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Abstract

The COVID-19 pandemic has highlighted the urgent need for innovative antiviral strategies
capable of addressing both existing and emerging viral threats. This PhD research focused on two
complementary approaches for the development of antiviral therapeutics: the inhibition of viral
proteases through small molecules and the exploitation of the targeted protein degradation (TPD)
strategy. In particular, the work centred on the 3-Chymotrypsin-like Protease (3CLF™) of SARS-
CoV-2, the 3C Protease (3C") of Coxsackievirus B3 (CVB3), and the Nsp13 helicase of SARS-

CoV-2, enzymes that play essential roles in viral replication and represent validated drug targets.

The first part of this work investigated the inhibitory potential of gold-based metallodrugs such as
Auranofin and its derivatives against SARS-CoV-2 3CLP™. Kinetic assays yielded Ki values in the
low micromolar range (0.4-2.1 uM), while ESI-MS and X-ray crystallography confirmed adduct

formation and identified gold coordination sites.

The second part explored the PROTAC (PROteolysis TArgeting Chimera) strategy as an
innovative means to induce the degradation of viral proteases. Two PROTAC classes were
designed and characterized, starting from respectively the Nirmatrelvir and Ibuzatrelvir nitrile
inhibitors and the peptidomimetic inhibitor GC-376. Solution NMR spectroscopy, fluorescence
binding assays, and analytical size-exclusion chromatography (SEC) were employed to monitor
binary and ternary complex formation involving the viral protease, the PROTAC molecule, and
the Celebron (CRBN) E3 ubiquitin ligase (CRBN-TBD and CRBN-midi). Evidence of productive
ternary complex formation was obtained for the CVB3 3CP™:GC-376 PROTAC:CRBN-midi
system, while steric hindrance likely prevented similar assembly with SARS-CoV-2 3CL"™™.

A third research axis focused on the optimization of SARS-CoV-2 Nspl3 expression and
purification. The implementation of zinc and iron supplementation increased soluble protein yield
up to 0.5 mg/L of culture, enabling future studies on the enzyme’s interaction with novel inhibitors

within the PNRR Spoke 4 collaborative framework.

Finally, the study outlined the prospective use of cellular experiments, X-ray crystallization,
computational modelling to characterize PROTAC-mediated ternary complexes. Collectively, the
results provide molecular insights into inhibition and targeted degradation mechanisms, advancing
the understanding of viral protease druggability and paving the way towards structure-guided

antiviral design for future pandemics.
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1. Chapter — Introduction

1.1. - Proteins as druggable targets

A ‘druggable’ target is a protein, peptide or nucleic acid with activity that can be modulated by a
drug, which can consist of a small molecular weight chemical compound (SMOL) or a biologic
compound (BIOL), such as an antibody, hormones or a recombinant protein [1]. SMOL drug
targets mainly belong to the protein classes of enzymes, extracellular and nuclear receptors, ion
channels, and transporters [2]. Identifying a good drug target is a challenging task. The process
consists of a series of rigorous steps: target identification, target validation, druggability

assessment and assayability evaluation. The properties for defining an ideal target include:

e The target plays a disease-modifying role and/or has a well-established function in disease
pathophysiology.

e Target modulation is of limited relevance under normal physiological conditions or in
unrelated diseases.

e If druggability is not evident, a 3D structure of the protein or of a close homolog should be
available to assess it.

e The target is amenable to reliable assays, allowing high-throughput screening.

e Target expression is not uniformly distributed across tissues in the body.

e A disease- or target-specific biomarker is available to monitor therapeutic efficacy.

e Phenotype data support a favorable prediction regarding potential side effects.

e The target offers a favorable intellectual property landscape (minimal competition and

freedom to operate).

The key factors contributing to successful target identification consist of profound disease
pathophysiological understanding and knowledge of its causative molecular mechanisms with the
application of relevant target identification and target validation technologies (Figure 1) [1].

The number of potential protein targets could be larger than the number of the corresponding
genes, since the presence of post-translational modifications and assembly of functional
complexes; however, this is not likely to increase the number of specific sites modulated by a drug
[3]. The molecular druggability of a target can be evaluated through several factors: (i) analysis of
its three-dimensional (3D) structure, including any available co-complex data; (ii) identification
of low-molecular-weight modulators and assessment of their drug-likeness and selectivity; and

(111) consideration of prior knowledge and internal experience with the target class. [4]. Combined
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with projected timelines for lead generation, these elements allow prediction of the target’s

druggability as high, medium, or low.

Current approaches to evaluate protein druggability consist of methods exploring sequence-related
properties of proteins as well as methods exploring the 3D-structures of protein [5,6]. Drug targets
with known 3D-structures and potential drug targets with structures can be found in the Protein
Data Bank (PDB) [7]. Knowing the 3D-structure is an advantage for a drug target evaluation
because it enables the prediction of potential binding sites for SMOLs. Given the 3D structure of
a protein, computational approaches have been developed to characterize binding pockets by
geometrical and physicochemical criteria and assess their ability to accommodate low-molecular-

weight compounds for ligand design [8].

Structural target assessment:
Cavity

Selectivity

Isoforms, splice variants
Orthologs

date
Target Target Lead generation &
identification validation optimization
date

Further assessments:

Protein supply

Assay development & screening
Ligand data, IP

Figure 1. Structural druggability assessment in the drug discovery process (adapted from [6]).

Advances in structural and molecular biology, together with progress in biomolecular
spectroscopic techniques, have greatly expanded our ability to determine 3D protein structures,
now exceeding 100,000 entries [9]. Access to high-resolution structures of therapeutically relevant
proteins enables the identification of binding cavities and supports the structure-based drug design
(SBDD). Today, SBDD has become an essential component of both industrial drug discovery
programs and academic research [10]. Thank to this approach, the development of protease
inhibitor, Saquinavir [11] by Roche, has made HIV-AIDS a manageable and treatable disease.
There are other drugs also, Indinavir [12], Nelfinavir [13], Amprenavir [14], Fosamprenavir [15],
Tipranavir [16] discovered by SBDD from the same class that are approved by the FDA and are

available in the market [17]. SBDD offers a more precise, efficient, and rapid approach to lead
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discovery and optimization (Figure 2), as it directly exploits the 3D structure of the target protein
together with molecular-level insights into the disease [18]. SBDD is an iterative process, which
undergoes multiple cycles of iteration until optimization of the lead molecule is achieved. Among
the relevant computational techniques, structure-based virtual screening (SBVS), molecular
docking, and molecular dynamics (MD) simulations are the most common methods used in SBDD.
These methods are widely applied to study binding energetics, characterize ligand-protein
interactions, and assess conformational changes that occur during the docking process [19]. The
fundamental step of SBDD process involves cloning of the target gene followed by the extraction,
purification, and 3D structure determination of the protein. The 3D structures of all therapeutically
important proteins are determined experimentally by integrative structure biology techniques such

as NMR, X-ray Crystallography, or Cryo-Electron microscopy [20].

Among the three methods, X-ray crystallography is one of the most widely used techniques. To
date, it counts more than 180,000 atomic structures of biological macromolecules and
macromolecular assemblies deposited in the PDB. In most favorable cases, fragment libraries of a
few hundred compounds can be screened using X-ray crystallography, delivering dozens of
structures of complexes [21,22]. The aim of X-ray crystallography is to obtain a three-dimensional
molecular structure from a crystal. A purified sample at high concentration is crystallized and the
crystals are exposed to an X-ray beam [23]. The resulting diffraction patterns can then be processed,
initially to yield information about the crystal packing symmetry and the size of the repeating unit
that forms the crystal. This is obtained from the pattern of the diffraction spots. The intensities of
the spots can be used to determine the “structure factors” from which a map of the electron density
can be calculated [23]. However, many biomolecules are difficult to crystallize, or even cannot be
crystallized because of factors such as intrinsically disordered regions and the heterogeneous
conformational properties of samples [24]. Even though crystals of the selected target have been
obtained, it might still be difficult to generate conditions for obtaining crystals/structures of the
desired complexes [25].The mixture of free proteins and complex proteins in the crystal can cause
poor electron density and thus prevent the ligand from inserting into the structure. Some
differences were observed between structures of complexes obtained through soaking or co-
crystallization [26]. As soaking implies the use of preformed crystals of the protein target, any
conformational adaptation to ligand binding may be limited and the obtained structure might not

reflect the binding modes that would be observed in the solution.

By contrast, NMR spectroscopy can determine 3D biomolecular structures in solution or in their

solid state without the need to obtain crystals [27-29]. NMR spectroscopy has been particularly
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useful for defining the conformation of proteins with low molecular weights as well as proteins
with large intrinsically disordered regions [27,29-36]. NMR spectroscopy is the only method that
allows direct monitoring of the conformational properties of a protein or its complex at the
individual amino acid level (e.g. via recording 'H, >N and '*C chemical shifts) [24] and performs
well for weak intermolecular interactions with dissociation constant (Ky) in the uM~mM range
[37]. NMR spectroscopy allows monitoring of conformational changes of a protein or its complex
upon the introduction of changes to the sample condition. Moreover, NMR spectroscopy has been
exceedingly powerful in investigating dynamic properties of biomolecules [38-41]. Pharmaceutical
NMR methodologies can be divided into two major categories: protein-based and ligand-based
[42,43]. In the early stage of SBDD, a ligand-based approach is useful for the screening of hit
ligands, whereas a protein-based approach results profitable for hit validation, such us structure
determination of protein-ligand complexes [44,45]. Through the latter, ligand binding sites may be
identified by chemical shift perturbation and mapped on the target protein [46]. Protein-based
experiments require isotope labelling (1°N, 1*C) of a protein of interest, which can be accomplished
by heterologous protein expression systems, using living host cells such as Escherichia coli and
B3C-enriched sugars and/or "N-enriched ammonium salts as carbon and nitrogen sources,
respectively [42,47]. Uniform 3C and/or '°N labelling is necessary to assign NMR resonances of a
target protein by performing traditional two-, three-, or higher-dimensional NMR measurements
[42,47]. However, the difficulty of resonance assignment increases with increasing molecular
weight and decreasing molecular tumbling speed, since these factors cause signal degeneration
and line broadening [48]. Ligand-based methods are attractive because they are broadly applicable,
impose few constraints on the composition of the target protein and do not require isotopic
labelling of the protein or ligands [37]. Then, they can be used with an excess of ligand and a small
concentration of protein and there is no upper limit size for the protein. However, ligands with
very high affinities have low off-rates from the complex and can therefore score as non-binders

[37].

Cryogenic electron microscopy (cryo-EM) is revolutionizing structural biology due to its unique
capability of determining the structures of large protein complexes and assemblies. The atomic-
resolution structure determination for proteins enabled by cryo-EM [49] allows us to understand
the complex biological processes carried out by proteins as well as to identify potential therapeutic
protein targets for drug discovery. Briefly, the method for sample preparation and analysis consists
of applying a purified monodisperse protein sample onto an electron microscope grid, which acts

as a support for the sample. The grids are manufactured to have a thin polymer layer with evenly
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spaced holes, and the protein molecules are suspended in these holes. The grid is flash frozen so
the protein is trapped in vitreous ice. The protein molecules are ideally isolated from neighbouring
molecules and in random orientations [50,51]. Single-particle analysis using programmes such as
Relion [52] extracts just the individual molecules from the images, centres each particle and
averages the molecules, first in two dimensions and then in three dimensions to eventually give a
3D density map into which an atomic model can be built. Cryo-EM allows structure determination
of large and/or dynamic macromolecular assemblies in solution without the need to obtain crystals
and, even more importantly, in their native state, including post-translational modifications;
moreover, different conformational states can be resolved in one experiment. The reported
resolution of cryo-EM structures has historically been lower than X-ray crystallography-generated
structures [50]. However, recently published cryo-EM structures include biologically important
and diverse structures that could probably not have been analyzed by X-ray crystallography,
including large dynamic assemblies and membrane protein complexes, but also ever-smaller
objects (the current reported limit being human haemoglobin (64 kDa) [53]) and structures at
increasingly high resolution, including complexes with small molecules (the current reported limit
being glutamate dehydrogenase at (1.8 A) resolution [54]). Therefore, cryo-EM presently
complements other structural biology techniques such as X-ray crystallography and NMR, with
its strengths lying particularly in studying large structures of multi-megadalton size for which

NMR imposes severe technical demands and for which crystallization is extremely difficult [51].
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Figure 2. Workflow of structure-based drug design (SBDD) in the drug discovery process [55].
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In this regard, structural biology could provide important contributions to characterize networks
of druggable proteins, analyze protein-protein interactions (PPI) and protein ligand interactions,
and protein post-translational modifications (necessary for target validation) both in vitro and in
their native cellular environment. In fact, elucidation of interactions between protein complexes
and their functional environment contributes to validating proteins or specific domains as drug

targets.

In the case of infectious diseases, the target is usually a protein of the pathogen. In particular, viral
pathogens appear constantly and have cost millions of human lives [56]. The National Institute of
Allergy and Infectious Diseases of the United States of America defines emerging viruses as those
“that have newly appeared in a population or have existed but are rapidly increasing in incidence
or geographic range”. Currently, nine viral diseases, including COVID-19, Ebola and Zika, are
listed by WHO as prioritized diseases for research and development in emergency contexts.
Structural biology appears to be fundamental in guiding the optimization of candidate compounds
and the identification of targets, enabling the accelerated development of antiviral potential
therapies for future pandemics. Within this frame, my PhD research activity was focused on the
study of three viral target proteins, involved in SARS-CoV-2 (sections 1.2. and 1.7.) and CVB3

(section 1.3.) infections.

1.2. - SARS-CoV-2 3CL"™ as drug target

Coronaviruses cause upper respiratory tract illnesses and can infect multiple species. The first
severe coronaviruses to impact humans were the severe acute respiratory syndrome-coronavirus
(SARS-CoV), which emerged in 2002 [57-59] and the Middle East respiratory syndrome (MERS-
CoV), which emerged in 2012 [60]. After the emergence of MERS-CoV, researchers expressed the
importance of developing future therapeutic interventions for coronaviruses. The coronavirus
which emerged in 2019 is a result of a new strain of severe acute respiratory syndrome-coronavirus
2 (SARS-CoV-2) [61]. Although vaccines are being pursued for COVID-19 as a possible
therapeutic route, they can have limited effectiveness when strains continually change.
Coronaviruses appear to be on a path of continual reemergence with new strains developing, and,

as a result, other therapeutic interventions in addition to vaccines must be pursued.

The virus primarily affects the respiratory system causing flu-like illness with symptoms such as
a cough, fever, and in more severe cases, difficulty breathing [62]. In addition to acute respiratory

distress syndrome and respiratory failure, COVID-19 is now known to manifest systemic
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inflammation, leading to sepsis, acute cardiac injury, and heart failure and multi-organ dysfunction

in patients at high risk [63].

CoVs belong to the Coronaviridae family of order Nidovirales [64]. They have been classified into
four genera that include a-, B-, y-, and & coronaviruses [65]. SARS-CoV-2 belongs to the genus
Betacoronavirus (Beta-CoV) and is a single stranded positive-sense RNA (ssRNA(+) ) ~29.9 Kb
in length, composed of 13-15 (12 functional) open reading frames (ORFs) [66]. The SARS-CoV-2
genome shares about 82% sequence identity with SARS-CoV and MERS-CoV and >90%
sequence identity for essential enzymes and structural proteins. This high level of the sequence

revealed a common pathogenesis mechanism, thus, therapeutic targeting. [66,67].

The whole genome of SARS-CoV-2 encodes about 7096 residues long polyprotein which consists
of many structural and non-structural proteins (NSPs). The nucleotide content of the viral genome
is held mainly (~ 70%) by two non-structural proteins ORF1a and ORF1ab followed by structural
proteins [66]. Polyproteins ppla and pplab are encoded by ORFs 1la and 1b, where polyprotein
pplab is encoded by the ribosomal frameshift mechanism of the gene 1b. These polyproteins are
further processed by virally encoded proteinases and produce 16 NSPs, which are well conserved
in all CoVs belonging to the same family [66]. The other 30% of the viral genome encodes 4
structural proteins (including spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins) and accessory proteins (3a, 6, 7a, 7b, 8, 9b), all essential for virion formation. The S
protein has two structural subunits, where in the ‘S1’ subunit contains the cellular angiotensin-
converting enzyme 2 (ACE2) receptor-binding domain (RBD) and the ‘S2’ subunit possesses
structural elements required for cell membrane fusion. The M protein is a trans-membrane
glycoprotein crucial for membrane fusion, whereas the E protein is required for virion assembly
and morphogenesis [68]. The non-structural replicase proteins (ppla: nspl-nspll and pplb:
nspl12-nspl6) are involved in mRNA synthesis and replication, and the accessory proteins (3a, 3b,
6, 7a, 7b, 8 and 9b) participate in modulating host innate immunity and viral adaptation [69]

(Figure 3).

14



SARS-CoV-2 RNA genome

= DA

Transcription
Non-structural proteins
1a
PP Nsp6 Nsp10 Structural proteins
Nsp2 Nsp4 Nsp8 | s EM N
s C—1m0 [
Nsp1 Nsp3 NspS | Nsp9 3
Nsp7 Nsp11 Nsp13 Nspl5 Accessory proteins
- i R A
3 |as|
Nsp12 Nsp14 Nsp16

7b

Figure 3. Genome organization of the SARS-CoV-2 [69].

The infection cycle of SARS-CoV-2 begins with the interaction of the spike (S) protein expressed
on virion particles and the angiotensin-converting enzyme II (ACE2) of the host cell. Upon entry,
the viral RNA associates with host ribosomes, resulting in the translation of the two large co-
terminal polyproteins that are processed by proteolytic enzymes, 3C-like Protease (3CLP™) and
Papain-like Protease (PL™) [66]. They cleave the C-terminus of the polypeptide chain at 11 sites
and the N-terminus of the polypeptide chain at three sites, respectively [70]. The cleavage products
include structural proteins and some important non-structural proteins, such as RNA-dependent

RNA polymerase (RdRp) and helicase [71].

3CL"™ (also named main protease, MP™® or NSP5) is encoded by ORF1a and with more cleavage
sites than PLpro, it has always been an attractive non-structural protein for the development of
drugs targeting coronavirus. SARS-CoV-2 3CLP is a dimeric cysteine protease consisting of 306
amino acid residues. Each monomer of the protease contains two regions: the N-terminal catalytic
dyad region and the C-terminal region. The N-terminal catalytic dyad is located in a cleft between
chymotrypsin-like domains I (residues 8—101) and II (residues 102—184) (Figure 4) [71]. Domains
I and II consist of six-stranded antiparallel-barrel structures, which together resemble the
architecture of chymotrypsin and the other 3C proteases found in picornaviruses [72]. The C-
terminal region (domain III) contains five alpha-helices, and the globular folds formed by these
helices are the basis for maintaining the structure of the active dimer of 3CLP™ [73]. Meanwhile,
domain III (residues 201-303) is connected to domain II through a long flexible loop (residues
185-200), making the structure more flexible [74]. It is noteworthy that the two monomers are
inserted into the C-terminal domain III at approximately right angles to each other. Therefore, any

deflection of the C-terminal domain III of the dimer will affect its activity. Dimerization of the
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enzyme is necessary for catalytic activity, because the N-finger (residues 1-7) of each of the two
protomers interacts with Glul66 of the other protomer and thereby helps shape the S1 pocket of
the substrate-binding site. Glu166 in SARS-CoV-2 forms critical interactions with the N-terminal
finger residues of the heterologous monomer. Deletion of the first few residues in the N-terminal
finger of SARS-CoV results in significant loss in enzymatic activity and disruption of dimerization
[75-77]. Dimerization involves other specific intermolecular interactions between two protomers
such as the salt bridge between N-terminus and domain III of another protomer and the specific

electrostatic and hydrophobic interactions between the two different domains III [78].
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Figure 4. SARS-CoV-2 3CL™ 3D structure (monomer and dimer) and the N-terminal catalytic dyad
(His41-Cys145) (adapted from [71]).

Sequence alignment revealed that the 3CLP"-CoV-2 shares 96% similarity with SARS, which is
highly conservable among CoVs [79]. Meanwhile, the structure of these proteins (in apo forms)
was also found to be very similar to the low R.M.S.D. value (0.459 A) from the structural
superimposition. Notably, the sequence alignment showed that there are 12 non-conserved
residues (out of 306 total residues) in 3CLP™-CoV-2. Nevertheless, mutational works on these
residues indicated that none of the mutations on these residues (T35V, A46S, S65N, L86V, R88K,
S94A, H134F, K180N, L202V, A267S, T285A, 1286L) seriously affected the catalytic activity of
3CLP™-CoV-2. This indicated that the non-conserved residues have no major roles in the
enzymatic activity of 3CLP°-CoV-2 [80]. Interestingly, polar interactions via a hydrogen bond
between two Thr285 of each monomer were observed in SARS-CoV, but not in SARS-CoV-2 [81].
The absence of this residue in 3CL™-CoV-2, nevertheless, has no effect on its dimerization and
the activity of this protein. Among conserved residues, there are 15 residues (His41, Met49,
Gly143, Serl144, His163, His164, Met165, Glul66, Leul67, Asp187, Argl88, Thr190, Alal9l,
GIn192) responsible for the substrate binding. Moreover, 10 conserved residues (Arg4, Serl0,
Glyl1, Glul4, Asn28, Ser139, Phel140, Ser147, Glu290, Arg298) are responsible for the enzyme
dimeric structure. The 3CL"™, is not only the most cysteine protease conserved in structure, but

also in its function in all known CoVs [82].
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The substrate binding site of the 3CLF™ is composed by six subsites (S1°-S5), labelled using the
Schechter and Berger nomenclature [83], which corresponds to P1°-P5 positions of the recognition
sequence. The amino acid species recognized by coronavirus 3CL™ at the S1°, S1, S2 and S4 are
specific, and this phenomenon is the same as the substrate specificity of picornavirus 3C protease
[72]. The enzyme has a recognition cleavage sequence of Leu-Gln|Ser-Ala-Gly (| marks the
cleavage site), in which the GIn forms hydrogen bonds with residues in the S1 subsite and a small
amino acid (Ser, Ala, or Gly) occupies the S1° subsite [81]. The absolute dependence of the virus
on the correct function of this protease, along with the absence of a homologous human protease,
makes 3CL"™ one of the most pursued targets for the development of specific protease inhibitors
[79,84]. S1’ is an important site of covalent warhead action, which contains the Cys145-His41
catalytic dyad. Cys145 works as a nucleophile, while His41 acts as the proton donor/acceptor,
participating in the catalytic process. The S1 and S2 binding subsites are two deep pockets [71].
An oxyanion ring, which is mainly formed by the main chain nitrogen of Gly143, Ser144, and
Cys145, exists on the S1 subsite, that is an indispensable functional component of 3CLF™ [85]. In
the S1 subsite, the imidazole side chain of conserved histidine residue interacts with the
carboxamide side-chain of P1; this reaction is generally accepted to be conducive of specificity
for glutamine residue at P1 [86,87]. Strong hydrogen bonds between GIn-P1 and His163, GIn-P1
and Phe140 ensure suitable binding of the substrate into the S1 site [86]. The S2 subsite is a flexible
hydrophobic cavity that favors hydrophobic amino acids, such as leucine and the absence of any
electron density was found to indicate the presence of ordered water [88]. On the C-terminal side
of the substrate, the P1’ position is occupied by a small residue like Ala, Ser and Gly residues
which directly interact with the S1° shallow subsite through van der Waals interactions [89]. As a
shallow hydrophobic pocket, the S4 subsite forms a narrow cavity and it always includes smaller
amino acids (Ala, Val, Pro, and Thr). The S1°-S1-S2-S4 core sites include Leu27, His41, Met49,
Ile51, Tyr54, Phel40, Leul4l, Ser144, Cysl145, Tyrl61, His163, Metl65, Glul66, Leul67,
His172, Asp187, Thy190, and Alal91 residues [73,90] (Figure 5). In addition, His163 and Glul166
are essential amino acids that recognize substrate GIn-P1 and participate in hydrogen bond
formation [77]. Then, the flipped Asnl42 acts as a half-gate to cover the S1 subsite. Met49
protrudes from the S2 subsite resulting in an upward shift of GIn189, which forms the other half
of the gate and interacts with the P2 position of the substrate or inhibitor. Thus, Asn142, Met49,
and GIn189 are considered to be substrate binding induced gate regulation switches at S1 and S2

subsites [88].
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Figure 5. The substrate-binding pocket of SARS-CoV-2 3CLP™ (adapted from [71]).

Unlike the traditional catalytic triad of chymotrypsin, the Cys145-His41 dimer constitutes the
SARS-CoV-2 3CLP™ catalytic site, which is located between S1° and S1 subsites [90,91]. During
the SARS-CoV-2 3CLP™ catalytic process, the protonation state of the imidazole group of His41
leads to the formation of an ionized H41+—C145 dimer [92]. The deprotonated Cys145-thiol is
highly nucleophilic and attacks the carbonyl carbon of the scissile bond in the substrate peptide
plane. After nucleophilic attack, the N-terminal substrate fragment is released from the enzyme,
and a thioester is formed between the enzyme’s sulthydryl group and the carbonyl group at the
substrate’s cleavage site. Next, the thioester is hydrolyzed by nucleophilic attack of a deprotonated
water molecule, the corresponding C-terminal substrate fragment is released, and free enzyme is
regenerated [93,94] (Figure 6). The water molecule maintains the protonation state of His41 and
forms hydrogen bonds with the side chains of His41, His164, and Aspl87 to stabilize their

positions [95].
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Figure 6. SARS-CoV-2 3CL"™ catalytic mechanism (adapted from [71]).
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1.3. - CVB3 3C"" from Enterovirus

3CLP™ of SARS-CoV-2 exhibits a high degree of structural similarity across 3CL proteases in all
genera of Coronaviruses as well as across 3C proteases belonging to the Enterovirus genus within
the large Picornavirus family [96,97]. Indeed, the name of ‘3C-like protease’ refers to the
similarities between this 3CL™™ protease and the other 3C proteases found in enteroviruses and
picornaviruses, namely their similar core structural homology and substrate specificities [72].
Infection with some of these viruses can lead to serious outcomes and cause clinical disease much
more frequently than coronaviruses. As an example, Coxsackievirus of group B3 (CVB3), a
cardiotropic virus, is among numerous known etiologies for myocarditis [98]. This serotype of
enterovirus has been long identified as one of the leading causes of viral myocarditis, a condition
that may proceed to acute as well as chronic heart failure [99,100]. No effective therapeutic strategy
for the prevention and treatment of these diseases is nowadays available, and enterovirus disease
has a medical impact, with newborn infants and young children being at risk for septic-like disease
[101]. With regard to tissue permissiveness, CVB3 infects multiple human organs, yet cardiac
tissue is among the most pertinent targets for CVB3 infection [102].

CVB3 is a non-enveloped single-stranded (+) RNA enterovirus of approximately 7.5 Kb, which
codes for capsid proteins VP1-VP4 and for 7 non-structural proteins: two viral proteases (2A, and
3C), an RNA-dependent-RNA-polymerase (3D), two proteins involved in RNA synthesis (2B, and
2C), a primer of initiation of RNA synthesis (3AB) and a small polypeptide (VPg) of 20—24 amino

acids derived from gene 3B [103-105] (Figure 7).
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Figure 7. Organization of the Coxsackievirus B3 genome [105].
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CVB3 infection begins by coupling the virus to host-cell receptors. CVB3 is dependent upon
binding to both CAR (coxsackievirus, and adenovirus receptor), and DAF (decay-accelerating
factor [DAF also known as CD55]) as the main receptor, and co-receptor, respectively [106]. Upon
infection, the positive-strand RNA genome of CVB3 is translated into a large poly-protein
precursor that is subject to successive proteolytic cleavage processes to generate functional and
structural viral proteins [107]. In particular, 3C™™ is a picornaviral cysteine protease required for
the proteolytic processing, essential for viral replication [108]. Structural studies on 3C'™ from
hepatitis A virus (HAV), human rhinovirus (HRV), poliovirus (PV), FMDV and Coxsackievirus
B (CVB) have shown that this family of cysteine protease shares an overall fold with many serine
proteases, such as chymotrypsin. Picornaviral 3C proteases possess Cys-His-Glu/Asp catalytic
triads similar in geometry with Ser-His-Asp triad found in serine proteases [109]. The sequence
and structural alignment show that 3C"™ contains a Gly-X-Cys-Gly motif, similar to that of the
active site of chymotrypsin-like serine proteases, which is Gly-Asp-Ser-Gly [110]. This catalytic
important motif Gly-X-Cys/Ser-Gly-Gly has the role of position Cys/Ser for nucleophilic attack
and form the oxyanion hole, conserved in all picornaviral 3C proteases [109]. Another important
structural element shared among picornaviral 3C™™ is the flexible surface loop B-ribbon, which

plays a crucial role in substrate recognition.

CVB3 3CP™ consists of 180 amino acid residues (~21KDa) and is a monomeric protease. The
structure of CVB3 3C"™ adopts a chymotrypsin protein fold similar to those of RV 3C™™ [111] and
other viral 3C proteases. The root-mean-square deviation between CVB3 3C"™® and RV 3C™™ is
0.73A for 166 Ca atoms. The N-terminus starts with an a-helix of residues 1-14 and is followed
by two topologically equivalent B-barrel domains comprising residues 15—77 and 99173, which
pack together to form an extended shallow groove for substrate binding (Figure 8). The catalytic
triad of Cys147, His40, and Glu71 is located in the cleft between the two-barrel domains [112]. The
structural elements that differentiate CVB3 3C"™® and RV 3C"™ include the loop B-ribbon (143-
146) and the different side-chain orientations of Cys147 and His40 [112]. As mentioned above, the
loop B-ribbon has high flexibility and plays a crucial role in the substrate recognition and binding.
Studies have shown that PV 3CP™ preferentially cleaves polypeptides with P1-GIn/P1'-Gly

junctions [109,112].
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Figure 8. Structure of CVB3 3CP° (PDB ID: 3ZYD) depicting the a-helix in magenta, the loop B-ribbon
in green and the two equivalent B-barrel domains in yellow. The catalytic triad is shown with Cys147-

His40-Glu71 residues in orange, red and blue, respectively.

1.4. - 3CLF™ and 3C*" common inhibitors rationale

Both coronavirus 3CL"™ and enterovirus 3CP™ are cysteine proteases that utilize a cysteine
nucleophile and share a preference for cleaving the P2—P1|P1'—P2’ peptide sequence (hydrophobic
residue — Gln — small residue — small residue), with the scissile bond located between P1 and P1'.
Despite this shared specificity, subtle differences exist: coronavirus 3CLP™ favors a medium-sized
hydrophobic P2 residue (preferably Leu), whereas enterovirus 3C™™ prefers a bulkier hydrophobic
residue (preferably Phe). A major mechanistic distinction lies in their oligomeric state, as 3CL™
requires homodimerization for catalytic activity [87], whereas enterovirus 3CP™ works as
monomer. Structurally, both protease families adopt a two-barrel domain architecture with the
catalytic site situated at the interdomain interface. Notably, coronavirus 3CL"™ additionally
contains a C-terminal helical domain, which contributes to the regulation of dimerization and
thereby modulates enzymatic activity [87,113]. Finally, coronavirus 3CLP™ features a catalytic dyad
comprising a Cys ... His pair, whereas enterovirus 3C"™ proteins have a catalytic triad consisting
of Cys ... His ... Glu (or Asp) [114]. Despite of all these differences, Coronaviral and Enteroviral
main proteases (3C" and 3CL"™) share several common characteristics including a chymotrypsin-
like fold, a Cys residue as a nucleophile in the catalytic triad (3C™) or dyad (3CLP™), their almost
absolute requirement for Gln in the P1 position of the substrate and space for only small amino-
acid residues such as Gly, Ala, or Ser in the P1’ position on the natural substrate [97]. The related
architecture of the substrate binding sites of 3CLP™ and 3C™™ encouraged the design and

development of inhibitors targeting both families of enzymes with approximately equal potency.
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In recent years, several studies have highlighted the antiviral potential of metal ions and metal-
based compounds, including zinc, rhenium, gold, and copper derivatives, which have been shown
to act as efficient inhibitors of viral proteases [115-117]. Among these, Auranofin, an FDA-
approved oral gold(I)-based drug originally developed for the treatment of rheumatoid arthritis,
has emerged as a particularly interesting candidate for its combined antiviral and anti-
inflammatory effects. Ott and co-workers [116] reported the efficacy of Auranofin and related gold
complexes against the Papain-Like protease (PLP™®). Furthermore, the crystal structure of the
adduct formed between SARS-CoV-2 3CL™™ and Auranofin demonstrated that gold can, at least
partially, coordinate the catalytic cysteine residue [118]. A subsequent broader study [119]
confirmed the ability of a larger set of gold compounds to inhibit the catalytic activity of both
SARS-CoV-2 3CLP™ and PLP™, reinforcing the concept of gold-based compounds as protease
inhibitors. Moreover, 3D structures of SARS-CoV-2 3CL™™ in complex with zinc ion [120-122]
showed that the metal ion is bound to the catalytically relevant Cys145 and His 41 residues. The
binding capability of SARS-CoV-2 3CL"™ towards the zinc ion is not completely unexpected as
homologous proteases are reported to bind a zinc ion, not in its ionic form but as a metal conjugated
ligand. Zinc-coordinating molecules were also tested and found active against the recombinant
3CP™ of CVB3. The zinc-coordinating inhibitor is tetrahedrally coordinated to the His40-Cys147
catalytic triad of CVB3 3CP™ [112].

