. 
d Data reported in Ref. [27]. 
e Data reported in Ref. [75]. 

J. Desantis et al.                                                                                                                                                                                                                                



European Journal of Medicinal Chemistry 268 (2024) 116202

4

Scheme 1. Synthesis of PROTACs 6–9. Reagents and conditions: (a) HATU, DIPEA, rt, dry DMF, 3–18 h. VHL: Von Hippel Lindau ligand.  

Scheme 2. Synthesis of intermediates 20–21. Reagents and conditions: a) appropriate N-Boc piperazine carboxylic acid derivative, HATU, DIPEA, dry DMF, rt, 1 h; b) 
HCl 4 N in dioxane, rt, 2 h. 

Scheme 3. Synthesis of intermediates 25 and 29. Reagents and conditions: a) methyl 6-bromo esanoate, Et3N, dry THF, rt, 18 h; b) LiOH, THF:H2O (2:1), rt, 3 h; c) 17 
(VHL ligand), HATU, DIPEA, dry DMF, rt, 3–18 h; d) HCl 4 N in dioxane, rt, 3–18 h; e) Boc2O, dry MeOH, rt, 24 h; f) succinic anhydride, dry DCM, rt, 4 h. 
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deprotected to afford the suitable intermediates 21–21 (Scheme 2). 
The VHL-containing linker intermediates 25 [66] and 29 [66] used 

for the synthesis of target PROTACs 8 and 9 were synthesized as pre
viously described as reported in Scheme 3. In particular, intermediate 25 
was prepared starting from N-Boc piperazine, which was reacted with 
methyl 6-bromo esanoate in the presence of Et3N at room temperature to 
afford compound 22. Then, the basic hydrolysis of methyl ester deriv
ative 22 gave carboxylic acid derivative 23, which after amidation re
action with VHL ligand 17 and successive N-Boc deprotection reaction 
furnished intermediate 25. Intermediate 29 was instead prepared 
starting from 26 [70] firstly reacted with succinic anhydride to give 
compound 27, which was then coupled by amidation reaction with VHL 
ligand 17 to afford compound 28. The final N-Boc deprotection reaction 
gave intermediate 29. 

The synthesis of INM-based PROTACs 10 [66] and 11 [66] was 
performed as previously described according to Scheme 4. Indeed, in
termediates 30 and 31 were prepared starting from 1 coupled by 
HATU-mediated amidation reaction using the appropriate piperazine 
derivative. Their successive N-Boc deprotection reaction led to in
termediates 32 and 33, which after substitution reaction with the 
VHL-linker intermediate 35 gave PROTACs 10 and 11. The VHL ligand 
functionalized with an iodo-containing PEG linker (compound 35 [66]) 
was prepared as previously described by coupling VHL ligand 17 with 
2-(2-(2-chloroethoxy)ethoxy)acetic acid by HATU-mediated amidation 
reaction to give chloro derivative 34 and then subjected to substitution 
reaction in presence of NaI to afford the corresponding iodo derivate 35. 

The CRBN-addressing PROTACs 12–14 were synthesized as depicted 

in Scheme 5 by HATU-mediated amidation reaction between 1 and the 
appropriated CRBN-linker intermediate (40–42). Intermediates 40–42 
were in turn prepared by substitution reaction of 36, prepared by 
reacting 4,5-difluorophtalic anhydride and 3-aminopiperidin-2,6-dione 
hydrochloride, with the suitable N-Boc protected di amino aliphatic 
chain in presence of DIPEA at 110 ◦C in DMSO (37–39), followed by Boc- 
deprotection reaction. 

For the most promising compounds emerged from the biological 
characterization (PROTACs 5 and 6), we synthesized also the corre
sponding inactive epimeric PROTACs (15 and 16) to be included as 
negative controls in in vitro assays, by replacing the trans-hydroxyproline 
(Hyp) in the VHL ligand moiety with a cis-Hyp, known to abrogate 
binding to VHL [71]. In particular, the synthesis of compound 15 (the 
negative controls for PROTAC 5) was performed according to Scheme 6, 
in which intermediate 33 was reacted with succinic anhydride to afford 
43, which was then coupled by HATU-mediated amidation reaction with 
the cis-Hyp derivative 44 to give the target compound 15. 

The synthesis of compound 16 (the negative control for PROTAC 6) 
was performed according to Scheme 7. In particular, INM was coupled 
with the suitable VHL-based intermediate 46 by HATU-mediated ami
dation reaction. The VHL-containing linker intermediate 46 used for the 
synthesis of target compound 16 was prepared starting from the cis-Hyp 
derivative 44, which was first coupled with the appropriate N-Boc 
protected carboxylic acid derivative through HATU-mediated amidation 
reaction (intermediate 45) and then successively deprotected to afford 
the intermediate 46 (Scheme 7). 

Interestingly, the VHL ligand 17 [72] used for the synthesis of 

Scheme 4. Synthesis of PROTACs 10–11. Reagents and conditions: (a) HATU, DIPEA, dry DMF, rt, 3 h; (b) HCl 4 N in dioxane, rt, 3–6 h; (c) DIPEA, dry DMF/dry 
DMSO (1:1), 80 ◦C, 18 h; (d) NaI, dry acetone, reflux, 48 h. 
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PROTACs 6–11 as well as the epimer ligand 44 [73] used for the syn
thesis of negative controls 15 and 16 were prepared by applying a 
seven-steps column chromatography-free synthetic procedure (Scheme 
8), similarly to the multi-gram scale synthetic process reported by Yan 
et al. for VH032 ligand [74]. In particular, (S)-1-(4-bromophenyl) 
ethanamine was initially N-Boc protected to furnish compound 47, 
which was then coupled with 4-methylthiazole through a Pd 
(OAc)-catalyzed Heck reaction to give derivative 48. The successive 
N-Boc deprotection of 48 under acid condition led to intermediate 49, 
which was then coupled by HATU-mediated amidation reaction using 
(2S,4R)- and (2S,4S) 1-(tert-butoxycarbonyl)-4-hydrox
ypyrrolidine-2-carboxylic acid to give derivatives 50 and 51, 

respectively. Their subsequent N-Boc deprotection led to intermediates 
52 and 53 which were successively coupled with (S)-2-((tert-butox
ycarbonyl)amino)-3,3-dimethylbutanoic acid by HATU-mediated ami
dation reaction to afford intermediates 54 and 55. Their final N-Boc 
deprotection gave the target ligand 17 and 44 with an overall yield of 
60 % and 66 %, respectively. 

2.3. Evaluation of anti-coronavirus activity 

The antiviral activity of the newly synthesized PROTACs 6–14 was 
first evaluated by plaque reduction assays (PRA) in Vero E6 cells 
infected with SARS-CoV-2/NL/2020 and compared to the results 

Scheme 5. Synthesis of PROTACs 12–14. Reagents and conditions: (a) HATU, DIPEA, dry DMF, rt, 4 h; (b) AcOK, acetic acid, 110 ◦C, 4 h; (c) DIPEA, dry DMSO, 
110 ◦C, 3 h; (d) HCl 4 N in dioxane, rt, 3 h. 

Scheme 6. Synthesis of compound 15. Reagents and conditions: a) Et3N, dry DCM, rt, 5 h; b) HATU, DIPEA, dry DMF, rt, 3 h.  

J. Desantis et al.                                                                                                                                                                                                                                



European Journal of Medicinal Chemistry 268 (2024) 116202

7

previously obtained with PROTACs 3 and 5. As reported in Table 1, 
among the newly synthesized VHL-recruiting PROTACs, with the 
exception of PROTAC 6, the exploration of piperazine-containing linkers 
with atom linear linker length longer than 6 failed in improving the anti- 
SARS-CoV-2 activity of PROTACs 3 and 5, regardless of the use of either 
aliphatic or PEGylated chains. In fact, only PROTAC 6 bearing the 
shortest piperazine acetyl linker inhibited SARS-CoV-2 replication 
(EC50 = 10.8 μM) at nontoxic concentrations (CC50 > 125 μM) more 
potently than the known SARS-CoV-2 Mpro inhibitor boceprevir (BOC, 
EC50 = 22.0 μM) used as a control compound. Analogously to PROTACs 
3 and 5, PROTAC 6 exhibited more potent antiviral activity against 
other HCoVs in human MRC-5 cells, such as the β-coronavirus HCoV- 

OC43 and the α-coronavirus HCoV-229E (EC50 = 1.6 μM and 6.5 μM, 
respectively). 

2.4. Target investigation 

We initially hypothesized that the anti-SARS-CoV-2 activity of the 
INM-based PROTACs 3, 5 and 6 could be linked to the ability of INM to 
bind and inhibit PGES-2, a host protein reported to interact with HCoVs 
(SARS-CoV-2, SARS-CoV, and MERS-CoV) nsp7 protein [61,62]. To test 
this hypothesis, we investigated their ability to induce the degradation 
of PGES-2 by Western Blot analyses in both uninfected and 
virus-infected cells. As reported in Fig. 2a, none of the INM-based 

Scheme 7. Synthesis of compound 16. Reagents and conditions: (a) appropriate N-Boc protected linker carboxylic acid derivative, HATU, DIPEA, dry DMF, rt, 2–3 h; 
b) HCl 4 N in dioxane, rt, 2–3 h. 

Scheme 8. Synthesis of VHL ligand 17 and inactive epimer ligand 44. Reagents and conditions: a) Boc2O, NaHCO3, EA, H2O, rt, 18 h; b) Pd(OAc)2, AcOK, dry DMA, 
130 ◦C, 4 h; c) HCl 4 N in dioxane, rt, 18 h; d) HATU, DIPEA, dry DMF, rt, 18 h. 
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PROTACs showed the ability to induce the degradation of endogenous 
PGES-2 in human 293T cell line upon treatment for different times, 
suggesting that, differently from what initially hypothesized based on 
the literature [61,62], PGES-2 might not be the target of these PROTACs. 
To rule out the possible contribution of viral factors in the targeted 
degradation, we repeated the experiments in Vero E6 cells infected with 
SARS-CoV-2 and in MRC-5 cells infected with HCoVs-OC43 and -229E. 
However, also in cells infected with different CoVs and treated with 
different INM-based PROTACs, we did not detect relevant PGES-2 
degradation even at longer times post-infection (Fig. 2b and c). Thus, 
we concluded that most likely the antiviral activity showed by PROTACs 
3, 5 and 6 is not dependent on PGES-2 degradation. 

Considering these results, alternative hypotheses on the possible 
target were explored, based on other previously published results on 
INM, INM derivatives, and their antiviral activity against SARS-CoV-2. 
In particular, we recently identified INM as a potential SARS-CoV-2 
Mpro inhibitor in a compound-repurposing approach based on pocket 

similarity search [75] using the BioGPS software [76]. However, in the 
subsequent biological evaluation, INM did not show significant inhibi
tory effects on Mpro catalytic activity in vitro under the tested experi
mental conditions, and displayed only weak activity on SARS-CoV-2 
replication in infected cells [75]. Based on these results, at that time we 
did not progress further with INM. Later, we reasoned that one of the 
advantages of antiviral PROTACs design is the possibility of using 
ligands/binders with none or weak inhibitory effect as warheads. Thus, 
taking into account the computational outcomes, we decided that it was 
worth to investigate whether INM-based PROTACs could mediate Mpro 

degradation. For this reason, the SARS-CoV-2 Mpro degradation activity 
of PROTACs 3, 5, and 6 was evaluated in transfected 293T cells by 
Western Blot (Fig. 3). In these assays, the plasmid used for transfection 
allows the detection of the proteolytic cleavage of a FLAG-nsp4-Mpro 

fusion protein over-expressed in 293T cells and the release of an 
authentic Mpro protein. In the absence of Mpro inhibition, the expression 
of FLAG-nsp4-Mpro results in the cleavage of Mpro from the FLAG-nsp4 

Fig. 2. Effects of PROTACs 3, 5, and 6 on PGES-2 levels in different uninfected and infected cell lines. A) Human 293T cells were treated with 3, 5, and 6 at 25 μM, or 
DMSO as a control and collected at the indicated times post-treatment. Whole cell lysates were analyzed by Western Blot with an antibody recognizing human PGES- 
2. B) Vero E6 cells were either left uninfected or infected with SARS-CoV-2 and then treated with 3, 5, and 6 at 25 μM, or DMSO as a control. Whole cell lysates were 
collected at 24 h post-infection and analyzed by Western Blot with an antibody recognizing human PGES-2. C) MRC-5 cells were either left uninfected or infected 
with HCoV-OC43 and HCoV-229E and then treated with 3, 5, and 6 at 25 μM, or DMSO as a control. Whole cell lysates were collected at 48 h post-infection and 
analyzed by Western Blot with an antibody recognizing human PGES-2. In all panels, β-actin was used as a loading control. Molecular masses in kDa are indicated on 
the left. 

Fig. 3. Concentration-dependent degradation of SARS-CoV-2 Mpro in transfected 293T cells upon treatment with PROTACs 3, 5, and 6 for 24 h. Human 293T cells 
were transfected to overexpress either SARS-CoV-2 nsp4-Mpro fusion protein or its catalytically inactive mutant form (C145A). The expression of SARS-CoV-2 Mpro in 
either DMSO- or INM-treated cells resulted in the cleavage of Mpro and in the release of an authentic Mpro protein (with a molecular mass of ~34 kDa), which was not 
detected when the inactive mutant C145A (with a molecular mass of ~52 kDa) was expressed. Non-transfected 293T cells (NT), cells transfected with the empty 
plasmid, and transfected cells treated with DMSO or 100 μM boceprevir (BOC) were included as controls. The effects of the treatment of transfected cells with 
different concentrations (from 25 to 1 μM) of PROTACs 3, 5, and 6 is shown in the right panels. Whole cell lysates obtained from cells collected at 24 h post- 
transfection were analyzed by Western Blot with an antibody recognizing SARS-CoV-2 Mpro. β-actin was used as a loading control. Molecular masses in kDa are 
indicated on the left. 
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tag (thanks to a cleavage recognition site placed between the two pro
teins), producing a band with a molecular mass of ~34 kDa (Fig. 3, see 
DMSO-treated sample). In contrast, in cells treated with the Mpro in
hibitor boceprevir or transfected with a plasmid expressing a catalytic 
inactive mutant of Mpro, i.e., C145A, an additional upper band is 
detected (Fig. 3). As reported in Fig. 3, upon treatment with PROTACs 3, 
5, and 6 for 24 h of transfected 293T cells, wherein Mpro is overex
pressed, we detected a concentration-dependent degradation of 
SARS-CoV-2 Mpro. Importantly, treatment of transfected cells with either 
INM or PROTACs 3, 5, and 6 did not produce two forms of Mpro, indi
cating that these compounds do not affect Mpro catalytic activity. This 
was also reconfirmed by testing them against Mpro in vitro in a 
FRET-based assay (Supplementary Table S1). For PROTACs 5 and 6, the 
DC50 values were determined as 18.1 μM and 7.3 μM, respectively. In 
particular, treatment with both PROTACs at 25 μM remarkably coun
teracted the overexpression of Mpro in transfected cells (67 % of degra
dation for 5 and 72 % for 6, respectively). For PROTAC 3, due to poorly 
reproducible degradation most probably related to solubility issue (see 
paragraph 2.9.1), we could not determine a reliable DC50. 

2.5. Study of the biophysical binding of INM and PROTACs 3, 5, and 6 to 
SARS-CoV-2 Mpro 

The microscale thermophoresis (MST) technique was used to inves
tigate the binding of INM and INM-based PROTACs 3, 5, and 6 to SARS- 
CoV-2 Mpro. The recombinant SARS-CoV-2 Mpro (nsp5) was labelled with 
a fluorescent dye (NT650-Mpro) and its stability and integrity were 
checked using thermal shift analysis (TSA) to confirm that protein sta
bility was not compromised after the incubation time and that structural 
integrity was maintained during the labelling reaction (Supplementary 
Fig. S1). Initially, the interaction with Mpro was investigated for INM and 
boceprevir as a positive control (Fig. 4), by examining a constant con
centration of protein with a scalar concentration of ligand. For both 
compounds, binding curves were generated (Fig. 4) and Kd values were 
derived (Table 2). Data displayed that boceprevir was able to induce a 
variation of the thermophoretic movement of the ligand-bound NT650- 
Mpro complex, generating a binding curve with a Kd of 8.37 ± 1.41 μM, 
confirming the reliability of used protocol [77]. A binding curve and a 
Kd value of 129.05 ± 24.94 μM was also measured for INM, thereby 
detecting and confirming, for the first time, a specific interaction be
tween this molecule and SARS-CoV-2 Mpro. 

Due to low solubility issue (see paragraph 2.9.1), for PROTACs 3, 5, 
and 6 single-point binding assays were carried out with MST to explore 
their interaction with NT650-Mpro. Specifically, each PROTAC was 
tested at a concentration of 50 μM, along with 50 μM BOC, which was 

used as a positive control. Putative binders were defined as those mol
ecules inducing a thermophoretic movement of the ligand-bound com
plex with a fluorescent signal (Fnorm) outside the signal value and three- 
fold standard deviations of the protein alone (vehicle, DMSO). Since 
vehicle Fnorm value was 897.56 ± 0.16, a statistically significant ther
mophoretic shift was gained with Fnorm values higher than 898.04 and 
lower than 897.08. Noteworthy, obtained results demonstrated that all 
three PROTACs induced a significant variation in Mpro thermophoretic 
motion, thus confirming their ability to bind Mpro (Supplemetary 
Fig. S2). 

2.6. In-depth mechanism of action studies 

Mechanistic studies were then performed to investigate the degra
dation mechanism of PROTACs 5 and 6. Firstly, to confirm that the 
antiviral activity of PROTACs 5 and 6 was due to the VHL involvement, 
we synthesized and tested derivatives S56 and S57 (Supplementary 
Table S1), composed of only INM ligand coupled with the same linker 
moiety present in PROTACs 5 and 6, respectively, but devoid of the VHL 
ligand. As reported in Supplementary Table S1, we did not detect any 
relevant activity for INM derivatives S56 and S57, both in vitro and in 
infected cells, thus suggesting that the antiviral activity of PROTACs 5 
and 6 most likely relies on a PROTAC-mediated mechanism rather than 
Mpro inhibitory activity. 

Successively, we also synthesized compounds 15 and 16, which are 
the corresponding negative controls of PROTACs 5 and 6, bearing the 
cis-Hyp epimer of VHL ligand, unable to bind the VHL E3 ligase. As 
shown in Fig. 5a, compound 15 did not display any Mpro degradation 
activity, as expected, due to the inability to engage VHL E3 ligase to the 
ternary complex. Moreover, it did not inhibit SARS-CoV-2 replication in 
infected cells (Supplementary Table S2), thus confirming that the anti
viral activity of PROTAC 5 relies on the VHL-mediated mechanism. 
Unfortunately, due to its high cytotoxicity (Supplementary Table S2), 
compound 16 could not be reliably tested in the Mpro degradation assays 
and in PRAs against SARS-CoV-2. 

To further confirm that Mpro degradation by PROTACs 5 and 6 was 
indeed mediated through the engagement of the VHL E3 ligase, espe
cially for PROTAC 6 whose negative control 16 resulted toxic, their 
degradation activity was also evaluated in the presence of the known 
VHL inhibitor VH298. As shown in Fig. 5b, the degradation effect of 
PROTACs 5 and 6 on Mpro was reversed upon VHL E3 ligase binding and 
inhibition. 

As further investigation, we tested two compounds composed of only 
VHL ligand moiety and the same linker present in PROTACs 5 and 6, 
respectively (S58 and S59 in Table S3). As reported in Supplementary 
Table S3, also in this case these compounds resulted unable to inhibit 
SARS-CoV-2 replication, thus confirming that the antiviral activity of 
PROTACs 5 and 6 relies on the PROTAC-mediated degradation and thus 
on the INM-mediated recruitment of target protein. 

2.7. Computational modelling studies on ternary complexes mediated by 
PROTACs 5 and 6 

A previously used [27] in house developed algorithm was applied to 
elucidate the potential ternary complexes generated by PROTACs 5 and 
6 with SARS-CoV-2 Mpro and VHL E3 ligase, and the best results for each 
complex are shown in Fig. 6. Details on model building are provided in 
the Experimental Section. Our models showed that the two ternary 

Fig. 4. Dose-response curves for the binding interaction of NT650-Mpro with 
BOC (green) and INM (red). The fraction bound is plotted against the ligand 
concentration. Graph represents the mean ± SD of n = 3 experiments 
in duplicate. 

Table 2 
Dissociation constant (Kd) and Signal to Noise (S/N) values obtained for boce
previr and indomethacin in MST binding assay.  

Compd Kd (μM) S/N 

BOC 8.37 ± 1.41 21.7 
INM 129.05 ± 24.94 12.5  
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complexes share a similar geometry, although the mutual orientation of 
the two proteins in each complex slightly changes (Fig. 6a and c). In 
more detail, in the ternary complex induced by PROTAC 5 (Fig. 6b) key 
interactions at the protein-protein interface between Q69 and Q19 of 
Mpro and R108 of the VHL E3 ligase were observed. In addition, the 
piperazine ring present in PROTAC 5 linker moiety, here modelled in its 
neutral form taking into account the associated pKa value (Table 2), is 
probably stabilized by both L141 of Mpro and R69 of VHL E3 ligase in 
terms of hydrophobic interactions, thus acting as a bridge. Concerning 
the ternary complex induced by PROTAC 6 (Fig. 6d), R69 in VHL E3 
ligase was observed to directly interact with H172 of Mpro, and a similar 
polar interaction occurred between N67 in VHL E3 ligase and E169 in 
Mpro. In addition, a H-bond between E142 of Mpro and the NH- group of 
the amide bond used to attach VHL ligand to PROTAC 6 linker moiety 
was also observed. Although this is a preliminary computational anal
ysis, that resulted even more complex due to the lack of x-ray crystal
lographic structures of indomethacin in complex with Mpro, these studies 
could be helpful in hypotheses generation and in shedding light on the 
key interactions (between POI-E3 or PROTAC with POI and E3) sup
porting the formation of productive ternary complexes mediated by 
PROTACs 5 and 6. 

2.8. Characterization of PROTAC 6 in human cells infected with SARS- 
CoV-2 

We then evaluated the antiviral activity of the most promising 
PROTAC 6 in human lung cells (i.e., Calu-3) infected with SARS-CoV-2. 
As shown in Fig. 7a, PROTAC 6 exhibited very potent activity against 
SARS-CoV-2 in Calu-3 cells, with an EC50 in the nanomolar range (EC50 
= 0.89 ± 0.20 μM), without showing cytotoxicity. These results sup
ported that the exploitation of PROTAC technology on INM could lead to 
an increase in antiviral potency of 9- to 105-fold, depending on the cell 

line (Table 1 and Fig. 7a). The higher antiviral potency of PROTAC 6 in 
human cells (MRC-5 and Calu-3) with respect to that observed in Vero 
E6 cells might be related to differences in the expression of efflux 
transporters, which can affect the antiviral activity in Vero E6 cells [78], 
or to different expression levels of the VHL E3 ligase. Then, to further 
confirm the degradation activity in the context of infection, we evalu
ated the ability of PROTAC 6 to induce the degradation of 
virus-expressed Mpro in SARS-CoV-2 infected Calu-3 cells. As reported in 
Fig. 7b, PROTAC 6 induced a concentration-dependent degradation of 
SARS-CoV-2 Mpro, with a DC50 value of 1.34 μM, in keeping with the 
higher antiviral activity observed in Calu-3 cells and with the fact that, 
most likely, in the context of viral infection PROTAC 6 is more active 
than in transfected cells, wherein Mpro is over-expressed. 

2.9. Evaluation of PROTACs solubility and chemical and metabolic 
stability 

2.9.1. Focus on the modulation of solubility based on linker composition 
To shed light on how the modifications made at the linker moiety of 

all VHL-recruiting PROTACs in our series (3, 5, and 6–11) may affect 
their physico-chemical properties, the kinetic solubility was experi
mentally determined (Table 3). Indeed, as recently demonstrated, the 
pKa values and protonation state of piperazine moieties inserted in 
PROTACs’ linkers heavily depend on the structural environment and 
neighbouring groups [66], and the protonation is expected to improve 
the solubility. Among the tested compounds, the kinetic solubility for 
four PROTACs (3, 6, 7 and 8) was under the limits of detection/quan
tification (Table 3). This is in line with the evidence that these three 
PROTACs are mostly in their neutral form, with a percentage of pro
tonated form lower than 2 %. In addition, data suggest that increasing 
the distance of the protonable piperazine nitrogen atom from carbonyl 
group, and therefore increasing basicity as previously reported [66], is 
not always an efficient approach to increase solubility. Indeed, in 
aliphatic linkers the presence of the charge is counterbalanced by the 
increase in lipophilicity, and thus a gain in solubility is not observed, as 
in PROTAC 8. Contrarily, in our series the presence of PEG-based linkers 
contributes synergically with a protonable piperazine to improve solu
bility, with PROTAC 11 resulting the most soluble one. Indeed, PEG 
units allowed achieving higher solubility, as in PROTAC 11, as the result 
of a higher percentage of protonation state. 

Unfortunately, the structural modifications enhancing the solubility 
of the final PROTACs resulted detrimental for the biological activity, in 
keeping with the fact that it is known that the length and flexibility of 
linker moiety is pivotal for the formation of functional ternary com
plexes and thus in influencing the activity of degraders. 