However, in the large landscape of protease inhibitors, peptidomimetics are the most suitable
technology. Zhang et al., in 2020, designed and synthesized peptidomimetics of the general
structure cinnamoyl—P2—y-lactam— a-ketoamide—P1’, compounds differing in the substituent
at the P2 position some of which turned out to have broad-spectrum activity versus
betacoronaviruses and enteroviruses [97]. Nucleophilic attack by cysteine residues on the a-ketone
carbon results in sulthydryl hemiketals through competitive inhibition with substrates [123]. After
the SARS-CoV-2 outbreak in December 2019 starting from crystal structures of the 3CL™ in
complexes with the Hepatitis C virus NS3/4A protease inhibitors boceprevir and telaprevir, Zhang
et al. optimized the potency of the alpha ketoamide boceprevir against the 3CLP™ by replacing its
P1 cyclobutyl moiety by y-lactam as a glutamine surrogate. They conclude that the modified
boceprevir scaffold is suitable for obtaining high-potency inhibitors of the coronavirus 3CL" but
further optimization would be needed to target enterovirus 3C™™ efficiently. Indeed, only moderate
inhibitory activity was observed against the 3C proteases of enteroviruses CVB3 and EV-AT71,
suggesting steric incompatibilities that likely diminish inhibitory potency [114].
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Michael acceptors, characterized by olefinic or acetylenic bonds conjugated to electron-
withdrawing groups, display strong electrophilicity and readily react with cysteine residues
through nucleophilic addition to their sulthydryl groups [124]. Rupintrivir or AG7088 is part of the
class of Michel acceptor inhibitors, one of the first drug candidates and behaves as a covalent
inhibitor. It was preliminary designed to target the 3C cysteine protease of human rhinovirus B
[111] and subsequently also was shown to be a broad-spectrum inhibitor against viruses in the
Picornaviridae family with a similar binding mode [125]. Despite their similarities however,
rupintrivir only weakly inhibits the 3CLP™ of SARS-CoV-1 and 2 with an IC50 of >100 pM and
68 £ 7 uM, respectively [126,127].

The mercaptan of the Cys145-His41 dimer plays an important role in the enzymatic reaction of
coronavirus 3CL"™ . As electrophilic functional groups, aldehydes can undergo nucleophilic
addition to mercaptan to form stable hemimercaptol [128]. Therefore, peptide aldehydes containing
aldehyde warheads are potent inhibitors of 3CLP™. Qiao et al. [129] as well as Xia et al. [130]
replaced the P1 residues of both boceprevir and telaprevir with the canonical-lactam moiety.
However, they used an aldehyde as the warhead of their inhibitors. Qiao et al. found that both
boceprevir- and telaprevir-derived aldehydes were roughly equipotent inhibitors of the SARS-
CoV-2 3CLP™ also previously shown by Zhu et al. [131]. GC376 is a dipeptidyl bisulfite adduct
salt that has been reported to be a broad-spectrum inhibitor with excellent inhibitory effects against
coronaviruses, picornaviruses, and noroviruses [109]. GC376 has been used in clinical trials to
inhibit feline coronavirus (FIPV) [84], and showed to be a virtually non-cytoxic and safe antiviral
candidate [132-134]. Feline coronavirus 3CLP™ is very similar to SARS-CoV-2 3CL"™. In both,
GC376 binds within the active site where the bisulfite salt of GC376 is easily desorbed under
aqueous conditions and converted into dipeptidyl aldehyde (GC373). The aldehyde group is
attacked by the nucleophilic reaction of Cys145 and covalently linked to Cys145, forming a
dithioacetal [132]. Based on detailed structural analysis, similarities and differences of GC376 in
interacting with different 3CLP™s were revealed. The results reported in this study confirm the
broad-spectrum inhibition of coronaviral 3CL"™s by GC376 and provide valuable information for
the development of broad-spectrum and potent inhibitors against SARS-CoV-2, SARS-CoV-2
variants, as well as other human coronaviruses. Moreover, GC376 and GC373 (Figure 9)
compounds have broad-spectrum antiviral activity against multiple viruses in the picornavirus-like

supercluster, including important classical and emerging animal and human pathogens [109].
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Figure 9. Chemical structures of GC376 and GC373 molecules (adapted from [135]). In grey dashed lines
the functional groups of both molecules are represented: the bisulfite group in GC376 and the aldehyde
group in GC373.

Owen et al. [136] also started from the boceprevir scaffold, but they replaced the ketoamide group
with a nitrile as an electrophilic warhead. Their compound, PF-07321332 (nirmatrelvir),
covalently reacts with Cys145 through its nitrile group, likely to give a complex in which a
thioimidate electron pair occupies the 3CL"™ oxyanion hole, which is formed by the main chain
amide NHs of Cys145 and Gly143, mimicking binding by tetrahedral intermediates in catalysis.
The use of a nitrile group as a warhead was apparently key to the successful development of
nirmatrelvir, in part because the non-specific reactivity of nitriles with off-target nucleophiles may
be lower than that of many other available electrophilic warheads and in part because the covalent
reaction of the compound with the thiolate of Cys145 is reversible. Nirmatrelvir has been approved
by both FDA and EMA and has been introduced into the market as a combination with ritonavir
(as a booster) under the name Paxlovid. In the co-packaged medication nirmatrelvir/ritonavir,
ritonavir serves to slow the metabolism of nirmatrelvir via cytochrome enzyme inhibition, thereby
increasing the circulating concentration of the main drug. To overcome the metabolomic stability
of nirmatrelvir, Pfizer developed a second-generation improvement, named Ibuzatrelvir
(development code PF-07817883) with a similar chemical structure [137]. Ibuzatrelvir incorporates
modifications to the chemical structure of nirmatrelvir that give it enhanced oral bioavailability,

so it does not require coadministration with ritonavir [138].

1.5. - Targeted protein degradation (TPD)

Targeted protein degradation (TPD), via the proteasomal and lysosomal pathways, represents a
promising therapeutic approach by inducing the depletion or reduction of a disease-causing protein

via hijacking the endogenous protein degradation machineries. In addition to their therapeutic
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potential, protein degraders are valuable chemical biology tools to validate targets and to gain a
deeper understanding of protein function and cellular pathways [139]. In contrast to nucleotide-
based methods like RNAi, antisense oligonucleotides or genome editing strategies, like CRISPR-
Cas9 technology, which all suffer from limited therapeutic applications due to their low in vivo
stability and bioavailability [140], TPD leverages more drug-like small molecules. Although
nucleic acid-based tools have proved to be useful in research, the development of these agents as
drug candidates has faced many challenges: unmodified nucleotides are highly unstable in serum
[141], whereas modified nucleotides tend to accumulate in the kidney [142,143] and can be
immunogenic [144]. Moreover, RNAi can engage off-target mRNA, which leads to undesired
effects [145-147]. Finally, efficacy is ultimately dependent on the target protein half-life; thus, long-

lived proteins are less affected by these approaches [148,149].

Small-molecule-induced protein degradation is emerging as a strategy that also has the potential
to target a broader range of proteins than standard small-molecule strategies which focus on
binding site occupancy. Classical approaches in the drug discovery process typically aim to
identify high affinity small molecules modulating the activity of target proteins. This happens in
an occupancy-driven manner with the inhibitor binding to its target and occupying the binding site,
thereby inhibiting target function [150-152]. This strategy has been very successful for many targets
harboring a tractable active or allosteric site like enzymes or receptors. Furthermore, small-
molecule therapeutic strategies that focus on occupation of a binding site on a protein may require
high systemic drug exposures to achieve sufficient site occupancy in vivo [153] and thus potentially
increasing the risk of off-target adverse effects. However, the majority of proteins remains difficult
to target, with an estimated 80-85% of the human proteome considered undruggable due to the
lack of suitable binding pockets and appropriate chemical matter [154,155]. TPD has the potential
to target the undruggable proteome that limits current drug discovery efforts, as only a binder is
required to recruit the target protein for degradation rather than high affinity inhibitors. This
transition from inhibiting a target protein to promoting its elimination enables the therapeutic
modulation of proteins that were previously regarded as ‘undruggable’ [156,157]. Furthermore,
eliminating ‘druggable’ targets through induced protein degradation can act synergistically with
conventional inhibitor-based therapies. This strategy not only reduces the pool of active proteins
requiring inhibition but also mitigates compensatory overexpression commonly triggered by loss

of protein function [151].

Induced protein degradation is not a novel concept. As early as 1999, inhibitors of the molecular

chaperone heat shock protein 90 (HSP90), a key factor in ensuring proper protein folding, entered
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clinical trials. The initial enthusiasm for these inhibitors stemmed from the observation that cancer
cells upregulate HSP90 to sustain proliferation and survival pathways [158], rendering them
particularly vulnerable to HSP90 inhibition due to the protein’s hyperactive conformation in
malignant cells [159]. HSP90 inhibitors have been hindered by poor in vivo pharmacological
properties and severe hepatotoxicity. Unlike the broad protein depletion induced by HSP90
inhibitors, selective estrogen receptor degraders (SERDs) and selective androgen receptor
degraders (SARDs) display high specificity towards their respective targets. Notably, these
compounds were initially designed as modulators of receptor function but were later unexpectedly
found to promote targeted protein degradation [160]. Although the efficacy of these compounds
has been impressive, this strategy is not generalizable to other targets: the compounds can only

induce the degradation of the estrogen and androgen receptors.

More recently, platform technologies were developed including hetero-bifunctional molecules
such as proteolysis-targeting chimeras (PROTACS) [161-164] and Hydrophobic tagging (HyT)
molecules [165,166]. Based on the concept of ‘event-driven’ pharmacology, these techniques
combine the modularity of nucleic acid-based strategies with the in vivo pharmacology of small-

molecule therapeutics (Figure 10).
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Figure 10. The event-driven pharmacology approach compared to the occupancy-driven pharmacology

approach. The disease-implicated protein is displayed in dark yellow, the applied inhibitor in red [161].
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1.5.1. - Insights into TPDs strategies

Native protein degradation occurs via one of two main mechanisms in the cell: the ubiquitin-
proteasome system (UPS) and the autophagy-lysosome pathway. Proteins are marked for
degradation by a covalent post-translational modification with the 76 amino acid protein ubiquitin
[167,168]. Covalent attachment of ubiquitin to the substrate follows a three-step mechanism

involving E1, E2 and E3 enzymes [169].

The ubiquitin-activating enzyme (E1) initiates the process by forming a high-energy thioester bond
between the Glycine residue of the ubiquitin C-terminal domain and its own Cystine residue by
using ATP. The activated ubiquitin is then transferred to a ubiquitin-conjugating enzyme E2. In
the presence of a ubiquitin ligase E3, the ubiquitin molecule is transferred from E2 to the target e-
NH: -Lysine residue forming an isopeptide bond (Figure 11). Mono-ubiquitination can serve as a
signal for various non-proteolytic cellular processes, including endocytosis, histone regulation,
DNA repair, viral budding, and nuclear export. Subsequent sequential ubiquitination of the
conjugated ubiquitin results in the formation of a polyubiquitin chain. Ubiquitin contains seven
lysine (Lys) residues for polyubiquitin chain formation (Lys6, Lysl1, Lys27, Lys29, Lys33,
Lys48, or Lys63). While Lys48 and Lys11 linkages mediate proteasomal degradation, Lys63-
linked ubiquitin chains are prone to degradation via autophagy [170-173]. While the 26S proteasome
efficiently degrades short lived, soluble unfolded or misfolded proteins and polypeptides [174,175],
the autophagy-lysosome system is responsible for elimination of long-lived proteins, insoluble
protein aggregates and dysfunctional organelles such as degenerated mitochondria [176,177].
Lysosomes mediate the intracellular degradation of proteins and organelles in three different ways:
endocytosis, phagocytosis, or autophagy. In contrast with proteasome-based TPD, which can only
degrade certain intracellular proteins, lysosome-based TPDs have potential to remove proteins
aggregates, damaged excess organelles, membrane and extracellular proteins. With the intensive
research in the endosome-lysosome and autophagosome-lysosome degradation pathways, TPD
strategies via the lysosomal pathway, such as LYsosome-TArgeting Chimeras (LYTAC),
Antibody-based PROTAC (AbTAC), Autophagosome Tethering Compound (ATTEC),
AUtophagy-TArgeting Chimera (AUTAC), Bispecific aptamer chimeras, and AUTOphagy-
TArgeting Chimera (AUTOTAC) have emerged in recent years [178-180].
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Figure 11. Schematic diagram of ubiquitination process [181].

Proteins, which are naturally degraded by the UPS, are displaying specific degradation signals,
termed degrons, which represent E3 ligase binding motifs [175,182,183]. Degrons can range from a
single amino acid to short peptide sequences or domains and are transferable between proteins.
Therefore, attaching a degron to any other protein induces its degradation. Various constitutive
and conditional degrons, activatable by small molecules, light, or temperature, have been
successfully employed to trigger selective target protein degradation [183,184]. This kind of
approach belongs to the Degradation of Tagged Target Proteins method, which allows target

validation and target discovery.

A protein tag comprises a peptide sequence or protein genetically fused to the protein of interest
(POI) to allow its selective detection and/or purification. The tag allows highly selective
recognition of the POI without the need to identify a suitable binder like a small molecule, peptide
or antibody. A variety of tags, ranging from short amino acid sequences to protein domains are
available to be introduced at the N- or C-terminus of the POI [139]. Although it is not necessary to
identify a binder for the target protein, the use of tagged proteins involves the prior modification
of the genome of the target cell/organism. A very powerful tool to quickly achieve TPD for a wide
range of target proteins and without the need to identify a specific binder comes from the use of
tag specific degraders. In this case, the degrader molecules are optimized to engage the protein tag
resulting in effective removal of the tag-POI fusion construct. The two main tags which are widely

used as chemical biology tools for this technology are the HaloTag [185] and the dTag system [186].
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Briefly, these bifunctional degraders bring the tagged protein as well as an E3 ubiquitin ligase in
close spatial proximity inducing ubiquitination and subsequent proteasomal degradation of the

tagged protein [161,162].

Differently, the untagged TPD strategies are based on specific binders and hold great potential for
future therapeutic applications. Targeting untagged proteins offers the key advantage of avoiding
any prior genetic modification of the system. This approach better reflects the natural pathological
state, as the target protein remains unaltered in its function, expression, and availability. Moreover,
it allows rapid switching between different cell lines, organisms or species without the limitations
imposed by protein tagging [139]. All these approaches are functionally active in vivo (cell-based
and, in some cases, animal) methods because they rely on the cell’s endogenous degradation

machinery.

Among untagged TPD strategies (Figure 12), a method termed Hydrophobic tagging (HyT) takes
advantage of a process called unfolded protein response (UPR) by exposing hydrophobic patches
on the surface of target proteins thereby triggering their degradation [187]. A hydrophobic group,
such as an adamantyl group, is covalently attached to the protein ligand and presented on the target
protein surface. The chemical group may mimic a partially unfolded protein domain, promoting
UPR [161]. Another untagged TPD strategy involves molecular glues, which are monovalent
degraders that induce the interaction between a ubiquitin ligase and a POI, leading to POI
ubiquitination and subsequent degradation [188]. They can regulate a variety of biological
processes, such as transcription, chromatin regulation, protein folding, localization, and
degradation. Also, PROTACSs employ the UPS for protein degradation, but in contrast to molecular
glues, they are heterobifunctional degraders that simultaneously interact with the E3 ligase and the
POI. Then, molecular glues do not have a linker, making them smaller molecular weight, increased
oral bioavailability, and improved cellular permeability, compared to PROTACs. Examples of
molecular glue degraders include thalidomide, lenalidomide, and pomalidomide [189], approved
by the FDA for the treatment of various types of tumors long before their functional mechanisms
were elucidated. Over the years, it was elucidated that this class of compounds mediates its

antitumor effects through a molecular glue mechanism [190].
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Figure 12. Schematic representation of Hydrophobic tagging (HyT) (a), Molecular glue (b) and PROTAC
(c) mode of action [139]. The blue circle represents the molecule targeting the POI (Protein of Interest) in

the three represented cases. Ub stands for ubiquitin.

1.6. - The PROTAC approach

The last few years have seen explosive growth in the field of TPD. Substantial progress has
recently been made, in particular with the development of PROteolysis TArgeting Chimera
(PROTAC) compounds [191,192].

In 2001, the concept of PROTAC was first introduced in the Crews lab at Yale University [193].
PROTAC:S consist of two ligands, one that recruits an E3 ligase, and the other for recruiting a
target POI. The two ligands are joined by a linker that allows formation of a ternary complex
between the ligase, the POI, and the PROTAC molecule (Figure 13). The ternary complex
facilitates polyubiquitination of the POI, resulting in its ultimate degradation via the proteasome

[194,195].
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Figure 13. Schematic representation of PROTAC mechanism [196].

The first PROTAC was designed and synthesized to achieve the degradation of methionine
aminopeptidase-2 (MetAP-2), consisting of a POI-binding warhead, the antiangiogenic drug
Ovalicin, a linker, and an IxkBa phosphorylated peptide that recruits the SCFB-TRCP E3 ubiquitin
ligase. This type of peptide-containing PROTAC is now called bioPROTAC, and its application
1s limited mainly due to the peptide’s susceptibility to hydrolysis [197]. In 2012, Ciulli and Crews
designed and synthesized a small-molecule analogue of the (hypoxia-inducible factor 1-alpha)
HIF-1a recognition peptide [198], which makes the PROTAC based on small molecule structures
a reality and opens the door for PROTAC to become an orally bioavailable and thus easy-to-use
drug candidate. Since 2013, pharmaceutical giants such as Merck, Novartis, and Pfizer have laid
out their PROTAC pipeline, and companies such as Arvinas and C4 Therapeutics have also been
established and focused on PROTAC development. In particular, Arvinas, with ARV-110 for
metastatic castration-resistant prostate cancer [199] and ARV-471 for ER+/HER2— breast cancer
[200], first provided clinical proof-of-concept for PROTAC in mature tumor tar gets, demonstrating

the ability to degrade target proteins in vivo and providing clinical benefit to patients.

Currently marketed degrader drugs, such as the IMiD class, along with the vast majority of newly
developed PROTACs and molecular glue compounds in clinical trials, primarily target various
cancers [192,201]. Nevertheless, due to its ability to induce degradation of virtually any protein of
interest, the scope of TPD is expanding beyond oncology. [197]. In inflammation, immunity and

immuno-oncology recent breakthroughs have been taking place. BTK degrader (NX-5948) and
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IRAK4 degrader (KT-474), from Nurix Therapeutics and Kymera Therapeutics, respectively,
could treat patients with various immuno-inflammatory diseases, such as rheumatoid arthritis.
BTK is a well-established target in inflammation, as well as in oncology, and has been the subject
of intense PROTAC molecule experimentation across academia and industry [202-204], particularly
because of the emergence of the C481S resistance mutation in BTK that renders first-generation

inhibitors less effective [205,206].

A key PROTAC property is the ability to degrade proteins that are not classically targetable by
small-molecule inhibitors due to the absence of conventional active sites. This attribute makes
targets for several neurodegenerative diseases, a group of disorders characterized by progressive
motor or cognitive impairment [207] including Alzheimer’s disease (AD), Parkinson’s disease
(PD), and Huntington disease (HD), are closely associated with insoluble aggregates formed by
protein misfolding [208]. Tauopathies are an example of neurological diseases associated with toxic
accumulation of aberrant tau species, leading tau to aggregate into paired helical filaments and

ultimately into neurofibrillary tangles that result in neuronal cell death [191,209].

Interestingly, PROTACS are emerging as potential antiviral agents [191]. The feasibility of antiviral
PROTAC S was first established with the degradation of the NS3/4A protease of hepatitis C virus
(HCV) in cell-based assays by a CRBN-linked HCV inhibitor but was brought to the forefront
with the emergence of SARS-CoV-2 [210]. Potential target for the PROTAC approach against
SARS-CoV-2 include the viral envelope protein [211], but also catalytic virulence factors, such as
its two proteases, 3CLF™ and PLP™ [212]. In particular, several PROTACs have been recently

described to target coronaviral 3CLF™[135,213-215].

While PROTACSs represent an important modality for certain target classes, some POIs lack the
small-molecule binding sites needed for this approach. Even so, these targets are still susceptible
to degradation by alternative PROTAC approaches, including bioPROTACs and hybrid
PROTACSs. Three PROTAC categories can be defined when considering small molecules and
peptides [191]:

- PROTACs composed of traditional small-molecule ligands;
- bioPROTACs composed of peptide ligands;
- hybrid PROTACS containing both a peptide and a traditional small-molecule warhead.

PROTACS can be developed as oral therapeutics, but bioPROTACs and hybrid PROTACs are

unlikely to be oral drugs owing to their peptide components.
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1.6.1. - Features of PROTACSs

PROTACs differ from small molecule inhibitors in that they act at sub-stoichiometric
concentrations, de facto behaving as a catalyst rather than a true inhibitor and/or antagonist and
degrade target proteins rather than just modulate their activity [216]. In particular, small-molecule
PROTACSs have the potential for oral delivery, and cellular levels can be controlled by dosing.
Unlike conventional inhibitors that exert their activity through occupancy-driven pharmacology,
PROTAC:s are examples of event-driven pharmacological agents. In this case, the event is ternary
complex formation and ubiquitination of the POI, which results in proteasomal removal of the POI
from within the cell and subsequent effects that may last well beyond the time of treatment [216].
Since only a transient binding event is required for activity, and thus, in contrast to the
stoichiometric site occupancy of the occupancy-driven model, these event-driven molecules can
cycle through multiple rounds of PROTAC activity, requiring relatively infrequent dosing

regimens.

PROTAC: are also distinct from traditional inhibitors because they do not rely on blocking enzyme
function, which commonly limits drug surface area at the active site and compromises selectivity
when targeting an enzyme that is a member of a large enzyme family, such as a protein kinase
[216]. It is worth mentioning that a high affinity or covalent binding between the POI and the
warhead is not required for a PROTAC molecule. Therefore, PROTACSs have the potential to target
proteins at any site on their surface, thus opening opportunities for expanding the range of targets
to proteins previously thought to be undruggable due to the absence of well-defined small molecule
binding pockets. In this regard, PROTACs can target proteins with common elusive
characteristics, including a change from the natural state via mutation, aggregation, isoform
expression or localization, that result in a disease-causing gain of function. If a binding surface
that is approachable by an E3 ligase and, ideally, an unstructured region to thread into the
proteasome are present the protein can be degraded [217,218]. Proteins that have evolved resistance
mutations to targeted therapies, proteins that may not have an enzymatic function of their own but
act as protein-protein interaction cores to recruit and direct signaling complexes (scaffolding), and
proteins considered ‘undruggable’ with other modalities may be highly suitable as PROTAC

targets [219].

Although ‘PROTACable’ POIs do not need an enzyme active site, they do need a small-molecule
binding site that is approachable by an E3 ligase. Using these sites does not require a high-affinity
ligand if coupled to the right E3 ligand, but moderate affinity (=1-500 nM) is typically needed,

and access to the POI surface near the binding site by a recruited E3 ligase is essential [220].
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Multiple studies have shown that PROTACs maintain, and in some cases even enhance, the
binding selectivity of their protein ligands. Consequently, binding to off-target proteins does not
automatically result in their degradation. This provides an additional layer of specificity, which
can be further tuned by the choice of recruited E3 ligase [221-223]. Additionally, it is expected that
the resistance acquired to drugs will be lower than that associated with the use of small molecule
drugs. The catalytic mode of action renders PROTACSs particularly effective in countering drug
resistance due to overexpression of the POI. PROTACSs can also be effective in drug resistance

cases caused by point mutations and by scaffolding functions of the target proteins [224].

In general, PROTAC physicochemical property space falls beyond the ‘rule of 5’ [225,226], owing
to the bifunctional nature of the molecules. The rule of 5 was developed in the 1990s as a guideline
for assembling high-throughput screening (HTS) libraries. PROTACS typically have molecular
weights above 500 Da, tend to contain a greater number of hydrogen bond donors (HBDs) and
acceptors (HBAs) [227]. Despite breaking the ‘rule of 5°, several PROTACs have been reported to
exhibit good oral bioavailability [228,229]. This poses challenges to the physicochemical drug-like
space of PROTACSs, such as ADMET properties including solubility, cell permeability, metabolic
stability, and absorption, thus calling into question oral bioavailability. An optimal PROTAC
target is typically characterized by the following features: (a) it undergoes pathogenic gain-of-
function changes, such as overexpression, mutation, or mislocalization; (b) it possesses a binding
pocket for the warhead; (c) it has a surface site accessible for ubiquitination by an E3 ligase; and

(d) it ideally contains a flexible region capable of entering the proteasome’s barrel cavity [191,230].

A key consideration in linker design is the choice of attachment sites on both the warhead and the
E3 ligase ligand. Ideally, the linker should extend from either the ligand-binding pocket or a
solvent-exposed region, minimizing any impact on the interaction between the small molecule and
its target protein. The linker can contribute to the PROTAC solution conformation [231] and
degradation efficiency [232] and influence the E3 ligase—POI interactions and presentation of the

POI within the zone of ubiquitylation. PEG and alkyl chains are the most common linker motifs.

The main challenge in linker design lies in the inability to predict, a priori, the optimal length or
conformation needed for effective ubiquitination of the POI by the recruited E3 ligase. A linker
that is too short may favor the formation of POI-linker or E3 ligase—linker binary complexes rather
than the desired POI-linker—E3 ligase ternary complex. Conversely, excessively long linkers can
compromise ternary complex stability and reduce the PROTAC’s ability to efficiently penetrate

cell membranes [197].
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Finding a suitable E3 ubiquitin ligase ligand has become a major difficulty limiting the application
of E3 ubiquitin ligases in PROTAC. There are more than 600 E3 ubiquitin ligases in the human
body [162]. Researchers have focused on E3 ubiquitin ligases that are highly expressed in tumors,
aiming to exploit their tissue specificity to enhance the antitumor efficacy of PROTACs while
minimizing toxicity in healthy tissues [219]. In this regard, VHL and CRBN are the two most
frequently redirected E3 ligases (Figure 14). Functionally, VHL is responsible for regulating
intracellular levels of the hypoxia-inducible factor alpha subunits (HIFa), an important
transcription factor that controls how cells sense oxygen and respond to low oxygen levels
(hypoxia) [233]. VHL forms part of the Cullin2—EloBC-RBX1 E3 ligase complex, also referred to
as CRL2VHL and functions as the substrate (HIFa) recognition subunit [234]. CRBN forms part
of Cullin 4A-DDB1-RBX1 (CRL4CRBN) assembly [190] and plays an incompletely understood

role in DNA damage response [235].
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Figure 14. CRBN (a) and VHL (b) E3 ubiquitin ligases and their substrate adaptors shown with their
corresponding colours (adapted from [191]). In violet and in blue the representation of RBX1 and the E2

conjugating enzyme.

Expanding the “toolbox” of E3 ligases that can be recruited by PROTAC:S is important for several
reasons, including expanding the chemical space of bifunctional PROTAC degraders, overcoming
resistance mechanisms, off-target activity, and limitations due to tissue- and cell-type dependence
of E3 ligase expression and distribution [236]. Examples of other E3 ligases include DDB1-CUL4-
associated factor (DCAF) family member such as DCAF15, which through interaction with
sulfonamides is responsible for the degradation of the pre-mRNA splicing factor RNA-binding
motif protein 39 (RBM39) in some solid tumours and leukaemias [237]. Other investigated E3
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ligases comprise DCAF16, ring finger protein 4 (RNF4) [238], RNF114 [239], KEAP1 [240] and
fem-1 homologue B (FEM1B) [241] able to degrade the prototypical TPD substrate bromodomain-

containing protein 4 BRD4 in human breast cancer cells.

1.6.2. - Investigation of the ternary complex

The main function of the PROTAC:S is to bring a target protein into spatial proximity with an E3
ubiquitin ligase to achieve degradation through "hijacking" the cell's UPS by bringing together the
target protein and the E3 ligase (Figure 15).
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Figure 15. Catalytic cycle of the targeted protein degradation [242].

An important aspect of PROTAC validation and optimization is measuring their affinity for the
E3 ligase, their affinity for the POI, and their ability to mediate ternary complex formation [216].
In general, there are numerous biophysical and cell biology methods to quantify a binding event
between a small molecule and a biomolecule, and many of these techniques can be applied to
measure the binary target engagement of PROTAC molecules or in other terms the independent
binding of the PROTAC to either the E3 ligase or to the POI [243]. Label-free ligand binding assays
such as fluorescence polarization (FP) and fluorescence energy transfer (FRET) are popular assays
for measuring inhibition or dissociation constants ICso and Kg of PROTACSs. Isothermal titration
calorimetry (ITC) is a well-established method for measurement of binding affinities that can also

provide information about binding stoichiometry and is often used in PROTAC characterization.
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Surface plasmon resonance (SPR) is another label-free technique that can be used to measure not

only the binding affinity but kinetic information about interactions.

However, accumulated evidence suggests that binary target engagement alone is not sufficient to
predict the outcome of protein degradation [244]. It is therefore essential to examine ternary
complex formation that follows the binary binding step. Ternary complex formation is influenced
by several key parameters, including the concentration of the target and E3 ligase, the intracellular
concentration of the degrader, the affinity that the degrader has for each protein, and protein-
protein interactions between the target protein and the recruited E3 ligase (defined as
cooperativity). This parameter reflects the energy difference before and after ternary complex
formation, is represented by a scaling factor called o, defined mathematically as
Ka(binary)/Kq(ternary). If the degrader facilitates novel interactions between the E3 ligase and
target protein, the affinity of the ternary complex will be higher than the binary interactions
between the degrader and each protein, meaning o>1. If the degrader does not stabilize interactions
between the E3 ligase and the target protein, the probability of the ternary complex formation
remains the same as in the binary complexes and, as a result, a is equal to 1. When ternary complex
formation is unfavorable due to steric clashes or electrostatic repulsions induced by the degrader
bringing the two proteins into close proximity, a weaker binding affinity will be observed for the
ternary complex compared to the binary complex, resulting in an o value below 1 [242]. The value
of a can be determined through techniques like ITC [245,246], TR-FRET [203,247] and SPR [248].
However, it is not clear whether there is a positive correlation between cooperativity and potency
of the degrader-mediated protein degradation. Degraders with low cooperativity (a<l) may still
induce effective degradation. For example, a series of CRBN-BRD4 degraders that showed
negative cooperativity (a<l) led to effective degradation [247]. Therefore, high degradation
potency can be achieved, even for degraders with low cooperativity, suggesting that other factors,

such as permeability and ubiquitination, could also heavily contribute to the cellular potency [249].

1.6.3. - Cereblon E3 ubiquitin ligase

CRBN, first identified as a genetic cause of inherited autosomal recessive mental retardation, is
one of the substrate receptors of the cullin 4 (Cul4)-RING E3 ubiquitin ligase (CRL4), which is
the complex responsible for the poly-ubiquitination of the substrate [195]. CRL4 ubiquitin ligases
are formed by a cullin protein (Cul4), which acts as an assembly factor that provides a scaffold for

assembly of a RING box—domain protein (RBXT1) and the adaptor protein damaged DNA—binding
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protein 1 (DDB1) [250]. RBX1 is the docking site for the activated E2 protein, and DDB1 recruits
substrate-specificity receptors or DCAFs (DDBl—cullin 4-associated factors) to form the

substrate-presenting side of the CRL4 complex [251,252].
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Figure 16. ~3.5-A-resolution cryo-EM reconstruction of CRBN-DDBI in the unliganded apo form (A)
and cryo-EM map enlargement of the sensor loop, which interacts with the HB and BPA of DDB1 (B)
[253].