2.9.2. Chemical stability studies on PROTACs 5 and 6 
For the most promising INM-based PROTACs 5 and 6, the chemical 

stability was investigated in the same medium used for the cellular as
says (Experimental section, paragraph 4.12). In this assay, PROTACs 5 
and 6 (1 and 10 μM with 0.1 % DMSO) were incubated at 37 ◦C in DMEM 
(pH 7.4) and samples were collected at 0 and after 24 h. Each sample 
was then analyzed by LC-MS and, successively, raw data were processed 
by using MassChemSite (Molecular Discovery Ltd.) within the Web
Chembase platform [79,80] to automatically identify possible degra
dation products (Supplementary Fig. S3). Under these conditions, both 
the analyzed PROTACs showed a general good chemical stability in 
cellular medium (Fig. 8), with a relative area percentage of remaining 
PROTAC over 70 % at 24 h when assayed at 1 μM (Fig. 8). As suggested 
by automatic structure elucidation analyses through MassChemSite and 
WebChemBase, a recurrent chemical degradation reaction is due to 
amide hydrolysis between indole ring and the p-chloro benzoyl ring at 
the INM moiety (DP1 and DP2, Fig. S3). 

2.9.3. Metabolic stability studies on PROTACs 5 and 6 
For PROTACs 5 and 6 the metabolic stability in human liver 

Fig. 5. Validation of the mechanism of PROTACs 5 and 6. A) Human 293T cells 
were pre-treated with 15 at 25 μM and then transfected to overexpress SARS- 
CoV-2 Mpro. Non-trasfected (NT) cells and cells pre-treated with either DMSO 
or INM were included as controls. B) Human 293T cells were pre-treated with 5 
and 6 at 25 μM in the absence or in the presence of 50 μM VHL inhibitor VH298 
and then transfected to overexpress SARS-CoV-2 Mpro. NT cells and cells pre- 
treated with either DMSO were included as controls. In both panels, whole 
cell lysates obtained from cells collected at 24 h post-transfection were analyzed 
by Western Blot with an antibody recognizing SARS-CoV-2 Mpro. β-actin was 
used as a loading control. Molecular masses in kDa are indicated on the left. 
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microsomes (HLM) was also studied by monitoring the percentage of 
unmodified substrate and the formation of metabolites over a period of 
60 min incubation (time points: 0, 5, 15, 30 and 60 min) (Fig. 9). 
Samples were analyzed by LC-MS/MS and the raw data were analyzed 
by using Mass-MetaSite (Molecular Discovery Ltd.) [81–83] and Web
Metabase (Molecular Discovery Ltd.) [84,85] software for automatic 
metabolite identification and structure elucidation as well as for kinetic 
analysis. Overall, both PROTACs demonstrated good metabolic stability, 

with half-life >60 min. Although the metabolite identification does not 
provide quantitative data due to the lack of standards, it resulted evident 
that the nature of the linker has a strong impact on detected metabolites. 
For instance, the most rigid and short linker in PROTAC 6 did not show 
metabolic liability, in agreement with our previous findings [65], while 
the N-dealkylation reaction) occurred when flexibility is increased, as in 
PROTAC 5. Additional metabolic transformations ascribed to aliphatic 
hydroxylation reactions were observed for the linker in PROTAC 5. 

Fig. 6. Model of SARS-CoV-2 Mpro/PROTAC 5/VHL and Mpro/PROTAC 6/VHL ternary complexes. A-B) Overall view of the generated ternary complex and observed 
key interactions for SARS-CoV-2 Mpro/PROTAC 5/VHL, respectively. C-D) Overall view of the generated ternary complex and observed key interactions for SARS- 
CoV-2 Mpro/PROTAC 6/VHL, respectively. SARS-CoV-2 Mpro and VHL E3 ligase are depicted in light-blue and green, respectively. 

Fig. 7. Activity of PROTAC 6 in human Calu-3 cells infected with SARS-CoV-2. A) Antiviral activity of PROTAC 6 in human lung Calu-3 cells infected with SARS- 
CoV-2 and treated with different concentrations of 6. At 36 h p.i., supernatants were collected and titrated onto fresh Vero E6 cell monolayers. Graph represents the 
mean ± SD of n = 3 experiments in duplicate. The CC50 value was obtained by MTT assays in Calu-3 cells at 72 h. B) Concentration-dependent degradation of Mpro in 
SARS-CoV-2-infected cells upon treatment with PROTAC 6. Calu-3 cells were infected with SARS-CoV-2 and treated with different concentrations of 6 (from 25 to 1 
μM) for 48 h. Non-infected Calu-3 cells (NI) and infected cells treated with DMSO or 25 μM indomethacin (INM) were included as controls. Whole cell lysates were 
analyzed by Western Blot with an antibody recognizing SARS-CoV-2 Mpro. β-actin was used as a loading control. Molecular masses in kDa are indicated on the left. 
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Intriguingly, a series of metabolites originated from the indomethacin 
moiety for PROTAC 6, with liabilities at the amide bond and the methyl 
group. None of these reactions were observed in PROTAC 5 and, since 
reactivity of the indomethacin moiety is likely to be the same, we hy
pothesize that the linker in PROTAC 5 could hamper an efficient 

exposition of the warhead (Fig. 9). 

3. Conclusions 

Despite the exceptionally rising of attention reached by PROTAC 
technology in drug development in the last years, its evolution in the 
antiviral field is still limited. The number of reported antiviral PROTACs 
is extremely low if compared to those developed for other diseases, such 
as cancers, immune disorders, and neurodegenerative diseases. Never
theless, the results obtained with the few antiviral PROTAC-based de
graders reported so far, clearly confirm that they could be used to 
contrast different viral infections (i.e., hepatitis C virus, coronaviruses, 
and influenza virus) and could effectively overcome the emergence of 
mutant viral strains compared to small-molecules inhibitors. 

Starting from the non-steroidal anti-inflammatory drug indometh
acin and exploiting PROTAC technology, we recently identified INM- 
based PROTACs 3 and 5 endowed with broad-spectrum anti-CoV ac
tivity [27]. In this study, with the aim of further investigating this 
promising class of PROTACs, we enlarged the panel of VHL-recruiting 
PROTACs by exploring the piperazine-containing linker, thus leading 
to the identification of PROTAC 6. Indeed, the biological evaluation 
demonstrated that PROTAC 6, analogously to PROTACs 3 and 5, 
exhibited broad-spectrum antiviral activity against CoVs, including 
SARS-CoV-2 (EC50 = 10.8 μM) and two different endemic human CoVs 
(EC50 = 1.6 and 6.5 μM against HCoV-OC43 and HCoV-229E, respec
tively) at nontoxic concentrations. Its antiviral activity against 
SARS-CoV-2 was also confirmed in a human cell line with an EC50 in the 
nanomolar range (EC50 = 890 nM). No active degraders were instead 
generated by coupling INM with a CRBN recruiter. 

To shed light on the mechanism of action of PROTACs 3, 5, and 6 and 
on their target, the first investigation was focused on the evaluation of 

Table 3 
Experimental kinetic solubility and pKa values of PROTACs 3, 5, and 6–11.  

Compd Atom linker length Kinetic Solubility in Universal Buffera (μM) Most basic pKa value % protonation at pH 7.5d 

Linker 

3 8 <LOD – NI: 99.7c 

5 11 6 ± 1 5.88 ± 0.13b NI: 97.66 
P: 2.34 

6 6 <LOD 5.36 ± 0.19b NI: 99.28 
P: 0.72 

7 7 <LOQ 5.73 ± 0.04b NI: 98.33 
P: 1.77 

8 10 <LOD 7.00 ± 0.61c NI: 75.9c 

P: 23.9c 

9 16 9.4 ± 0.3 7.81 ± 0.04b NI: 32.86 
P: 67.11; DP:0.02 

10 12 7.7 ± 0.8 6.27 ± 0.04b NI: 94.44 
P: 5.56 

11 15 26 ± 2 7.47 ± 0.09b NI: 51.72 
P: 48.27; 
DP: 0.002  

a Mean ± standard deviation of n = 3 experiments; LOD (limit of detection); LOQ (limit of quantification). 
b Experimental measurements of pKa values performed by using the SiriusT3 platform, applying a potentiometric acid–base titration. Mean ± standard deviation of 

n = 3 experiments. Data reported in Ref. [66]. 
c pKa values predicted with Moka 4.0.12 (Molecular Discovery Ltd.) and in line with what previously measured in Ref. [66]. 
d NI: not-ionized state; P: single protonation state, DP: double protonation state. 

Fig. 8. Chemical stability of PROTACs 5 and 6 in the medium used in the cell- 
based assays. DMSO stock solutions of PROTACs 5 and 6 were mixed with 
DMEM containing 10 % of FBS and 100 U/mL penicillin and 100 μg/mL 
streptomycin and incubated at 37 ◦C up to 24 h. At each time point (0 and 24 
h), aliquots were analyzed by LC-MS and normalized to labetalol, used as an 
internal standard. Data reported in the graph represent the mean ± SD from n 
= 2 experiments. 
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their ability to degrade human PGES-2. Indeed, INM is an inhibitor of 
PGES-2 [63], a host protein proposed by Gordon et al. as a potential 
pan-CoV antiviral target due to its interaction with SARS-CoV-2 nsp7 
protein. However, Western blot analyses in both uninfected and 
virus-infected cells showed that INM-PROTACs do not degrade PGES-2 
as initially hypothesized, but have the ability to induce the degrada
tion of SARS-CoV-2 Mpro. In-depth studies on the degradation mecha
nism confirmed that the anti-SARS-CoV-2 activity and Mpro degradation 
efficacy of PROTACs 5 and 6 depend on both VHL E3 ligase engagement 
and the INM-mediated recruitment of target protein. To note, for the 
first time binding experiments with MST confirmed the ability of INM to 
bind to SARS-CoV-2 Mpro, although with a weak binding affinity. PRO
TACs 5 and 6 were also found to bind to Mpro at 50 μM, but solubility 
issue hampered their complete characterization. 

Moreover, molecular modelling studies highlighted the key in
teractions at the protein-protein interface as well as at the PROTAC- 
protein interface providing a model of the potential ternary complexes 
generated by PROTACs 5 and 6 with Mpro and VHL E3 ligase. 

Finally, since physico-chemical and ADME properties remain the 
under-investigated and challenging tasks for PROTACs in clinical 
development, solubility as well as chemical and metabolic stability of 
PROTACs 5 and 6 have been investigated. Although further optimiza
tion will be required in order to improve their aqueous solubility, both 
PROTACs exhibited good chemical and metabolic stability, and the 
pivotal effect of the linker in soft spots number and position has been 
further highlighted. 

During the revision of the present manuscript two different works 
reporting SARS-CoV-2 Mpro degraders have been also published [86,87]. 
In the first one, Mpro degraders reported in two different patents have 
been reviewed, while in the second one, the characterization of one 
PROTAC inducing Mpro degradation has been described. In all cases, 
covalent inhibitors of Mpro have been used for PROTACs design leading 
to compounds with good degradation efficacy (<100 nM and 621 nM, 
respectively) and potent anti-SARS-CoV-2 activity, when evaluated. To 
our knowledge, our study is the first report of anti-CoVs PROTACs able 
to induce the degradation of the POI without inhibiting its enzymatic 
activity and that are able to induce the degradation of Mpro also in the 
context of viral infection. 

In conclusion, herein we identified and presented the mechanism of 
action of the first class of INM-based SARS-CoV-2 Mpro degraders 
endowed with pan-CoVs inhibitory activity thanks to the engagement of 

VHL E3 ligase. To note, for the first time it has been confirmed that 
PROTAC technology applied to a weak affinity POI binder may result in 
potent antiviral degraders. The experimental elucidation of the ternary 
complex formation will be useful in the future to guide further optimi
zation studies. 

4. Experimental section 

4.1. General synthetic procedures 

Unless otherwise noted, starting materials, reagents, and solvents 
were purchased from commercial suppliers and were used without 
further purification. 

The synthesis of PROTACs 6–11 was already described by Desantis 
et al. [66]. The synthesis of intermediates 18–21 was already described 
by Goracci et al. [65], while the synthesis of intermediates 26–35 was 
reported by Desantis et al. [66]. Compounds S56 and S57 were prepared 
as already described by Desantis et al. [66], compounds S58 as described 
by Desantis et al. [27], while S59 as described by Goracci et al. [65]. 

Reactions were routinely monitored by thin-layer chromatography 
(TLC) performed on silica gel 60 F254 (layer 0.2 mm) pre-coated 
aluminium foil (with fluorescent indicator UV254) (Sigma-Aldrich). 

Developed plates were air-dried and visualized by UV detector (λ: 
254/365 nm) and/or by staining and warming with potassium per
manganate or ninhydrin. Flash column chromatography was performed 
on Merck silica gel 60 (mesh 230–400). Automated flash chromatog
raphy was performed using Biotage® Selekt with Sfär Silica HC Duo 5g 
or 10g cartridges. 1H NMR and 13C NMR spectra were recorded at room 
temperature at 400 and 101 MHz, respectively, on a Bruker Avance 400 
spectrometer in the indicated solvent by using residual solvent peak as 
an internal standard. Chemical shifts are reported in ppm (δ) and the 
coupling constants (J) are given in Hertz (Hz). Peak multiplicities are 
abbreviated as follows: s (singlet), bs (broad singlet), d (doublet), dd 
(double doublet), t (triplet), dt (double triplet), q (quartet), p (pentet), 
and m (multiplet). High-Resolution Mass Spectroscopy (HRMS) analyses 
were carried out on Agilent Technologies 6540 UHD Accurate Mass Q- 
TOF LC-MS system. The purity of all synthesized compounds was 
confirmed to be >95 % by UPLC-MS. The analyses were carried out 
according to the method listed below. The mobile phase was a mixture of 
water (solvent A) and acetonitrile (solvent B), both containing formic 
acid at 0.1 %. Method: Acquity UPLC BEH C18 1.7 μm (C18, 150 × 2.1 

Fig. 9. Metabolic stability in HLM of PROTACs 5 and 6 over a 60-min incubation. Chemical structures of PROTACs 5 (A) and 6 (B), respectively, with the liability 
points (soft spots) related to the sites of metabolism are depicted on the top of each panel. For each compound, observed behaviour for substrate metabolic 
degradation is shown in black while formation of metabolites, whose names are expressed referring to the mass variation compared to the one of substrate, is shown 
in coloured lines. Data reported in the graph represent the mean ± SD from n = 3 experiments. The half-life values associated to each compound and expressed in 
minutes are reported in bold. 
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mm) column at 40 ◦C using a flow rate of 0.65 mL/min in a 10 min 
gradient elution. Gradient elution was as follows: 99.5:0.5 (A/B) to 5:95 
(A/B) over 8 min, 5:95 (A/B) for 2 min, and then reversion back to 
99.5:0.5 (A/B) over 0.1 min. The UV detection is an averaged signal 
from a wavelength of 190 nm–640 nm and mass spectra are recorded on 
a mass spectrometer using positive mode electro spray ionization. 

4.1.1. General procedure A: HATU-mediated amidation 
Under nitrogen atmosphere, to a stirred solution of the appropriate 

carboxylic acid (1.0 equiv), suitable amine (1.0 equiv) and DIPEA (4.0 
equiv) in dry DMF was added HATU (1.25 eq) and the reaction mixture 
was stirred at room temperature. The mixture was poured in ice-water 
yielding a precipitate collected by filtration. When no precipitate 
formed, the mixture was extracted with EA (x3) and the reunited organic 
phases were washed with water (x3), brine (x3), dried over Na2SO4, and 
evaporated to dryness. The crude was purified as described below. 

4.1.2. General procedure B: amine Boc-deprotection 
A solution of 4.0 N HCl in dioxane was added to the appropriate Boc- 

protected amine and the resulting solution was stirred at room tem
perature for 2–3 h. The solvent was evaporated to dryness and the res
idue was triturated with DEE, collected by filtration, and dried in vacuo. 

4.2. Synthesis of PROTAC 8 

(2S,4R)-1-((S)-2-(6-(4-(2-(1-(4-Chlorobenzoyl)-5-methoxy-2- 
methyl-1H-indol-3-yl)acetyl)piperazin-1-yl)hexanamido)-3,3-dime
thylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl) 
ethyl)pyrrolidine-2-carboxamide (8). 

General Procedure A (3 h) was followed by using 1 (0.024 g, 0.066 
mmol) and 25 (0.044 g, 0.066 mmol) to afford the titled compound as a 
white powder (0.012 g, 19 % yield) after purification by flash column 
chromatography on SiO2 (DCM/Acetone/MeOH, 82:10:8). 1H NMR 
(400 MHz, CDCl3) δ 8.67 (s, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.55–7.31 (m, 
7H), 7.02–6.91 (m, 1H), 6.82 (d, J = 9.0 Hz, 1H), 6.65 (dd, J = 9.0, 1.9 
Hz, 1H), 6.15 (d, J = 8.3 Hz, 1H), 5.14–5.03 (m, 1H), 4.72 (t, J = 7.9 Hz, 
1H), 4.60–4.46 (m, 2H), 4.09 (d, J = 11.3 Hz, 1H), 3.81 (s, 3H), 
3.77–3.65 (m, 4H), 3.64–3.53 (m, 3H), 2.63–2.30 (m, 13H), 2.24–2.16 
(m, 2H), 2.11–2.01 (m, 1H), 1.71–1.55 (m, 2H), 1.54–1.38 (m, 5H), 
1.35–1.26 (m, 2H), 1.04 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 173.52, 
172.17, 169.51, 168.63, 168.27, 156.00, 150.29, 148.51, 143.12, 
139.31, 135.19, 133.85, 131.55, 131.21 (2C), 130.91, 130.84, 130.63, 
129.58 (2C), 129.13 (2C), 126.42 (2C), 114.89, 113.19, 111.52, 101.54, 
69.96, 58.33, 57.99, 57.57, 56.70, 55.76, 53.02, 52.61, 48.87, 45.45, 
41.60, 36.15, 35.43, 34.95, 30.23, 26.83, 26.52 (3C), 25.79, 25.09, 
22.27, 16.11, 13.47. HRMS m/z [M+Na]+ calcd for C52H64ClN7O7S 
988.41742, found 988.42044. UPLC retention time: 5.063 min. 

4.2.1. 6-(4-(Tert-butoxycarbonyl)piperazin-1-yl)hexanoic acid (23) 
To the solution of 22 [88] (0.150 g, 0.477 mmol) in THF (2.0 mL) at 

0 ◦C was added the solution of LiOH monohydrate (0.060 g, 1.431 
mmol) in H2O (1.0 mL). The reaction was stirred at room temperature 
for 3 h. Then, the organic solvent was evaporated under reduced pres
sure and the mixture was extracted with EA (x3); the reunited organic 
phases were washed with brine (x1), dried over Na2SO4, and evaporated 
to dryness to give a colourless oil (0.049 g, 34 % yield). 1H NMR (400 
MHz, CDCl3) δ 9.09 (bs, 1H), 3.58–3.46 (m, 4H), 2.75–2.60 (m, 4H), 
2.60–2.48 (m, 2H), 2.30–2.19 (m, 2H), 1.65–1.51 (m, 4H), 1.43 (s, 9H), 
1.38–1.28 (m, 2H). 

4.2.2. Tert-butyl 4-(6-(((S)-1-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)amino)-6-oxohexyl)piperazine-1-carboxylate (24) 

General Procedure A (3 h) was followed by using 23 (0.048 g, 0.160 
mmol) and 17 (0.077 g, 0.160 mmol) to afford the titled compound as a 
colourless oil (0.048 g, 41 % yield) after purification by automated flash 

chromatography on SiO2 cartridge (DCM/MeOH, 95:5). 1H NMR (400 
MHz, CDCl3) δ 8.66 (s, 1H), 7.40–7.30 (m, 5H), 6.62–6.53 (m, 1H), 
5.12–5.00 (m, 1H), 4.66 (t, J = 8.3 Hz, 1H), 4.55–4.44 (m, 2H), 4.04 (d, 
J = 10.9 Hz, 1H), 3.64–3.52 (m, 5H), 2.84–2.59 (m, 6H), 2.51 (s, 3H), 
2.37–2.27 (m, 1H), 2.27–2.07 (m, 3H), 1.64–1.53 (m, 4H), 1.49–1.40 
(m, 12H), 1.35–1.24 (m, 2H), 1.03 (s, 9H). 

4.2.3. (2S,4R)-1-((S)-3,3-Dimethyl-2-(6-(piperazin-1-yl)hexanamido) 
butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl) 
pyrrolidine-2-carboxamide dihydrochloride (25) 

General Procedure B (3 h) was followed by using 24 (0.045 g, 0.062 
mmol) and 4.0 N HCl in dioxane (0.45 mL) to afford the titled compound 
as a white solid (0.038 g, 93 % yield). 1H NMR (400 MHz, MeOD) δ 9.83 
(d, J = 2.0 Hz, 1H), 7.58–7.47 (m, 4H), 5.06–4.98 (m, 1H), 4.62–4.57 
(m, 1H), 4.47–4.40 (m, 1H), 3.92–3.45 (m, 11H), 3.30–3.23 (m, 2H), 
2.60 (s, 3H), 2.34 (t, J = 7.3 Hz, 2H), 2.27–2.19 (m, 1H), 1.99–1.89 (m, 
1H), 1.88–1.78 (m, 2H), 1.73–1.64 (m, 2H), 1.52 (d, J = 7.0 Hz, 3H), 
1.48–1.38 (m, 2H), 1.05 (s, 9H). 

4.3. Synthesis of PROTACs 12-14 

4.3.1. 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(4- 
((2-(2,6-dioxopiperidin-3-yl)-6-fluoro-1,3-dioxoisoindolin-5-yl)amino) 
butyl)acetamide (12) 

General Procedure A (4 h) was followed by using 1 (0.028 g, 0.075 
mmol) and 40 (0.030 g, 0.075 mmol) to afford the titled compound as 
yellow solid (0.020 g, 38 % yield) after purification by automated flash 
column chromatography on SiO2 cartridge (DCM:MeOH, 98:2) followed 
by preparative TLC eluting with DCM:MeOH 97:3. 1H NMR (400 MHz, 
CDCl3) δ 8.11 (bs, 1H), 7.69–7.63 (m, 2H), 7.52–7.45 (m, 2H), 7.37 (d, J 
= 9.8 Hz, 1H), 7.01 (d, J = 7.1 Hz, 1H), 6.88 (d, J = 2.5 Hz, 1H), 6.84 (d, 
J = 9.0 Hz, 1H), 6.69 (dd, J = 9.1, 2.5 Hz, 1H), 5.68 (t, J = 6.1 Hz, 1H), 
4.95–4.87 (m, 1H), 4.79 (bs, 1H), 3.80 (s, 3H), 3.66 (s, 2H), 3.32–3.17 
(m, 4H), 2.92–2.67 (m, 3H), 2.39 (s, 3H), 2.15–2.08 (m, 1H), 1.60–1.51 
(m, 4H). 13C NMR (101 MHz, CDCl3) δ 170.87, 170.11, 168.37, 168.23, 
167.34, 166.81 (d, J = 2.9 Hz), 156.26, 153.62 (d, J = 248.4 Hz), 142.47 
(d, J = 12.8 Hz), 139.73, 136.45, 133.43, 131.24 (2C), 130.94, 130.21, 
130.08 (d, J = 2.3 Hz), 129.26 (2C), 118.37 (d, J = 8.7 Hz), 115.13, 
112.71, 112.19, 110.05 (d, J = 22.4 Hz), 105.36 (d, J = 5.3 Hz), 101.00, 
55.81, 49.27, 42.84, 39.00, 32.26, 31.45, 27.27, 25.97, 22.74, 13.24. 
HRMS m/z [M+Na]+ calcd for C36H33ClFN5O7 724.19502, found 
724.19524. UPLC retention time: 5.742 min. 

4.3.2. 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(6- 
((2-(2,6-dioxopiperidin-3-yl)-6-fluoro-1,3-dioxoisoindolin-5-yl)amino) 
hexyl)acetamide (13) 

General Procedure A (4 h) was followed by using 1 (0.030 g, 0.084 
mmol) and 41 (0.036 g, 0.084 mmol) to afford the titled compound as 
yellow solid (0.021 g, 34 % yield) after purification by automated flash 
column chromatography on SiO2 cartridge (DCM:MeOH, 98:2) followed 
by preparative TLC eluting with DCM:Acetone:MeOH 89:10:1. 1H NMR 
(400 MHz, CDCl3) δ 8.03 (s, 1H), 7.66 (d, J = 8.4 Hz, 2H), 7.48 (d, J =
8.4 Hz, 2H), 7.39 (d, J = 9.9 Hz, 1H), 7.03 (d, J = 7.1 Hz, 1H), 6.94–6.78 
(m, 2H), 6.69 (dd, J = 9.0, 2.0 Hz, 1H), 5.69–5.58 (m, 1H), 4.97–4.86 
(m, 1H), 4.70 (bs, 1H), 3.81 (s, 3H), 3.64 (s, 2H), 3.30–3.07 (m, 4H), 
2.93–2.67 (m, 3H), 2.39 (s, 3H), 2.17–2.07 (m, 1H), 1.67–1.54 (m, 4H), 
1.47–1.31 (m, 4H), 1.29–1.19 (m, 2H).13C NMR (101 MHz, CDCl3) δ 
170.83, 169.84, 168.39, 168.16, 167.42, 166.85 (d, J = 2.9 Hz), 153.64 
(d, J = 248.0 Hz), 152.41, 142.61 (d, J = 12.7 Hz), 139.70, 136.36, 
133.49, 131.24 (2C), 130.93, 130.29, 130.13 (d, J = 2.3 Hz), 129.26 
(2C), 118.25 (d, J = 8.8 Hz), 115.11, 112.91, 112.30, 110.05 (d, J =
22.4 Hz), 105.44 (d, J = 5.4 Hz), 100.91, 55.79, 49.28, 42.97, 39.36, 
32.30, 31.45, 29.46, 28.75, 26.36, 26.32, 22.75, 13.25. HRMS m/z [M+