CRBN is retained as the direct target of thalidomide and other IMiD drugs [190,254]. Thalidomide,
a-(N-phthalimido) glutarimide, was initially used in pregnant women as a sedative drug. However,
it was discovered to cause severe teratogenicity in many tissues and organs, including limb
teratogenicity represented as amelia and phocomelia in infants [255,256]. Since it has been
demonstrated that thalidomide and its derivatives, lenalidomide and pomalidomide, have
immunomodulatory activity and anti-proliferative effects on several hematological cancers, they
are widely applied for the therapy of multiple myeloma and other hematologic malignancies as
IMiD drugs [257,258]. Biochemical and genetic evidence has shown that CRBN is a DCAF for
CRLA4 [190,250] and that binding of IMiD compounds to CRBN affects the ubiquitin E3 ligase
activity of CRBN bound CRL4 (CRL4CRBN), thus mediating the antiproliferative effects on
multiple myeloma (MM) cells and the immunomodulatory effects on T cells [190,254,259]. It was
reported that the transcription factors Ikaros and Aiolos are substrates of the CRL4ACRBN-IMiD
drug complex, thus explaining many of the therapeutic effects of IMiD compounds on immune

and tumor cells [260-262].
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Cereblon proteins occur throughout eukaryotes, however not in fungi. They are typically 400—600
residues long (442 in the case of human CRBN) and their genes occur in single copy per genome
[263]. Human CRBN is a 50-kDa protein containing three folded domains: an N-terminal Lon
protease like domain (Lon domain), an intermedial helical bundle (HB), and a C-terminal
thalidomide-binding domain (TBD) that harbors the drug-binding pocket. CRBN is recruited to
the Cullin-4—ROC1 ligase module by the adaptor protein DDB1, which consists of three WD-40
beta propeller domains (BPA, BPB, and BPC) [253] (Figure 16, panel A). The N-terminal region
including the Lon domain and HB resembles the N-terminal domain of bacterial Lon proteases,
which led to its initial annotations as an ATP-dependent Lon protease [264]. The HB of CRBN
docks into a central hydrophobic cleft formed at the interface of BPA and BPC of DDBI1, while
the mobile BPB domain interacts with Cullin-4, positioning CRBN-bound substrates for
ubiquitination. The TBD is located on the face of CRBN that is oriented away from the DDBI -
binding site. The TBD is composed of a six-stranded antiparallel B-sheet core, with a structural
zinc ion coordinated by four cysteine residues (Cys323, Cys326, Cys391 and Cys394). The IMiD-
compound pocket is formed by three tryptophan residues, Trp380, Trp386 and Trp400, with a
phenyl alanine residue at the base (Phe402) [251]. These residues form a small hydrophobic pocket
(tri-Trp pocket) in which the glutarimide portion of IMiD-compounds is accommodated. A
combination of mutations at both Tyr384 and Trp386 has been reported to cause a loss of the
IMiD-compound effects. A beta-insert hairpin within CRBN’s TBD (residues ~341 to 361) has
been shown to directly bind immunomodulatory drugs and neosubstrates in prior structures

[251,265], at its canonical position adjacent to the thalidomide-binding pocket (Figure 16, panel B).

Although the CRBN-TBD shares its fold with proteins such as methionine sulfoxide reductase,
dsRNA-binding proteins (RIG-I, LGP2, MDAS), and MSS4, the tri-Trp-pocket residues are not
conserved, preventing IMiD binding. In contrast, CRBN orthologs across animals and plants retain

complete conservation of this pocket [251].

1.7. - Nsp13 as another pharmacological target

As mentioned before, the genome of SARS-CoV-2 encodes structural proteins as well as 16 non-
structural proteins (Nspl-16) [266] that collectively form the machinery for viral replication and
transcription. The RNA-dependent RNA polymerase (RdRp) consists of a catalytic subunit,
Nspl2, and two auxiliary factors, Nsp7 and Nsp8, and is required to replicate the viral genome

[267,268]. In addition to its central role in replication and transcription of the viral genome, the
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RdRp contains an N-terminal nidovirus RdRp-associated nucleotidyl-transferase (NiRAN)
domain required for the formation of the cap core structure, which consists of a guanosine residue
linked to the first transcribed nucleotide by a 5’-5" triphosphate bond (GpppA) [269]. The holo-
RdRp is known to associate with multiple accessory factors during the viral life cycle. One of these
factors is Nsp13, a 67-kDa member of the helicase superfamily 1B, where the Walker A (phosphate
loop) and Walker B (Mg?" binding site) motifs play a fundamental role in the adenosine
triphosphate (ATP) binding and catalysis [270], which utilizes the energy of nucleotide triphosphate
hydrolysis to catalyze the unwinding of double-stranded DNA or RNA in a 5’ to 3’ direction [271].
Although Nspl3 is believed to act on RNA, in vivo enzymatic characterization shows a
significantly more robust activity on DNA in vitro assays with relatively weak non processive
helicase activity when compared to other superfamily 1B enzymes [272,273]. However, binding of
Nsp13 to the RdRp significantly augments its activity, possibly by means of mechanoregulation
[272]. In addition to its helicase activity, Nsp13 also possesses RNA 5’ triphosphatase activity
within the same active site [274], suggesting a further essential role for Nsp13 in the formation of

the viral 5" mRNA cap.

Furthermore, Nsp13 is involved in many other molecular mechanisms related to the evasion of the
human immune system. Indeed, it antagonizes IFN-I signaling through blocking signal transducer
and activator of transcription 1 (STAT1)/STAT2 phosphorylation or nuclear translocation [275],
downregulates NF-kB promoter signaling by limiting TBK1 and IRF3 activation, as phospho-
TBKI1 and phospho-IRF3 protein levels are reduced with increasing levels of Nspl3 protein

expression [276,277].

Structurally, Nsp13 contains 5 domains, a N-terminal Zinc binding domain (ZBD) (1 to 100), that
coordinates 3 structural zinc ions, a helical “stalk” domain (101 to 150), a beta-barrel 1B domain
(151 to 261) and two “RecA like” helicase subdomains 1A (262 to 442) and 2A (442 to 596)
delimiting the central channel for RNA unwinding [278], characteristic of SF1 helicases [279,280].
Domains 1A, 2A, 1B and stalk are essential for helicase activity [281]. The ZBD packs against the
three-helix bundle of the “stalk” domain which also makes contacts with 1A domain on its opposite

side (Figure 17).
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Figure 17. Crystal structure of SARS-CoV-2 NSP13 (PDB ID 7NIO), showing the zinc-binding domain
(ZBD; green), stalk domain (wheat), 1B domain (grey), RecAl domain (orange), RecA2 domain (blue).

This same basic 5-domain architecture is shared by other Nidovirus helicases such as the Nsp10
proteins from Equine arteritis virus [282] and Porcine reproductive and respiratory syndrome virus

[283] and to a lesser extent the human nonsense-mediated mRNA decay factor UPF117.

Previous X-ray structures of Nspl13 have been solved for MERS-CoV and the highly related
SARS-CoV to 3.0 A and 2.8A respectively [284,285]. More recently, cryo-electron microscopy
studies have revealed the architecture of the Nspl3 containing replication and transcription
complex, which contains two copies of Nsp13 that interact with Nsp8 via the N-terminal ZBD
[269,286,287]. One of the Nsp13 protomers makes additional interactions with Nsp12 and is located
with its RNA binding site in the path of downstream RNA [286]. However, the opposing polarities
of helicase translocation (5’ to 3’) and polymerase activity suggest that Nspl13 may facilitate

backtracking, template switching, or disruption of downstream secondary structures. [286].

The Nsp13 helicase exhibits a remarkable sequence conservation across the Coronaviridae family
especially in the residues delimiting the central channel. 26 residues of the channel are conserved
not only in SARS-CoV, SARS-CoV-2 and MERS human coronavirus, but also in many non-
human beta as well as in alphacoronavirus with only two exceptions involving the point mutations

R178K and A316S [278].

Notably, an X-ray crystallography fragment screen identified prominent druggable binding sites
within the nucleotide and RNA-binding pockets, as well as in the cleft between the ZBD and the
stalk domain. [278]. This study highlighted that the residues lining the nucleotide and RN A-binding

pockets are highly conserved across a- and B-coronavirus helicases, with the 5" RNA-binding site
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in Nspl3 exhibiting a level of conservation comparable to the RdRp active site and the ADP-
binding pocket of the NIRAN domain in Nsp12 [278].

The SARS-CoV-2 Nspl3 protein represents an ideal target for development of anti-CoV drugs
because of its sequence conservation and indispensable role across all CoV species [273,288]. The
primary amino acid sequences of SARS-CoV Nspl13 and SARS-CoV-2 Nspl3 share a sequence
identity of 99.8% and a sequence similarity of 100.0% [289]. This implies that previously found
therapeutics that target this enzyme in other CoVs species might be effective against the new

COVID-19 disease.

Inhibition of Nspl3 can be achieved through various strategies, including ATP binding, direct
nucleoside triphosphatase (NTPase) activity, nucleic acid binding to the helicase or blocking
helicase translocation. Several classes of compounds have been reported as Nspl3 inhibitors,
including benzotriazoles, imidazoles, imidazodiazepines, phenothiazines, quinolines,
triphenylmethanes, pyrroles, acridones, small peptides, and bananin derivatives, all representing
potential therapeutic agents against SARS-CoV-2 [290]. In response to the COVID-19 pandemic,
natural products have gained increased attention as potential lead compounds against SARS-CoV-
2 [291]. Among these, myricetin, a flavonoid that is abundant in fruits, vegetables and teas, has
emerged as a particularly promising lead compound. The crystal structure of myricetin-bound
Nsp13 was obtained revealing that the inhibitor binds to the surface of the RecA1 domain near its
interface with the stalk domain [292] (Figure 18). Caffeic acid derivatives rosmarinic acid and
chlorogenic acid, identified as potential inhibitors of Nsp13, along with myricetin, were tested in
ATPase and unwinding assays. Myricetin inhibited both activities of Nspl3, consistent with
previous studies [293-295]. In contrast, rosmarinic acid and chlorogenic acid inhibited only the

unwinding activity of Nsp13.
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RNA Tunnel

Nucleotide Binding Site

Figure 18. Surface representation of NSP13, colour-coded as in Figure 17, with myricetin displayed as a
yellow ball-and-stick model. The positions of the nucleotide-binding site and RNA-binding channel are
indicated. The inset shows the binding site with interacting residues (sticks), a water molecule (sphere),

hydrogen bonds (red dashed lines), carbon—r interactions (white dashed lines), cation— interactions

(green dashed lines) and donor—= interactions (blue dashed lines) (adapted from [292]).
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1.8. - Thesis objectives

Viral proteins retained as important drug target represent the object of research of my PhD period.
In particular, my PhD project focuses on the structural characterization of protein complexes
between selected pharmacological targets and small molecules. These investigations will serve as
a starting point for validating specific proteins or domains as drug targets with the final goal to
develop therapies with the desired results. The proteins under analysis are the main viral proteases

SARS-CoV-2 3CL™ and CVB3 3CP™ and the viral helicase SARS-CoV-2 Nsp13.

SARS-CoV-2 3CLP™ exhibits a high structural conservation of the main core among the various
Coronaviruses [296]. Therefore, the discovery of new antiviral compounds that are active against a
broad spectrum of Coronaviruses could be relevant [124]. The 3CLP™ catalytic dyad suggests a
good ability of binding transition metal ions. In section 3.1 gold metallodrugs, in particular
Auranofin and five related gold(I) complexes, in complex with SARS CoV-2 3CLP™ are studied

as potential inhibitors of the protease activity.

The structural similarity across 3CL proteases in all Coronaviruses genera is conserved as well as
across 3C proteases belonging to the Enterovirus genus, in the Picornavirus family [96,97]. The
latter proteases are essential for viral replication, and they possess distinctive cleavage site
recognition features that are not found in closely related human homologs. With the intention of
developing broad-spectrum antiviral drugs, we decided to exploit the PROTAC peptidomimetic
approach able to target both the coronaviral 3CLF™ and the enteroviral CVB3 3C™™ proteases.
Indeed, the PROTAC molecules under investigation - KME16, ACH213, and GC-376 PROTACs
- are bifunctional compounds designed to engage the active sites of the SARS-CoV-2 3CLP™ and
CVB3 3C™™ proteases on one end (derived from a PROTAC precursor), while recruiting the E3
ubiquitin ligase CRBN on the other (Figure 19).
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Figure 19. Chemical formula of investigated PROTAC molecules.
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The structural biology platform allows us to set up a procedure for the validation of molecular
targets for drug discovery. The research goals include the development of successful protocols for
the expression of recombinant proteins SARS-CoV-2 3CLP™®, CVB3 3CP™® and CRBN E3 ubiquitin
ligase, in E. coli as isotopically and not isotopically enriched samples. X-ray crystallography and
solution NMR spectroscopy are used to structurally characterize the interaction of PROTACs both
with the protein targets and with the CRBN.

Finally, I set up and optimized a protocol for the production and purification of SARS-CoV-2
Nsp13 protein. Activities involving the characterization of Nsp13 entail extensive collaboration
with G. Caminati and S. Menichetti laboratory group (DICUS, UNIFI), which are participants in
the PNRR project, Spoke 4.
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2. Chapter — Methodological aspects

2.1. - Protein production

2.1.1. - Expression systems

Recombinant protein expression has revolutionized all aspects of the biological sciences. In
particular, it has greatly expanded the number of proteins that can be studied from both a
biochemical and structural perspective. As the number of proteins produced by recombination

increases, so does awareness of the difficulties and limitations inherent in this process [297].

The choice of an expression system for the high-level production of recombinant proteins depends
on many factors. These include cell growth characteristics, expression levels, intracellular and
extracellular expression, post-translational modifications and biological activity of the protein of
interest [298]. Many organisms can be used, such as bacteria, yeasts, plants, fungi, insects and
mammalian cells, however, Escherichia coli is still the preferred host for recombinant protein
expression [299]. The rationale is clear: E. coli is easy to genetically manipulate, it is inexpensive
to culture, and expression is fast, with proteins routinely produced in one day. Moreover, protocols
for isotope-labelling in E. coli for NMR spectroscopy are well established, making it highly

suitable for structural studies [297].

Nevertheless, despite the extensive knowledge of the genetics and molecular biology of E. coli,
not every gene can be expressed efficiently in this organism. This may be due to the unique and
subtle structural features of the gene sequence, the stability and translational efficiency of mRNA,
differences in codon usage between the foreign gene and native E. coli, the easy of protein folding
and potential toxicity of the protein to the host. Moreover E. coli lacks the machinery required to
perform certain eukaryotic post-translational modifications, such as glycosylation, which can be
critical for the formation of folded, active protein and the reducing environment of the bacterial
cytoplasm makes the efficient production of disulfide-containing proteins challenging [300,301].
Considerable efforts have been made in recent years to maximize the efficient production of
soluble recombinant proteins in bacteria. A remarkable number of aspects such as expression
vector design, host strains, promoter strength, co-expression and low temperature induction have

been developed to successfully overcome the main limitations [297] (Figure 20) .
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Figure 20. Overview of the protein expression strategies in E. coli [297].

2.1.2. - E. coli protein expression

The aim of recombinant protein expression in E. coli is to produce a protein product that is soluble,
folded, and active. A fundamental element is the choice of the expression vector, which contains
all DNA sequence elements that direct the transcription and translation of the target gene [302].
These elements include the origin of replication, promoters, and terminators. In addition,
expression vectors contain a selection element, typically an antibiotic-resistance gene, to aid in
plasmid selection within the host cell. The origin of replication of a vector is the site where
replication is initiated. It also determines copy number of the vector in the host. The copy number
for common E. coli expression plasmids ranges from low (2 to 20) to high (20 to 40). Typically,
high-copy number plasmids are desired for protein expression in E. coli, as they result in the
maximum protein yield for a given culture volume [303]. Promoters are another element of the
vector that can have a profound effect on the strength and duration of transcription and, in turn,
protein yield. An effective promoter for expressing heterologous proteins in E. coli has three
characteristic features. Firstly, it is strong, resulting in robust expression of the target gene

(typically 10% to 50% of total cellular proteins). Secondly, it exhibits low basal transcriptional
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activity to prevent unwanted transcription prior to induction. Thirdly, induction is simple and
inexpensive. For maximal protein yields, a strong promoter should be selected, such as T7 or tac

promoters [297].

The T7 RNA polymerase system is the most commonly used promoter system in E. coli. Gene
expression is driven by the T7 RNA polymerase (from the T7 bacteriophage), which transcribes
DNA five times faster than the bacterial RNA polymerase [304]. Because E. coli lacks this enzyme,
the polymerase must be delivered to the cell, via an inducible plasmid or, more often, by using an
E. coli designated (DE3) strain, that contains a chromosomal copy of the T7 RNA polymerase
gene allowing for simple and efficient expression of genes from T7-based expression vectors [302].
In the absence of an inducer, the polymerase, which itself is under the control of the lacUV5
promoter, is not produced, and correspondingly, the gene of interest is not transcribed [304]. Upon
addition of the non-hydrolyzable lactose analog, Isopropyl B-D-1-thiogalactopyranoside (IPTG),
the T7 RNA polymerase is transcribed and synthesized. The polymerase then initiates transcription
of the target gene by binding to a T7 polymerase—specific promoter. Once induced, most of the
cellular machinery is devoted to the production of the recombinant protein, comprising up to 50%

of the total cellular protein [302,304].

Tac promoter is a hybrid of naturally occurring promoters, consisting of the —35 region of the trp
promoter and the —10 region of the lacUVS5 promoter [305,306]. The only difference between these
two systems is the spacing between the —35 and —10 consensus sequences, with 16 bp separations
in the tac promoter [307]. Expression is induced with IPTG. It can result in the accumulation of up

to 15% to 30% of the total cellular protein [307].

Another critical feature of E. coli expression vectors is the presence of a fusion tag. The fusion
tags are transcribed in-frame with the construct of interest. They are useful because they can
improve protein expression, promote folding, increase protein solubility, and facilitate
downstream processes such as purification and detection. The placement of the tag, either N-
terminal or C-terminal, is also important as it can have a profound effect on soluble protein
expression levels. Additionally, the presence of a fusion tag may interfere with the biological
activity of the recombinantly expressed protein, and thus, in these cases, it may be important to
enzymatically remove the tag after the fusion protein has been purified. The most common tags
used in the experimental procedure in this work of thesis are hexahistidine (His6 or His-tag) which
facilitate both solubility and purification through the immobilized metal affinity chromatography
(IMAC) [308] and Glutathione-S-transferase (GST), a protein that catalyzes the nucleophilic attack
of glutathione on electrophilic substrates in order to reduce their reactivity with other biomolecules

48



[309] and it binds tightly and specifically to glutathione agarose, allowing the target protein to be
purified in a single step [310]. All fusion tags have the potential to influence the behavior of the
expressed protein, and thus it is typically desirable to remove the tag following purification. This
is achieved by engineering a protease-specific cleavage site (a sequence of ~7 amino acids that is
specifically recognized by the protease) between the tag and target protein. Following expression

and purification, the corresponding protease is used to cleave the tag from the protein in vitro.

Once the host organism and expression vector have been chosen, the first step is usually to perform
expression tests on a small scale (5-100 mL of medium). The variables that can be screened are
many: E. coli strains, expression temperatures, protein expression inducer concentrations,
induction time, culture media [311]. E. coli BL21 and its derivatives are most frequently used for
routine protein expression. Several BL21 (DE3) derivatives, known as pLysS strains, express T7
phage lysozyme, an enzyme that effectively inhibits T7 RNA polymerase activity. Inhibition of
T7 RNA polymerase may decrease basal expression of the target protein, especially when the latter
can result in toxicity to the host system. Moreover, numerous bacterial strains such as Rosetta and
Rosetta2 contain plasmids that encode rare tRNAs to promote the efficient expression of genes
that contain high frequencies of rare codons [312]. Finally, a derivative of the BL21 host strain,
ArcticExpress, that coexpresses the cold-adapted chaperonins Cpnl0 and Cpn60 from
psychrophilic bacterium, Oleispira antarctica, has been developed and used for expression at low
temperatures to improve protein solubility. Reducing the rate of transcription and/or translation
facilitates folding by allowing the newly synthesized protein to fold before it aggregates and forms
inclusion bodies. At lower temperatures, cell processes slow down leading to reduced protein
aggregation [313,314]. Therefore, lowering the expression temperature routinely improves the
solubility of recombinantly expressed proteins [315,316]. The bacterial culture should be cultivated
at 37°C until mid-to-late log phase [317]. The culture is then induced and the recombinant protein
synthesized between 15°C to 25°C [318]. Due to the reduced protein synthesis rate, longer
induction times are necessary to obtain sufficient protein yield (typical induction time: 4 hr at
37°C, 16 to 20 hr at 18°C). In addition to lowering the growth temperature, a reduction in
transcription rate can also be achieved by lowering the concentration of the induction agent. The
most common IPTG concentrations for protein induction range from 0.1 to 1.0 mM, but a decrease
to even lower levels can affect solubility. Recombinant expression of target protein is usually
performed in batch culture. Luria broth (LB) is the standard medium for the expression of proteins.
This broth is composed of bacto tryptone, which provides peptides, peptones and essential amino

acids, yeast extract, which provides vitamins and trace elements, and sodium chloride, which
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provides sodium ions to maintain osmotic balance [314]. Terrific broth (TB), the second most
widely used expression medium, is formulated to increase protein solubility and yield [314]. M9,
or minimal medium, contains the minimum nutrients essential for bacterial species to grow.
Minimal medium usually lacks amino acids, and thus is most widely used for selective labelling,

as isotope labelling for proteins studied using NMR spectroscopy [319].

2.1.3. - Protein purification

The strategy of purification depends mainly upon the localization of the produced protein within
the host; for example, the protein can be excreted into the growth media, transported in the
periplasmic pace or produced like a soluble or insoluble (inclusion bodies) protein within the
cytoplasm and finally directed to the cell membranes. In each of the cases the isolation has to be

performed in different ways [320].

Cell lysis is the first step in purification. The latter can be performed mainly by sonication,
mechanical methods (French Press) or the use of special reagents containing detergents. Once the
cells have been lysed, centrifugation of the lysate at high speed (40000 rpm) allows the soluble
fraction to be separated from the insoluble one. There are several chromatography methods for
purification, based on the different physical chemical and biological features of the protein. The

ones used in this study are presented below:
Immobilized Metal lon Affinity Chromatography (IMAC)

IMAC is currently the most used affinity technique commonly used to purify recombinant proteins
fused to a short peptide affinity tag constituted of 6 or more Histidines (His-tag). In IMAC, metal
1ons, typically nickel or zinc, are immobilized to resin via a metal chelator, such as nitrilotriacetic
acid. The formation of weak coordination bonds between the metal ions immobilized on the
column and the histidine residues allows the capture of the target protein. The latter is washed
from the impurities and elution is usually carried out using an increasing concentration of a

competitive agent such as imidazole (Figure 21).
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Figure 21. Schematic representation of IMAC purification (adapted from [321]).

Glutathione S-transferase (GST) Affinity Chromatography

GST-tagged proteins, as mentioned before, can be purified directly from pretreated bacterial

lysates using affinity columns containing Glutathione Sepharose resin. GST-tagged proteins are

eluted under mild, nondenaturing conditions using reduced glutathione (Figure 22).
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Figure 22. Graphical scheme of GST Affinity Chromatography

(https://www.sinobiological.com/resource/protein-review/gst-tag-protein-expression)
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If desired, cleavage of the protein from Hist-tag or GST-tag can be achieved using a site-specific
protease. One of the most widely used proteases is Tobacco Etch Virus (TEV) protease, which
efficiently cleaves fusion tags without non-specific secondary cleavage [322]. Other examples of

commonly used protease are PreScission, Thrombin and Factor Xa enzymes.

Size Exclusion Chromatography (SEC)

In SEC or gel filtration, molecules are separated based on their size or, more correctly, based on
their hydrodynamic radius. The resin in the column consists of a series of gelatinous microspheres
that have a specific pore size distribution. During the elution phase, smaller molecules will spend
more time in the pores of the gel, delaying their elution, while larger molecules will pass quickly
through the column (Figure 23). As preparative method SEC can be used to remove high or low
molecular weight contaminants or to exchange buffer solutions, while analytical SEC allows to
isolate one or more components from a protein mixture, to separate monomers from aggregates

and to perform a molecular weight distribution analysis, provided that suitable standards are

available.
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Figure 23. Process of SEC. (A) Schematic representation of a resin particle with an electron micrograph
enlargement. (B) Illustration of sample molecules diffusing into the pores of the particle. (C) Graphical
overview of the separation process: (i) sample application onto the column; (ii) smaller molecules
(yellow) experience greater retention compared to larger molecules (dark orange); (iii) the largest species
elutes first. Band broadening during chromatography leads to considerable dilution of protein zones. (D)
Representative schematic chromatogram. (https://cdn.cytivalifesciences.com/api/public/content/digi-

11639-pdf)

Modern gel filtration media allow separation across a molecular weight range from approximately
100 Da up to 80 million Da, making it possible to resolve biomolecules from small peptides to
very large proteins and multiprotein complexes. The most critical parameter for achieving high
resolution is the ratio of sample volume to column volume: larger relative sample volumes reduce
resolution, while smaller ones enhance it. For preparative gel filtration, optimal resolution is
typically achieved with loading volumes of 0.5-2% of the total column volume, although
acceptable separation can often be maintained with volumes up to 5%. In cases where the
difference in size between the target protein and impurities is substantial, even larger volumes may
be tolerated. To increase effective loading capacity, samples are frequently concentrated prior to

gel filtration.

Separation by SEC can be carried out over a wide range of pH, ionic strengths, and temperatures,
and the resin is compatible with numerous additives such as cofactors, protein stabilizers,
detergents, urea, and guanidine hydrochloride. In general, buffer composition does not markedly
influence resolution; however, the inclusion of a low concentration of salt (typically 25—-150 mM
NaCl) is recommended to minimize weak electrostatic interactions between proteins and the gel-
filtration matrix. Buffer conditions should be chosen according to the nature of the sample and the
requirements for maintaining protein activity, since the target proteins are ultimately transferred
into the equilibration buffer. This equilibration buffer can therefore be tailored to meet the needs

of subsequent purification steps, analytical procedures, storage, or functional assays.

2.2. - SDS-PAGE analysis

Samples derived from chromatographic fractions can be tested for protein visualization using SDS-

PAGE analysis. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is an
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analytical technique for separating proteins based on their ability to migrate on a gel, depending

on the length of their polypeptide chains and their molecular weight.

The principle behind this technique is that a protein molecule at a pH different from its isoelectric
point has a total charge different from zero and moves in an electric field. This technique exploits
the denaturing activity of SDS. SDS is a strongly ionic detergent that confers a negative electric
charge on average for every 2 amino acid residues. Protein samples treated with buffers containing
SDS are denatured and have a number of negative charges proportional to their molecular weight.
In this way, proteins with the same charge have an electrophoretic mobility proportional to their
size, using a three-dimensional sieve of polymerized acrylamide (gel) as a support. This type of
electrophoresis is “discontinuous” because the gel consists of two parts: the lower part contains
the running gel at pH 8.8, while the upper part contains the stacking gel at pH 6.8. The function of
stacking gel is to align the protein molecules so that they enter the running gel simultaneously

from the same starting point. The discontinuity of the gel allows for better resolution of the bands.

In detail, the preparation of samples for SDS-PAGE consists of adding 5 pL. of protein sample and
10 puL of 3X FSB composed of Tris base, SDS, glycerol, 2-mercaptoethanol, and bromophenol
blue. The samples are boiled in water for about 5—10 minutes, then placed on ice for 2 minutes and
centrifuged for 1 minute at 13,000 x g. Subsequently, 7 pL of each sample are loaded into the
wells of a 4-15% Mini-PROTEAN® TGX™ Precast Protein gel, 15-well, 15 pL (Bio-Rad),
together with the molecular weight marker (Unstained Protein Standards 116-14.4 kDa, Bio-rad).
The electrophoretic run is carried out for about 30 minutes at 220 Volts. Once the run is complete,
the gel is immersed in Comassie Brilliant Blue G-250 dye used as a standard colorimetric method

for detection of protein bands.

2.3. - Sample preparation for characterization analysis

The fractions collected at the end of the various purification steps can be subjected to buffer
exchange to the desired condition using desalting columns. These columns contain Sephadex G-
25 resin and are used for rapid buffer exchange, desalting and removal of small contaminants such
as salts and dyes from samples. The chromatographic technique used is gel filtration, and
molecules are separated based on differences in molecular size. Molecules larger than the pores in
the Sephadex matrix are excluded from the matrix and are eluted first, while smaller molecules
will penetrate the pores. Separation can be performed using two different protocols: gravity or

centrifugation.
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Then protein solution is concentrated using Amicon Ultra Filters with appropriate kDa cutoff. The
concentrators have a cellulose membrane with a vertical design and a large surface area, which
allows for easy sample processing, good sample recovery and a high concentration capacity of up
to 80 times. Protein solution is concentrated by centrifugation at max 3500 rpm until the desired
concentration is achieved. The concentration is determined by UV-visible spectroscopy. To

calculate protein concentration Lambert-Beer's law is used:
A=¢-1-C

where A is the absorbance value measured at 280 nm, ¢ is the molar extinction coefficient in M™!
-em’!, 1is the side of the cuvette and C represents the concentration value in molarity. The molar
extinction value is estimated by Protparam [www.expasy.org/tools/protparam/] or found in the

literature.

In addition to UV absorbance, colorimetric methods are widely used for determining protein
concentration, as they rely on the formation of colored complexes between proteins and specific
reagents, with the resulting absorbance measured spectrophotometrically. The Biuret assay is one
of the simplest, where peptide bonds react with copper (II) ions under alkaline conditions to yield
a violet color, although it requires relatively high protein concentrations. The Lowry method,
which combines the Biuret reaction with the Folin—Ciocalteu reagent, is more sensitive and detects
aromatic amino acids such as tyrosine and tryptophan, but it can be affected by interfering
compounds. The Bradford assay is one of the most employed approaches, based on the binding
of Coomassie Brilliant Blue dye to proteins, resulting in a shift in absorbance measurable at 595
nm; it is rapid and convenient, even if sensitive to detergents. The bicinchoninic acid (BCA)
assay improves on these limitations by using a copper reduction reaction coupled with BCA to
form a stable purple complex, providing high sensitivity and greater tolerance to detergents,
making it well suited for cell lysates. Together, these methods offer complementary options, with

the choice depending on sensitivity requirements, sample purity, and buffer composition.

2.4. - Fluorescence enzymatic assay

Fluorescence is defined as the luminescence of a substance following the absorption of
electromagnetic radiation. When a molecule emits fluorescence, the wavelength of the absorbed
radiation is always lower (with higher energy) than the wavelength emitted (fluorescent).
Fluorescence emission is often used in tests to determine the activity of an enzyme by monitoring

the difference in fluorescence between the substrate and the product. This substrate, which is
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generally synthetic in nature, is specially designed according to the type of enzyme being studied.
In one of the studies in this thesis, the fluorescence enzymatic assay was used to evaluate the
activity of the SARS-CoV-2 3CLP™ protein. The substrate is an 8-amino acid peptide that
constitutes the recognition sequence of the viral protease. The N-terminal is linked to the
fluorophore 7-methoxycoumarin-4-acetic acid (MCA), while the C-terminal is bound to the
quencher 2,4-dinitrophenyl (Dnp). When the enzyme cleaves the MCA-Dnp amino acid substrate,
the MCA part emits fluorescence. MCA/Dnp is a frequently used fluorophore/quencher
combination that requires excitation and emission wavelengths of 320 and 405 nm, respectively,
for fluorescence detection. To set the optimal conditions for fluorescence measurements, particular
attention must be paid to the choice of reaction buffer, the concentration of the enzyme and

fluorescent substrate, and the temperature.

2.5. - X-ray Crystallography

X-ray crystallography is currently the most favoured technique for structure determination of
proteins and biological macromolecules. It enables the visualization of protein structures at an
atomic level and the investigation about interactions between proteins and other molecules and
how they undergo conformational changes. A crystal is an ordered 3D array of molecules held
together by weak interactions. Once the crystal is exposed to X-rays, with a wavelength of around
0.1 nm or 1 A, the latter are diffracted by the electrons in the molecule and consequently resulting
in a diffraction pattern. The diffraction pattern contains all structural information regarding the
electron density and position of each atom of the molecule [323]. To perform protein
crystallography, a reliable source of proteins is needed, along with a purification/concentration

protocol that produces soluble, homogeneous and high-quality material.

In the crystallization process the purified protein is slowly precipitated from an aqueous solution.
which is brought into supersaturation. Crystallization proceeds in two phases, nucleation and
growth. After nucleation, it is important to reach what is known as the ‘metastable zone’, in which
the best conditions are found for the growth of large well-ordered crystals. As a result, the
individual protein molecules align themselves in repeated series of “unit cells” and assume a
consistent orientation. The growth of protein crystals of sufficient quality for structure
determination represents the rate limiting phase of most protein crystallography work. The extent
of the problem can be understood by considering different variables [324]: the choice of precipitant,

its concentration, the buffer and its pH, the protein concentration, the temperature, the
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crystallization technique and the possible inclusion of additives. The vapor diffusion method is the
most frequently used technique to grow protein crystals. The two used common vapor diffusion

techniques for protein crystallization are hanging drop and sitting drop methods.