Na]+ calcd for C38H37ClFN5O7 752.22632, found 752.22893. UPLC 
retention time: 5.742 min. 
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4.3.3. 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(10- 
((2-(2,6-dioxopiperidin-3-yl)-6-fluoro-1,3-dioxoisoindolin-5-yl)amino) 
decyl)acetamide (14) 

General Procedure A (4 h) was followed by using 1 (0.026 g, 0.072 
mmol) and 42 (0.035 g, 0.072 mmol) to afford the titled compound as 
yellow solid (0.024 g, 43 % yield) after purification by automated flash 
column chromatography on SiO2 cartridge (DCM:MeOH, 99:1). 1H NMR 
(400 MHz, CDCl3) δ 8.08 (s, 1H), 7.66 (d, J = 7.8 Hz, 2H), 7.48 (d, J =
7.8 Hz, 2H), 7.39 (d, J = 9.9 Hz, 1H), 7.07 (d, J = 6.8 Hz, 1H), 6.94–6.81 
(m, 2H), 6.69 (d, J = 8.6 Hz, 1H), 5.59 (bs, 1H), 4.97–4.85 (m, 1H), 4.68 
(bs, 1H), 3.81 (s, 3H), 3.63 (s, 2H), 3.38–3.07 (m, 4H), 2.97–2.67 (m, 
3H), 2.38 (s, 3H), 2.19–2.07 (m, 1H), 1.73–1.56 (m, 2H), 1.53–1.05 (m, 
14H). 13C NMR (101 MHz, CDCl3) δ 170.86 (2C), 168.38, 168.19, 
167.44, 166.88 (d, J = 3.0 Hz), 153.64 (d, J = 247.8 Hz), 152.41, 142.69 
(d, J = 12.7 Hz), 139.64, 136.31, 133.57, 131.23 (2C), 130.90, 130.31, 
130.16 (d, J = 2.3 Hz), 129.25 (2C), 118.19 (d, J = 8.9 Hz), 115.12, 
112.95, 112.41, 110.02 (d, J = 22.4 Hz), 105.49 (d, J = 5.3 Hz), 100.78, 
55.76, 49.27, 43.24, 39.64, 32.34, 31.45, 29.55, 29.33, 29.31, 29.16, 
29.13, 28.93, 26.82, 26.74, 22.76, 13.28. HRMS m/z [M+Na]+ calcd for 
C42H45ClFN5O7 808.28892, found 808.28914. UPLC retention time: 
6.841 min. 

4.3.4. 2-(2,6-dioxopiperidin-3-yl)-5,6-difluoroisoindoline-1,3-dione (36) 
The mixture of 4,5-difluorophtalic anhydride (1.000 g, 5.431 mmol), 

potassium acetate (1.642 g, 16.836 mmol), and 3-aminopiperidin-2,6- 
dione hydrochloride (0.889 g, 5.975 mmol) in acetic acid (7.0 mL) 
was heated at 110 ◦C for 4h. After cooling, the reaction mixture was 
poured in ice-water yielding a light-purple solid which was collected by 
filtration, dried, and then purified by automated flash chromatography 
on SiO2 cartridge (PE/EA, 6:4) to afford the titled compound as white 
solid (1.182 g, 75 % yield). 1H NMR (400 MHz, DMSO‑d6) δ 11.15 (s, 
1H), 8.16 (t, J = 7.7 Hz, 2H), 5.17 (dd, J = 12.9, 5.4 Hz, 1H), 2.96–2.81 
(m, 1H), 2.69–2.44 (m, 2H), 2.12–2.01 (m, 1H). 

4.3.5. tert-butyl (4-((2-(2,6-dioxopiperidin-3-yl)-6-fluoro-1,3- 
dioxoisoindolin-5-yl)amino)butyl)carbamate (37) 

Under nitrogen atmosphere, to a stirring solution of 2-(2,6-dioxopi
peridin-3-yl)-5,6-difluoroisoindoline-1,3-dione 36 (0.100 g, 0.339 
mmol) in dry DMSO (3.0 mL) tert-butyl (4-aminobutyl)carbamate 
(0.065 mL, 0.339 mmol) and DIPEA (0.15 mL, 0.849 mmol) were added 
and the mixture was stirred at 110 ◦C for 3 h. The mixture was poured in 
ice-water yielding a precipitate which was collected by filtration. The 
solid was purified by automated flash chromatography on SiO2 cartridge 
(DCM/MeOH, 99:1 to 98:2) to afford the titled compound as yellow solid 
(0.084 g, 54 % yield). 1H NMR (400 MHz, CDCl3) δ 8.23 (bs, 1H), 7.37 
(d, J = 9.8 Hz, 1H), 7.04 (d, J = 7.0 Hz, 1H), 4.97–4.87 (m, 1H), 4.80 (bs, 
1H), 4.62 (t, J = 5.0 Hz, 1H), 3.28 (t, J = 6.7 Hz, 2H), 3.23–3.10 (m, 2H), 
2.94–2.67 (m, 3H), 2.16–2.08 (m, 1H), 1.77–1.57 (m, 4H), 1.44 (s, 9H). 

4.3.6. tert-butyl (6-((2-(2,6-dioxopiperidin-3-yl)-6-fluoro-1,3- 
dioxoisoindolin-5-yl)amino)hexyl)carbamate (38) 

Under nitrogen atmosphere, to a stirring solution of 36 (0.100 g, 
0.339 mmol), tert-butyl (6-aminohexyl)carbamate (0.076 mL, 0.339 
mmol) in dry DMSO (3.0 mL) and DIPEA (0.15 mL, 0.849 mmol) were 
added, and the mixture was stirred at 110 ◦C for 3 h. The mixture was 
poured in ice-water yielding a precipitate collected by filtration. The 
solid was purified by automated flash chromatography on SiO2 cartridge 
(DCM/MeOH, 99:1 to 97:3) to afford the titled compound as yellow solid 
(0.067 g, 40 % yield). 1H NMR (400 MHz, CDCl3) δ 8.00 (s, 1H), 7.40 (d, 
J = 9.9 Hz, 1H), 7.07 (d, J = 7.1 Hz, 1H), 4.96–4.87 (m, 1H), 4.71 (bs, 
1H), 4.53 (bs, 1H), 3.26 (t, J = 7.1 Hz, 2H), 3.19–3.07 (m, 2H), 
2.94–2.66 (m, 3H), 2.16–2.06 (m, 1H), 1.75–1.32 (m, 17H). 

4.3.7. tert-butyl (10-((2-(2,6-dioxopiperidin-3-yl)-6-fluoro-1,3- 
dioxoisoindolin-5-yl)amino)decyl)carbamate (39) 

Under nitrogen atmosphere, to a stirring solution of 36 (0.100 g, 

0.339 mmol) in dry DMSO (3.0 mL) tert-butyl (10-aminodecyl)carba
mate [89] (0.110 g, 0.339 mmol) and DIPEA (0.15 mL, 0.849 mmol) 
were added, and the mixture was stirred at 110 ◦C for 3 h. The mixture 
was poured in ice-water yielding a precipitate collected by filtration. 
The solid was purified by automated flash chromatography on SiO2 
cartridge (DCM/MeOH, 99:1 to 97:3) to afford the titled compound as 
yellow solid (0.074 g, 40 % yield). 1H NMR (400 MHz, CDCl3) δ 8.30 (s, 
1H), 7.38 (d, J = 9.9 Hz, 1H), 7.06 (d, J = 7.0 Hz, 1H), 4.99–4.85 (m, 
1H), 4.53 (bs, 1H), 3.25 (t, J = 7.2 Hz, 2H), 3.17–3.03 (m, 2H), 
2.92–2.67 (m, 3H), 2.15–2.05 (m, 1H), 1.74–1.61 (m, 2H), 1.51–1.18 
(m, 23H). 

4.3.8. 5-((4-aminobutyl)amino)-2-(2,6-dioxopiperidin-3-yl)-6- 
fluoroisoindoline-1,3-dione hydrochloride (40) 

General Procedure B (3 h) was followed by using 37 (0.075 g, 0.162 
mmol) and 4.0 N HCl in dioxane (0.75 mL) to afford the titled compound 
as a white solid (0.064 g, 98 % yield). 1H NMR (400 MHz, DMSO‑d6) δ 
11.08 (bs, 1H), 8.03–7.80 (m, 3H), 7.63–7.53 (m, 1H), 7.21–7.11 (m, 
1H), 6.97 (bs, 1H), 5.11–5.02 (m, 1H), 3.59–3.57 (m, 1H), 2.95–2.74 (m, 
3H), 2.64–2.54 (m, 1H), 2.06–1.97 (m, 1H), 1.68–1.58 (m, 4H). 

4.3.9. 5-((6-aminohexyl)amino)-2-(2,6-dioxopiperidin-3-yl)-6- 
fluoroisoindoline-1,3-dione hydrochloride (41) 

General Procedure B (3 h) was followed by using 38 (0.060 g, 0.122 
mmol) and 4.0 N HCl in dioxane (0.6 mL) to afford the titled compound 
as a white solid (0.048 g, 92 % yield). 1H NMR (400 MHz, DMSO‑d6) δ 
11.08 (s, 1H), 7.92 (bs, 3H), 7.56 (d, J = 10.2 Hz, 1H), 7.10 (d, J = 7.2 
Hz, 1H), 6.94 (bs, 1H), 5.13–4.96 (m, 1H), 3.31–3.20 (m, 2H), 2.95–2.81 
(m, 1H), 2.81–2.68 (m, 2H), 2.65–2.51 (m, 2H), 2.08–1.94 (m, 1H), 
1.67–1.49 (m, 4H), 1.43–1.29 (m, 4H). 

4.3.10. 5-((10-aminodecyl)amino)-2-(2,6-dioxopiperidin-3-yl)-6- 
fluoroisoindoline-1,3-dione hydrochloride (42) 

General Procedure B (3 h) was followed by using 39 (0.067 g, 0.122 
mmol) and 4.0 N HCl in dioxane (0.6 mL) to afford the titled compound 
as a white solid (0.050 g, 86 % yield). 1H NMR (400 MHz, MeOD) δ 7.43 
(d, J = 10.3 Hz, 1H), 7.12 (d, J = 7.2 Hz, 1H), 5.13–5.02 (m, 1H), 
3.34–3.32 (m, 2H), 2.94–2.65 (m, 5H), 2.16–2.07 (m, 1H), 1.73–1.59 
(m, 4H), 1.52–1.33 (m, 12H). 

4.4. Synthesis of negative control compound 15 

(2S,4S)-1-((S)-2-(4-(4-(2-(2-(1-(4-chlorobenzoyl)-5-methoxy-2- 
methyl-1H-indol-3-yl)acetamido)ethyl)piperazin-1-yl)-4-oxobuta
namido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methyl
thiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (15). General 
Procedure A (3 h) was followed by using 43 (0.070 g, 0.123 mmol) and 
44 (0.059 g, 0.123 mmol) to afford the titled compound as a clear yellow 
solid (0.026 g, 21 % yield) after purification by automated flash column 
chromatography on SiO2 cartridge (DCM/MeOH, 97:3). 1H NMR (400 
MHz, CDCl3) δ 8.67 (s, 1H), 7.69–7.57 (m, 3H), 7.48 (d, J = 8.2 Hz, 2H), 
7.44–7.33 (m, 4H), 6.91–6.83 (m, 2H), 6.69 (dd, J = 8.8, 2.2 Hz, 2H), 
6.16 (bs, 1H), 5.44 (d, J = 9.6 Hz, 1H), 5.13–5.03 (m, 1H), 4.73 (d, J =
9.0 Hz, 1H), 4.54–4.39 (m, 2H), 3.91 (d, J = 3.8 Hz, 1H), 3.85–3.75 (m, 
4H), 3.64 (s, 2H), 3.39–3.04 (m, 6H), 2.63–2.09 (m, 18H), 1.49 (d, J =
6.9 Hz, 3H), 1.05 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 172.41, 172.35, 
171.56 (2C), 169.95, 169.75, 168.33, 156.23, 150.32, 148.62, 142.36, 
139.76, 136.25, 133.42, 131.42, 131.22 (2C), 130.94, 130.33, 129.66 
(2C), 129.29 (2C), 126.48 (2C), 114.96, 112.99, 111.92, 101.22, 71.07, 
59.91, 58.66, 57.32, 56.14, 55.79, 52.53, 52.26, 49.26, 45.00, 41.60, 
35.86, 35.17, 34.75, 32.17, 31.10, 28.48, 26.46 (3C), 21.90, 16.12, 
13.25. HRMS (ESI) m/z [M + Na]+ calcd for C52H63ClN8O8S 
1017.40703, found 1017.41154. UPLC retention time: 5.004 min. 

J. Desantis et al.                                                                                                                                                                                                                                



European Journal of Medicinal Chemistry 268 (2024) 116202

16

4.4.1. 4-(4-(2-(2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3- 
yl)acetamido)ethyl)piperazin-1-yl)-4-oxobutanoic acid (43) 

Under nitrogen atmosphere, to a stirred solution of 33 [66] (0.187 g, 
0.399 mmol) in dry DCM (2.0 mL), dihydrofuran-2,5-dione (0.040 g, 
0.399 mmol) and Et3N (0.056 mL, 0.399 mmol) were added. The reac
tion was stirred at room temperature for 5 h. Then, the mixture was 
evaporated in vacuo, tritured with Et2O and collected by filtration to give 
the titled compound as a clear yellow solid (0.223 g, 98 % yield). 1H 
NMR (400 MHz, CDCl3) δ 11.90 (bs, 1H), 10.19 (bs, 1H), 7.77–7.57 (m, 
4H), 7.16 (s, 1H), 6.94 (d, J = 9.0 Hz, 1H), 6.72 (d, J = 8.9 Hz, 1H), 3.77 
(s, 3H), 3.67–3.17 (m, 10H), 2.75–2.54 (m, 4H), 2.46–2.40 (m, 4H), 2.25 
(s, 3H). 

4.5. Synthesis of negative control compound 16 

4.5.1. (2S,4S)-1-((S)-2-(2-(4-(2-(1-(4-chlorobenzoyl)-5-methoxy-2- 
methyl-1H-indol-3-yl)acetyl)piperazin-1-yl)acetamido)-3,3- 
dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl) 
ethyl)pyrrolidine-2-carboxamide (16) 

General Procedure A (2 h) was followed by using 1 (0.059 g, 0.165 
mmol) and 46 (0.100 g, 0.165 mmol) to afford the titled compound as a 
clear yellow solid (0.033 g, 22 % yield) after purification by automated 
flash column chromatography on SiO2 cartridge (DCM/MeOH, 95:5). 1H 
NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.70–7.60 (m, 3H), 7.53–7.40 (m, 
5H), 7.40–7.33 (m, 2H), 6.96 (d, J = 2.3 Hz, 1H), 6.79 (d, J = 9.0 Hz, 
1H), 6.65 (dd, J = 9.0, 2.4 Hz, 1H), 5.40 (d, J = 9.6 Hz, 1H), 5.14–5.04 
(m, 1H), 4.73 (d, J = 9.0 Hz, 1H), 4.53–4.43 (m, 2H), 3.96 (dd, J = 10.9, 
4.0 Hz, 1H), 3.86–3.55 (m, 10H), 3.02 (s, 2H), 2.62–2.32 (m, 11H), 
2.16–2.08 (m, 1H), 1.50 (d, J = 6.9 Hz, 3H), 1.07 (s, 9H). 13C NMR (101 
MHz, CDCl3) δ 172.05, 171.41, 169.51, 168.73, 168.25, 156.01, 150.35, 
148.64, 142.26, 139.38, 135.28, 133.80, 131.38, 131.29, 131.21 (2C), 
130.85, 130.60, 129.68 (2C), 129.15 (2C), 126.47 (2C), 114.89, 113.01, 
111.42, 101.65, 77.33, 77.01, 76.69, 71.02, 61.23, 59.88, 58.81, 56.75, 
55.76, 53.43, 53.22, 49.26, 45.89, 42.08, 35.04, 34.64, 30.26, 26.50 
(3C), 21.88, 16.11, 13.44. HRMS (ESI) m/z [M + Na]+ calcd for 
C48H56ClN7O7S 910.37232, found 910.37672. UPLC retention time: 
5.469 min. 

4.5.2. Tert-butyl 4-(2-(((S)-1-((2S,4S)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)amino)-2-oxoethyl)piperazine-1-carboxylate (45) 

General Procedure A (3 h) was followed by using 44 (0.150 g, 0.312 
mmol) and 2-(4-(tert-butoxycarbonyl)piperazin-1-yl)acetic acid (0.076 
g, 0.312 mmol) to afford the titled compound as a white solid (0.141 g, 
67 % yield) after purification by flash column chromatography on SiO2 
(DCM/MeOH, 95:5). 1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.74 (d, 
J = 8.7 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.40 (dd, J = 23.7, 8.3 Hz, 4H), 
5.40 (d, J = 9.6 Hz, 1H), 5.14–5.03 (m, 1H), 4.75 (d, J = 8.7 Hz, 1H), 
4.56–4.40 (m, 2H), 3.98 (dd, J = 10.8, 4.1 Hz, 1H), 3.81 (d, J = 11.1 Hz, 
1H), 3.48 (s, 4H), 3.04 (s, 2H), 2.56–2.46 (m, 7H), 2.36 (d, J = 14.2 Hz, 
1H), 2.21–2.08 (m, 1H), 1.50 (d, J = 6.9 Hz, 3H), 1.46 (s, 9H), 1.07 (s, 
9H). 

(2S,4S)-1-((S)-3,3-dimethyl-2-(2-(piperazin-1-yl)acetamido) 
butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl) 
ethyl)pyrrolidine-2-carboxamide hydrochloride (46). General Pro
cedure B (2 h) was followed by using 45 (0.140 g, 0.209 mmol) and 4.0 
N HCl in dioxane (1.4 mL) to afford the titled compound as a white solid 
(0.123 g, 97 % yield). 1H NMR (400 MHz, DMSO‑d6) δ 10.01 (bs, 2H), 
9.07 (s, 1H), 8.69 (d, J = 7.9 Hz, 1H), 8.43 (d, J = 7.4 Hz, 1H), 7.48–7.39 
(m, 4H), 4.97–4.90 (m, 1H), 4.48 (d, J = 8.4 Hz, 1H), 4.40–4.33 (m, 1H), 
4.25–4.06 (m, 3H), 3.93–3.85 (m, 1H), 3.56–3.35 (m, 8H), 2.47 (s, 3H), 
2.40–2.29 (m, 1H), 1.71–1.61 (m, 1H), 1.39 (d, J = 6.8 Hz, 3H), 
1.35–1.25 (m, 1H), 0.99 (s, 9H). 

4.6. Synthesis of VHL ligand 17 

4.6.1. (S)-tert-butyl (1-(4-bromophenyl)ethyl)carbamate (47) 
To the solution of (S)-1-(4-bromophenyl)ethanamine (0.500 g, 

2.499 mmol) in EA (2.5 mL), a solution of NaHCO3 (0.150 g, 1.785 
mmol) in water (2.5 mL) was added. To this mixture, a solution of Boc2O 
(0.662 g, 3.034 mmol) in EA (1.0 mL) was added dropwise at room 
temperature. The reaction was stirred at room temperature for 18 h. 
Then, the mixture was extracted with EA (50 mL x 3), the reunited 
organic phases were washed with water (50 mL), brine (50 mL), dried 
over Na2SO4 and evaporated to dryness to give a colourless oil which 
solidified upon standing (0.749 g, 100 % yield). 1H NMR (400 MHz, 
CDCl3) δ 7.48–7.42 (m, 2H), 7.17 (d, J = 8.4 Hz, 2H), 4.75 (bs, 2H), 
1.50–1.33 (m, 12H). 

4.6.2. (S)-tert-butyl (1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)carbamate 
(48) 

47 (0.749 g, 2.495 mmol), 4-methylthiazole (0.570 g, 5.738 mmol), 
and AcOK (0.563 g, 5.738 mmol) in dry DMA (5.4 mL) were degassed 
under nitrogen for 10 min and then Pd(OAc)2 (0.034 g, 0.149 mmol) was 
added. The reaction mixture was stirred at 130 ◦C for 4 h. After cooling 
to room temperature, the reaction mixture was filtered through a short 
pad of Celite. The filtrate was diluted with EA (60.0 mL), washed with 
water (30 mL x 2), brine (30 mL), dried over anhydrous Na2SO4 and 
concentrated under reduced pressure to afford the desired compound as 
a grey residue (0.655 g) which was used directly for the next step. 

4.6.3. (S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethanamine hydrochloride 
(49) 

To the solution of 48 (0.655 g, 2.057 mmol) in dry DCM (1.5 mL), 
4.0 N HCl in dioxane (3.7 mL) was added dropwise at 0 ◦C. The reaction 
was stirred at room temperature for 18 h. Then, the solvent was evap
orated to dryness and the residue was tritured with DEE (10 mL), 
collected by filtration, and dried in vacuo to afford the titled compound 
as a light brown solid (0.523 g, two-step yield 99.8 %). 1H NMR (400 
MHz, DMSO‑d6) δ 9.09 (s, 1H), 8.67 (bs, 3H), 7.69–7.52 (m, 4H), 
4.52–4.36 (m, 1H), 2.47 (s, 3H), 1.55 (d, J = 6.8 Hz, 3H). 

4.6.4. (2S,4R)-tert-butyl 4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-yl) 
phenyl)ethyl)carbamoyl)pyrrolidine-1-carboxylate (50) 

Under nitrogen atmosphere, to a stirred solution of 49 (0.650 g, 
2.551 mmol) in dry DMF (3 mL) and dry DCM (3 mL), Et3N (1.08 mL, 
7.77 mmol), (2S,4S)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2- 
carboxylic acid (0.601 g, 2.602 mmol) and HATU (1.181 g, 3.106 mmol) 
were added at 0 ◦C. The mixture was stirred for 1 h at 0 ◦C and then for 
17 h at room temperature. Then, DCM was evaporated in vacuo and to 
the residue was added saturated NaHCO3 solution (60 mL). The reaction 
was extracted with EA (40 mL x 3), washed with water (20 mL x 2), brine 
(20 mL), dried over anhydrous Na2SO4 and concentrated under reduced 
pressure to afford the desired compound as a yellow solid (1.038 g) 
which was used directly for the next step. 

4.6.5. (2S,4R)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl) 
ethyl)pyrrolidine-2-carboxamide hydrochloride (52) 

To the solution of 50 (1.0 g, 2.317 mmol) in dioxane (3.2 mL) and EA 
(0.8 mL), 4.0 N HCl in dioxane (4.4 mL) was added dropwise at 0 ◦C. The 
reaction was stirred at room temperature for 18 h. Then, the solvent was 
evaporated to dryness and the residue was tritured with DEE (10 mL), 
collected by filtration, and dried in vacuo to afford the titled compound 
as a yellow solid (0.852 g, two-step yield 100 %). 1H NMR (400 MHz, 
DMSO‑d6) δ 10.16 (bs, 1H), 9.28 (d, J = 7.5 Hz, 1H), 9.09 (s, 1H), 8.58 
(bs, 1H), 7.44 (dd, J = 25.3, 8.2 Hz, 4H), 5.06–4.93 (m, 1H), 4.45–4.36 
(m, 2H), 3.35–3.24 (m, 1H), 3.12–3.03 (m, 1H), 2.68 (s, 3H), 2.46 (s, 
3H), 2.40–2.31 (m, 1H), 1.84–1.75 (m, 1H), 1.42 (d, J = 6.9 Hz, 3H). 
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4.6.6. Tert-butyl ((S)-1-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)carbamate (54) 

Under nitrogen atmosphere, to a stirred solution of (S)-2-((tert- 
butoxycarbonyl)amino)-3,3-dimethylbutanoic acid (0.953 g, 4.123 
mmol) in dry DCM (10.5 mL), DIPEA (1.8 mL, 10.307 mmol) and HATU 
(1.834 g, 4.824 mmol) were added at 0 ◦C. After 1 h, 52 (0.910 g, 2.473 
mmol) was added slowly. The mixture was stirred for 18 h at room 
temperature. Then, DCM (50 mL) was added to the reaction mixture and 
was washed with 10 % citric acid (12 mL) twice, saturated NaHCO3 
solution (12 mL) twice, water (12 mL) twice, and brine (20 mL) once. 
The organic phase was dried over anhydrous Na2SO4 and concentrated 
under reduced pressure to afford the desired compound as a yellow oil 
(1.873 g) which was used directly for the next step. 

4.6.7. (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)- 
1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide 
hydrochloride (17) 

To a solution of 54 in a mixture of dry DCM (6.0 mL) and dry MeOH 
(2.0 mL), 4.0 N HCl in dioxane (4.7 mL) was added dropwise at 0 ◦C for 
over 30 min. The mixture was stirred at room temperature overnight. 
Then, the reaction mixture was concentrated, water (50 mL) was added, 
and the solution was extracted with DCM (20 mL x 3). The aqueous 
phase was then transferred to a beaker, and solid NaHCO3 (2.5 g) was 
added to the solution to adjust the pH to 8. Then, the aqueous phase was 
extracted with DCM (30 mL x 3); the reunited organic phase was washed 
with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. The 
resulting beige foam was dissolved in dioxane (20 mL), and 4.0 N HCl in 
dioxane (3.0 mL) was added dropwise for over 30 min at 0 ◦C. The 
resulting mixture was concentrated in vacuo and dissolved in MeOH (7.0 
mL). The solution was added dropwise to EA (60.0 mL) over 2 h. The 
precipitated solid was filtered and dried in vacuo to give a 0.664 g beige 
solid (two-step yield 68 %; and overall yield 60 %). 1H NMR (400 MHz, 
DMSO‑d6) 9.08 (s, 1H), 8.61 (d, J = 7.6 Hz, 1H), 8.16 (bs, 3H), 7.42 (dd, 
J = 25.4, 8.1 Hz, 4H), 4.99–4.85 (m, 1H), 4.58–4.51 (m, 1H), 4.34–4.27 
(m, 1H), 3.92–3.84 (m, 1H), 3.79–3.70 (m, 1H), 3.55–3.44 (m, 1H), 2.46 
(s, 3H), 2.16–2.06 (m, 1H), 1.81–1.69 (m, 1H), 1.38 (d, J = 6.9 Hz, 3H), 
1.02 (s, 9H). 13C NMR (101 MHz, DMSO‑d6) δ 170.68, 167.08, 152.32, 
147.62, 145.27, 131.88, 129.91, 129.32 (2C), 126.84 (2C), 69.35, 
60.22, 59.30, 58.51, 56.94, 48.24, 34.85, 26.54 (3C), 22.97, 16.20. 
HRMS (ESI) m/z [M + H]+ calcd for C23H32N4O3S 445.22679, found 
445.2275. UPLC retention time: 3.211 min. 