Methodologies employed in the investigation of protein—ligand complex formation include
soaking and co-crystallization. The soaking method consists of adding a drop of compound
solution to the already-formed protein crystal and waiting for an indefinite time for the molecule
to diffuse in the crystal through solvent channels. The solvent channels in protein crystals, a
consequence of crystal packing, are primarily filled with crystallization buffer (up to 80% solvent),
allowing the ligand's free diffusion into its functional binding site. The rate of diffusion is
influenced by the ligand concentration and its affinity [325,326]. Using soaking is advantageous
because it turns out to be faster and cost-effective. However, it may either alter the ordered
structure of the crystal, cracking it, or its access to the protein site can be blocked by high packing
of the protein's crystal lattice. By contrast, co-crystallization entails exposing the protein to the
ligand in solution at the beginning of the experiment [325,327]. In comparison with soaking, co-
crystallization is more accurate for determining the correct ligand-binding position [327] as crystal
packing tends to favour the ligand position bound to the active site. However, co-crystallization is

a more time-consuming and costly process.

Several crystallographic structures are proposed in this thesis. The structures of the SARS-CoV-2
3CLP™ protein complexes with Au(NHC)CI, Au(PEt3;)Br and GC-376 PROTAC precursor were
obtained by soaking methods. Instead, crystal structures of the SARS-CoV-2 3CLP™ and CVB3
3CP™ protein complexes with GC-376 PROTAC were achieved by co-crystallization.

2.6. - NMR spectroscopy

NMR spectroscopy is an indispensable tool for investigation of biological molecules and their
interactions [34,35]. The NMR method provides data that are in many ways complementary to those
obtained from X-ray crystallography and thus promises to widen our view of protein molecules,

giving a clearer insight into the relation between structure and function.

Whereas X-ray crystallography requires single crystals, NMR measurements are carried out in
solution under conditions that can be as close as possible to the physiological state. Furthermore,
the analysis through NMR spectroscopy easily allows the characterization under several different
experimental conditions, such as such as different ionic strength and pH [328]. In addition to protein

structure determination, NMR measurements can also include investigation of dynamic features

57



of the molecular structures, as well as studies of thermodynamic and kinetics aspects of

interactions between proteins and other solution components [329].

NMR spectra are generated by placing a sample in a magnetic field and applying radiofrequency
pulses, which perturb the equilibrium nuclear magnetization of these atoms with nuclei of non-
zero spin. Transient time domain signals are detected as the system returns to equilibrium. Fourier
transformation of the transient signal into a frequency domain yields a one-dimensional NMR
spectrum, which is a series of resonances from the external fields. Therefore, the frequencies of
different nuclei vary due to their different chemical environments. This effect is called ‘chemical
shift’. It is one of the major parameters of NMR spectroscopy since it causes the different positions
of the signals in an NMR spectrum. The most prominent feature of NMR spectroscopy is its ability
to differentiate chemically identical atoms, experiencing small variations in their magnetic

environment influenced by neighboring atoms [35,330,331].

The fundamental step is the preparation of the protein solution, since a highly purified protein
preparation is required. An inhomogeneous preparation and/or aggregation of the protein as well
as low molecular weight protonated impurities may severely harm the structure determination. The
first step in every protein NMR study therefore involves optimization of the measurement
conditions as pH, ionic strength, and temperature that can often be adjusted to mimic physiological
conditions [328]. The macromolecule under study should be stable in the chosen conditions for
many weeks. Proteins with a molecular weight larger than 10 kDa must be isotope enriched in °N
and 1*C for efficient NMR studies. '°N and *C are used because the most abundant carbon isotope
(12C) does not give an NMR signal and the most abundant nitrogen isotope ('*N) has undesired
NMR properties. Often, larger proteins require a degree of deuteration of non-exchangeable
protons in order to reduce the efficiency of proton-proton relaxation mechanisms and thus obtain
narrower and more observable signals [332]. For the NMR measurements the protein is dissolved
in 0,25-0,5 mL of aqueous buffer that contains about 10 % of D>O which is necessary for the

stabilization of the NMR instrument during the measurement.

NMR spectra of biological macromolecules contain hundreds or even thousands of resonance lines
which cannot be resolved in a conventional one-dimensional spectrum (1D). Further, the
interpretation of NMR data requires correlations between different nuclei, which are implicitly
contained in 1D spectra but often difficult to extract. Multidimensional NMR spectra provide both

increased resolution and correlations which are easier to analyze [35].
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The NMR multidimensional measurements almost always use protons (‘H) and, depending on the
isotope labelling, '*C and/or '*N nuclei, exploit the transfer of the magnetization between these
nuclei via through bond (scalar coupling) interactions. Such experiments allow the assignment of
5N and/or *C backbone chemical shifts and the determination of protein structures up to 25 KDa
range [333]. These experiments allow systematic information to be obtained on backbone
resonances as they link the signals of the amide protons (HN) and those of the side chains
(Ca,CB,Co). Through the analysis of 3D triple resonance experiments we can obtain the specific
sequence assignment of the protein, which consists of linking the NMR signals to a specific
nucleus of a specific amino acid in the protein sequence. Subsequently, the NMR method for
protein structure determination relies on the measurement of through-space correlations via the
Nuclear Overhauser Effect (NOE). A dense network of distance constraints are derived from NOEs
between nearby hydrogen atoms in the protein [334]. NOEs connect pairs of hydrogen atoms

separated by less than about 5 A in space.
Sequence Resonance Assignment and Chemical Shift Perturbation Mapping

The application of multidimensional NMR spectroscopy allowed the development of general
strategies for the assignment of signals in proteins. All procedures use the known protein sequence
to connect nuclei of amino acid residues which are neighbours in the sequence. For unlabelled
proteins smaller than 10 kDa the combination of the ['H,'"H]-COSY or TOCSY, used for the
sequential assignment, with the ['H, 'H]-NOESY spectrum allows the assignment of most proton
NMR signals to individual protons [334]. For larger proteins extensive signal overlap prevents
complete assignments of all 'H signals in proton spectra. This barrier can be overcome with 3D
NMR technique and uniformly '3C and '°N labelled proteins. With these methods, systems with
molecular weights up to approximately 30 kDa can be studied [335]. The 3D triple resonance
experiments exclusively correlate the resonances of the peptide backbone (HN(i), N(i), Ca(i),
Ha(i), Ca(i-1), CO(i1) and CO(i-1)). The 3D experiments used to identify the backbone resonances
are, usually, HNCA or HNCACB, HN(CO)CA or HN(CO)CACB, HNCO, HN(CA)CO and
HNHA [336].

One of the most important protein observed methods for the investigation of protein—ligand
interactions is the chemical shift mapping (CSM) also known as the chemical shift perturbation
(CSP) or complexation induced changes in chemical shifts (CIS) [337]. Thereby, a series of NMR
spectra of the protein are recorded in the absence and presence of varying amounts of the binding

ligand. Due to its superior signal dispersion, the most common experiment which is used for
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chemical shift mapping is the '’N-heteronuclear single quantum correlation (HSQC) experiment.
If there is an interaction, the chemical shifts of the residues involved in the complex formation
with ligand, seen as peaks in a ’N-HSQC, are displaced from their original position. Two limiting
cases can be described: low and fast chemical exchange between the free and protein-bound form
of the ligand. In the fast exchange limit the two signals collapse into one, whose chemical shift
represents the population averaged value of the free and ligand-saturated protein. In the slow
exchange regime both signals of bound and free state are observed with signal integrals
representing their relative amounts. When CSM is carried out on a protein with known resonance
assignments, the residues which are involved in the interactions with the ligand are revealed.
Chemical shift mapping is also particularly useful for the screening of ligands and is therefore
often used in drug design. It not only provides information about binding and the binding strength,
but also about the location on the protein where the interaction takes place. One essential
requirement for chemical shift mapping is that both the protein and the ligand are dissolved in the
exact same buffer and measured under the same conditions, since chemical shifts, especially those
of amide protons are very sensitive to differences in pH value, temperature and buffer
composition. Therefore, the preservation of constant solution conditions during a protein-ligand

titration is important to obtain spectra with improved quality [338].
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3. Chapter — Results and discussion

3.1. - Exploring Gold metallodrugs to inhibit the SARS-CoV-2 3CL"™

The emergence and swift proliferation of COVID-19 pandemic have created significant challenges
for healthcare systems across the globe. In order to develop potent antiviral medications targeting
SARS-CoV-2, broadening the range of chemical compounds tested, particularly by incorporating
a diverse array of metal-based compounds, is highly beneficial. Recently, efforts have been made
to monitor the metallodrugs’ effectiveness against the COVID-19 pandemic. Cohen et al., in their
work, have reported the description of metal complexes, containing bismuth, rhenium or gold, that
have been shown to inhibit various SARS-CoV-2 enzymes and their proposed mechanism of
action [119]. Numerous gold(I) and gold(IIl) complexes have been documented to effectively
suppress the function of multiple proteins and enzymes that contain thiol groups, such as
thioredoxin reductase and thioredoxin-glutathione reductase, complexes implicated in antiviral

properties [339].

Messori et al. proposed the pharmaceutical compound Auranofin for its possible action against
SARS-CoV-2, highlighting the excellent tolerance of the compound in the body, its low toxicity
and its multi-targeting ability [340]. The prospect of using Auranofin as a therapeutic agent against
SARS-CoV-2 has garnered significant attention. Several studies have shown that it can suppress

viral replication by targeting and inhibiting particular enzymatic functions of the virus [341-343].

In the first presented paper I demonstrate, through in-vitro enzymatic activity assays, the capacity
of Auranofin and some derivatives (the three halido analogs Au(PEt3)Br, Au(PEt3)I, Au(PEt3)Cl
and the two gold carbene complexes Au(NHC)CI and [Au(NHC)2]PFs) to suppress the activity of
the SARS-CoV-2 main protease. Since all these gold compounds have previously exhibited
notable cytotoxic and antimicrobial properties [344,345], a drug repurposing approach was
employed by selecting this set of compounds to identify potential new therapeutics for COVID-
19. With the only exception of [Au(NHC):]PFs, all the compounds turned out to be potent
inhibitors of the SARS-CoV-2 3CL"™ catalytic activity. The measured inhibition constants fall

within the low micromolar range.

Additionally, mass spectrometry analyses reveal that these gold(I) agents form strong, tight
complexes with SARS-CoV-2, indicating the coordination of well-defined gold-containing
fragments to the protease, again with the exclusion of [Au(NHC)2]PFs in accordance with its low
enzyme inhibitory activity. Furthermore, the crystal structures of two of these metal-protein
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complexes, the protein adducts with Au(PEt;)Br and Au(NHC)CI, were obtained at atomic
resolution, providing detailed insights about the interaction between the gold(I) centers and the
enzyme. In particular, the crystal complexes reveal that Cys 156 and the catalytic Cys 145 serve
as primary sites for metal attachment within the protein. Collectively, the findings presented here
strongly endorse the idea that the effective and promising suppression of 3CL™'s enzymatic
activity by these gold compounds is probably due to the strong coordinate bond formed between

a gold-containing fragment and the catalytic Cys 145.

Overall, these experiments highlight the strong affinity of gold(I) compounds for the active site
thiols in SARS-CoV-2 3CLP™, suggesting that these compounds serve as promising starting points
for the development of more potent gold-based inhibitors targeting SARS-CoV-2. A potential
future direction for our work could involve investigating the capacity of these gold compounds to
inhibit SARS-CoV-2 infection in vivo models, as well as comparing their mechanisms of action

and therapeutic effectiveness to those of the established gold drug Auranofin.

My contribution to this part of the project consisted of the expression and purification of the SARS-
CoV-2 3CLP™ target proteases as described previously [120]. In detail, SARS-CoV-2 3CL™
protein was previously cloned in a pGEX plasmid with an N-terminal autocleavage sequence and
a His-tag at the C-terminus. Its expression was performed in BL21 (DE3) bacterial cells in LB
medium for natural abundance production. The induction was performed overnight at low
temperature with IPTG 0,5 mM final concentration. An IMAC purification was carried out on a
HisTrap FF column. The fractions containing target protein were collected and mixed with
PreScission protease, resulting in the target protein with authentic N- and C-termini. The
PreScission-treated 3CL"™ was purified by the GST-tagged PreScission protease, the His-tag and
protein with un-cleaved His-tag, using two connected columns: GSTtrap FF (GE Healthcare) and
a nickel column (IMAC). Afterwards the His-tag-free 3CLP™ was purified again by SEC (HiLoad
Superdex 200 16/60) to remove unexpected impurities. The main trouble I dealt with was the high
genomic instability of pGEX expression systems recorded by genome sequencing. This drawback
could be related to RecA independent recombination events [346]. Although this drawback, I was
able to optimize the expression conditions obtaining a final protein yield of about 10 mg/L of
culture. Moreover, I carried out the fluorescence enzymatic assay for the determination of the
inhibitory effects of gold compounds on the protein activity. SARS-CoV-2 3CL"™ samples were
prepared by adding increasing concentrations of the metal-based compounds. Then the protein-
drug mixtures were incubated at room temperature for 2 hours, after which a fluorogenic peptide

substrate (Mca—AVLQSGFR-K(Dnp)K) was added for the fluorescence measurements (excitation
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at 320 nm, emission at 405 nm). Furthermore, I was involved in the experimental trials for
obtaining the native crystals of apo SARS-CoV-2 3CL™ and crystal adducts of the protein in
complex with the gold compounds Au(PEt3)Br and Au(NHC)CI.
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Abstract: Gold compounds have a long tradition in medicine and offer many opportunities for new
therapeutic applications. Herein, we evaluated the lead compound Auranofin and five related
gold(I) complexes as possible inhibitors of SARS-CoV-2 Main Protease (SARS-CoV-2 Mr®), a
validated drug target for the COVID-19 disease. The investigational panel of gold compounds
included Auranofin; three halido analogues, i.e., Au(PEt)Cl, Au(PEts)Br, and Au(PEt)I; and two
gold carbene complexes, i.e., Au(NHC)Cl and [Au(NHC):]PFs. Notably, all these gold compounds,
with the only exception of [Au(NHC):]PFs, turned out to be potent inhibitors of the catalytic activity
of SARS-CoV-2 Mr=: the measured K: values were in the range 2.1-0.4 uM. The reactions of the
various gold compounds with SARS-CoV-2 Mr= were subsequently investigated through
electrospray ionization (ESI) mass spectrometry (MS) upon a careful optimization of the
experimental conditions; the ESI MS spectra provided clear evidence for the formation of tight
metallodrug-protein adducts and for the coordination of well defined gold-containing fragments to
the SARS-CoV-2 Mrr, again with the only exception of [Au(NHC):]PFs, The metal-protein
stoichiometry was unambiguously determined for the resulting species. The crystal structures of
the metallodrug- M adducts were solved in the case of Au(PEts)Br and Au(NHC)CL These crystal
structures show that gold coordination occurs at the level of catalytic Cys 145 in the case of
Au(NHC)Cl and at the level of both Cys 145 and Cys 156 for Au(PEts)Br. Tight coordination of gold
atoms to functionally relevant cysteine residues is believed to represent the true molecular basis of
strong enzyme inhibition.

Keywords: COVID-19; nsp5; M#=; SARS-CoV-2; Auranofin; gold compounds; ESI mass
spectrometry

1. Introduction

The outbreak and the rapid spread of COVID-19 disease are posing dramatic
problems to health systems worldwide [1]. The identification and rapid implementation
of effective antiviral drugs against SARS-CoV-2 are urgently needed to fight this severe
disease. To this end, expanding the chemical space of the tested compounds by including
alarge variety of metal compounds is highly desirable. It has to be stressed that the search
for efficient inhibitors of SARS-CoV-2-related proteases has almost entirely focused on
organic molecules [2-4]; much less attention has been deserved so far to inorganic
muoieties [5,6] that merit, in our opinion, a greater consideration.

Biomolecules 2022, 12, 1675. https://doi.org/10.3390/biom12111675
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Indeed, the known inorganic drugs contain a wide array of metals imparting peculiar
chemical properties, that arise from the electronic structure of the metal center, its
coordination sphere, the nature of the ligands, the redox properties, etc. It is evident that
these chemical features cannot be completely reproduced by simple organic compounds.
Accordingly, the unique chemical and biological properties of the various metal centers-
in many cases non-physiological metals- should be taken into due account within new
drug discovery programs. This approach might hopefully lead to successful
pharmacological and therapeutic outcomes.

The main protease of the SARS-CoV-2 virus is nsp5, also known as 3CLs or Mee.
This is a homodimeric protein with each monomer having a molecular mass of 33796 Da.
Each monomer contains three domains. More in detail, domain | (residues 8-101) and
domain II (102-184) fold in an antiparallel B-barrel -where the active site with the Cys145-
His41 catalytic dyad is located [7] whereas domain III (residues 201-306) is involved in
the process of dimerization that is critical for the function of the enzyme [8]. The two
subunits of MPebind to each other via the N-terminus (residues 1-7) where the Serl of
each monomer completes and stabilizes the S1 substrate binding pocket of the adjacent
monomer [9]. The Mr* function is indispensable for viral replication as it cleaves the
polyproteins ppla and pplab at eleven conserved sites, to allow the correct folding and
function of essential viral proteins [10,11]. For this reason, Mr® is a widely accepted
pharmacological target [12]. It is also important to consider that MP® is an enzyme with a
high structural conservation of the main core among the various coronaviruses [13,14];
therefore, the discovery of high-affinity inhibitors for this protease may be an excellent
starting point for selecting new antiviral compounds that are active against a broad
spectrum of coronaviruses [15]. The recently solved 3D structures of SARS-CoV-2 Mp in
complex with zinc ion [16-18] showed that the metal ion is bound to the catalytically
relevant Cys145 and His 41 residues. Furthermore, a few recent works demonstrated that
other metal ions or metal-based compounds, such as rhenium, gold and copper
compounds, can be efficient inhibitors of viral proteases [19-21]. For instance, Auranofin
is a representative gold drug that was claimed to exhibit remarkable antiviral properties;
notably, the efficacy of Auranofin and some related gold compounds against Papain-like
protease was nicely documented by Ingo Ott et al. [20]. In addition, the crystal structure
of the adduct formed between SARS-CoV-2 Mre and Auranofin was recently solved
showing that gold is, at least partially, able to target the catalytic cysteine residue [22].
Another recent work [23] has analyzed an even larger set of gold compounds; this study
proved once more the ability of such compounds to inhibit the catalytic activities of SARS-
CoV-2 Mp and papain-like protease (PL#%).

Here we show, through in-vitro enzymatic activity assays, the ability of three gold(I)
Auranofin analogs and two gold carbene complexes to inhibit the SARS-CoV-2 Mr=
activity, and compare the results with those obtained with Auranofin. All of these gold
complexes as already shown interesting cytotoxicity properties and antimicrobial
activities [24-26], then, using the approach of the repurposing strategy we selected this
panel of compounds to identify new possible drugs for the treatment of the SARS-CoV-2
disease. Moreover, we show, through mass spectrometry analysis, that these gold(I)
compounds bind SARS-CoV-2 M tightly forming well-defined metal-protein
complexes. In addition, the crystallographic 3D structures for two of these metal-protein
complexes have been solved providing atomic-level details about the binding mode of the
gold(]) centers to the protein and disclosing the molecular basis for the observed enzyme
inhibition. Summarizing, all the above experiments reveal a significant affinity of gold(I)
compounds for active site thiols in SARS-CoV-2 Mr. The resulting inhibition constants
are estimated in the order of the low micromolar range, which is indeed a promising
starting point for the design of new and potent gold-based inhibitors of SARS-CoV-2.
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2. Materials and Methods
2.1. Sources of Compounds and Chemicals

The Mr* was produced through heterologous expression in E. Coli as previously
described in [16]. The gold compounds were prepared and characterized according to the
previously reported procedures [27,28].

The fluorescence-quenched peptide substrate used in the enzymatic assay has been
purchased from GenScript Biotech, Leiden, Netherlands. If not otherwise specified,
reagents and chemicals used have been purchased from Merck KGaA, Darmstadt,
Germany.

2.2. Enzymatic Activity Assay

An initial stock of MP*10 uM in 20 mM Tris-HCl, 150 mM NaCl 1 mM EDTA, 5 mM
DTT pH 7.8 was diluted in the measurement buffer (Tris-HCI 20 mM 20% glycerol pH 7.2)
up to 0.2 uM. This solution was used to prepare different samples containing increasing
concentrations of metal-based drugs as follows: Auranofin (0, 0.5, 1, 2, 4, 6, 8, 10, 12 and
15 uM,), Au(NHC)Cl1 (0, 0.3,0.6, 1, 2, 3, 6, 8, 10, 15 and 20 uM), Au(PEt:)Br (0, 0.1, 0.2, 0.3,
0.4,06,0.8,1,1.5,2,3and 6 uM), Au(PEt)I(0,0.5,1,1.5,2,3,4,5, 6, 8, 10 and 15 uM) and
Au(PEt)CI (0, 0.1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, and 3 uM). The protein-molecule
solutions were incubated at r.t. for 2 h, thereafter 4 uM of a fluorescence-quenched peptide
substrate (Mca-AVLQ|SGFR-K(Dnp)K) was added for each measurement. Fluorescence
curves were acquired for 1 min at an excitation and emission wavelength of 320 and 405
nm, respectively. All experiments were performed in duplicate at least two times. The
fluorescence curve slopes were calculated by linear fits at 18 s of the fluorescence signal
increase as a function of time. For each molecule, all measurements were analyzed in a
single fitting, which allowed the calculation of Ki values using the Hill equation where
Vmax and Vmin were fixed at 100 and 0, respectively, while the Hill coefficient, n, was
not fixed. Originpro 2018 was used to analyzed all the spectra.

3. Electrospray Ionization Mass Spectrometry Experimental Conditions
3.1. Sample Preparation

Stock solutions of SARS-CoV-2 Mre were prepared by dissolving the protein in
ammonium acetate solution 2 x 10 M (pH 6.8), mixed with aliquots of DTT in cysteine-
to-reducing agent ratio 1:5. Stock solutions 102 M of the gold(I) compounds were
prepared by dissolving the compounds in DMSO. For the experiments with SARS-CoV-2
Mrre, aliquots of the respective stock solutions were mixed with aliquots of gold
compounds at a protein-to-metal ratio of 1:3 and diluted with ammonium acetate solution
2 x 103 M (pH 6.8) to 10* M final protein concentration. In the case of Au(PEt:)Br, the
protein-to-metal ratio was 1:1. The mixtures were incubated at 37 °C up to 24 h. After the
incubation time, all solutions were sampled and diluted to a final protein concentration
of 10¢ M using ammonium acetate solution 2 x 10 M, pH 6.8.

3.2. Instrumental Parameters

The ESI mass study was performed using a TripleTOF 5600 + high-resolution mass
spectrometer (AB Sciex, Framingham, MA, USA), equipped with a DuoSpray?® interface
operating with an ESI probe. The general ESI source parameters optimized for protein
analysis were as follows: SARS-CoV-2 Mrw: positive polarity, ion spray voltage floating
5500 V, temperature 0 °C, ion source Gas 1 (GS1) 25 L/min; ion source Gas 2 (GS2) 0;
curtain gas (CUR) 45 L/min, collision energy (CE) 10 V; declustering potential (DP) 300 V,
acquisition range 2400-5000 m/z. For acquisition, Analyst TF software 1.7.1 (AB Sciex,
Framingham, MA, USA) was used, and deconvoluted spectra were obtained by using the
Bio Tool Kit micro-application v.2.2 embedded in PeakViewTM software v.2.2 (AB Sciex,
Framingham, MA, USA)).
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3.3. Crystallization, Data Collection and Structure Solution

Crystals of apo SARS-CoV-2 Mr™ were obtained in sitting drop by adding an aliquot
of 2 uL of protein solution (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH
7.8) to 2 uL of reservoir buffer (20 mM ammonium acetate, 20% PEG 3350 pH 7) and stored
at 20 °C. The protein concentration in the sample was 5 mg/mL. The native crystals of apo
SARS-CoV-2 Mrr were afterwards soaked in a 10% DMSO solution containing Au(PEts)Br
Au(NHC)Cl respectively having a 2-3-fold ligand concentration with respect to the pro-
tein for about 20 h. Both adduct datasets were collected in-house, using a BRUKER D8
Venture diffractometer equipped with a PHOTON III detector, at 100 K; the crystals used
for data collection were cryo-cooled using 25% ethylene glycol in the mother liquor. The
crystals diffracted up to 2.2-2.3 A resolution but structures have been refined at 2.4 A:
they belong to space group C2 with one molecule in the asymmetric unit, a solvent content
of about 50%, and a mosaicity of 0.6°. The data were processed using the program XDS
[29] reduced and scaled using XSCALE [29] and amplitudes were calculated using
XDSCONYV [29]. Both structures have been solved using the molecular replacement tech-
nique; in both cases, the model used was the 7NXH structure. The successful orientation
hand translation of the molecule within the crystallographic unit cell was determined with
MOLREP [30]. The refinement and water molecule fitting has been carried out using PHE-
NIX[31], applying default TLS restraints. In between the refinement cycles, the model was
subjected to manual rebuilding using COOT [32]. The quality of the refined structures was
assessed using the program MOLPROBITY [33]. Data processing and refinement statistics
for both adducts are shown in Table S1. Coordinates and structure factors have been de-
posited at the PDB under the accession code 8BOT for the Au(PEt:)Br and 8B0S for
Au(NHC)ClL

4. Results and Discussion
4.1. Chemical Features of the Study Compounds

The screening of drugs already approved for a different disease (the so-called “drug
repurposing”) may result in an excellent drug discovery strategy, particularly in case a
new therapeutical approach needs to be rapidly developed against an emerging disease.
This strategy may allow to skip safety assessment, preclinical testing, and formulation
development, i.e., the long and laborious phases that are typically required for the ap-
proval of a newly synthesized drug, thus drastically reducing the times for clinical imple-
mentation [34]. In this regard, Auranofin could be a very good candidate for drug repur-
posing. In fact, this drug was approved for the treatment of rheumatoid arthritis in 1988
and its safety profile is well-known and acceptable; Auranofin is currently under investi-
gation for cancer therapy as a repurposed drug [35] and has also been proposed to fight a
number of bacterial, parasitic and viral infections [36]. The potential of Auranofin as a
drug for the treatment of SARS-CoV-2 recently emerged as a hot topic; a few studies
demonstrated its ability to inhibit viral replication by contrasting specific enzymatic ac-
tivities of the virus [5,6,37]. Auranofin could perform its antiviral activity in different
ways: one of these is blocking the entry of the virus into the host cell; another is to inhibit
the activity of selected viral enzymes that are crucial for virus replication and a last one is
to counter host inflammatory response [38].

On the contrary, the other gold compounds presented herein, have not been ap-
proved yet for clinical use, but have been extensively tested for cellular cytotoxicity
against a variety of cancer cells. Their ICs values [39,40] typically fall in the low-micromo-
lar range thus revealing the opportunity to be further investigated in cells and in vivo as
prospective anticancer agents. In addition, some of these compounds may be exploited
for different therapeutic uses, e.g., as antiviral or antimicrobial agents, if given at sub-
cytotoxic concentrations.

The panel of gold compounds that we have used for the present investigation is
shown in Figure 1. The panel contains six distinct gold(I) compounds, namely Auranofin,
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three halido analogs, i.e., Au(PEt:)Cl, Au(PEt;)Br and Au(PEt;)l, and two gold carbene
compounds, i.e., Au(NHC)Cl and [Au(NHC):]PFs. All these compounds contain a linearly
coordinated gold(I) center and were previously described and characterized [27,28]. In
four cases, i.e., Au(PEt;)Cl, Au(PEts)Br, Au(PEts)], and Au(NHC)C], the halido ligand be-
haves as the leaving group; the sugar ligand is the leaving group in the case of Auranofin.
Activation of the gold(I) center in [Au(NHC):]PF¢ is far more difficult as it requires the
removal of a strong carbene ligand.

a b
OAc R
SNau
AcO A s g/
X \Au\ ( N
=R
( R=Cl, Br, |
° d

.
L=~ =]~

Figure 1. Gold(I) compounds chemical structure: (a) Auranofin, (b) Auranofin halido analogues, (c)
Au(NHC)Cl and (d) [Au(NHC):]PFs.

4.2. Enzyme Inhibition by the Study Compounds

The ability of the various gold compounds to inhibit the catalytic activity of SARS-
CoV-2 Mrre was comparatively measured using a previously established procedure [16].
A dose-dependent Mrw inhibition assay was carried out by treating 0.2 uM solutions of
Mpr with increasing concentrations of the various panel compounds (ranging from 0 to
20 uM; Figure S1). All the experiments were performed in duplicate and the initial rates
of the reactions were measured through the linear fittings of the fluorescence curves. The
resulting inhibition profiles are shown in Figure 2, whereas the values of the inhibition
constants, K;, are reported in Table 1. Notably, as all tested gold compounds, with the only
exception of [Au(NHC):]PFs, give a Ki value in the low uM range, they may be reputed as
promising inhibitors of this enzyme.

Among the panel compounds, Au(PEt:)Br exhibited the maximum inhibitory po-
tency for Mrr; the inhibitor potencies of Au(PEts)Cl, Au(PEt:)l and Au(NHC)Cl were
roughly similar, and close to the value of Auranofin. [Au(NHC)2]PFs turned out to be a
very weak inhibitor of MF® activity causing no more than 10% loss of activity at the very
high concentration of 60 uM (Figure S2).
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Figure 2. Inhibition M¥* profiles by (a) Auranofin (b) Au(NHC)CI (c) Au(PEts)Br (d) Au(PEt3)I (e)
Au(PEt;)Cl. Two independent measurements are shown as red dots and blue triangles, respectively.
Kivalues were determined by nonlinear regression.

Table 1. Inhibition constants, Ki values, measured for the interaction between gold compounds and
Mpre.

Compound Ki
Auranofin 0.99 +0.107 uM
Au(NHC)C1 0.87+ 0.04 uM
Au(PEts)Br 0.44+ 0.022 uM
Au(PEts)l 2.12+0.096 uM
Au(PEt;)Cl 0.66 + 0.026 uM

4.3. Metallodrug-Enzyme Interactions Probed by ESI MS

To better explain the above inhibition profiles further studies have been carried out
to characterize in detail the metallodrug-M?™ interactions that form the molecular basis of
enzyme inhibition. Thus, the interactions between all panel compounds and the enzyme
were investigated through ESI MS experiments. In principle, ESI MS is an excellent tool
to characterize protein metalation by metal-based drugs. Indeed, a number of successful
studies were reported in the recent literature [41-46] However, in the case of Mr®©, we
encountered a lot of experimental difficulties in setting properly the ESI MS experiments
to characterize the SARS-CoV-2 Mr/ gold metallodrug adducts. A lot of efforts were done
to determine the optimal conditions for recording the ESI MS spectra; the best conditions
that were eventually identified and then applied to the various samples are described in
the methods section. The resulting ESI MS spectra offer clear evidence that SARS-CoV-2
Mpr may bind metallic fragments originating from the various gold drugs upon activation
(Figure 3) as described below.
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Figure 3. Deconvoluted ESI-QTOF mass spectra of MP* incubated with different gold compounds
for 4 h, (a) M= free (b) Auranofin (c¢) Au(NHC)Cl (d) Au(PEts)Br (e) Au(PEt)I (f) Au(PEts)ClL. The
star indicates the compound moiety that is bound to the protein in the case of Auranofin and its
derivates.

Notably, the deconvoluted mass spectrum of the free protein shows a well-resolved
signal at 33796 Da that nicely matches the molecular mass of the native protein. Upon
mixing, Auranofin and its halido analogues manifest a good reactivity with SARS-CoV/2-
Mpr already after 4 h of incubation, giving rise to two different signals, respectively as-
signed to the mono- and the (generally less abundant) bis-adduct; in both cases, the metal-
bound fragment nicely corresponds to the [Au(PEt:)]” moiety (MW 315). Similarly, the
interaction between the monocarbene gold complex Au(NHC)Cl and the protein results
in the formation of a mono adduct bearing the 1-butyl-3-methylimidazole-2-ylidene-
gold(I) moiety (MW 336) (Figure 3b). In all cases, the signal of unreacted SARS-CoV/2-
Mpr is still present, indicating that the metalation of the protein is not complete under the
applied experimental conditions. According to previous literature and previous experi-
ence of our laboratory on similar systems [43], it may be proposed that the resulting gold
fragments will bind preferentially to solvent-exposed cysteines of the M. Instead, in ac-
cord with the less reactive character of the bis-gold(I) carbene complex, no metalation of
the protein was observed upon reaction with [Au(NHC):2]PFs even after 24h of incubation,
and just the free protein signal was invariably detected (Figure S2). This confirms that
[Au(NHC)2]PFs is poorly reactive with this protein in line with its scarce enzyme-inhibit-
ing activity.