4.7. Synthesis of VHL ligand 44 

4.7.1. (2S,4S)-tert-butyl 4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-yl) 
phenyl)ethyl)carbamoyl)pyrrolidine-1-carboxylate (51) 

Under nitrogen atmosphere, to a stirred solution of 49 (0.523 g, 
2.052 mmol) in dry DMF (3 mL) and dry DCM (3 mL), Et3N (1.08 mL, 
7.77 mmol), (2S,4S)-1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2- 
carboxylic acid (0.484 g, 2.093 mmol) and HATU (1.181 g, 3.106 mmol) 
were added at 0 ◦C. The mixture was stirred for 1 h at 0 ◦C and then for 
17 h at room temperature. Then, DCM was evaporated in vacuo and to 
the residue was added saturated NaHCO3 solution (60 mL). The reaction 
was extracted with EA (40 mL x 3), washed with water (20 mL x 2), brine 
(20 mL), dried over anhydrous Na2SO4 and concentrated under reduced 
pressure to afford the desired compound as a yellow solid (0.888 g) 
which was used directly for the next step. 

4.7.2. (2S,4S)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl) 
ethyl)pyrrolidine-2-carboxamide hydrochloride (53) 

To the solution of 51 (0.888 g, 2.057 mmol) in dioxane (2.8 mL) and 
EA (0.7 mL), 4.0 N HCl in dioxane (3.9 mL) was added dropwise at 0 ◦C. 
The reaction was stirred at room temperature for 18 h. Then, the solvent 
was evaporated to dryness and the residue was tritured with DEE (10 
mL), collected by filtration, and dried in vacuo to afford the titled 

compound as a yellow solid (0.754 g, two-step yield 99.6 %). 1H NMR 
(400 MHz, DMSO‑d6) δ 10.16 (bs, 1H), 9.28 (d, J = 7.5 Hz, 1H), 9.09 (s, 
1H), 8.58 (bs, 1H), 7.50–7.38 (m, 8.2 Hz, 4H), 5.06–4.93 (m, 1H), 
4.45–4.33 (m, 2H), 3.35–3.24 (m, 1H), 3.12–3.03 (m, 1H), 2.68 (s, 3H), 
2.46 (s, 3H), 2.40–2.31 (m, 1H), 1.84–1.75 (m, 1H), 1.42 (d, J = 6.9 Hz, 
3H). 

4.7.3. Tert-butyl ((S)-1-((2S,4S)-4-hydroxy-2-(((S)-1-(4-(4- 
methylthiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl- 
1-oxobutan-2-yl)carbamate (55) 

Under nitrogen atmosphere, to a stirred solution of (S)-2-((tert- 
butoxycarbonyl)amino)-3,3-dimethylbutanoic acid (0.790 g, 3.416 
mmol) in dry DCM (8.7 mL), DIPEA (1.5 mL, 8.540 mmol) and HATU 
(1.520 g, 3.997 mmol) were added at 0 ◦C. After 1 h, 53 (0.754 g, 2.049 
mmol) was added slowly. The mixture was stirred for 18 h at room 
temperature. Then, DCM (50 mL) was added to the reaction mixture and 
was washed with 10 % citric acid (12 mL) twice, saturated NaHCO3 
solution (12 mL) twice, water (12 mL) twice, and brine (20 mL) once. 
The organic phase was dried over anhydrous Na2SO4 and concentrated 
under reduced pressure to afford the desired compound as a yellow oil 
(1.114 g) which was used directly for the next step. 

4.7.4. (2S,4S)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)- 
1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide 
hydrochloride (44) 

To a solution of 55 in a mixture of dry DCM (3.5 mL) and dry MeOH 
(1.2 mL), 4.0 N HCl in dioxane (2.8 mL) was added dropwise at 0 ◦C for 
over 30 min. The mixture was stirred at room temperature overnight. 
Then, the reaction mixture was concentrated, water (50 mL) was added, 
and the solution was extracted with DCM (20 mL x 3). The aqueous 
phase was then transferred to a beaker, and solid NaHCO3 (2.0 g) was 
added to the solution to adjust the pH to 8. Then, the aqueous phase was 
extracted with DCM (30 mL x 3); the reunited organic phase was washed 
with brine (20 mL), dried over Na2SO4 and concentrated in vacuo. The 
resulting beige foam was dissolved in dioxane (20 mL), and 4.0 N HCl in 
dioxane (2.0 mL) was added dropwise for over 30 min at 0 ◦C. The 
resulting mixture was concentrated in vacuo and dissolved in MeOH (7.0 
mL). The solution was added dropwise to EA (60.0 mL) over 2 h. The 
precipitated solid was filtered and dried in vacuo to give a 0.664 g beige 
solid (two-step yield 67 % and overall yield 66 %). 1H NMR (400 MHz, 
DMSO‑d6) δ 9.14 (s, 1H), 8.60 (d, J = 7.5 Hz, 1H), 8.22 (bs, 3H), 
7.54–7.35 (m, 4H), 5.00–4.86 (m, 1H), 4.42 (t, J = 7.9 Hz, 1H), 
4.23–4.14 (m, 1H), 4.05–3.95 (m, 1H), 3.94–3.83 (m, 1H), 3.28–3.17 
(m, 1H), 2.47 (s, 3H), 2.43–2.34 (m, 1H), 1.67–1.54 (m, 1H), 1.38 (d, J 
= 6.9 Hz, 3H), 1.02 (s, 9H). 13C NMR (101 MHz, DMSO‑d6) δ 170.80, 
167.25, 152.51, 147.33, 145.11, 132.03, 129.84, 129.33 (2C), 126.89 
(2C), 69.10, 58.91, 58.37, 55.61, 48.31, 37.35, 34.61, 26.54 (3C), 22.83, 
16.06. HRMS (ESI) m/z [M + Na]+ calcd for C23H32N4O3S 467.20873, 
found 467.2092. UPLC retention time: 3.153 min. 

4.8. Biological activity 

4.8.1. Cells and Viruses 
African Green Monkey Vero E6 cells (ATCC® CRL-1586™), MRC-5 

cells (ATCC® CCL-171™), and Human Embryonic Kidney (HEK) 293T 
cells (ATCC® CRL-3216™) were cultured in DMEM supplemented with 
10 % fetal bovine serum (FBS, Life Technologies), while HCT-8 cells 
(ATCC® CCL-244) were cultured in RPMI supplemented with 10 % FBS. 
Calu-3 cells (AddexBio, #C0016001) were cultured in EMEM supple
mented with nonessential amino acids and 10 % FBS. All cells were 
cultured in the presence of 100 U/mL penicillin and 100 μg/mL strep
tomycin (Life Technologies), were maintained at 37 ◦C in a humidified 
atmosphere supplemented with 5 % CO2, and periodically tested for the 
absence of mycoplasma contamination. 

SARS-CoV-2/NL/2020 strain was obtained from European Virus 
Archive Global (EVAg) and was propagated and titrated in Vero E6 cells. 
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HCoV-OC43 (VR-1558™) and HCoV-229E (VR-740™) strains were 
purchased from ATCC and were propagated in HCT-8 and MRC-5 cells, 
respectively. 

4.8.2. Antiviral assays 
Plaque reduction assays (PRA) with different CoVs were performed 

as previously described [27]. For virus yield reduction assays of 
SARS-CoV-2 in Calu-3 cells, a protocol previously described was fol
lowed [75]. All work with infectious SARS-CoV-2 virus was performed 
in a biosafety level 3 (BSL3) laboratory according to the safety practices 
as approved by the Department of Molecular Medicine (University of 
Padua, Italy) Committee on Microbiological Safety. 

4.8.3. Cell viability assays 
The effect on cell viability of test compounds was determined in Vero 

E6, MRC-5, and Calu-3 cells at 72 h by the 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich) or Alamar Blue 
(ThermoFisher) method as described previously [90]. 

4.8.4. Cell-based assays to detect PGES-2 and Mpro degradation 
For the detection of PGES-2 degradation in uninfected cells, 293T, 

Vero E6, and MRC-5 cells were seeded at a density of 2 × 105, 1 x 105, 
and 6 × 104 cells/well, respectively, in 24-well plates. The next day, 
cells were treated with test compounds or 0.1 % DMSO as a control and 
collected at different times post-treatment. For the detection of PGES-2 
degradation in infected cells, Vero E6 and MRC-5 cells were seeded at a 
density of 1 × 105 and 6 × 104 cells/well, respectively, in 24-well plates. 
The next day, Vero E6 and MRC-5 cells were infected with SARS-CoV-2 
and HCoV-OC43 or HCoV-229E, respectively. After 90 min at 37 ◦C, the 
viral inoculum was removed and cells were treated with test compounds 
or 0.1 % DMSO as a control and collected at different time-points. 

For the detection of Mpro degradation in transfected 293T cells, cells 
were seeded at a density of 2 × 105 cells/well in 24-well plates. The next 
day, cells were pre-treated for 2 h with test compounds or 0.1 % DMSO 
as a control and then were transfected with 100 ng of pcDNA-FLAG- 
nsp4-Mpro using Lipofectamine 2000 (ThermoFisher), according to the 
manufacturer’s instructions. The pcDNA3.1-FLAG-nsp4-Mpro plasmid, 
expressing the FLAG tag fused at the N-terminus of the nsp4-Mpro of 
SARS-CoV-2, was obtained by PCR amplification of nsp4-Mpro sequence 
from pGEX-6p-1-MPro (kindly provided by Prof. Rolf Hilgenfeld, Insti
tute of Biochemistry, Center for Structural and Cell Biology in Medicine, 
University of Lübeck, Germany) and subsequent cloning into pcDNA3.1- 
(+) (Invitrogen) at BamHI/XhoI sites. The pcDNA3.1-FLAG-nsp4-Mpro 

C145A plasmid, which expresses a catalytically inactive form of Mpro, 
was obtained by site-directed mutagenesis. The sequences of the oligo
nucleotides used are listed in Table S4. The correct sequences were 
verified by Sanger sequencing. After transfection, cells were incubated 
for 24 h in the presence of test compounds or DMSO and Boceprevir 
(BOC) as controls and at the end were collected for the analysis of Mpro 

degradation by Western Blot (WB). BOC and the VHL inhibitor VH298 
were purchased from Selleckchem and Abcam, respectively. 

For the detection of Mpro degradation in Calu-3 cells infected with 
SARS-CoV-2, cells were seeded at a density of 2 × 105 cells/well in 24- 
well plates and the next day infected with SARS-CoV-2/NL/2020 at MOI 
= 0.1 and treated with different concentrations of 6 (from 25 to 1 μM) 
for 48 h. At the end of incubation, cells were collected and further 
analyzed. 

Whole-cell protein extracts were prepared as previously described 
[91] and then analyzed by WB with antibodies against PGES-2 (1:2,000, 
Invitrogen, # PA5-87300), SARS-CoV-2 Mpro (1:2,000, Cell Signaling, 
#51661), or against β-actin (1:10,000, Merck, #A5441) as a control for 
protein loading. Immunocomplexes were detected with goat anti-mouse 
immunoglobulin antibodies (Millipore, 12–349) or goat anti-rabbit 
(Millipore, 12–348) conjugated to horseradish peroxidase. 

Concentration at half-maximal degradation activity (DC50) and the 
% of degradation at the maximal concentration tested were determined 

by densitometric analysis of two-three independent experiments using 
ImageJ software and nonlinear regression analysis by GraphPad Prism 
10.0. 

4.8.5. SARS-CoV-2 Mpro activity assay in vitro 
To evaluate the SARS-CoV-2 Mpro activity in vitro, we employed a 

fluorescence resonance energy transfer (FRET)-based cleavage assay 
with a peptide substrate as previously described [92] with minor mod
ifications. A detailed description of the protocol followed for the 
expression and purification of Mpro and for the FRET-based assay was 
already reported in Ref. [75]. 