4.4. Crystallographic Results

Remarkably, for two of the above-mentioned gold drugs, ie., Au(PEt:)Br and
Au(NHC)Cl, we succeeded in obtaining good quality crystals of their adducts with Mpr
and in solving the respective 3D crystal structures. The polypeptide structure of both ad-
ducts is totally superimposable with the others already deposited on the PDB except for
the last five C-terminal residues that have not been modeled due to their very weak elec-
tron density. The structure of both SARS-CoV-2 Mr® adducts clearly resembles that of the
apo protein (PDBID 7NXH) with a negligible RMSD computed on backbone atoms. Only
local loop regions showed backbone RMSD values higher than average (Figure 4).
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Lys 02

Figure 4. Overlays of (a) apo Mr® (cyan), (PDBID 7NXH), with Me-Au(PEts)Br adduct (red) and
(b) apo M#= (cyan) with Mp=- Au(NHC)Cl adduct (dark green). Gold ion is shown as yellow sphere
and the water molecule as red sphere. Cys 145, Cys 156 and Lys 102 are shown as sticks. Insets show
the 2Fo-Fc electron density contoured at 1s level of Au(PEts)Br Cys145, Au(PEt:)Br Cys156 and
Au(NHC)Cl Cys145 coordination environments.

To the best of our knowledge, the structures of only two MP®/gold adducts are avail-
able on the PDB (7DAT and 7DAU [22]). In the 7DAT structure, MP® has been soaked with
Auranofin; the ionic gold targets the catalytic Cys145 with an occupancy of about 0.33 and
Cys156 with an occupancy of 0.16 (Figure S3). In the 7DAU structure, ionic gold is bound
to both Cys145 and Cys156 with occupancy values of 0.2 and 0.1, respectively. The dis-
tance between gold and sulfur in 7DAU is around 2.3 A. The behavior of each of the two
gold adducts analyzed in this work is slightly different, but they share a quite low gold
occupancy, with the organic moiety originally attached to gold being no more visible in
all the structures. In the case of Au(PEts)Br, both Cys145 and Cys156 are involved in the
binding of gold (7DAT and 7DAU structures, Figure 4A and S3). The electron density of
gold bound to Cys156 is quite well defined with an occupancy of about 0.4 and a B-factor
in the range of the solvent atoms (Inset of Figure 4A). On the contrary, the gold ion bound
to Cys145 has a weaker electron density due to a significantly lower occupancy that is as
low as about 0.15. Concerning the coordination geometry, Cys145 binds gold in a mono-
dentate fashion whereas, in the case of Cys156, gold shows a peculiar binding mode to the
cysteine sulfur and to the terminal nitrogen of the Lys102 sidechain (insets of Figure 4A).

In the case of Au(NHC)CI, only Cys145 is involved in the binding to gold but still
with an occupancy of about 0.15, and a gold-sulfur distance of about 2.4 A, which is in
line with the expected values. At variance with Auranofin, a labile water molecule coor-
dinates the gold ion in this complex (Figure 4B).

5. Conclusions

In conclusion, we have shown that Auranofin and its halido analogs behave as potent
and effective inhibitors of the Mrr of SARS-CoV-2. Furthermore, while Au(NHC)CI re-
sults to have inhibitory capabilities comparable to the Auranofin analogues, the gold di-
carbene complex [Au(NHC):]PFs was found to inhibit the Mer rather weakly in accord-
ance with the mass data offering no evidence of adduct formation with the protein. The
peculiar behavior of [Au(NHC)2]PFs may be ascribed to the great strength of the two Au-
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C bonds and to the intrinsic difficulties in breaking them. Notably, the measured inhibi-
tion constants for Auranofin, for its three halido derivatives, and for AuNHC all fall in the
low micromolar range. As SARS-CoV-2 Mpx is a validated druggable target of the coro-
navirus, these strong inhibitory properties suggest that the gold compounds studied in
this work may be prospective anti-COVID-19 agents. ESI MS measurements point out that
relatively stable metallodrug-protein adducts are indeed formed when mixing the protein
with the various metal compounds through the coordination of gold-containing frag-
ments to accessible protein residues in accordance with previous studies on similar sys-
tems; clear evidence is offered for the formation of adducts bearing one or two protein-
bound gold fragments. In two cases, i.e., the protein adducts with Au(PEt;)Br and
Au(NHC)(], high-resolution crystal structures have been obtained allowing unambigu-
ous localization of the gold binding sites. Crystal structures show that Cys 156 and the
catalytic Cys 145 are the main sites of protein metalation. Overall, the here reported results
coherently support the view that the potent and promising inhibition of the catalytic ac-
tivity of Mp® produced by these gold compounds is the likely consequence of the tight
coordinative binding of a gold-containing fragment to the catalytic Cys 145. As a final
consideration, it has to be pointed out that there are currently no in vivo experimental
data concerning the ability of the gold compounds described in this paper to inhibit the
SARS-CoV-2 virus. Within this frame, a possible future development of our study would
be to explore the ability of such gold compounds to contrast SARS-CoV-2 infection in in
vivo models and to compare their mechanism of action and their pharmacological efficacy
with that of the reference gold drug Auranofin.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biom12111675/s1, Figure S1: Fluorescence curves of MF= ti-
tration with (a) Auranofin (b) Au(NHC)Cl (c) Au(PEts)Br (d) Au(PEts)I (e) Au(PEt:)Cl; Figure S2:
Activity assay raw data showing the absence of inhibition by [Au(NHC)2]PFs and ESI-MS spectrum
of a 1:1 Mr=: [Au(NHC)2]PF: solution showing no adduct formation; Figure 53: Superposition be-
tween Au(PEts)Br red, 7DAT (Auranofin) magenta, Au(NHC)CI green. Gold ions are represented
as spheres and colored in yellow. Cys 145 and Cys156 are shown as sticks; Table S1: Data collection
and refinement parameters.
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Figure S1. Fluorescence curves of Mr® titration with a) Auranofin b) Au(NHC)Cl ¢) Au(Pets)Br d)
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Figure S2. Activity assay raw data showing the absence of inhibition by [Au(NHC):]PFs and ESI-
MS spectrum of a 1:1 Mp: [Au(NHC):]PFs solution showing no adduct formation.
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Figure S3. Superposition between Au(PEt:)Br red, 7DAT (Auranofin) magenta, Au(NHC)CI green.

Gold ions are represented as spheres and colored in yellow. Cys 145 and Cys156 are shown as sticks.
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Table S1. Data collection and refinement parameters.

Au(PEt:)Br Au(NHC)Cl1
Wavelength 1.541 1.541
Resolution range 26.19 - 2.41 (2.496 - 2.410) 38.4-242 (2,506 - 2.42)
Space group Cl21 €121
Unit cell 114.34 53.65 44.84 111.92 53.27 44.55
90102.190 90 102.85 90
Unique reflections 9801 (944) 9385 (741)
Multiplicity 33(3.1) 3.0(1.2)
Completeness (%) 94.18 (91.83) 94.52 (74.65)
Mean Ilsigma(l) 5.95 (1.05) 5.32 (1.01)
Wilson B-factor 52.65 43.68
R-merge 0.1862 (0.765) 0.1671 (0.5823)
CC1/2 0.981 (0.433) 0.976 (0.657)
R-work 0.2471 (0.3621) 0.2538 (0.3575)
R-free 0.2751 (0.3519) 0.2726 (0.2996)
Number of non-hydrogen 2346 2348
atoms
macromolecules 2329 2329
ligands 2 1
solvent 15 18
Protein residues 301 301
RMSD (bonds) 0.002 0.003
RMSD (angles) 0.51 0.57
Ramachandran outliers 0 0
(%)
Average B-factors 56.03 44.78
macromolecule 56.07 44.83
ligands 58.96 45.09
solvent 47.57 37.87
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3.2. - Characterization of SARS-CoV-2 3CL*™ and CVB3
3CPr with KME16 and ACH213 PROTACs

KMEI16 and ACH213 PROTAC:s are bifunctional molecules able to recognize the active site of
SARS-CoV-2 3CLP™ and CVB3 3CP™ proteases from one side (PROTAC precursor) and to select
the E3 ubiquitin ligase Cereblon (CRBN) from the other side. The synthesis of PROTAC
molecules has been conducted in the laboratory of Prof. Trabocchi (DICUS, UNIFI). In the
synthesis of KME16 and ACH213 PROTACS, the warhead was chosen for its similarity to high-
affinity SARS-CoV-2 3CLP™ inhibitors such as Nirmatrelvir [136] and Ibuzatrelvir [137], that both
contain a nitrile group (Figure 24). The warhead was conjugated to a pomalidomide CRBN ligand

through a piperidine linker.

X3,
mo* ool

KME16 PROTAC w
/\Cys

ACH213 PROTAC

L

Figure 24. Molecular structure of KME16 and ACH213 PROTACs. The pomalidomide moiety, the
piperidine linker and the warhead backbone of PROTAC:S are represented in violet, in orange and green,
respectively. The functional chemical groups of PROTAC warhead are depicted in different colours: the

isopropyl group in indigo, the pyrrolidine and leucine side chain groups in yellow, the y-lactam ring in
dark pink and the nitrile group in light blue. The protein subsites are marked for typical recognition of

specific functional groups.

3.2.1. - SARS-CoV-2 3CL'"™ 'H-'SN HSQC NMR Titrations
experiments

ISN-isotopically labelled SARS-CoV-2 3CLP™ was titrated with KME16 and ACH213 PROTACs
and their interactions monitored through 'H-'>N HSQC experiments. To perform the titration with
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both molecules, multiple 'H-">’N HSQC experiments using a 950 MHz spectrometer (Bruker) were
acquired at 298 K. 500 pL of "N 3CL"™ solution in the purification buffer (25 mM HEPES, 75
mM NaCl, 5 mM TCEP, 1 mM DTT pH 6.5) with 50 uL of D>O was placed in a Smm tube. At
first a 'H-'>N HSQC of the protein solution was acquired as a starting point. Subsequently, stock
solutions of KME16 and ACH213, dissolved in acetonitrile-ds, were used to set the titration.
Starting with additions of 2 uL. of the PROTAC:S stock solutions up to a total addition of 20 pL,
we reached a 1:5 equivalent ratio between the protein and the PROTAC molecules. The NMR

spectra processing was performed with TopSpin 3.6.1.

Upon subsequent additions of PROTACs, chemical shift changes were observed in the 'H-°N
HSQC maps of SARS-CoV-2 3CLP™, corresponding to a slow/intermediate exchange regime on
the NMR time scale. On reaching the 1:5 SARS-CoV-2 3CLP™-KME16 or ACH213 protein-
molecule molar ratio, the signals of the free 3CL"™ completely disappeared, while the signals of
the protein-PROTAC complexes reached their maximal intensity, indicating that the latter were
fully formed at the 1:5 molar ratio (Figure 25). However, during the titration of 3CLP™ with
ACH213 some protein precipitation was observed, which may have caused an overall decrease in

quality of the NMR spectra.
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Figure 25. Overlay of the 'H-'""N HSQC spectrum of SARS-CoV-2 3CLP™ (black) and after (red) the
addition of 5 equivalents of the KME16 (A) or ACH213 (B) PROTAC:S, stock solutions dissolved in

acetonitrile-ds;. The spectra were recorded at 298K, 950 MHz spectrometer (Bruker). In the insets of panel
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A and B, NH signals in a slow exchange regime of the NMR time scale are shown at 0 (black) and 5 (red)
equivalents of the KME16 and ACH213 PROTAC:Ss additions.

The observed chemical shift changes were calculated as backbone-weighted average chemical
shift differences, i.e., ASave(HN), i.e., (((AH)?> + (AN/5)?)/2)"2, where AH and AN are chemical
shift differences for backbone amide 'H and '’N nuclei, respectively. The estimation of the
chemical shift threshold value for defining meaningful chemical shift differences was obtained by
averaging Adave(HN) values plus one standard deviation (18). Chemical shift assignments of SARS
CoV-2 3CLP® (under accession code BMRB: BMR50780) [347] and of the C145A variant of
SARS-CoV-2 3CLP® (under accession code BMRB: BMR51456) [348] were used to map the

chemical shift changes.

Most of the affected residues were found close to the Cys-His catalytic dyad of SARS-CoV-2
3CLP™ thus revealing that KME16 and ACH213 PROTACS both interact with the enzyme through
their warhead moiety (Figure 26).
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Figure 26. Backbone average chemical shift differences (ASa(HN)) between '"N-labelled SARS-CoV-2
3CLP* and its 1:5 mixture with KME16 (A) and ACH213 (B) PROTACsS. A chemical shift threshold
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value of 0.05 ppm, indicated as a dashed line in both panels, was estimated to define the most significant
chemical shift differences. The red bars identify the disappeared residues, the green those with a
Adavs(HN) higher than the threshold. The yellow arrows indicate the catalytic residues of the enzyme. The
regions affected by significant chemical shift changes in the two complexes 3CLP™® -KME16 and 3CL"™-
ACH213 are shown by green double-headed arrows. The plots were generated by OriginLab software
(Origin 2022).

3.2.2.- CVB3 3C"" TH->SN HSQC NMR Titrations experiments

SN-isotopically labelled CVB3 3CP was titrated with KME16 and ACH213 PROTACs and their
interactions monitored through 'H-'>N HSQC experiments. To perform the titration with both
molecules, multiple 'H-'"N HSQC experiments using a 950MHz spectrometer (Bruker) were
acquired at 308 K. 500 uL of >N 3CP™ solution in the purification buffer (10 mM HEPES, 300
mM NaCl, 1 mM EDTA and 1 mM DTT pH 7.5) with 50 uL of D>O was placed in a 5 mm tube.
At first a 'H-'>N HSQC of the protein solution was acquired as a starting point. Subsequently,
stock solutions dissolved in acetonitrile-d; of KME16 and ACH213 were used to set the titration,
starting with additions of 2 pLL of the PROTACS stock solutions up to a total addition of 20 pL to
reach a 1:5 equivalent ratio between the protein and the PROTAC molecules. The NMR spectra

processing was performed with TopSpin 3.6.1.

Upon subsequent additions of PROTACs, chemical shift changes were observed in the 'H-!°N
HSQC maps of >N CVB3 3CP™, corresponding to a slow exchange regime on the NMR time scale.
However, the signals of the free 3C*™ did not completely disappear when the signals of the protein-
PROTAC complexes reached their maximal intensity, indicating that the latter were not fully

formed at the 1:5 protein-molecule molar ratio (Figure 27).
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Figure 27. Overlay of the '"H-'>’N HSQC spectrum of CVB3 3C"™ (black) and after (red) the addition of 5
equivalents of KME16 PROTAC, stock solution dissolved in acetonitrile-ds. The spectra were recorded at
298K, 950 MHz spectrometer (Bruker). In the insets of panel A and B, NH signals in a slow exchange
regime of the NMR time scale are shown at 0 (black) and 5 (red) equivalents of the KME16 PROTACs

additions.

Even at a 1:5 molar ratio, whereas complete complex formation was observed with SARS-CoV-2
3CLP™, the chemical shift data in this case suggest a reduced affinity of the KME16 and ACH213
PROTAC:s for CVB3 3C™.

3.3. - Investigation of KME16 PROTAC ternary complex

The subsequent aim in this study was the investigation of Cereblon (CRBN) E3 ubiquitin ligase to
characterize the ternary complex target protein:PROTAC:CRBN E3 ubiquitin ligase. The initial
key steps involved the expression and further purification of the CRBN E3 ligase.

3.3.1. - CRBN-TBD E3 ubiquitin ligase production

Since the high molecular weight of full-length CRBN (~50 kDa) and the related limitations about

its expression in bacteria [349], we decided to study the CRBN domain, called Cereblon-

Thalidomide Binding Domain (CRBN-TBD), involved in the binding with the pomalidomide

moiety of our PROTAC molecules. There are few protocols in literature that report the expression

of this domain in E. coli and few available plasmids. We purchased an expression vector on

Addgene from Knapp laboratory. This plasmid called pGTVL2-CRBN-TBD allows the expression
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of the CRBN-TBD as a fusion protein with an N-terminal His-tag adjacent to a GST-tag and a
TEV cleavage site. For the recombinant expression of CRBN-TBD protein, I followed and
optimized the Adhikari et al. (2020) protocol [350]. In detail, for the expression I decided to use
the Arctic Express Cells to overcome the hurdle of protein solubility. The protein expression was
performed in TB medium supplied with zinc acetate solution for a final concentration of 50 uM. I
observed that the expression of CRBN-TBD in absence of zinc acetate solution is lacking,
therefore indicating that the zinc ion is mandatory for the production and the assembly of the
protein. For the initial purification, I exploited the His-tag with an IMAC system (HisTrap FF
column). Substantial protein precipitation was observed, which became particularly pronounced
after the proteolytic cleavage step with TEV protease. Therefore, I moved on to the investigation
of a different purification protocol, exploiting the GST-tag, and improved the proteolytic TEV
cleavage with the addition of 5% glycerol to the buffer solution. Moreover, I replaced the counter-
column step after the tag cleavage with a SEC purification (HiLoad Superdex 75pg 16 60 column
(Cytiva)) (Figure 28). The final protein yield was about 5 mg/L culture.
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Figure 28. SEC profile of CRBN-TBD purification. Two peaks are visible, one eluted at 60-70 ml
corresponding to His-tag, GST and TEV proteins, the other at 90-95 ml related to the CRBN-TBD (A).
Isocratic elution was performed with 1.3 CV on a HiLoad Superdex 75pg 16 60 column (Cytiva). Elution
buffer: 50 mM HEPES, 500 mM NacCl, 0,5 mM TCEP, pH 7.5. SDS-PAGE analysis of the main steps of
purification on a 4—15% Mini-PROTEAN® TGX™ Precast Protein Gel with the molecular marker (Bio-
rad) (B).
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3.3.2. - Interaction of KME16 PROTAC with CRBN-TBD by NMR

and fluorescence spectroscopy

"H 1D NMR spectra were first recorded for CRBN-TBD, after which the protein was titrated with
KME16 PROTAC from a stock solution in acetonitrile-d3. Comparison of the titrated CRBN-TBD
spectra with the free protein spectrum revealed noticeable differences, particularly in the amide
and methyl regions (Figure 29). These observations are an indication of PROTAC-CRBN-TBD

interaction.
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Figure 29. Methyl and amide regions of 1D 'H NMR spectra of free CRBN-TBD (black) overlaid with
CRBN-TBD-KME16 PROTAC mixture (red). The spectra were recorded at 298K, 950 MHz

spectrometer (Bruker).

3.3.3. - Testing SARS-CoV-2 3CL":KME16 PROTAC:CRBN-TBD

ternary complex formation

A mixture was prepared by incubating (4 hours) SARS-CoV-2 3CL"™® (200 uM concentration)
with the pre-formed CRBN-TBD-KME16 PROTAC complex, obtaining a 1:1:1 target
protease:molecule:E3 ligase molar ratio. The mixture was subsequently concentrated and analyzed
using a Superdex 200 Increase 10/300 GL column (Cytiva). Elution was performed with 25 mM
HEPES, 150 mM NaCl, 1 mM TCEP, pH 6.5 buffer solution.

In the case of successful ternary complex assembly, the chromatographic profile would be
expected to reveal three distinct peaks: an early-eluting species corresponding to the higher-

molecular-weight ternary complex, followed by the peaks associated with SARS-CoV-2 3CL®
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(~66 kDa) and CRBN-TBD (~12 kDa), respectively. However, the chromatogram obtained for the
mixture displayed only two peaks. Direct overlay of this chromatogram with those obtained for
pure CRBN-TBD and pure SARS-CoV-2 3CLP™ under identical conditions demonstrated
complete overlap of the peaks, strongly suggesting that no stable ternary complex was formed

(Figure 30).

To corroborate this result, the elution fractions corresponding to the two peaks were analyzed by
SDS-PAGE. Each fraction yielded a single, well-defined band, corresponding to the molecular
weight of either CRBN-TBD or SARS-CoV-2 3CL"™ alone. Importantly, no additional bands or
band shifts indicative of ternary complex formation were observed. This suggests either that the
interaction between the two proteins mediated by KME16 PROTAC is too transient or weak to be
detected by gel filtration, or that the chosen conditions are not conducive to ternary complex

stabilization.

A B kba A BCD
3CLPr alone 116.0

. 3CLP° :KME16:CRBN-TBD g4,

| PN 45.0

:., 35.0

¥ ¥ OB 85 B B

E

'_ 25.0

[\ 18.4
“f g R ALN. gl 14.4

Figure 30. Analytical SEC of SARS-CoV-2 3CL"™ :KME16 PROTAC:CRBN-TBD mixture (A).
Comparative overlay of UV-chromatograms: in blue the curve corresponding to the complex mixture, in
red and pink the runs related to the SARS-CoV-2 3CL"™ and CRBN-TBD alone, respectively. Isocratic

elution was performed with 1.2 CV on a Superdex 200 Increase 10/300 GL column (Cytiva). Elution
buffer: 25 mM HEPES, 150 mM NaCl, 1 mM TCEP, pH 6.5. SDS-PAGE analysis of the analytical SEC
eluted fractions on a 4-15% Mini-PROTEAN® TGX™ Precast Protein Gel with the molecular marker
(Bio-rad) (B). Label A indicates eluted fraction 35 of the mixture complex containing only 3CL"™ and
impurities at higher molecular weight. Label B refers to eluted fraction 40 of the mixture complex
containing only CRBN-TBD. Labels C and D correspond to elution chromatograms of 3CL™ and CRBN-
TBD alone, respectively.
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My contribution to the project consisted of the development of successful protocols for the
expression of the recombinant proteins SARS-CoV-2 3CL"™ and CVB3 3C™ in E. coli as
isotopically and not isotopically enriched samples. I produced SARS-CoV-2 3CLP™ protein as
described previously (section 3.1.). To obtain the labelled protein, the production was performed
in M9 medium supplied with ammonium sulfate enriched in '°N. Concerning the CVB3 3CF
production, I selected the most suitable expression construct, the pET-24a (+) plasmid encoding
the 3C protease with a hexahistidine-coding sequence was used to express the protein into T7
Express pLysS competent BL21(DE3) E. coli cells. I induced the protein at 23°C overnight with
IPTG (1 mM final concentration). Purification consisted of two steps: IMAC purification and SEC.
Optimizing the protocol for CVB3 3CP™ production, I achieved a good yield protein expression
and high level of purification (about 45 mg/L of culture). I also produced the CRBN-TBD E3
ligase and thanks to the modifications apported to the purification protocol, the stability of the
protein appeared to be better after the TEV incubation.

Moreover, 'H-'>N HSQC NMR titration experiments of the target proteases with the KME16 and
ACH213 PROTAC molecules were performed. We analyzed the NMR bidimensional spectra to
execute the chemical shift perturbation analysis of the SARS-CoV-2 3CL™ in complex with
KME16 or ACH213 PROTACSs and identify the residues involved in the interactions. The
interaction of KME16 with CRBN-TBD was characterized by performing 1D "H NMR titration
experiments. Finally, we executed the analytical gel filtration of the complex mixture SARS-CoV-

2 3CLP*-KME16 PROTAC-CRBN-TBD, which turned out to be unsuccessful.

In the next section (3.4.), results about the application of a promising PROTAC molecule, the GC-
376 based PROTAC, against both viral proteases are displayed.
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3.4. - Evaluation of a GC-376 based PROTAC targeting the
main protease from SARS-CoV-2 and CVB3

The high degree of conservation of the main protease across viral genomes, coupled with the
absence of a similar protease in humans, makes this enzyme family an excellent candidate for
antiviral drug development with reduced host toxicity. These characteristics have allowed the
creation of multiple classes of viral inhibitors capable of disrupting the function of this target.
Among these, GC-376 stands out as one of the most potent inhibitors of the 3CL protease,
effectively blocking the activity of coronavirus 3CL"™ [351]. Recent research has demonstrated
that GC-376 is a highly effective 3CL protease inhibitor against several coronaviral 3CLP®
enzymes, including SARS-CoV-2 mutants [352]. Specifically, GC-376 has been shown to exhibit
strong inhibitory activity against MERS-CoV, SARS-CoV and SARS-CoV-2 [352]. According to
the structural information about SARS-CoV-2 3CLP°-GC-376 interaction, Prof. Trabocchi and his
collaborators (DICUS, UNIFI) have designed and synthesized a GC-376 based PROTAC
bifunctional molecule, able to recognize the active site of the dimeric 3CLP™ of SARS-CoV-2 from
one side and to select CRBN E3 ubiquitin ligase from the other side (section 3.3.1.). PROTAC
molecule includes the key interacting elements of GC-376 and of its aldehyde derivative, potent
inhibitor of SARS-CoV-2 3CLP™, named GC373 [353,354]. The precursor molecule, called GC-376
PROTAC precursor, was synthetized as a dipeptidyl ligand containing an (S)-y-lactam ring, a
leucine side chain and a a,B-unsaturated methyl ester group as electrophilic warhead. In the
synthesis of GC-376 PROTAC, the C-terminus of the dipeptidyl GC-376 based ligand, was
conjugated to a pomalidomide CRBN ligand through a piperazine-piperidine rigid linker (Figure
31), retained as an optimal strategy in CRBN-based PROTAC degraders [355]. NMR and
crystallographic analyses (PDB IDs 80OKC and 8OKB for SARS-CoV-2 3CLP™ complexed with
GC-376 PROTAC and its precursor, respectively), alongside enzymatic and cellular experiments,
revealed that the dipeptidyl ligand of the PROTAC interacts with the active site of the dimeric
form of SARS-CoV-2 3CLP™, forming a reversible covalent bond with the sulfur atom of the
catalytic Cys145 residue. Moreover, we observed that the linker and the pomalidomide CRBN
ligand of PROTAC exhibits significant flexibility and absence of interactions with other regions
of the protein, suggesting that this molecular part of the molecule extends outward from the protein
surface. To determine whether GC-376 PROTAC could interact with the monomeric form of
SARS-CoV-2 3CLP™® NMR titration experiments were also performed by gradually adding the
molecule to the monomeric enzyme. In this case we did not observe any notable chemical shift

variations, showing no interaction between the protein and PROTAC molecule.
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We have ultimately demonstrated that GC-376 PROTAC is effective within cells, significantly
lowering the levels of SARS-CoV-2 3CLP™ protein while preserving cell health (section 3.4.1.).
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Figure 31. Molecular structure of GC-376 PROTAC precursor and GC-376 PROTAC. The
pomalidomide moiety, the piperazine-piperidine linker and the warhead backbone of PROTACs are
represented in violet, in orange and green, respectively. The functional chemical groups of PROTAC

precursor and PROTAC warhead are depicted in different colours: the benzyloxycarbonyl group in grey,
the leucine side chain in yellow, the y-lactam ring in dark pink, the o,-unsaturated methyl ester group of
PROTAC precursor and the o,-unsaturated PROTAC amide moiety in light blue. The protein subsites

are marked for typical recognition of specific functional groups.

As mentioned in the Introduction (section 1.4.), the coronavirus 3CLP™® shares a significant
structural resemblance with the 3C™™ enzymes found in the picornavirus family. The observation
that all these proteases encoded by coronaviruses and enteroviruses play crucial roles in the viral
replication process by cleaving both viral and host proteins, combined with the fact that no human
protease is known to specifically target Gln at the cleavage site [356], has encouraged researchers
to pursue the development of an effective antiviral strategy targeting both virus groups. These
considerations prompted us to investigate the potential of the previously developed GC-376
PROTAC against SARS-CoV-2 3CLP™ for its effectiveness in also targeting enteroviral CVB3
3CP™, Initially, I selected the most suitable expression construct for expressing CVB3 3C™™ in E.
coli bacteria cells to achieve high levels of protein both in natural abundance and in isotopically

N and '*C enriched form. Subsequently, the interaction between PROTAC molecule and CVB3
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3CP™ was characterized by solution NMR, X-ray crystallography and biochemical techniques. We
obtained the crystal structure of CVB3 3C"™ bound to the GC-376 PROTAC precursor at 1.9 A
resolution (PDB ID 8S6F). The crystallographic data indicates that while there are some
differences in the binding mode to the molecule between CVB3 3CP™ and SARS-CoV-2 3CLP™,
their overall structures are highly similar. Moreover, NMR backbone assignments were performed
for CVB3 3CP™ both in its free form and when bound to the GC-376 PROTAC precursor,
achieving 80% and 97% coverage respectively. This information enabled us to determine that the
GC-376 PROTAC interacts with CVB3 3CP™ in a manner very similar to that of the precursor
molecule (section 3.4.2.). Comprehensively, structural analyses regarding the active site of both
CVB3 3C"™ and SARS-CoV-2 3CL™ demonstrate that the GC-376 PROTAC aligns effectively
within the binding regions of the two proteases. This provides evidence of its potential as a

versatile molecule for designing broad-spectrum antiviral PROTAC:sS.

My contribution to this part of the project, presented in the next two papers (sections 3.4.1. and
3.4.2.), consisted of the expression and purification of the SARS-CoV-2 3CLP® and CVB3 3CPr
target proteases as described previously (sections 3.1. and 3.3.3.). I also produced the SARS-CoV-
2 3CLP™ protein in its monomeric form. The SARS-CoV-2 3CL"™ gene, optimized for E. coli
expression, was cloned into the pET-28a(+) vector to produce a His-tagged monomeric protein.
The construct included an N-terminal 6xHis tag separated from 3CLP™ by a thrombin cleavage
site. The plasmid was transformed into BL21(DE3) cells, which were grown in LB medium or M9
minimal medium containing '*N-labelled ammonium sulfate. Protein expression was induced with
0.5 mM IPTG at an ODsoo of 0.7-0.8 and continued at 35 °C for 6 hours. Regarding the protein
purification, a HisTrap FF affinity column was used to elute the monomeric SARS-CoV-2 3CLP™
with a stepwise imidazole gradient (5—500 mM). After a buffer exchange step, the final protein
yield turned out to be 25 mg/L of culture. Then I carried out the analytical gel filtration of
monomeric CVB3 3C"™ and SARS-CoV-2 3CL" in its dimeric and monomeric form. I personally
performed and optimized the crystallization trials to obtain the protein-molecule adducts SARS-
CoV-2 3CLP-GC-376 PROTAC precursor through soaking technique, while SARS-CoV-2
3CLP°-GC-376 PROTAC and CVB3 3CP™-GC-376 PROTAC precursor crystal complexes via co-
crystallization. Bidimensional NMR titration experiments were conducted on target proteases in
complex with GC-376 PROTAC, and analysis of 3D-triple resonance experiments on CVB3 3C"™
and CVB3 3C"™-GC 376 PROTAC precursor was achieved. I mapped the protein regions affected
by the interaction after the chemical shift perturbation analysis for all the target protease-molecule

complexes.
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ABSTRACT: We have applied a proteolysis targeting chimera (PROTAC) technology to obtain a peptidomimetic molecule able to
trigger the degradation of SARS-CoV-2 3-chymotrypsin-like protease (3CL™°). The PROTAC molecule was designed by
conjugating a GC-376 based dipeptidyl 3CL™ ligand to a pomalidomide moiety through a piperazine—piperidine linker. NMR and
crystallographic data complemented with enzymatic and cellular studies showed that (i) the dipeptidyl moiety of PROTAC binds to
the active site of the dimeric state of SARS-CoV-2 3CL™™ forming a reversible covalent bond with the sulfur atom of catalytic
Cys14S, (ii) the linker and the pomalidomide cereblon-ligand of PROTAC protrude from the protein, displaying a high degree of
flexibility and no interactions with other regions of the protein, and (iii) PROTAC reduces the protein levels of SARS-CoV-2 3CL™®
in cultured cells. This study paves the way for the future applicability of peptidomimetic PROTAC:s to tackle 3CL"®-dependent viral
infections.

KEYWORDS: Peptidomimetics, Bioconjugate chemistry, COVID-19, 3-Chymotrypsin-like protease, PROTAC, Infectious diseases
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P roteolysis targeting chimera (PROTAC) technology replication,”** (iii) it has unique features of its cleavage site

provides an attractive approach to modulate protein levels recognition that are absent in closely related human
of therapeutic target by hijacking the cellular machinery homologues,”® and (iv) it has a high degree of structural
responsible for the physiological elimination of endogenous similarity among 3CL™ proteins of all Coronaviruses genera
proteins.' ~* This strategy has been widely established to be and 3C proteases of enteroviruses.”’
successful in targeting cancer-related proteins," with more than In this study, we envisaged selecting 3CL™ of SARS-CoV-2
a dozen drug candidates entering clinical ith'.stigation.S_7 On as a target for degradation activated via PROTAC technology,

the contrary, the applicability of pI}OTAC technology in the and we provide a PROTAC molecule specifically targeting and
field of antivirals remains marginal."~"* Only a few studies of degrading the dimeric SARS-CoV-2 3CL™ protein. This
PROTAC molecules targeting viral proteins have beer: PROTAC molecule has been designed exploiting a structural
reported in the case of hepatitis and influenza viruses,"*™" biology approach to target the active site of SARS-CoV-2
and just a preliminary attempt investigating the applicability of 3CL™® by a peptidomimetic®” ligand on one side, and to target
PROTAC teflmology against coronaviruses (CoV) has been cereblon (CRBN) by the immunomodulatory drug pomalido-
documenlt’e.d.dj T:e ]atFer S;Udy targets the viral spike p(;:) tein mide on the other side. CRBN is one of the substrate receptors
:)::}:ao:in:: zng(sx:;iré":v.s;‘)’_eri);g};;éspz;zezn a:ﬁ:; of the CRL4 E3 ubiquitin ligase complex and is responsible for
against the major viral protease (3-chymotrypsin-like protease, 5
3CL™ hereafter), one of the best characterized viral drug R“.ﬂv"'d’ October 31, 2023
targets to date,'” ™" have been only hypothesizedm'2 ' or Revised:  December 26, 2023
computationally predicted.” 3CL™ turns out to be an ideal Accepted: January 3, 2024
viral target for several reasons: (i) it is shared by all Coronavirus Published: January 10, 2024
genera as well as by members of the large genus Enterovirus in

the picornavirus family,*® (i) it is essential for viral

. . https//doi. 10.1021/acsmedchemlett 3c00498
g ACS Publications  °7Aneian@malioas 5 RS Ved. Chem tet 2008, 15, 250257
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Figure 1. Schematic representation of synthesized PROTACs 1 and 2. The synthesis is based on a core structure, shown on the left, containing
common functional groups in specific positions, which are typically recognized by S1 and $2 subsites of 3CL™ proteins.

the polyubiquitination of the substrate (ie, SARS-CoV-2
3CL"™ in this approach), which is the step re%uired to trigger
substrate degradation by the proteasome.”™” The use of
CRBN in the design of PROTAC recruiters has been
prompted by the discovery and the structural characterization
of the interaction between CRBN and immunomodulatory
imide drugs.””™*” In the last years, many CRBN-based
PROTACs have been designed to target a variety of substrate
proteins for proteasomal degradation.” The immunomodula-
tory drug pomalidomide is a frequently used CRBN ligand to
design PROTAC degraders.”** In our designed PROTAC
molecule, the pomalidomide and the peptidomimetic ligands
were joined through a rigid linker previously shown to be
optimal in CRBN-based PROTAC degraders.’® X-ray
crystallography and solution NMR were applied to structurally
characterize the interaction between PROTAC and SARS-
CoV-2 3CL™, and cellular studies were used to investigate the
degradation activity of the PROTAC molecule.

GC-376 is a typical 3CL"™ inhibitor that has shown antiviral
activity against feline infectious peritonitis CoV in exper-
imentally infected cats and with broad-spectrum activity
against coronavirus.””** More recently, the antiviral activity
of GC-376 against SARS-CoV-2 was demonstrated in vitro,* "0
and in vivo studies supported that GC-376 could represent a
promising lead candidate for therapeutic treatment of SARS-
CoV-2 infections."’ Accordingly, we designed two PROTAC
molecules based on the structural information available for the
SARS-CoV-2 3CL"*-GC-376 interaction. Both PROTAC
molecules contain a SARS-CoV-2 3CL™ peptidomimetic
ligand that conserves the key interactin§ elements of GC-376
and of its aldehyde derivative GC-373.** This ligand contains
an (8)-y-lactam ring occupying the S1 subsite of SARS-CoV-2
3CL" enzyme and a hydrophobic side chain of an amino acid,
such as leucine or phenylalanine, occupying the S2 subsite
(Figure 1, left). As the electrophilic warhead of both SARS-
CoV-2 3CL"™ ligands, we reasoned to replace the aldehyde
functionality of GC-373 with a a,f-unsaturated methyl ester to
achieve reversible ligands (Figure 1, left). On this structural
basis, PROTACs 1 and 2 were designed and synthesized in a
complementary approach, exploiting the C-terminus of the
GC-376-derived dipeptidyl ligand for PROTAC 1 and its N-
terminus for PROTAC 2. For the synthesis of PROTAC 1, the
C-terminus of a dipeptidyl SARS-CoV-2 3CL™ ligand (named
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ligand 1’ hereafter) was conjugated to the CRBN ligand
pomalidomide through a piperazine—piperidine linker, the
latter chosen following the success of Arvinas company in
delivering the first two PROTACs as clinical candidates
(Figure 1, right).** Briefly, PROTAC 1 was achieved following
ester hydrolysis of 1’ and subsequent amide coupling with the
amino group of piperazine—piperidine-functionalized pomali-
domide in 65% yield. PROTAC 2 was achieved in 13% yield
by installing the pomalidomide CRBN ligand at the N-
terminus position of a tripeptidyl SARS-CoV-2 3CL™ ligand
through the piperazine—piperidine linker as for PROTAC 1.
The tripeptidyl ligand was synthesized from 1’ through Cbz
removal and subsequent couplings at the N-terminus of valine
and of succinic acid as a linker for the bioconjugation to the
piperazine—piperidine-functionalized pomalidomide unit (Fig-
ure 1, right; details of the synthetic routes for PROTACs 1 and
2 are reported in Supporting Information (SI), Schemes S1
and S2, respectively).

We evaluated ligand 1° and PROTACs 1 and 2 for their
ability to inhibit SARS-CoV-2 3CL™ (at 60 nM) through a
fluorimetric enzyme inhibition kinetics assay using Hilyte
Fluor-488-ESATLQSGLRKAK-(QXL-520)-NH, as substrate.
Ligand 1’ and PROTAC 1 showed inhibition activity with a
ICgo of 1.35 uM and 21.2 uM, respectively (Table 1, and SI,

Table 1. Inhibitory Activity of Ligand 1’, PROTACs 1 and
2,” and of Representative SARS-CoV-2 Inhibitors against
3cL>

compd 1Cqy (M)
Ligand 1’ 135 + 034
PROTAC 1 212 + 58
PROTAC 2 N/A
P i “3:;‘1‘""" reported 1Cso (M)
GC-376"14 0.19 + 0.04
GC-373% 040 + 0.05
Nirmatrelvir'® 0.051 + 0.01
Boceprevir*** 540 £ 1.53
Dalcetrapib-thiol ™ 144 + 3.3

“Mean from three different assays, errors were in the range of 5—10%
of the reported values; IC, values were retrieved from dose—response
assays as the concentration of compound required for 50% inhibition,
as estimated by nonlinear correlation using GraphPad Prism software.

hittps://doi.org/10.1021 /acsmedchemlett 3¢00498
ACS Med. Chem. Lett. 2024, 15, 250-257
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Figure 2. Mapping the interaction between PROTAC 1 and dimeric SARS-CoV-2 3CL™. (A) Overlay of '"H—"SN HSQC maps of "*N-labeled

SARS-CoV-2 3CL

(red) and a 1:1 "*N-labeled SARS-CoV-2 3CL"-PROTAC 1 mixture (black). Some residues affected by the interaction are

highlighted. In the insets, 'H—'N HSQC maps at 1:0 (red), 1:0.5 (green), and 1:1 (black) SARS-CoV-2 3CL""-PROTAC 1 ratios are shown for
some residues that are in slow exchange regime on the NMR time scale upon complex formation. (B) The backbone NH protons of the residues
affected by the interaction between PROTAC 1 and dimeric SARS-CoV-2 3CL"™™ are shown as pink and orange spheres on the two subunits
(depicted in orange and pink) of the dimeric structure of SARS-CoV-2 3CL"™ (PDB 80KC). The side chains of the Cys-His catalytic dyad are

shown in yellow on the pink subunit.

Figure S1), whereas PROTAC 2 did not display any significant
activity, showing only 64% inhibition at 100 M and 0%
inhibition at 10 M. Therefore, it was not further considered in
subsequent structural and cellular studies.

In order to elucidate the binding mode of PROTAC 1,
solution NMR was applied to screen the interaction®” between
PROTAC 1 and dimeric SARS-CoV-2 3CL™. Specifically,
NMR titration experiments were performed by stepwise
addition of PROTAC 1 to '“*N-labeled dimeric SARS-CoV-2
3CL™. Upon subsequent additions of PROTAC 1, chemical
shift changes were observed in the 'H—'SN heteronuclear
single quantum coherence (HSQC) maps of dimeric SARS-
CoV-2 3CL"™, corresponding to a slow exchange regime on
the NMR time scale (Figure 2A). This means that signals of
dimeric SARS-CoV-2 3CL"™ decreased in intensity, and those
of a new species, assigned to the adduct formed between
dimeric SARS-CoV-2 3CL" and PROTAC 1, appeared and
increased in intensity during the titration (Figure 2A, insets).
On reaching the 1:1 SARS-CoV-2 3CL""-PROTAC 1 ratio,
the signals of SARS-CoV-2 3CL"™ completely disappeared and
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the signals of the PROTAC 1—protein complex reached their
maximal intensity, indicating that the complex was fully formed
at the 1:1 molar ratio. These data strongly support that a tight
binding of PROTAC 1 to the protein occurred. Most of the
affected residues were found close to the Cys-His catalytic
dyad of SARS-CoV-2 3CL (Figure 2B), thus revealing that
PROTAC 1 specifically binds to the active site of the enzyme.
The NMR data were confirmed by a fluorescence quench on
the spectra recorded with or without PROTAC 1 addition after
excitation of the tryptophan residues (SI, Figure S2A).

To further characterize the protein-PROTAC 1 interaction,
NMR experiments were ‘g’erformed titrating 'SN-labeled
dimeric SARS-CoV-2 3CL™ with ligand 1°. We observed
chemical shift changes in a slow exchange on the NMR time
scale (SI, Figure S3), which reproduced those observed in the
titration between PROTAC 1 and SARS-CoV-2 3CL". This
result indicates that the dipeptidyl moiety of PROTAC 1 is
actively involved in binding to the active site of the enzyme,
while the linker and the pomalidomide moieties of PROTAC 1
do not significantly interact with SARS-CoV-2 3CL™. To

hittps://doi.org/10.1021 /acsmedchemlett 3¢00498
ACS Med. Chem. Lett. 2024, 15, 250-257
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provide information on the structural organization of the
protein in the presence of PROTAC 1 and ligand 1’, circular
dichroism (CD) spectra were recorded on the dimeric SARS-
Cov2 3CL™™ in the presence and absence of PROTAC 1 or
ligand 1’ (SI, Figure S4). The recorded spectra are fully
superimposable, thus showing that no significant changes of
the secondary structure of the dimeric SARS-Cov2 3CL™
occurred upon the PROTAC 1 interaction. Finally, to ascertain
whether PROTAC 1 could recognize monomeric SARS-CoV-2
3CL™, NMR titration experiment were carried out by adding
PROTAC 1 to a monomeric form of SARS-CoV-2 3CL™ (SI,
Figures S5 and $6). No significant chemical shift changes were
observed for the monomeric form, indicating no binding of
PROTAC 1 to the protein (SI, Figure $6). Thus, we conclude
that the dimeric state of SARS-CoV-2 3CL™ is specifically
targeted by PROTAC 1 and only the dimeric state of SARS-
CoV-2 3CL™ can be subjected to protein degradation.

To gain further insight into the interaction mode of
PROTAC 1 with SARS-CoV-2 3CL"™, the crystal structures
of SARS-CoV-2 3CL™ in complex with ligand 1’ and
PROTAC 1 were obtained (see SI, Table S1). The polypeptide
structure of both adducts is well superimposable with
previously reported structures of SARS-CoV-2 3CLP®.’"%
By comparing the structure of the apo form of SARS-CoV-2
3CL™ with those of the two adducts with ligand 1’ and
PROTAC 1, only loop regions showed local backbone RMSD
values higher than average, indicating that the binding of either
ligand 1’ or PROTAC 1 to the protein does not require
significant structural rearrangement of the protein active site.
Concerning the occupancy of PROTAC 1 and ligand 1, we
found that the electron density is quite well-defined for most
atoms of ligand 1’ (SI, Figure S7A) and, in the case of
PROTAC 1, the electron density is better defined for the
chemical moiety corresponding to ligand 1’ (SI, Figure S7B).
For the remaining PROTAC 1 structure, the electron density is
virtually absent, indicating a high degree of mobility of the

linker and of the pomalidomide moiety as well as the absence

Letter

Figure 3. Close-up of the binding of PROTAC 1 to the SARS-CoV-2
3CL"™ active site. The dipeptidyl moiety of PROTAC 1 with a well-
defined electron density is in red. The piperazine—piperidine linker
and the pomalidomide moiety with absent electron density are shown
in cyan.

by 881 and 458 Da, respectively (SI, Figure S2B—C).
Increased mass corresponds to a single molecule of PROTAC
1 or ligand 1’ covalently captured by SARS-CoV-2 3CL™.
Besides the covalent bond, other polar and nonpolar
interactions keep both ligand 1’ and PROTAC 1 in place.

In the case of PROTAC 1, the side chain of His41, and the
backbone of Phel40 and Glul66 were found as the protein
residues involved in direct hydrogen bonding interactions
(Figure 4B, left). In addition, a water molecule bridges the
nitrogen atom of GInl89 via hydrogen bonding. Several
residues are involved in hydrophobic interactions (Figure 4B,
left), in agreement with most of the molecule atoms being
nonpolar. In the case of the ligand 1’-protein structure,

of interactions with other regions of the protein. This suggests
that this molecular fragment protrudes out of the protein and is
completely solvent exposed (Figure 3), in agreement with
solution NMR data and in support of the fruitful involvement
of PROTAC 1 in recruiting CRL4 E3 ubiquitin ligase. The
binding of ligand 1’ and PROTAC 1 to the SARS-CoV-2
3CL™ protein is quite similar for the structural part that is
shared by the two compounds, highlighting their similar
positioning in the protein active site (Figure 4A). The most
relevant feature in common between the two compounds is
their binding mode to the catalytic Cys145. Accordingly, the
crystallographic structures of both adducts revealed that the
distance between the sulfur atom of Cys14S and the CfJ carbon
of the a,f-unsaturated amide moiety of ligand 1’ and
PROTAC 1 spontaneously refines to a value around 1.7 A,
which is typical of a C—S covalent bond. From a chemical
point of view, it is known that the formation of a covalent bond
between the unsaturated f-carbon and sulfur atoms has been
already observed to occur between analogous peptidomimetic
inhibitors and SARS-CoV 3CL™™.*

The formation of a covalent complex between SARS-CoV-2
3CL" and ligand 1’ or PROTAC 1 was confirmed by matrix-
assisted laser desorption/ionization—time-of-flight (MALDI-
TOF) mass spectrometry data. Incubation of SARS-CoV-2
3CL"™ with PROTAC 1 (exact mass 885 Da) or ligand 1’
(exact mass 459 Da) yielded a peak shift from the protein mass

253

96

protein—ligand interactions are similar but not identical to
those found in the PROTAC 1—protein structure (Figure 4B,
right), as the hydrogen bonding network partially differs. In
particular, the hydrogen bond involving the His41 side chain is
absent, the one involving the Phe140 backbone is looser, and
those involving Glul66 and the water molecule bridging
GIn189 are strictly maintained (Figure 4B, right). Two
additional hydrogen bonds are present involving the backbone
amides of Cys145 and of Gly143 and the same oxygen of the
ester group of the ligand. The absence of such hydrogen bonds
in the PROTAC 1—protein structure is due to the substitution
of the methyl ester of ligand 1’ with the bulky piperazine—
piperidine linker (Figure 4B, left). Although the occurrence of
these slightly different hydrogen bond networks, all the
residues involved in the molecular recognition of SARS-CoV-
2 3CL™ with both PROTAC 1 and ligand 1’ are conserved
among human coronavirus main proteases, with the only
exception of Asn 142 (SI, Figure S8). This finding supports the
idea that the active sites of other viral proteases might also be
targeted by PROTAC 1.

Considering the covalent C—S bond formation detected in
the crystal structure between Cys145 and the Cf} carbon of the
a,fl-unsaturated amide moiety of PROTAC 1, we investigated
whether PROTAC 1 is a reversible covalent ligand for SARS-
CoV-2 3CL™™ by applying an assay protocol already available
in the literature.”* Thus, the e e was incubated with or
without a large excess of PROTAC 1 for 30 min. Then, such

hittps://doi.org/10.1021 /acsmedchemlett 3¢00498
ACS Med. Chem. Lett. 2024, 15, 250-257
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Figure 4. Binding mode of PROTAC 1 and ligand 1’ to SARS-CoV-2 3CL™ by X-ray crystallography. (A) Superimposition of PROTAC 1
(green) and ligand 1’ (cyan) in the respective structures showing a similar binding mode to that of the protein. (B) Ligplot schematic view of the
binding modes of PROTAC 1 (left) and ligand 1’ (right). The residues of SARS-CoV-2 3CL" involved in covalent, hydrophobic, and hydrogen-
bonding contacts with PROTAC 1 and ligand 1’ are indicated according to the legend. The red circles and ellipses identify the residues that
interact with the ligand (PROTAC 1 or ligand 1) on both structures upon superposition of the two structures.
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Figure 5. Effects of PROTAC 1 on SARS-CoV-2 3CL™ protein levels and cell viability in HeLa cells. (A) HeLa cells transduced with lentiviruses
expressing C-terminally tagged SARS-CoV-2 3CL"™ were analyzed by immunoblotting with antibodies specific for the indicated proteins before
(preselection expressing HA-epitope) and after (postselection) incubation with puromycin. (B) HeLa cells expressing HA-epitope C-terminally
tagged SARS-CoV-2 3CL™ were treated with PROTAC 1 at the indicated concentrations for 24 h. Cells were harvested and lysed. Whole cell
extracts were analyzed by immunoblotting with antibodies specific to the indicated proteins. The graph shows the quantification of SARS-CoV-2
3CL"™ levels normalized to actin levels. (C) HeLa cells expressing HA-epitope C-terminally tagged SARS-CoV-2 3CL™™ were treated with 80 M
PROTAC 1 for the indicated times. Cells were analyzed by immunoblotting as in (B). The graph shows the quantification of SARS-CoV-2 3cL™
levels normalized to actin levels. (D) Viability of HeLa cells treated with PROTAC 1 for 72 h at the indicated concentration was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Data are reported as mean + SEM; n = 3.

mixtures were diluted 100-fold into a reaction buffer incubated and diluted in the absence of PROTAC 1. This

containing a fluorogenic substrate to initiate the enzymatic
reaction of SARS-CoV-2 3CL"™. The progress curves for these
samples were obtained, and the corresponding initial velocities
were measured and compared to those of the enzyme
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experiment revealed the complete recovery of the enzyme
activity (SI, Figure S9), thus showing the reversibility of the
covalent C—S bond formed between SARS-CoV-2 3CL™ and
PROTAC 1. As a general rule for a PROTAC molecule,

hittps://doi.org/10.1021 /acsmedchemlett 3¢00498
ACS Med. Chem. Lett. 2024, 15, 250-257
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combining covalent bond formation with its reversibility is
expected to represent the best condition to efficiently degrade
target proteins in a cellular context.”® Indeed, the reversibility
ensures dissociation and recycling of the PROTAC molecule,
whereas the covalency confers higher selectivity.‘% Overall,
these effects favor low doses usage of PROTAC molecules.

Finally, we investigated the degradation efficiency in the
cellular context by assaying whether PROTAC 1 affects SARS-
CoV-2 3CL™ protein levels in cultured cells. We first
generated Hela cells stably expressing hemagg'l‘::tinin (HA)-
epitope C-terminally tagged SARS-CoV-2 3CL™ by lentiviral
transduction (Figure SA). These cells were then treated with
increasing concentrations of PROTAC 1 and the expression of
SARS-CoV-2 3CL™ was examined by immunoblotting. We
observed a pronounced decrease in SARS-CoV-2 3CL™ levels
in the presence of PROTAC 1 at concentrations that did not
affect the cell viability (Figure SB—D).

In this study, we designed and synthesized a peptidomimetic
PROTAC molecule specifically targeting the dimeric SARS-
CoV-2 3CL"™ protein. We structurally characterized the
interaction of the PROTAC molecule with SARS-CoV-2
3CL™ and observed the formation of a covalent bond between
the Cf§ carbon of the a,f-unsaturated amide moiety of the
PROTAC 1 molecule and the catalytic Cys14$ sulfur atom of
SARS-CoV-2 3CL™™. The covalent reversibility of the
PROTAC 1 inhibition was demonstrated as a key requirement
for the efficacy of the PROTAC molecule that needs to be
recycled at the cellular level once the degradation of the viral
target has occurred. We finally provided the first evidence that
PROTAC 1 is active at the cellular level drastically reducing
protein levels of SARS-CoV-2 3CL™ without affecting cell
viability, indicating that a peptidomimetic-based PROTAC
strategy can be an efficient tool to block viral infections in
Coronavirus genera also in the M range.

Further studies will be aimed at improving the PROTAC
efficacy in reaching the target in the cellular environment. We
expect that the insights attained from this study can extend the
applicability of peptidomimetic-based PROTACs to a more
general setting to attack Coronavirus genera, as well as some
members of the large genus Enterovirus.
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SARS-CoV-2 3CLPr expression and purification

Dimeric SARS-CoV-2 3CL"° was expressed and purified as previously described.” The
sequence encoding SARS-CoV-2 3CLP™, once optimized for E. coli expression, was cloned
into pET-28a(+) between the restriction sites Ndel/Xhol to produce a monomeric form of the
protein. This construct results in an N-terminal 6xHis tagged protein with a thrombin
recognition site that divides the His tag from the SARS-CoV-2 3CLP™ sequence. BL21(DE3)
cells were transformed by the plasmid. A single colony was picked to inoculate a 100 mL
pre-culture in LB medium containing 50 mg/mL kanamycin. After overnight incubation at
37 °C, 10 mL of the pre-culture was used to inoculate 1 L of M9 minimal growth medium
(1.2 g/L "*N-labelled (NH4)2SO4). When an optical density of 0.7-0.8 (at a wavelength of 600
nm) was reached, the protein overexpression was induced with 0.5 mM isopropyl B-d-1-
thiogalactopyranoside. The culture was then shaken at 35 °C for 6 hours and centrifuged at
5000 rpm for 20 minutes. The resulting pellet was resuspended in 40 mL lysis buffer (of 50
mM KPi, pH 8.0, 300 mM NaCl, 10 mM DL-dithiothreitol (DTT) buffer). The cell suspension
was lysed by sonication and the soluble cellular fraction was obtained by centrifugation at
4 °C at 35000 rpm for 35 minutes. The supernatant was collected, diluted up to 100 mL with
the lysis buffer and then loaded onto a 5 mL HisTrap FF column, pre-equilibrated with the
same buffer. An imidazole stepwise-gradient was applied to wash the column. The
concentration of imidazole for each step (30 mL) was 5 mM, 20 mM, 40 mM, 300 mM and
500 mM. The pure His-tagged protein was detected in the 300 mM imidazole fraction by
running an SDS-PAGE electrophoresis of the different washing-step fractions. The protein
solution was buffer exchanged to in 20 mM HEPES buffer, 50 mM NaCl, 0.5 mM TCEP, pH
6.5 resulting in a final protein yield of 25 mg/L of culture.

The monomeric and dimeric states of SARS-CoV-2 3CLP™ proteins here produced were
verified by analytical gel filtration, as shown in Fig. S5.

Enzyme inhibition kinetics assay

The synthesized PROTACs were assayed through a fluorometric assay using the
fluorogenic substrate Hilyte Fluor-488-ESATLQSGLRKAK-(QXL-520)-NH2 (Anaspec). All of
the measurements were performed in 96-well plates with a Fluostar Optima microplate
reader (BMG Labtech, Ortenberg, Germany) analogously to what previously performed.8
Excitation and emission wavelengths were 490 and 520 nm, respectively. All incubations
were performed at 30 °C in 25 mmol of N-(2-hydroxyethyl)piperazine-N'-ethanesulfonic acid
(HEPES), 0.2% Tween-20 at pH 7.0. The inhibitors were preincubated with SARS-CoV-2
3CLP enzyme (60 nM) for 10 min at 30 °C before the reaction was started by the addition
of the fluorogenic substrate (1 uM). The increase of fluorescence signal was monitored over
30 min (Aex =490 nm, Aem = 520 nm) at 30 °C. The percentages of inhibition for the tested
PROTAC molecules were determined through the equation (1 — Vs/Vo) X 100, where Vs is

S10
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the initial velocity in the presence of the inhibitor and Vo is the initial velocity of the
uninhibited reaction. The |ICso values were obtained by dose-response measurements using
an inhibitor range of concentrations 1 nM to 1 mM. All the experiments were performed in
triplicate, and data collected were analyzed using GraphPad 5.0 Software Package
(GraphPad Prism, Inc., San Diego, CA).

Enzyme activity recovery assay

SARS-CoV-2 3CLP™ (600 nM) was incubated with or without 1 mM of PROTAC 1 for 30
minutes, before the reaction was started by the addition of the fluorogenic substrate (1 uM).
These mixtures were diluted 100-fold into reaction buffer containing the fluorogenic
substrates to initiate reaction. The progress curve for these samples was measured and the
initial velocity was measured and compared to that of enzyme incubated and diluted in the
absence of PROTAC 1. All the experiments were performed in triplicate, and data collected
were analyzed using GraphPad 5.0 Software Package (GraphPad Prism, Inc., San Diego,
CA).

NMR spectroscopy

'H-SN HSQC experiments were performed at 298 K in 20 mM HEPES buffer, 50 mM NacCl,
0.5 mM TCEP, 5 mM DTT, pH 6.5, 10% (v/v) D20. These NMR spectra were recorded on
Bruker AVANCE 950 MHz, processed using the standard Bruker software (Topspin) and
analyzed with CARA program.? In order to monitor the interaction between SARS-CoV-2
3CLP™ and the small molecules, NMR titration experiments were performed adding aliquots
(up to a maximum of 20 pL) of the small molecule dissolved in ds-acetonitrile to the NMR
tube containing '>N-labeled SARS-CoV-2 3CLP (0.2-0.3 mM) up to a 1:1 ratio. All NMR
titration data were analysed comparing the 'H-'"N HSQC spectra recorded along the
additions of the small molecule with that of the initial state as well as with 'H-">N HSQC
blank spectra of '>N-labeled SARS-CoV-2 3CLF™ recorded titrating the protein with the same
aliquot of ds-acetonitrile, in order to identify the chemical shift changes induced by the
solvent. In such a way, following the chemical shift changes observed in the 'H-'>N HSQC
maps along each stepwise titration we were able to assign selectively the residues affected
by protein-protein interaction. Signals showing both chemical shift changes on a slow
exchange on the NMR time scale and broadening beyond detection effects were considered
to map the interaction surface on SARS-CoV-2 3CL"™ upon the binding with the small
molecule. Chemical shift assignments of SARS-CoV-2 3CLP (under accession code
BMRB: BMR50780)'"? and of the C145A variant of SARS-CoV-2 3CLP™ (under accession
code BMRB: BMR51456)'! were used to map the chemical shift changes, obtained upon
the addition of one equivalent of PROTAC 1, on the protein structure.

Fluorescence spectroscopy

Fluorescence measurements were performed on a Jasco FP-8500 spectrofluorometer
(Jasco, Easton, MD, USA) with a 1 cm path-length quartz cuvette, at room temperature. The
excitation wavelength was 290 nm (slit width 2.5 nm), and emission spectra were collected
in the range of 300-450 nm. All experiments were performed at room temperature in 20 mM
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potassium phosphate buffer at pH 7.8. Three spectra accumulations were averaged for each
sample and the spectrum of the buffer was considered as a blank and subtracted.
Fluorescence spectra were recorded on sample of dimeric SARS-CoV-2 3CL"™ (2 uM), in
the absence or presence of PROTAC 1 (previously re-suspended in acetonitrile) at a 1:2
ratio (protein:molecule).

Far-UV circular dichroism (CD) spectroscopy

CD measurements were carried out on a Jasco J-1500 spectropolarimeter equipped with a
Peltier type thermostated cell holder (Jasco, Easton, MD, USA). Far-UV spectra (200-260
nm) were recorded at 25 °C at a scan rate of 50 nm min-', a bandwidth of 1 nm, and an
integration time of 2 s, in 0.1 cm cuvettes. Spectra were recorded on samples of dimeric
SARS-CoV-2 3CLP™ in the absence or presence of PROTAC 1 or ligand 1’ at a 1:2 ratio.
Five spectra accumulations were averaged for each sample and the spectrum of the buffer
was considered as a blank and subtracted. The dimeric SARS-CoV-2 3CL"™ concentration
was 6 pM.

Mass spectrometry

MALDI-TOF mass spectra were acquired on a Bruker Ultraflextreme MALDI-TOF/TOF
instrument (Bruker Daltonics, Billerica, MA, USA) at the Centro Piattaforme Tecnologiche of
the University of Verona. Samples were resuspended and acidified with TFA 0.1% solution
and incubated for 30 min at room temperature. The two-layer method was used, 0.5 pL of
sinapinic acid saturated solution in 30:70 (v/v) Acetonitrile: TFA 0.1% in water was deposited
onto the target as a seed layer and left for drying. The protein sample was mixed 1:1 with a
saturated solution of sinapinic acid in 30% acetonitrile. 0.5 L of the sample/matrix mixture
was then deposited onto the seed layer and left for drying on Ground steel MALDI target
plate (Bruker Daltonics).

Crystallographic data

Crystals of apo SARS-CoV-2 3CL" were obtained in sitting drop by adding an aliquot of 2
ML of protein solution (20 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.8) to
2 pL of reservoir buffer (200 mM ammonium acetate, 20% PEG 3350 pH 7.0) and stored at
20 °C. The protein concentration in the sample was 5§ mg/mL. The native crystals of apo
SARS-CoV-2 3CLP" were afterwards soaked in a 10% DMSO solution containing ligand 1’
having a 2-3-fold concentration with respect to the protein for about 2-3 days. The adduct
with PROTAC 1 was, on the contrary, obtained through co-crystallization in the same
conditions as above with a small molecule-protein ratio of ~3. Both adduct datasets were
collected in-house, using a BRUKER D8 Venture diffractometer equipped with a PHOTON
Il detector, at 100 K; the crystals used for data collection were cryo-cooled using 25%
ethylene glycol in the mother liquor. The ligand 1’ adduct crystal has been refined at 2.3 A
resolution whereas the PROTAC 1 adduct crystal reaches 2.0 A resolution: they both belong
to space group C2 with one molecule in the asymmetric unit, a solvent content of about 50%,
and a mosaicity of 0.4-0.6°. The data were processed using the program XDS,'? reduced
and scaled using XSCALE," and amplitudes were calculated using XSCALE.'? Both
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structures have been solved using the molecular replacement technique using 7NXH
structure as the template model. The successful orientation and translation of the molecule
within the crystallographic unit cell was determined with MOLREP.'3. ' The refinement and
water molecule fitting has been carried out using PHENIX, "> applying default TLS restraints.
In between the refinement cycles, the model was subjected to manual rebuilding using
COOT."® The quality of the refined structures was assessed using the program
MOLPROBITY.' Data processing and refinement statistics for both adducts are shown in
Table S1. Coordinates and structure factors have been deposited at the PDB under the
accession code 80KB for ligand 1’ and 80KC for PROTAC 1.

Cell culture and drug treatment

Hela cells and HEK293T cells (from American Type Culture Collection) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific) containing 10%
fetal calf serum, 100 U/mL penicillin, and 100 pg/mL streptomycin. PROTAC 1 was added
at the indicated concentration.

Biochemical methods

For preparation of cell extracts, cells were washed and collected in ice-cold PBS and lysed
in lysis buffer (50 mM Tris pH 7.5, 250 mM NacCl, 0.1% Triton X-100, 1 mM EDTA, 50 mM
NaF and protease and phosphatase inhibitors) for 30 min on ice, followed by 20 min
centrifugation at 4 °C. Total cell extracts (30 pug per sample) were then analyzed by
immunoblotting as described.'® Mouse monoclonal antibodies were from Santa Cruz
Biotechnology (Actin) and BioLegend (HA). Data are reported as mean + SEM; n = 3.

Lentivirus-mediated gene transfer

Lentiviruses were produced in HEK293T cells by five-plasmid cotransfection.'® Briefly,
HEK293T cells were transfected with the pHAGE?2 vector together with packaging vectors
encoding Gag-Pol, Rev, Tat, and the G protein of the vesicular stomatitis virus (VSV) by the
polyethylenimine method. The virus-containing supernatants were collected every 24 hours
on two consecutive days starting 24 hours after transfection, filtered, and transferred onto
HelLa cells in the presence of polybrene (4 pg/mL). The medium was replaced after 24 hours.
Two days after transduction, Hela cells were selected with 2 pg/ml puromycin for 4 days.

Cell viability assay

Cells were seeded in 24-well plates at a density of 5 x 10° cells per well. After 24 hours,
cells were exposed to increasing concentrations of PROTAC 1 for 72 h. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (MTT) (Merck) was added to
the cells at a final concentration of 0.5 mg/mL. Cells were incubated for 4 hours at 37 °C in
a humidified incubator with 5% COz, until purple precipitates were visible. The medium was
removed, and cells were rinsed once with PBS. DMSO was added to each well to dissolve
the formazan precipitate, and the absorbance was read at OD = 535 nm. Data are reported
as mean + SEM; n = 3.
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Figure S1. Inhibition curves for PROTAC 1 and ligand 1°. ICso values of ligand 1’ and

PROTAC 1 are reported.