4.9. Microscale Thermophoresis (MST) binding assay 

Recombinant Mpro (nsp5, 3CLpro) was produced as previously 
described [75] and fluorescently labelled to lysine residues with RED 
dye NT650, provided by NanoTemper Technologies (NanoTemper 
Technologies, GmbH, Munich, Germany) using a 1:3 protein/dye ratio. 
Briefly, 100 μL of 28 μM protein was mixed with 100 μL of 84 μM flu
orophore dye and incubated for 30 min at RT in the dark condition, 
according to the instructions of the vendor. A buffer composed of 130 
mM NaHCO3, 50 mM NaCl, pH 8.2 was used for the labelling process. 
Unbounded dye was then removed by size-exclusion chromatography 
with the running buffer consisting of 20 mM Tris, 140 NaCl, pH 8.0 
(Tris). Protein and RED dye concentrations were assessed using Absor
bance Spectroscopy with a Thermo Scientific™ NanoDrop™ One spec
trophotometer (Thermo Fisher Scientific Inc.,Waltham, MA, USA), using 
a protein extinction coefficient ε280nm of 32890 M− 1cm− 1, dye ε650nm of 
195000 M− 1cm− 1, a correcting factor at 280 nm equal to 0.04 and the 
following equations: 

[protein] =
A280 − (A650 × cf )

εprotein × l
(eq.1)  

[dye] =
A650

εRED dye × l
(eq.2) 

The Degree of Labelling (DoL) was determined as the ratio between 
the RED dye and protein concentration in the sample and was 0.8. The 
stability of the protease after the labelling process and after the over
night incubation at 4 ◦C was checked using label-free thermal shift 
analysis (TSA) using Tycho NT.6 instrument (NanoTemper Technologies 
GmbH, Munich, Germany). Specifically, Thermal unfolding analysis 
monitors changes in the emission intensity and wavelength maximum of 
intrinsic fluorescence properties of buried tryptophane and tyrosine 
residues that become exposed in the unfolded state of the protein upon 
an increasing temperature from 35 ◦C to 95 ◦C. The samples containing 
3 μM of protein in Tris buffer were loaded into Tycho NT.6 capillaries, 
and the thermal unfolding profiles were recorded for comparative 
analysis in three independent experiments. Inflection temperature (Ti) 
values are reported as mean ± standard deviation values (Fig. S1, Sup
plementary Information). The unfolding profile of labelled Mpro did not 
display a different trend from the curve of native protein and no stability 
shift was observed between the samples, suggesting that both the 
labelling process and the incubation time did not affect the stability of 
the protein. Standard MST binding experiments were performed in TRIS 
buffer, adding 0.01 % Tween20, 1 mM EDTA and 2 % DMSO. BOC and 
INM were tested against NT650-Mpro (protein concentration 20 nM) 
with sixteen serial dilutions starting from a compound concentration of 
1 mM. After overnight incubation at +4. C in the dark, the samples were 
loaded into premium-coated capillaries (MO-K025; NanoTemper Tech
nologies, Munich, Germany) and inserted in the chip tray of Monolith 
NT.115 instrument (NanoTemper Technologies, Munich, Germany) for 
thermophoresis analysis, setting LED power at 60 % and medium MST 
power. Recorded data were processed with NanoTemper MO Affinity 
Analysis v2.3 in DoT (Default on Time), setting the hot region between 4/5 
s. Dissociation constants (Kd) were obtained as mean values with 
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confidence interval (±) that defines the range where the Kd falls with a 
68 % of certainty, as declared by NanoTemper. Signal to Noise ratio (S/ 
N) allows judging data quality: a value of more than 5 is desirable while 
a value of more than 12 corresponds to an excellent assay. For PROTACs 
3, 5, and 6, a single-point binding assay was carried out (Fig. S2). 
Compounds were tested at a 50 μM concentration against 20 nM NT650- 
Mpro, at the same experimental conditions used for the standard MST 
assays. As a rule of thumb, compounds were defined as binders when 
producing a fluorescent signal (Fnorm) outside the signal value and three- 
fold standard deviations of the vehicle. All the experiments were run in 
triplicate. 

4.10. Modelling studies 

The crystallographic structure of indomethacin in complex with 
SARS-CoV-2 Mpro has never been reported and is not available in the 
Protein Data Bank [93]. Therefore, the interaction of indomethacin with 
SARS-CoV-2 Mpro (PDB ID: 6LU7) was predicted by using FLAPSite al
gorithm implemented in FLAP software [94,95] (developed and licensed 
by Molecular Discovery Ltd., UK) after having removed the carboxylic 
function in indomethacin ligand and leaving a methyl group in C-3 
position of the scaffold. Indeed, in the tested PROTACs the carboxylic 
moiety is not present as that group is exploited to anchor linker moieties 
through amide linkage. The x-ray structure of VHL E3 ligase in complex 
with its ligand was extracted from the PDB ID: 5T35 [96]. As previously 
described [27], to predict the formation of the SARS-CoV-2 Mpro/PRO
TAC/VHL ternary complex, GRID Molecular Interaction Fields (MIFs) 
[97–99] were calculated at the Mpro catalytic site and VHL-E3 ligase 
protein surfaces in the proximity of the binding site, and the best 
complementarity of the hydrophobic and polar MIFs was used as the 
driving force of the ternary complex formation. Once the best orienta
tion was found, the PROTAC was docked by overlapping the ligands 
onto the docking or x-ray poses and adjusting the linker to get rid of 
clashes and to optimize interactions. To generate the hydrophobic MIF 
the CRY probe was used [100], while polar interactions were evaluated 
using the N1 and the O probes, all within the GRID 2021 package [99]. 

4.11. Kinetic solubility 

Kinetic solubility in universal buffer (ethanolamine 45 mM, sodium 
dihydrogen phosphate 45 mM, and sodium acetate 45 mM) at pH 7.4 
was measured following the Millipore protocol for 96-well filtration 
assay [101], with minor modifications. Briefly, the aqueous buffer so
lution was kept at 25 ◦C for 30 min, and pH was adjusted to 7.4 with a 1 
M solution of HCl or NaOH. Thus, 237.5 μL of universal buffer solution 
were added to each well of a filter plate. Afterwards, 10 μL of DMSO 
were transferred into each well, and aliquots of 2.5 μL of analyte DMSO 
solution 10 mM were added. The final concentration of the compound 
was 100 μM (and not 500 μM as reported in the Millipore protocol, due 
to the limited PROTAC solubility), while the percentage of DMSO in the 
aqueous buffer solution was 5 %. The filter plate was then covered and 
shaken on a CAPPRondo microplate shaker for 90 min (600 rpm; 25 ◦C). 
After the incubation, the solution was vacuum-filtered into a poly
propylene 96-well plate with a MultiScreen®HTS Vacuum Manifold. For 
each well, aliquots of 160 μL of filtered solution were transferred from 
the 96-well plate to a 96-well disposable UV analysis plate for UV 
spectroscopy. Thus, 40 μL of ACN/DMSO 95/5 (% v/v) solution was 
dispensed in each well, and the plate was covered and gently shaken at 
25 ◦C for 5 min. 

For each compound, a full scan acquisition was performed at 5 nm 
increments from 230 nm to 600 nm, to determine the maximum ab
sorption wavelength to be used for solubility determination. The solu
bility, expressed as the concentration of the filtered solution, was 
quantified using an external calibration curve. The various solutions of 
the calibration line (3.13 μM, 12.5 μM, 25 μM, 50 μM, 100 μM) were 
prepared in buffer/ACN 80/20 (% v/v), to ensure overall compound 

solubility. Additionally, the level of DMSO in all calibrators is main
tained at 5 % (v/v), ensuring that the final solvent content of all stan
dards and samples remains consistent. The final compound 
concentration in the filtered solution was determined by subtracting the 
intercept of the calibration curve to the absorbance and then dividing by 
the slope. To account for the dilution with acetonitrile prior to obtaining 
the absorbance spectrum values were multiplied by a factor of 1.25. 

4.12. Chemical stability 

For chemical stability, tested compounds (1 and 10 μM with 0.1 % 
DMSO) were incubated at 37 ◦C in DMEM cellular medium containing 
10 % FBS and 100 U/mL penicillin and 100 μg/mL streptomycin (pH 
7.4). Aliquots (60 μL) of the incubation mix were taken at 0 and 24 h, 
and added to 60 μL of ice-cold acetonitrile containing labetalol (1 μL) as 
internal standard. Samples were then centrifuged at 20,800g for 15 min 
at 4 ◦C. The supernatant first was filtered by Millex-LG filters (Merck 
KGaA, Darmstadt, Germany) and then concentrated by evaporation 
under a nitrogen stream. Residuals were suspended in DMSO and 
centrifuged at 20,800g, 25 ◦C for 15 min. Supernatants were retrieved 
for LC-MS/MS analyses. The blank was prepared similarly but in the 
absence of the investigated compounds. Acquisitions of the samples for 
chemical stability were accomplished with a Hybrid Quadrupole- 
Orbitrap Mass Spectrometer (Q Exactive, Thermo Fisher Scientific 
Inc., Waltham, MA). The instrument was equipped with a Dionex Ulti
Mate 3000 UHPLC system including a binary pump and thermostated 
autosampler and column compartments. A volume of 2 μL was injected 
for each sample. Chromatographic separation of analytes was conducted 
in reverse-phase chromatography. In brief, a Luna Omega 1.6 μm Polar 
(C18, 2.1 mm × 150 mm) was used, and the mobile phases consisted of 
water (A) and acetonitrile (B), both containing formic acid at 0.1 %. The 
LC flow was set at 0.400 mL/min in a 12 min gradient elution as follows: 
99.5:0.5 (A/B) to 5:95 (A/B) over 10 min, 5:95 (A/B) for 2 min, and then 
reversion back to 99.5:0.5 (A/B) over 2.5 min. The column was oper
ating at a constant temperature of 40 ◦C. The LC effluents were intro
duced into the Q-Exactive mass spectrometer by an H-ESI source that 
operated in the positive mode with a sheath gas flow rate of 45; an 
auxiliary gas flow rate of 15; a spray voltage of 3.5 kV; capillary tem
perature and auxiliary gas heater temperature, respectively, of 320 and 
350 ◦C; and S-lens RF level 50. The Q-Exactive mass spectrometer 
operates in the data-dependent scan (DDS) mode, with a resolution of 
70.000 in full mass and 17.500 in MS/MS, in the scan mass range of 
100–1500 at collision energies of 15, 60, and 120 V. The MS/MS data 
were processed as previously described by using MassChemSite (Mo
lecular Discovery Ltd.) and WebChembase [79,80]. Data were plotted 
with GraphPad Prism and reported as the average ± SD of duplicates. 

4.13. Metabolic stability in human liver microsomes 

Tested compounds (10 μM, with final 0.1 % DMSO) were pre
incubated for 5 min at 37 ◦C in a 0.1 M phosphate buffer (pH 7.4) 
containing HLM (0.5 mg/mL, pool of 10 donors; Merck cat.M0317 Lot 
#SLCD4026). The reactions were started by addition of 1 mM NADPH. 
At different time points (0, 5, 15, 30, and 60 min), an aliquot of reactions 
mixture was taken and quenched with ice-cold acetonitrile 2:1 (con
taining 1 μM labetalol as an internal standard). Proteins were precipi
tated by centrifugation at 15,000 g for 10 min at 4 ◦C (Eppendorf, Italy; 
centrifuge 5810 R; rotor F-45-30-11), and aliquots of the supernatants 
were analyzed by LC− MS/MS. Samples were analyzed using Agilent 
6540 UHD Accurate-Mass Quadrupole Time-of-Flight (QTOF), equipped 
with an Agilent 1290 Infinity LC system (Agilent Technologies, Santa 
Clara, CA, USA). The column was a Phenomenex Luna Omega Polar C18 
column (1.6 μm, 2.1 × 150 mm). Column temperature was set at 40 ◦C 
and injection volume was 5 μl. The mobile phases consisted of 0.1 % 
formic acid in water (A) and acetonitrile + 0.1 % formic acid (B) and the 
LC 20-min gradient elution was as follows: 99.5:0.5 (A/B) to 5:95 (A/B) 
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over 16 min, 5:95 (A/B) for 4 min, and then reversion back to 99.5:0.5 
(A/B) over 2.5 min, at a flow rate of 0.4 ml/min. The Agilent Technology 
6540 UHD Accurate Mass Q-TOF LC/MS system was operated under 
positive conditions with Dual JetStream source (ESI source) in the 
following conditions: Gas Temp 350 ◦C, Drying Gas: 9 l/min, Nebulizer: 
35 psi, Sheath Gas Temp: 400 ◦C, Sheath Gas Flow: 9 L/min, Vcap: 4000 
V, Nozzle Voltage: 0 V, Fragmentor: 120 V, Skimmer: 65 V, OCT RF Vpp: 
750 V. The acquisition was performed in AutoMS/MS mode using an 
inclusion list to trigger the MS/MS acquisition based on the accurate 
masses of potential metabolites as computed by MetaSite software 
(Molecular Discovery Ltd.) [83]. Data Analysis was performed by pro
cessing raw data files using Mass-MetaSite (Molecular Discovery Ltd.) 
and WebMetabase (Molecular Discovery Ltd.). 
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