= A
3
L
2 £} £
e s =
£ z g
@« o
< <
g g §
% & &
5
3
=
of — . 0 . : "
300 325 350 375 400 64000 68000 72000 64000 88000 72000
Wavelength (nm) Mass (m/'z) Mass (mvz)

Figure S2. Investigating complex formation by fluorescence and binding mode of
PROTAC 1 and ligand 1° to SARS-CoV-2 3CLP® by mass spectrometry. (A)
Fluorescence emission spectra (Aex 290 nm) measured on 2 pM SARS-CoV-2 3CLP™ in the
absence (black) or in the presence of 4 pM of PROTAC 1 (blue). MALDI TOF mass
spectrometry of SARS-CoV-2 3CLP™® samples in the absence (black, B and C) or in the
presence of PROTAC 1 (B, blue) or ligand 1’ (C, salmon). AM: Mass increase in Da of

SARS-CoV-2 3CLP upon incubation with PROTAC 1 or ligand 1°.
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Figure S3. Ligand 1’ interacts with dimeric SARS-CoV-2 3CLP™. Overlay of 'H-""N
HSQC maps of '>N-labelled SARS-CoV-2 3CL"™ (black) and a 1:1 "®N-labelled SARS-CoV-
2 3CLPr-ligand 1’ mixture (red). In the insets, 'H-'"SN HSQC maps at 1:0 (black), 1:0.5
(green), 1:1 (red) SARS-CoV-2 3CLP"-ligand 1’ ratios are shown for some residues that are
in slow exchange regime on the NMR time scale upon complex formation.
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Figure S4. Monitoring structural changes by far-UV circular dichroism spectroscopy
on SARS-CoV-2 3CLP™ upon its interaction with PROTAC 1 and ligand 1’. Spectra
acquired on SARS-CoV-2 3CLF™ in the absence (black) (A, B) or in the presence of
PROTAC 1 (blue) (A) or ligand 1’ (salmon) (B). MRE: Mean Residue Ellipticity.
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Figure S5. Analytical gel filtration of monomeric and dimeric SARS-CoV-2 3CLP,
Chromatograms of monomeric (A) and dimeric (B) SARS-CoV-2 3CLP™ proteins (in red)
compared with protein standard markers at 150, 66.4, 37.8, 29 and 14.4 kDa. The theoretical
molecular weights of monomeric and dimeric SARS-CoV-2 3CLP™ are 33.7 and 67.5 kDa.
The samples were run on a Superdex 200 Increase 10/300 GL column using 25 mM MES,

150 mM NacCl, pH 6.5 running buffer.
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Figure S6. PROTAC 1 does not interact with monomeric SARS-CoV-2 3CLP™. Overlay
of 'H->N HSQC maps of >N-labelled SARS-CoV-2 3CLP® (red) and a 1:1 '*N-labelled
SARS-CoV-2 3CLP-PROTAC 1 mixture (black).

s17

109



Figure S7. The electron density of ligand 1’ and PROTAC 1. 2F.-Fc map of ligand 1’ and
Cys145 (A) and PROTAC 1 and Cys145 (B), both contoured at 0.9s level.
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Figure S8. Sequence alignment of human coronavirus main proteases and mapping
of the residues of the catalytic site of SARS-CoV-2 3CLP™ interacting with both
PROTAC 1 and ligand 1'. (A) Multiple sequence alignment by ClustalW between four
human coronavirus main proteases. The residues, involved in the interaction with both
PROTAC 1 and ligand 1" and selected on the basis of the ligplot shown in Fig. 4B, have
been highlighted according to the S1 and S2 sub-sites of the binding pocket. The catalytic
dyad formed by His41 and Cys145 is also highlighted. (B) A view of the SARS-CoV-2 3CLP™
binding pocket, using 80OKC as PDB template and Chimera-X as molecule visualization
software, is shown. The catalytic dyad and the residues of S1 and S2 sites selected in panel

A have been highlighted using the same color code.
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Figure S9. Recovery of the enzymatic activity after a 100-fold dilution of the SARS-
CoV-2 3CLP*-PROTAC 1 adduct. Left (no dilution): Fractional velocity is calculated as the
ratio between the slope of the curves obtained by the enzyme incubated in the presence
and in the absence of the PROTAC 1 at initial situation (600 nM of the enzyme, 1 mM of
PROTAC 1 and 1 pM of the fluorogenic substrate). Right (100-fold dilution): Fractional
velocity is calculated as the ratio between the slope of the curves obtained by the enzyme
incubated in the presence and in the absence of PROTAC 1 after 100-fold dilution (6 nM of
the enzyme, 10 pM of PROTAC 1 and 1 pM of the fluorogenic substrate). Data are
representative of three independent experiments.
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Table S1. Data collection and refinement statistics of SARS-CoV-2 3CLP™ complexed
with ligand 1’ and PROTAC 1.

SARS-CoV-2 3CLP SARS-CoV-2 3CLP®
complexed with ligand 1’ complexed with
PROTAC 1
Wavelength A 1.541 1.541
Resolution range 4414 - 2.31 (2.393 - 27.9-2.0(2.072-2.0)
(A) 2.31)!
Space group €121 C121
Unit cell (A, °) 115.13 563.43 45.14 90 114.12 53.16 45.27
102.09 90 90 102.11 90
Total reflections 32842 (1859) 81051 (4064)
Unique 11338 (929) 16697 (1211)
reflections
Multiplicity 2.9(2.0) 49 (34)
Completeness 96.11 (87.82) 92.40 (78.61)
(%)
Mean I/sigma(l) 4.80 (0.98) 7.77 (1.58)
Wilson B-factor 35.13 23.93
R-merge 0.2172 (0.9184) 0.1662 (0.828)
R-pim 0.1463 (0.7562) 0.08222 (0.4965)
CC1/2 0.969 (0.335) 0.99 (0.491)
Reflections used 11464 (926) 16689 (1211)
in refinement
Reflections used 573 (46) 835 (60)
for R-free
R-work 0.2195 (0.3519) 0.2156 (0.3396)
R-free 0.2729 (0.3931) 0.2509 (0.3607)
Number of non- 2457 2593
hydrogen atoms
Macromolecules 2368 2368
Ligands 33 64
Solvent 56 161
Protein residues 306 306
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RMS (bonds) 0.003 0.032

RMS (angles) 0.61 1.39
Ramachandran 96.05 95.72
favoured (%)
Ramachandran 3.95 3.95
allowed (%)
Ramachandran 0.00 0.33
outliers (%)
Average B-factor 43.52 34.17
Macromolecules 43.41 31.62
Ligands 62.24 130.45
Solvent 37.42 33.31

TStatistics for the highest-resolution shell are shown in parentheses.

S23

115



References

(1) McPherson, C. G.; Caldwell, N.; Jamieson, C.; Simpson, |.; Watson, A. J. B. Amidation
of unactivated ester derivatives mediated by trifluoroethanol. Organic & biomolecular
chemistry 2017, 15, 3507-3518.

(2) Shi, H.; Liu, K.; Leong, W. W.; Yao, S. Q. Expedient solid-phase synthesis of both
symmetric and asymmetric diol libraries targeting aspartic proteases. Bioorg Med Chem Lett
2009, 79, 3945-3948.

(3) Vuong, W.; Khan, M. B.; Fischer, C.; Arutyunova, E.; Lamer, T.; Shields, J.; Saffran, H.
A.; McKay, R. T.; van Belkum, M. J.; Joyce, M. A_; et al. Feline coronavirus drug inhibits the
main protease of SARS-CoV-2 and blocks virus replication. Nat Commun 2020, 11, 4282.
(4) Gupta, M. K.; Jena, C. K.; Balachandra, C.; Sharma, N. K. Unusual Pseudopeptides:
Syntheses and Structural Analyses of Ethylenediprolyl Peptides and Their Metal Complexes
with Cu(ll) lon. J Org Chem 2021, 86, 16327-16336.

(5) Fuse, S.; Masuda, K.; Otake, Y.; Nakamura, H. Peptide-Chain Elongation Using
Unprotected Amino Acids in a Micro-Flow Reactor. Chemistry 2019, 25, 15091-15097.

(6) Dai, W.; Jochmans, D.; Xie, H.; Yang, H.; Li, J.; Su, H.; Chang, D.; Wang, J.; Peng, J.;
Zhu, L.; et al. Design, Synthesis, and Biological Evaluation of Peptidomimetic Aldehydes as
Broad-Spectrum Inhibitors against Enterovirus and SARS-CoV-2. J Med Chem 2022, 65,
2794-2808.

(7) Grifagni, D.; Calderone, V.; Giuntini, S.; Cantini, F.; Fragai, M.; Banci, L. SARS-CoV-2
M(pro) inhibition by a zinc ion: structural features and hints for drug design. Chemical
communications (Cambridge, England) 2021, 57, 7910-7913.

(8) Alcaraz, L. A.; Banci, L.; Bertini, |.; Cantini, F.; Donaire, A.; Gonnelli, L. MMP-inhibitor
interaction: the solution structure of the catalytic domain of human matrix metalloproteinase-
3 with three inhibitors. J. Biol. Inorg. Chem 2007, 12, 1197-1206.

(9) Keller, R. The Computer Aided Resonance Assignment Tutorial; CANTINA Verlag, 2004.
(10) Cantrelle, F. X.; Boll, E.; Brier, L.; Moschidi, D.; Belouzard, S.; Landry, V.; Leroux, F.;
Dewitte, F.; Landrieu, |.; Dubuisson, J.; et al. NMR Spectroscopy of the Main Protease of
SARS-CoV-2 and Fragment-Based Screening Identify Three Protein Hotspots and an
Antiviral Fragment. Angew Chem Int Ed Engl 2021, 60, 25428-25435.

(11) Robertson, A. J.; Ying, J.; Bax, A. NMR Observation of Sulfhydryl Signals in SARS-
CoV-2 Main Protease Aids Structural Studies. Chembiochem 2022, 23, e202200471.

S32

116



(12) Kabsch, W. XDS. Acta Crystallogr. D. Biol. Crystallogr 2010, 66, 125-132.

(13) Vagin, A.; Teplyakov, A. MOLREP: an automated program for molecular replacement.
J. Appl. Crystallogr 1997, 30, 1022-1025.

(14) Vagin, A. A.; Teplyakov, A. An approach to multi-copy search in molecular replacement.
Acta Crystallogr D Biol Crystallogr 2000, 56, 1622-1624.

(15) Adams, P. D.; Afonine, P. V.; Bunkoczi, G.; Chen, V. B.; Davis, |. W.; Echols, N.; Headd,
J. J.; Hung, L.-W.; Kapral, G. J.; Grosse-Kunstleve, R. W.; et al. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallogr. D. Biol.
Crystallogr 2010, 66, 213-221.

(16) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features and development of Coot.
Acta Crystallogr D Biol Crystallogr 2010, 66, 486-501.

(17) Chen, V. B.; Arendall, W. B., lll; Headd, J. J.; Keedy, D. A.; Immormino, R. M.; Kapral,
G. J.; Murray, L. W,; Richardson, J. S.; Richardson, D. C. MolProbity: all-atom structure
validation for macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr 2010, 66,
12-21.

(18) Magliozzi, R.; Low, T. Y.; Weijts, B. G.; Cheng, T.; Spanjaard, E.; Mohammed, S.; van
Veen, A.; Ovaa, H.; de Rooij, J.; Zwartkruis, F. J.; et al. Control of epithelial cell migration
and invasion by the IKKB- and CK1a-mediated degradation of RAPGEF2. Dev Cell 2013,
27, 574-585.

S33

117



3.4.2. - A Structural Investigation of the Interaction
between a GC-376-Based Peptidomimetic PROTAC
and Its Precursor with the Viral Main Protease of
Coxsackievirus B3

Alessia De Santis 2, Deborah Grifagni ! Andrea Orsetti 2 Elena Lenci 2, Antonio
Rosato!?, Mariapina D'Onofrio *, Andrea Trabocchi 2, Simone Ciofi-Baffoni 2, Francesca
Cantini"**, Vito Calderone !**

'Magnetic Resonance Center CERM, University of Florence
’Department of Chemistry, University of Florence

3Department of Biotechnology, University of Verona

* Correspondence: cantini@cerm.unifi.it (F.C.); calderone@cerm.unifi.it (V.C.)

Published: 10.3390/biom14101260

118


https://pubmed.ncbi.nlm.nih.gov/?term=De+Santis+A&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Grifagni+D&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Orsetti+A&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Lenci+E&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Rosato+A&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/?term=Rosato+A&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=D%27Onofrio+M&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-3
https://pubmed.ncbi.nlm.nih.gov/?term=Trabocchi+A&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Ciofi-Baffoni+S&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Cantini+F&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/?term=Cantini+F&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Calderone+V&cauthor_id=39456193
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/39456193/#full-view-affiliation-2

- biomolecules

by

Article

A Structural Investigation of the Interaction between a
GC-376-Based Peptidomimetic PROTAC and Its Precursor
with the Viral Main Protease of Coxsackievirus B3

Alessia De Santis '2(7, Deborah Grifagni "2, Andrea Orsetti 2, Elena Lenci 207, Antonio Rosato /20,
Mariapina D’Onofrio *, Andrea Trabocchi 20, Simone Ciofi-Baffoni (7, Francesca Cantini 1-2*(

and Vito Calderone 1-2*0)

check for
updates

Citation: De Santis, A; Grifagni, D.;
Orsetti, A,; Lenci, E;; Rosato, A.;
D’Onofrio, M.; Trabocchi, A.;
Ciofi-Baffoni, 5.; Cantini, F.;
Calderone, V. A Structural
Investigation of the Interaction
between a GC-376-Based
Peptidomimetic PROTAC and Its
Precursor with the Viral Main
Protease of Coxsackievirus B3.
Biomolecules 2024, 14,1260. https://
doi.org/10.3390/biom14101260

Academic Editor: Ajoy Basak

Received: 16 July 2024
Revised: 16 September 2024
Accepted: 2 October 2024
Published: 6 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

Magnetic Resonance Center CERM, University of Florence, Via Luigi Sacconi 6, Sesto Fiorentino,

50019 Florence, Italy; desantis@cerm.unifi.it (A.D.S.); grifagni@cerm.unifi.it (D.G.); a.orsetti@uu.nl (A.O.);

rosato@cerm.unifi.it (A.R.); ciofi@cerm.unifi.it (5.C.-B.)

2 Department of Chemistry, University of Florence, Via della Lastruccia 3-13, Sesto Fiorentino,
50019 Florence, Italy; elena.lenci@unifi.it (E.L.); andrea.trabocchi@unifi.it (A.T.)

3 Department of Biotechnology, University of Verona, Strada le Grazie 15, 37134 Verona, Italy;
mariapina.donofrio@univr.it

*  Correspondence: cantini@cerm.unifi.it (F.C.); calderone@cerm.unifi.it (V.C.)

Abstract: The conservation of the main protease in viral genomes, combined with the absence of a
homologous protease in humans, makes this enzyme family an ideal target for developing broad-
spectrum antiviral drugs with minimized host toxicity. GC-376, a peptidomimetic 3CL protease
inhibitor, has shown significant efficacy against coronaviruses. Recently, a GC-376-based PROTAC
was developed to target and induce the proteasome-mediated degradation of the dimeric SARS-
CoV-2 3CL"™ protein. Extending this approach, the current study investigates the application of the
GC-376 PROTAC to the 3C'™ protease of enteroviruses, specifically characterizing its interaction with
CVB3 3C"™ through X-ray crystallography, NMR (Nuclear Magnetic Resonance) and biochemical
techniques. The crystal structure of CVB3 3C"™ bound to the GC-376 PROTAC precursor was
obtained at 1.9 A resolution. The crystallographic data show that there are some changes between
the binding of CVB3 3C™™ and SARS-CoV-2 3CLF™, but the overall similarity is strong (RMSD
on C-alpha 0.3 A). The most notable variation is the orientation of the benzyloxycarbonyl group
of GC-376 with the 54 subsite of the proteases. NMR backbone assignment of CVB3 3C™™ bound
and unbound to the GC-376 PROTAC precursor (80% and 97%, respectively) was obtained. This
information complemented the investigation, by NMR, of the interaction of CVB3 3C™™ with the
GC-376 PROTAC, and its precursor allows us to define that the GC-376 PROTAC binds to CVB3 3CPro
in a mode very similar to that of the precursor. The NMR relaxation data indicate that a quench of
dynamics of a large part of the protein backbone involving the substrate-binding site and surrounding
regions occurs upon GC-376 PROTAC precursor binding. This suggests that the substrate cavity,
by sampling different backbone conformations in the absence of the substrate, is able to select the
suitable one necessary to covalently bind the substrate, this being the latter reaction, which is the
fundamental step required to functionally activate the enzymatic reaction. The inhibition activity
assay showed inhibition potency in the micromolar range for GC-376 PROTAC and its precursor.
Overall, we can conclude that the GC-376 PROTAC fits well within the binding sites of both proteases,
demonstrating its potential as a broad-spectrum antiviral agent.

Keywords: PROTAC; viral main protease; 3-chymotrypsin-like protease; Coxsackievirus B3; SARS-
CoV-2; GC-376

1. Introduction

Cells use the ubiquitin-proteasome system to degrade unwanted or misfolded cellular
proteins [1,2]. To perform this, the system targets proteins for proteasome-mediated
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destruction by polyubiquitinating them. This process involves the sequential action of the
E1 ubiquitin-activating enzyme, the E2 ubiquitin-conjugating enzyme and the E3 ubiquitin—
protein ligase [3-6]. The E3 ligase is responsible for attaching multiple ubiquitin molecules
to lysine residues at recognition sites in the protein to be degraded. This post-translational
modification serves as a signal for proteolytic action by the 265 proteasome [7]. This cellular
degradation system has been exploited by PROteolysis TArgeting Chimera (PROTAC)
technology to modulate the cell levels of target proteins. PROTAC has proven highly
effective in targeting proteins associated with cancer, leading to the initiation of clinical
investigations for over a dozen drug candidates [8-10]. The utilization of the PROTAC
technology as antiviral agent, although more limited, has recently grown. In the last year,
it has indeed received a strong impetus with four works, including one from our group,
that delineated the use of different PROTAC molecules against the 3-chymotrypsin-like
protease of SARS-CoV-2 (SARS-CoV-2 3CLP™, hereafter) [11-14]. In our previous study [12],
we have synthesized a PROTAC bifunctional molecule. This molecule conjugates a unit
derived from the GC-376 inhibitor, which is able to recognize the active site of SARS-
CoV-2 3CLPr [15,16], with the pomalidomide ligand, which is able to select Cereblon
(CRBN) E3 ligase [17-21]. The GC-376 inhibitor and the pomalidomide ligand are joined
through a piperazine—piperidine linker. We showed that this PROTAC molecule is able
to interact with SARS-CoV-2 3CLP™, forming a reversible covalent bond between the Cp
carbon of the ,B-unsaturated amide moiety and the catalytic Cys145 sulfur atom of the
protein. Moreover, we observed that our PROTAC molecule reduces protein levels of
SARS-CoV-2 3CL"™ in cultured cells without affecting cell viability. This demonstrates
that a peptidomimetic-based PROTAC approach can attack viral infections within those
coronaviruses displaying a high degree of structural similarity in the active site of their
3CLP™ with that of SARS-CoV-2 3CLP™ [22].

Proteases are also important for the replication of viruses other than coronaviruses [23].
Among them, we have the proteases encoded by the 3C region of the enteroviruses genome
(3CPr, hereafter), such as Coxsackievirus B3 (CVB3), EV-D68, EV-A71 and Coxsackievirus
A16 [24-26]. All these enteroviral pathogens are part of the picornavirus family [27].
Infection with some of these viruses can lead to serious outcomes and cause clinical disease
much more frequently than coronaviruses. As an example, infection with Coxsackievirus
B3, a nonenveloped single-stranded (+) RNA enterovirus, is the most common reason for
viral myocarditis and sudden cardiac death, within the enterovirus genus, with a very
malicious disease pattern [28,29]. No effective therapeutic strategy for the prevention
and treatment of these diseases is nowadays available, and enterovirus disease has a
medical impact, with newborn infants and young children being at risk for septic-like
disease [30]. The fact that all these virally encoded proteases from coronaviruses and
enteroviruses perform essential functions in the viral replication cycle by cleaving both
viral and host targets [31,32], as well as the fact that there is no known human protease
with a specificity for Gin at the cleavage site of the substrate, has pushed the scientific
community towards the development of a commercially viable antiviral drug targeting
both of these virus families [33]. This approach is made viable because coronaviral 3CL"™
exhibits a high degree of structural similarity across 3C"™ of the picornavirus family [23].
Crystal structures of 3CL"™ from both alpha and beta coronaviruses [34,35] revealed that
two of the three domains of these enzymes together resemble the chymotrypsin-like fold
of enteroviral 3C"™, with the exception of an additional a-helical domain that is involved
in the dimerization of coronaviral proteases. While this dimerization is essential for the
catalytic activity of 3CLP™, the enteroviral 3CP™ functions as a monomer [34]. In addition,
the enteroviral 3C™™ maintains a classical Cys---His---Glu/Asp catalytic triad, whereas
the coronaviral 3CLP™ only has a Cys---His dyad [34]. Nevertheless, these two types of
proteases share common features, in particular their almost-absolute requirement for Gln
in the P1 position of the substrate and space for only small amino-acid residues such as Gly,
Ala, or Ser in the P1’ position of the substrate, indicating that the coronaviral 3C LPr and
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the enteroviral 3C™™ can be a common target for the design of broad-spectrum antiviral
compounds [34].

3CLP™ has several subsites (“S”) for substrate binding, which are identified by the
Schechter and Berger (1967) nomenclature [36]. These include S1 (Phe140, Leul41, Asn142,
His163, Glu166 and His172), S1’ (Thr24 and Thr25), S2 (His41, Met49, Tyr54, Met165 and
Asp187), 54 (Leul67, Phel85, GIn189 and GIn192) and S5 (Pro168, Thr190 and Alal191),
and they are partially maintained in 3C" [37] (Figure 1A). The latter has a very similar
backbone structural arrangement in the S1 and S1’ subsites although it has different residues
(Thr142, Arg143, Ala144, GIn146, His161, Gly164 and Gly169 in S1 and Tyr22 and Gly23 in
S1’), but it has an open and shallow S2 site with only His40 as conserved residue [38,39]
(Figure 1A). The 4 and S5 subsites in 3C"™ are also structurally different and more open
compared to 3CLP™. This difference arises because residues GIn189, Thr190, Ala191 and
CIn192, which are located on the loop connecting domains I and II to domain Il in 3CLPro,
are absent in 3CF™, Notably, 3CPr Jacks domain III, which is responsible for enzyme
dimerization in 3CL™ (Figure 1A). Despite the structural differences present among the
various subsites, broad-spectrum inhibitors of both 3CL"™ and 3C™ have been largely
documented in the literature [40—49], encouraging us to explore the capability of the
PROTAC molecule previously designed by us against SARS-CoV-2 3CL™™ to also target
enteroviral 3C™. To this aim, we have employed X-ray crystallography and solution NMR
to characterize the interaction of 3C™™ from Coxsackievirus B3 (CVB3 3C"™, hereafter) with
the peptidomimetic PROTAC molecule previously selected on SARS-CoV-2 3CL™ (GC-376
PROTAC) as well as with its precursor (GC-376 PROTAC precursor), i.e., a dipeptidyl
protease ligand (Figure 1B) [12]. We have also compared the inhibitory activity of the
GC-376 PROTAC precursor against CVB3 3C"™ with that obtained in the case of the
SARS-CoV-2 3CL™ enzyme.

H
A B O% R

Figure 1. Comparison of the substrate-binding subsites (S1, S1’, 52, 54 and S5) of SARS-CoV-2 3CLPro
(left) and of CVB3 3CP (right) (A) and 2D structure of the GC-376 PROTAC and its precursor (B). In
the two protein structures, the backbone and side chains of the residues of the subsites are color-coded
(S1—yellow, S1 '—orange, S2—blue, S4—green, S5—purple).
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2. Materials and Methods
2.1. Expression and Purification of CVB3 3CP"

CVB3 3CP™ was expressed and purified using a modification of Fili et al.’s protocol [50].
In detail, the pET-24a(+) plasmid encoding the CVB3 3C™™ protein with an hexahistidine-
coding sequence at the C-terminus was used to transform competent BL21(DE3)pLysS
E. coli cells. A single colony from the transformation plate was picked to inoculate a
50 mL preculture in Luria-Bertani (LB) medium containing 50 pg mL ! kanamycin and
35 ug mL ! chloramphenicol. After overnight incubation at 37 °C, 20 mL of the preculture
was used to inoculate 1 L. LB medium containing 50 ug mL ' kanamycin and 35 pg mL !
chloramphenicol. When an optical absorption of 0.6 (at a wavelength of 600 nm) was
reached, isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final concentration
of 1 mM to induce overexpression. The culture was then left overnight at 23 °C and then
centrifuged at 5500 rpm for 20 min at 4 °C with a JA-10 Beckman rotor. The resulting pellet
was resuspended in a 20 mL lysis buffer consisting of 50 mM Tris-HCI, 300 mM NaCl,
10 mM imidazole, 5% glycerol and 0.1% Triton-X pH 7.7. The cell suspension was lysed by
one cycle of freezing (—80 °C) and thawing (+10-15 °C) and sonication upon the addition of
20 mL lysis buffer,2 mM DTT and lysozyme (0.15 mg mL !). The soluble cellular fraction
was obtained by centrifugation at 4 °C at 40,000 rpm for 35 min with a 70Ti Beckman rotor.
Then, the supernatant containing soluble CVB3 3CP™ was loaded for Immobilized Metal
Affinity Chromatography (IMAC) purification by using a HisTrap FF 5ml. column, which
was previously equilibrated with 50 mM Tris-HCl, 300 mM NaCl, 30 mM imidazole and
1 mM DTT pH 7.7 as a binding buffer. After lysate loading, the column was washed with
20 column volumes of the same buffer, and elution was executed with 10 column volumes
of 50 mM Tris-HCI, 300 mM NaCl, 500 mM imidazole and 1 mM DTT pH 7.7 as a buffer
solution. Fractions containing the target protein were pooled and concentrated by Amicon
Ultra 10 kDa, reaching a volume of 3.5 mL. Subsequently, the protein solution was loaded
onto a Hi Load Superdex 16/600 200 pg column for Size Exclusion Chromatography (SEC).
Isocratic elution was performed with 1.2 column volumes of 10 mM HEPES, 300 mM NaCl,
1 mM EDTA and 1 mM DTT pH 7.5 as a buffer solution. The final protein yield resulted in
45 mg/L of culture. The purity of CVB3 3C™™ was checked by SDS-PAGE analysis. The
production of '*N-labeled and '*C,'>N-labeled CVB3 3C"™ was performed by following the
same protocol, just switching to a standard M9-medium containing (**NHg),S04 (1.2 g/L)
and *C-glucose (4 g/L) as sources of nitrogen and carbon, respectively.

2.2. Analytical Gel Filtration

The protein size of CVB3 3C"™ was analyzed using analytical gel filtration (Superdex
200 10/300 increase column; Cyativa, MA, USA) calibrated with gel filtration marker
calibration kit, 6500-66,000 Da. Purified samples in 25 mM MES and 150 mM NaCl at pH
6.5 as a buffer was loaded on the column pre-equilibrated with 25 mM MES and 150 mM
NaCl at pH 6.5 as a running buffer. Elution profiles were recorded at 280 nm with a flow
rate of 0.75 mL/min. A standard curve of the logarithm of the molecular weight of the
standards vs. K,y = (Ve — V)/ (Vi — Vp) (Ve, elution volume; V(, dead volume; V4, total
volume) was used to calculate the apparent molecular mass of CVB3 3C"'.

2.3. Crystallization, Data Collection and Structure Solution

Crystals of CVB3 3C"™ in complex with the GC-376 PROTAC precursor were obtained
through co-crystallization in a sitting drop by adding a 2 uL aliquot of reservoir buffer
(0.1 M Tris-HCI, 0.2 M MgCl, and 26% PEG4000, pH 8.5) to 2 puL of protein solution (20 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA and 1 mM DTT, pH 7.8) containing the ligand
(2-3-fold concentration with respect to the protein and dissolved in 10% DMSO); trays
were stored at 20 °C. The protein concentration in the sample was 5 mg/mL.

The dataset was collected in-house, using a BRUKER D8 Venture diffractometer
equipped with a PHOTON III detector, at 100 K; the crystals used for data collection were
cryo-cooled using 25% ethylene glycol in the mother liquor. The GC-376 PROTAC precursor—
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protein adduct crystal was refined at 1.9 A resolution: it belongs to space group C2 with one
molecule in the asymmetric unit, a solvent content of about 50% and a mosaicity of 0.4-0.6°.
The data were processed using the program XDS [51] and were reduced and scaled using
XSCALE [51], and amplitudes were calculated using XSCALE [51]. The structure was solved
with the molecular replacement technique using the 7QUW structure as the template model.
The successful orientation and translation of the molecule within the crystallographic unit
cell was determined with MOLREP [52]. The refinement and water molecule fitting was
carried out using PHENIX [53], applying default TLS restraints. In between the refinement
cycles, the model was subjected to manual rebuilding using COOT [54]. The quality of the
refined structures was assessed using the program MOLPROBITY [55]. Data processing
and refinement statistics for the GC-376 PROTAC precursor-protein adduct are shown in
Table S1. The coordinates and structure factors have been deposited in the PDB under the
accession code 8S6F. The software used for structural visualization is PyMOL (Schrodinger,
LLC (2015), The PyMOL Molecular Graphics System, Version 1.8).

2.4. NMR Spectroscopy

Conventional multidimensional NMR techniques based on 3D triple-resonance experi-
ments [56] were performed on an AVANCE 500 spectrometer equipped with a cryogenically
cooled probe to obtain a backbone resonance assignment of CVB3 3C"™ with and without
the GC-376 PROTAC precursor at 308 K. The used NMR sample condition was 50 mM
phosphate buffer at pH 6.0 containing 100 mM NaCl, 50 mM arginine, 50 mM glutamate,
1 mM DTT and 1 mM EDTA and 10% (v/v) D,O. All the NMR spectra were processed using
the standard software Bruker: Topspin 4.2 and analyzed with the program CARA [57].

In order to monitor the interaction of CVB3 3C"™ with the GC-376 PROTAC and its
precursor, we performed an NMR titration, based on the acquisition of "H-1"N HSQC
experiments at 308 K on a Bruker AVANCE 950 MHz, by adding aliquots (up to a max-
imum of 10 uL of final added volume) of the small molecule (GC-376 PROTAC or its
precursor) dissolved in D3-acetonitrile to the NMR tube containing '°N-labeled CVB3
3CP™ (0.2-0.3 mM) up to a 1:1 ratio. All NMR titration data were analyzed comparing
the 'H-'N HSQC spectra recorded along the additions of the small molecule with that
of the initial state as well as with 'H-">N HSQC blank spectra of '>N-labeled CVB3 3C"™
recorded from titrating the protein with the same aliquot of D3-acetonitrile, in order to
identify the chemical shift changes induced by the organic solvent. In such a way, follow-
ing the chemical shift changes observed in the 'H-'>N HSQC maps along each stepwise
titration, we were able to selectively assign the residues affected by protein-protein in-
teractions. Signals showing chemical shift changes occurring on a slow exchange regime
of the NMR time scale were considered when mapping the interaction surface on CVB3
3C"™ upon binding with the small molecule. The observed chemical shift changes were
calculated as backbone-weighted average chemical shift differences, i.e., Adavg(HN), i.e.,
(((AH)? + (AN/5)2)/2)!'/2, where AH and AN are chemical shift differences for backbone
amide 'H and '5N nuclei, respectively. The estimation of the chemical shift threshold value
for defining meaningful chemical shift differences was obtained by averaging Adavg(HN)
values plus one standard deviation (10), following the standard procedure used in NMR
protein—protein interaction studies [58].

The backbone dynamic properties of CVB3 3C"™ have been sampled through '°N
relaxation measurements. NMR experiments for measuring >N longitudinal (R;) and
transverse (R,) relaxation rates [59] and ['H]'>N heteronuclear NOE values [60] were
recorded at 298 K at 500 MHz, using a protein concentration of 300 pM. A temperature
dependence of the backbone NH chemical shifts in the 'H->N HSQC spectra allowed
us to obtain the backbone resonance assignment of CVB3 3CPre at 298 K. >SN Ry, I°N R,
and steady-state ['H]'>N NOEs were obtained with previously described pulse sequences,
which employ gradient selection and sensitivity enhancement, as well as minimal water
suppression. N R, were measured with a refocusing time (tcpmc) of 450 ps with the
Carr—Purcell-Meiboom-Gill (CPMG) sequence. In all experiments, the water signal was
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suppressed with the “water flipback” scheme. 15N R and '°N R; relaxation rates were
obtained by fitting the cross-peak volumes (I), measured as a function of the relaxation delay,
to a single-exponential decay as described in the literature [61]. Heteronuclear ['H]'*N
NOE values were calculated as the ratio of peak volumes in spectra recorded with and
without saturation. The analysis of the uncertainties of '>’N R and 15N R, relaxation rates
was carried out by comparing the peak intensity on duplicated spectra having the same
relaxation delay. Estimates of the molecular tumbling value under the chosen experimental
conditions of magnetic field and temperature were obtained using the program HydroNMR
following the standard procedure [62].

2.5. Enzyme Inhibition Kinetics Assay

The CVB3 3C"™ enzyme inhibition activity of the synthesized GC-376 PROTAC and its
precursor were analyzed through a fluorometric assay using the fluorogenic substrate Hi-
lyte Fluor-488-ESATLQSGLRKAK-(QXL-520)-NH; (Anaspec). All the measurements were
performed in 96-well plates with a Fluostar Optima microplate reader (BMG Labtech, Or-
tenberg, Germany) analogously to what has previously been performed [12]. Excitation and
emission wavelengths were 490 and 520 nm, respectively. All incubations were performed
at 30 °C in 10 mM HEPES buffer containing 150 mL NaCl, 1 mM EDTA and 1mM DTT
at pH = 7.4. The GC-376 PROTAC or the GC-376 PROTAC precursor were preincubated
with the CVB3 3CP™ enzyme (59 nM) for 10 min at 30 °C before the reaction was started by
the addition of the fluorogenic substrate (1 tM). The increase in fluorescence signal was
monitored over 30 min (Aex =490 nm, Aem = 520 nm) at 30 °C. The percentages of inhibition
for the tested molecules were determined through the equation (1 — V5/V,) x 100, where
vs. is the initial velocity in the presence of the inhibitor and V,, is the initial velocity of the
uninhibited reaction. The initial velocity was calculated, using the data analysis software
MARS 2875A embedded in the Fluostar Optima instrument, as the slope of the linear
regression of the curves in the initial range (0-5 min). The ICsy values were obtained by
dose-response measurements using an inhibitor range of concentrations from 0.1 nM to
0.3 mM for the GC-376 PROTAC and 0.01 nM to 0.1 mM for the GC-376 PROTAC precursor.
All the experiments were performed in triplicate, and the data collected were analyzed
using GraphPad 5.0 Software Package (GraphPad Prism, Inc., San Diego, CA, USA). The
percentages of inhibition at each inhibitor concentration were fitted using the non-linear
fitting function ‘log(inhibitor) vs. response’ implemented in GraphPad.

3. Results
3.1. Crystal Structure of CVB3 3CP™ in Complex with GC-376 PROTAC Precursor

To characterize the interaction of CVB3 3C"™ with both the GC-376 PROTAC and its
precursor, the same compounds previously used by us with SARS-CoV-2 3CLF™ (Figure 1B),
we performed crystallization trials through both ligand-co-crystallization and soaking
strategies. Well-diffracting crystals were obtained only in the case of the GC-376 PROTAC
precursor. This result differs from what was obtained with SARS-CoV-2 3CLPr, whose well-
diffracting crystals were obtained with both the GC-376 PROTAC precursor and the GC-376
PROTAC by soaking and co-crystallization, respectively. The crystal structure of CVB3
3CP™ in complex with the GC-376 PROTAC precursor was solved at 1.9 A resolution, which
provided atomic details of the CVB3 3C"™-ligand interactions. The overall 3D structure
clearly resembles that of the free protein (PDB IDs 2VB0 and 3ZYD) with RMSD computed
on C-alpha atoms of 0.55 and 0.33 A, respectively. The structure of CVB3-3CP™ adopts a
chymotrypsin protein fold. The N-terminus starts with an a-helix of residues 1-14 and is
followed by two topologically equivalent 3-barrels comprising residues 15-77 and 100-173,
which pack together to form a narrow groove for substrate binding. The catalytic triad of
Cys147, His40 and Glu71 is located in the cleft between the two B-barrels.

Concerning the presence of the protease ligand, we observed that the electron density
is well defined for all atoms (Figure 2A). The ligand has been refined at full occupancy
and the B-factor values of the atoms that are visible in the electron density are in line with
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those of the neighboring protein atoms. The most relevant feature is the binding mode of
the ligand to the catalytic Cys147, which occurs via a covalent bond between C5 and the
sulfur atom of Cys147. From a crystallographic point of view, this is supported by the fact
that the bond length spontaneously refines to values around 1.8 A, which is coherent with
a C-S covalent bond. From a chemical point of view, it is known that the formation of a
covalent (even reversible) bond between the unsaturated carbon and the sulfur atom is
very likely [63,64]. Besides the covalent bond, other polar and non-polar interactions keep
the protease ligand in place (Figure 2B). The protein atoms involved in direct hydrogen
bond interactions with the ligand are, namely, the backbone oxygen of Thr142, one of the
imidazole nitrogen atoms of His161, the backbone oxygen of Val162, the backbone nitrogen
atom of Gly164 and the backbone nitrogen atom of Cys147. Several more residues are
involved in hydrophobic interactions, and this is in agreement with the relatively non-polar
nature of the ligand.

Figure 2. Cont.
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Figure 2. Crystal structure of CVB3 3C"™ in complex with the GC-376 PROTAC precursor. (A) Left:
Ribbon diagram of CVB3 3C"™ bound to the GC-376 PROTAC precursor, with the 2Fo-Fc electron
density map (blue mesh) contoured around the ligand at 1.00. Right: Close-up view of the binding
site, highlighting the interaction of the GC-376 PROTAC precursor with key catalytic residues (Cys147,
His40 and Glu71) in the active site. The subsites are also indicated. (B) Left: Representation of the
binding interactions between the GC-376 PROTAC precursor and the surrounding residues of CVB3
3CP™, with the 2Fo-Fc electron density map as above. Right: Schematic 2D Ligplot representation
showing the detailed binding interactions and hydrogen bonds between the ligand and active site
residues, with hydrophobic interactions depicted as red arcs. (C) Left: Structural superimposition of
CVB3 3CPro (light gray, PDB ID 8S6F) and SARS-CoV-2 3CLPr (cyan, PDB ID 80KB) in complex with
the GC-376 PROTAC precursor. The latter is shown as red sticks and orange sticks for CVB3 3C"™
and SARS-CoV-2 3CL"™, respectively. Right: Close-up of the binding pocket, showing the analogous
orientation of the precursor in both active sites. The different conformations of the benzyloxycarbonyl
group are also visible: “cis” for CVB3 3C"™ and “trans” for SARS-CoV-2 3CL"™.

Despite the structural difference in the subsites between SARS-CoV-2 3CLP™ and
CVB3 3C"™ (shown in Figure 1A), the cavity of CVB3 3C"™ that hosts the ligand has a
similar shape with respect to that of SARS-CoV-2 3CL"™ (PDB ID 80KC) (Figure 2C); for
this reason, the binding mode and interactions of the GC-376 PROTAC precursor in CVB3
3CP™ are similar to those in the 8OKB and 8OKC SARS-CoV-2 3CLF™ structures [12]. The
only exception is the conformation of the phenyl ring of the benzyloxycarbonyl group,
which is basically flipped by 90°. This effect is due to a different structural arrangement of
the C-terminal segment of CVB3 3CP™ with respect to that of SARS-CoV-2 3CLF™, which
makes the substrate cavity of CVB3 3C"™ more open. The larger available volume allows
the phenyl ring to rotate in a position that is structurally more congested in the structure of
SARS-CoV-2 3CLP™ (Figure 2C). This evidence also suggests that the ligand is versatile and
is able to efficiently interact with different protein targets, provided, of course, that there
is a certain degree of structural similarity among them. The alpha-helical region capping
from the top the substrate cavity in SARS-CoV-2 3CLP™, which is absent in the CVB3 3CFr0,
does not determine a different orientation of the nearby Leu side chain of the ligand in the
two structures. The ligand-binding site of CVB3 3C™ has also been superposed to that of
CVB3 3C"™ bound to a ligand similarly to the GC-376 PROTAC precursor (PDB 1D 5NFS);
in this case, the overall positions of the ligands are superposable (Figure S1).

All these results support that an antiviral PROTAC molecule acting on both coronaviral
and enteroviral proteases can be constructed starting from our dipeptidyl protease ligand.
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3.2. Structural Characterization of CVB3 3C*" by Solution NMR

Because of the failure to obtain crystals of the GC-376 PROTAC-CVB3 3C™™ complex,
we decided to apply a solution NMR strategy to characterize the interaction between the
GC-376 PROTAC and CVB3 3C"™. Since the backbone resonance assignment of CVB3 3C"
was not available, the first step was to find the experimental sample conditions suitable for
obtaining high-quality 3D triple-resonance experiments required to extract the sequential
information. The protein was produced in a '>’N- and '*C-labeled medium and purified to
a purity > 95% with two purification steps (Figure S2). Analytical gel filtration showed that
the protein is homogenous with just one species present in solution corresponding to the
monomeric form (Figure S2). The 'H-'N HSQC spectrum of CVB3 3CP™ at 298 K in 50 mM
phosphate buffer with 100 mM NaCl at pH 6.0 shows well-dispersed amide signals with
few peaks clustered in the random-coil region (Figure S3). Nevertheless, the high quality
of the "H->N HSQC spectrum is not reflected in 3D triple-resonance NMR experiments
needed to achieve a complete backbone resonance assignment (Figure S3). Indeed, several
NHs in the 3D triple-resonance NMR experiments lack the sequential pattern of signals
required to unambiguously perform backbone resonance assignment. Moreover, in these
conditions, the protein has a strong tendency to precipitate over time in the NMR tube.
Thus, to find suitable conditions to accomplish complete backbone resonance assignment,
we performed a temperature dependence NMR analysis at different pHs and ionic strengths.
As a result, we were able to improve the quality of the 3D triple-resonance experiments
by using a 50 mM phosphate buffer at pH 6.0 containing 100 mM NaCl, 50 mM arginine,
50 mM glutamate, 1 mM DTT and 1 mM EDTA [65] and by acquiring the NMR spectra at
308 K. In these experimental conditions, the backbone amide NMR signals significantly
narrowed, and the number of Cax and Cf resonances observed in the 3D spectra increased
significantly. We were thus able to assign about 80% of the backbone NHs of CVB3 3C"™,
In particular, we assigned all the cross-peaks detected in the 'H-""N HSQC spectrum,
indicating that the unassigned backbone NHs are missing since they are very weak or
broadened beyond detection (Table S2). Mapping the latter NHs on the structure of CVB3
3CPr, we observed that they are located in a large area involving the Cys:--His---Glu
residues of the catalytic triad, the substrate-binding subsites, part of the B-strand in contact
with subsite S1 and the proximal N-terminal helix (Figure 3). This finding suggests that
conformational motions on the ps-ms time scale occur in this region. To further investigate
this aspect, we have measured "N longitudinal (R;) and transverse (R,) relaxation rates
and ['H]*N heteronuclear NOE values of CVB3 3C"™ (Figure $4). These data were used
to obtain insights both into the motions of the backbone NHs at different time scales and to
calculate, from the Ry /R ratio, the overall correlation time for molecular tumbling (tpm).
In agreement with the results of the analytical gel filtration, the experimentally calculated
Tm value is 13.8 + 1.9 ns, as expected for a protein of this size in a monomeric state and
perfectly matching the 1, value estimated by HYDRONMR [62] (13.7 ns) based on the
monomeric crystal structure of CVB3 3CP (PDB ID 3ZYD). The residues showing negative
['"H]'>N NOE values (Lys42, Ser107, Phe109 and Thr132), indicating backbone motions on
the ps-ns time scale, as well as those showing high R over Ry ratios (His40, Asn80, Asn105,
Glu121, Leu127, Thr132 and Arg134), indicating backbone motions on the ps-ms time scale,
were mapped on the structure of CVB3 3CP™ (Figure 3). These NHs are again located in the
area involving the catalytic triad, the substrate-binding subsites and some residues of the
loop close to subsite S1. We can thus conclude from both the broadening-beyond-detection
effects as well as from high internal flexibility in the ps time scale, that the backbone of a
large protein region, (i.e., the catalytic triad, the substrate-binding subsites, the f-strand
in contact with subsite S1 and the proximal N-terminal helix), is highly dynamic, thus
preventing a complete backbone resonance assignment. However, these findings suggested
to us that the addition of a ligand could dampen the highly dynamic properties of the
ligand-binding region. To test this hypothesis, we have added one equivalent of the GC-376
PROTAC precursor to CVB3 3C"™ and recorded a 'H-'>N HSQC spectrum (Figure S3)
and a full set of the 3D triple-resonance experiments. The results show that the quality of
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the 3D triple-resonance experiments is significantly improved (Figure S3), in such a way
allowing us to obtain a complete and accurate backbone resonance assignment at 308 K
for the GC-376 PROTAC precursor-bound state of CVB3 3C™™ (97% of assigned backbone
NHs), with only five missing NHs (Table S2). The backbone resonance assignment at 308 K
has been deposited in the BioMagResBank (BMRB ID 52547).

Figure 3. Structural and dynamic characterization of CVB3 3C"™ by solution NMR at 308 K. Backbone
amide protons that are broadened beyond detection and those exhibiting elevated R; /R; relaxation
rates or negative 'H-'>N NOE values are highlighted as blue and magenta spheres, respectively, on
the crystal structure of CVB3 3C"™°. Dashed circles indicate spatial distances of 5 A and 10 A from the
active site, demarcating regions surrounding the binding pocket. The catalytic triad is also indicated
as sticks.

The observed quench of dynamics of a large part of the protein backbone indicates that
the cavity hosting the substrate samples different backbone conformations in the absence
of the substrate. This structural feature allows a selection of the conformation necessary
to covalently bind the substrate, which is the chemical step fundamentally required to
functionally activate the enzymatic reaction.

3.3. Mapping the Interaction of the GC-376 PROTAC and Its Precursor with CVB3 3C™ by
Solution NMR

Thanks to having obtained the backbone resonance assignment of CVB3 3C" with
and without the GC-376 PROTAC precursor, we can identify the residues of CVB3 3C"™
whose NH resonances are affected by the binding of the GC-376 PROTAC precursor as
well as of the GC-376 PROTAC. An NMR titration was first performed by adding the
GC-376 PROTAC precursor stepwise to ?N-labeled CVB3 3C"™. Several NH signals are
affected by the GC-376 PROTAC precursor additions, showing a slow exchange regime on
the NMR time scale (Figures 4A and S5A, Table S3). Moreover, new NH signals appear
with increasing intensities along the stepwise additions of the GC-376 PROTAC precursor
with their chemical shifts corresponding to those of the GC-376 PROTAC precursor-bound
species (Figure S5A, Table S4). Taken together, these findings indicate that the GC-376
PROTAC precursor is tightly bound to CVB3 3CP™. Mapping both these types of NH
changes on the crystal structure of CVB3 3C™™ in complex with the GC-376 PROTAC
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precursor (PDBID 8S6F) (Figure 5A), we can observe that the large majority of the backbone
NHs surround the ligand but also include the B-strand in contact with subsite S1 and
the proximal N-terminal helix. These results indicate the specific binding of the GC-376
PROTAC precursor to the cavity containing the Cys---His---Glu/Asp catalytic triad. We
then used the same approach to investigate the binding of the GC-376 PROTAC: an NMR
titration was thus performed by adding the GC-376 PROTAC stepwise to '>N-labeled CVB3
3CP™. The observed chemical shift changes similarly reproduce those occurring upon the
GC-376 PROTAC precursor additions, with signals displaying a slow exchange regime
on the NMR time scale and new signals appearing with increasing intensities along the
titration (Figures 4B and S5B, Tables S3 and S4). The residues whose chemical shifts change
upon the addition of PROTAC were mapped on the crystal structure of 3C"™ bound the
PROTAC precursor (PDBID 8S6F) (Figure 5B). Upon interaction with 3C"™, PROTAC affects
the same regions of its precursor. This is also confirmed by comparing the effects on the
backbone chemical shifts of the binding of the GC-376 PROTAC to '*N-labeled CVB3 3CP™
with respect to those generated by the GC-376 PROTAC precursor (Figure S6). Indeed, the
obtained AAd,yg values are all below a threshold of +£0.05 ppm with the exception of four
residues (Leu37, Asn69, Leul127 and Gly129) [58]. However, the latter four discrepancies do
not indicate a meaningful difference in binding between PROTAC and its precursor. This
is because the chemical shift differences in Leu37 and Asn69 are not meaningful in both
NMR titrations with the GC-376 PROTAC and its precursor (i.e., below the threshold of
0.14 ppm; see Figure S5). Furthermore, the chemical shift differences in Leu127 and Gly129,
although above the threshold in both titrations, show a difference as little as 0.054-0.062
ppm (Figure S5). Only two small differences over 175 backbone NHs indicate that the
two molecules interact with CVB3 3C"™ in a very similar mode. Thus, we can conclude
that the linker and the pomalidomide ligand moiety are not tightly interacting with the
protein surface, thus displaying a high degree of mobility. These data are coherent with
our previous findings concerning the binding of the same GC-376 PROTAC molecule to
SARS-CoV-2 3CLPr [12].
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Figure 4. Monitoring the interaction of the GC-376 PROTAC and its precursor with CVB3 3C"™ by
solution NMR. Overlay of the TH-15N HSQC spectra of CVB3 3CT™ before (red) and after (black) the
addition of 1 equivalent of the GC-376 PROTAC precursor (A) and GC-376 PROTAC (B) recorded at
308K. In the inset of panel A, three NH signals in a slow exchange regime of the NMR time scale are
shown at 0 (red), 0.5 (blue) and 1 (black) equivalent of the GC-376 PROTAC precursor additions.
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Figure 5. Mapping the interaction of the GC-376 PROTAC and its precursor with CVB3 3C™ onto
the crystal structure of the protein bound to the GC-376 PROTAC precursor (PDB ID 8S6F). The
backbone NHs showing chemical shifts changes larger than the threshold value, as observed in
Figure S5A,B, are mapped as cyan and magenta spheres for the GC-376 PROTAC precursor (A) and
GC-376 PROTAC (B) titrations, respectively. The backbone NHs, unassigned in the CVB3 3C™™ and
displaying increasing intensities along the stepwise additions of the GC-376 PROTAC precursor
(light-green spheres) and of the GC-376 PROTAC (orange spheres) are also shown in panels (A) and
(B) respectively. The dashed circles indicate spatial distances of 5 A and 10 A from the active site,
demarcating regions surrounding the binding pocket. The catalytic triad is shown as sticks.
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3.4. Enzyme Inhibition Kinetics of GC-376-PROTAC and Its Precursor

We evaluated GC-376-PROTAC and its precursor for their ability to inhibit CVB3
3CP™ through a fluorimetric enzyme inhibition kinetics assay using Hilyte Fluor-488-
ESATLQSGLRKAK-(QXL-520)-NH, as the substrate. CVB3 3C"™ and EV71 3C (PDB
ID 5BPE) are two viral proteases with a very high sequence identity (98.4%) and whose
structures are fully superimposable. EV71 3C as well as SARS-CoV-2 3CL™™ are known
to cleave several substrates in the dipeptide sequence consisting of GIn followed by a
small amino acid (Ser or Gly), like in the substrate TSAVLQSGFRKM, used by several
authors in the literature [48,49,66], and in the substrate used in this work containing the
same LQSG epitope. These findings support that the peptide used here is also a suitable
substrate for CVB3 3C'™, Both ligands showed an inhibition activity in the micromolar
range. Specifically, the GC-376 PROTAC showed 32 + 3% inhibition at 100 uM, and the
GC-376 PROTAC precursor showed an ICsg of 4.6 uM (pICsp = 5.28 -+ 0.07) (Figure 6). Such
values are in line with that displayed by SARS-CoV-2 3CLP™ (1.35 uM) [12], still supporting
similar molecular recognition in the active site of both enzymes. The 4.6 uM value of the
GC-376 PROTAC precursor is also comparable to those of compounds structurally similar
to the GC-376 PROTAC precursor and inhibiting CVB3 3C" [48].

100+
80
60

404

% inhibition

-10 8 6 4 2
log [M]

Figure 6. Inhibition curve of the GC-376 PROTAC precursor. M in the log refers to molar concentration.

4. Discussion

The conservation of the main protease in viral genomes and the fact that humans do
not have a homologous protease make this enzyme family an ideal target for developing
antiviral drugs with minimized toxicity against the host cell. These features have driven
the development of several classes of viral inhibitors able to block the function of this target.
Among them, GC-376 is one of the most efficient 3CL protease inhibitors found to inhibit
the activity of coronavirus 3CLP™ [67]. A recent study showed that GC-376 is a potent
3CL protease inhibitor that binds with different kinds of coronavirus 3CLF™ and a variety
of 3CLP™ mutants of SARS-CoV-2 to exert inhibitory activity [68]. In particular, GC-376
was shown to have a strong inhibitory activity against three pathogenic coronaviruses,
i.e,, SARS-CoV, MERS-CoV and SARS-CoV-2 3CLPr, Recently, we have shown that a
GC-376-based peptidomimetic PROTAC specifically targets and degrades the dimeric
SARS-CoV-2 3CL™ protein [12]. Several other PROTACs have been recently described to
perform this function against both «- and B-groups of coronaviruses [11,13,14,69]. Here,
we have extended the application of our GC-376-based peptidomimetic PROTAC to 3C"™
protease, which is present in some members of the large genus enterovirus. Specifically,
we structurally characterized the interaction of the GC-376 PROTAC with CVB3 3C™, a
member of the enteroviral proteases, and we found that the GC-376 PROTAC interacts
similarly to what found with SARS-CoV-2 3CL". The GC-376 molecule penetrates in the
substrate-binding site of CVB3 3C"™, while the linker and the pomalidomide molecule
are not tightly bound to CVB3 3CP™ but remain exposed to the solvent. The binding of
GC-376 to CVB3 3CP™ is similar to its binding in SARS-CoV-2 3CLP™, but there are some
notable differences. The main difference lies in the orientation of the benzyloxycarbonyl
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group of the GC-376 molecule, which is significantly altered between the two structures.
This difference is also observed when the GC-376 inhibitor binds to 3CLF™ of SARS-
CoV and MERS-CoV [68]. In these crystal structures, the benzyloxycarbonyl group is
indeed not immobilized, but it displays two conformations, “cis” and “trans”, for each
independent molecule and not a simultaneous presence of cis and trans in the same
molecule. Namely, “cis” indicates that the benzyloxycarbonyl group shifted to Thr190,
whereas “trans” indicates the benzyloxycarbonyl group shifted to the 2-pyrrolidone ring.
Here, we have adopted the same criterion to identify the two possible conformers. Based
on a more visual point of view, it is possible to say that in the “cis”-conformation, the
phenyl ring lies on the opposite side with respect to the carbonyl oxygen and, conversely,
that in the “trans”-conformation, the phenyl group lies on the same side with respect to
the carbonyl oxygen. In Figure 7A,C, the trans-conformation of the benzyloxycarbonyl
group of the GC-376 PROTAC precursor bound to 3CLP™ of SARS-CoV-2 can be observed
(PDB-ID 80KB). The same trans-conformation of the benzyloxycarbonyl group is present
in MERS-CoV (PDB-ID 8IG6). While a cis-conformation occurs for the benzyloxycarbonyl
group of the GC-376 precursor bound to CVB3 3C™ (Figure 7B,D), as occurs in SARS-CoV
(PDB-ID 8IG5). This cis- or trans-conformation can be therefore present in 3CPro /3CLPro
proteases, indicating that the 54 subsite of the substrate cavity is an open space where the
benzyloxycarbonyl group of GC-376 can extend to the solvent, and it is relatively flexible
due to limited stabilizing forces. Other minor structural differences include the ligand
interactions with subsites S1 and S2. The isobutyl group, which inserts into the 52 subsite of
both proteases, shows hydrophobic interactions with non-polar amino-acid residues (His41,
Met49, His164 and Met165) in the 3CLP™ structure of SARS-CoV-2, stabilizing its binding
to the S2 site (Figure 7A). This hydrophobic patch is not fully maintained in the CVB3 3CPro
structure. Indeed, the catalytic Glu71, which is absent in coronaviral 3CL"™s, is located
with its negative charge next to the isobutyl group (Figure 7B). Finally, the y-lactam ring of
GC-376, which inserts into the S1 subsite of both proteases, forms similar interactions with
the catalytic Cys and His161/163, residues conserved in both 3CP™ and 3CL"™ proteases.
However, it also has other different surrounding residues in the two proteases. Specifically,
there are several residues located in the same structural positions of the S1 subsite of both
proteases that are exchanged: Phe140 — Thr142, Asn142 — Ala144, Ser144 — GIn146 and
Glu166 — Gly163,164,166 (Figure 7C,D). Overall, we can conclude that, despite considerable
sequence diversity in the substrate-binding sites of 3C"™ and 3CLP™, the GC-376 PROTAC
can accommodate well in the binding sites of both proteases, suggesting this system as a
valuable starting molecular platform for developing a broad-spectrum antiviral PROTAC.
Further data concerning the degradation ability of our PROTAC against CVB3 3C"™ in
viral cells will be crucial for verifying the applicability of our molecule.

| Trans-benzyloxycarbonyl-group

Figure 7. Cont.
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Figure 7. Structural comparison of the ligand-protein interactions in CVB3 3C"™ (PDB ID 8S6F) and
SARS-CoV-2 3CLP™ (PDB ID 8OKB). The side chains of the residues surrounding the isobutyl group
(A) and y-lactam ring (C) of the GC-376 PROTAC precursor (in orange) are shown as sticks on the
SARS-CoV-2 3CL"™ structure. The trans-conformation of benzyloxycarbonyl group is indicated. The
side chains of the residues surrounding the isobutyl group (B) and the y-lactam ring (D) of the GC-376
PROTAC precursor (in red) are shown as sticks on the CVB3 3CP™ structure. The cis-conformation of
the benzyloxycarbonyl group is indicated. The key residues are shown as sticks.
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GC-376 PROTAC precursor; Table S3, list of the residues whose NH chemical shifts change above the
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PROTAC precursor and a similar ligand; Figure 52, expression/ purification steps and protein size of
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monitoring the interaction of CVB3 3CP™ with the GC-376 PROTAC precursor and GC-376 PROTAC
by solution NMR ; Figure $6, comparing the interaction of CVB3 3C"™ with the GC-376 PROTAC
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SUPPLEMENTARY MATERIALS

Table S1. Data collection and refinement statistics of the crystal structure of CVB3 3C™ in complex
with GC-376 PROTAC precursor.

8S6F
Wavelength 1.541
Resolution range 35.13-1.932 (2.13 - 1.93)
Space group c121
Unit cell 76.92 64.35 38.99 90 115.72 90
Total reflections 48285 (10396)
Unique reflections 23725 (5260)
Multiplicity 2.0(2.0)
Completeness (%) 94.73 (86.18)
Mean I/sigma(l) 3.56 (0.95)
Wilson B-factor 28.98
R-merge 0.1379 (0.7405)
R-meas 0.1834 (0.9709)
R-pim 0.12 (0.6225)
CC1/2 0.981 (0.494)
ce* 0.995 (0.813)
Reflections used in refinement 12206 (2726)
Reflections used for R-free 611 (136)
R-work 0.2384 (0.3192)
R-free 0.2634 (0.3220)
Number of non-hydrogen atoms 1496
macromolecules 1398
ligands 33
solvent 65
Protein residues 180
RMS(bonds) 0.003
RMS(angles) 0.69
Ramachandran favored (%) 94.94
Ramachandran allowed (%) 449
Ramachandran outliers (%) 0.56
Rotamer outliers (%) 2.03
Clashscore 5.99
Average B-factor 37.25
macromolecules 3721
ligands 39.20
solvent 37.29

"Statistics for the highest-resolution shell are shown in parentheses.
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Table S2. List of the unassigned backbone NHs for CVB3 3C™ and CVB3 3C™* in complex with GC-
376 PROTAC precursor. Sample conditions: 50 mM phosphate buffer at pH 6.0 containing 100 mM
NaCl, 50 mM arginine, 50 mM glutamate, 1 mM DTT and 1 mM EDTA.

Unassigned backbone NHs

A3, E5, V8, K12, T26, M27, L70, L102,
1104, T106, N111, M112, Y113, 1114, V116,
G128, F140, T142, R143, A144, Q146,
C147, G148, H161, H167, Q168, F170

CVB3 3CPr

CVB3 3CP» in complex with GC-376

PROTAC precursor M11, K19, K76, G155, L175
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Table S3. List of the residues whose NH chemical shifts change above the threshold upon addition
of GC-376 PROTAC and of its precursor.

L28, R39, A41, A100, K108, F109, Y122, G123, F124,
GC-376 PROTAC L125, N126, L127, G129, T130, T132, R134, M135, N139,
G149, V150, 1160, V162, G163, G164, N165, G166, S171

L28, R39, A41, A100, K108, F109, Y122, G123, F124,
GC-376 PROTAC precursor N126, L127, G129, T130, T132, R134, M135, L136, N139,
G149, V150, 1160, V162, G163, N165, G166, G169, S171

Table S4. List of the residues unassigned in CVB3 3C™* and displaying increasing intensities along
the stepwise additions of GC-376 PROTAC and of its precursor.

A3, E5, K12, T26, M27, L70, L102, 1104, T106, N111,
GC-376 PROTAC M112, Y113, 1114, V116, G128, F140, T142, R143, A144,
Q146, C147, G148, H161, H167, Q168, F170

A3, E5, K12, T26, M27, L70, L102, 1104, T106, N111,
GC-376 PROTAC precursor M112, Y113, 1114, V116, F140, T142, R143, A144, Q146,
C147, G148, Hl1é61, H167, Q168, F170
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Abs (mAu)

Figure S1. Superposition of CVB3 3CP* bound to PROTAC precursor (PDB ID 856F) (green) and to
(5)-N-benzyl-3-((5)-2-cinnamamido-3-phenylpropanamido)-2-oxo-4-((5)-2-oxopyrrolidin-3-yl)bu-
tanamide (PDB-ID 5NFS) (cyan)..

Figure S2. Expression/purification steps and protein size of CVB3 3CP~. (A) Analytical gel filtra-
tion of CVB3 3CP* compared with protein standard markers (30 kDa in light blue Carbonic anhy-
drase (CA) and 8.5 kDa in orange Ubiquitin UB). The theoretical molecular weight of monomeric
CVB3 3CP= is 21 kDa. The protein eluted at a volume corresponding to a molecular mass of 22.9
kDa. (B) Analysis of CVB3 3C?* expression and purification on a Coomassie Blue-stained SDS-
PAGE gel. Lanes from the left: molecular marker (labelled in kDa); insoluble and supernatant CVB3
3CP= expressing cells after overnight expression; Immobilized Metal Affinity Chromatography
(IMAC) elution and flow-through; Size-Exclusion Chromatography (SEC) elution of the fractions

containing the protein.
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Figure S3. Solution NMR spectra acquired at 500 MHz of CVB3 3CP* and of CVB3 3CP* bound
to GC-376 PROTAC precursor. 'H-*N HSQC and 3D CBCA(CO)NH spectra of CVB3 3C™= (A and
B), acquired at 298 K in 50 mM phosphate buffer,100 mM NaCl at pH 6.0 and 10% (v/v) D:0, and of
CVB3 3CP*bound to GC-376 PROTAC precursor (C and D), acquired at 308 K in 50 mM phosphate
buffer at pH 6.0 containing 100 mM NaCl, 50 mM arginine, 50 mM glutamate, 1 mM DTT and 1 mM

EDTA and 10% (v/v) D:O.
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Figure S4. N relaxation data of CVB3 3CP~, 1N longitudinal (R1) and transverse (R2) relaxation
rates and ['H]*N heteronuclear NOE values determined at 500 MHz and 298 K in a 50 mM phos-
phate buffer at pH 6.0 containing 100 mM NaCl, 50 mM arginine, 50 mM glutamate, 1 mM DTT and
1 mM EDTA. The secondary structure elements are shown and the position of the catalytic triad is
indicated with a star.
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Figure S5. Monitoring the interaction of CVB3 3CP~ with GC-376 PROTAC precursor and GC-
376 PROTAC by solution NMR. Backbone weighted average chemical shift differences (Adavz(HN))
between "N-labelled CVB3 3C* and its 1:1 mixture with GC-376 PROTAC precursor (A) and with
GC-376 PROTAC (B). A chemical shift threshold value of 0.14 ppm, indicated as a dashed line in
both panels, was estimated to define the most significant chemical shift differences (see the Materi-
als and Methods section for details). The cyan (in A) and the magenta (in B) bars identify the resi-
dues having Adavz(HN) larger than the threshold value in the two titrations. The corresponding res-
idues are shown as cyan and magenta spheres in Figures 5A and 5B) and are listed in Table S3. Light
green and orange bars with Adag(HN) = 1 indicate residues whose backbone NH signals are not
assigned in the CVB3 3CP= and appear with increasing intensities along the stepwise additions of
the GC-376 PROTAC precursor (light green) or GC-376 PROTAC (orange), respectively. At the end
of the titrations their chemical shifts correspond to those of the GC-376 PROTAC precursor-bound
or GC-376 PROTAC bound species. The backbone NHs of the latter residues are also identified as
light green and orange spheres in Figure 5A and 5B, respectively. These residues are also listed in
Table S4.
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Figure S6. Comparing the interaction of CVB3 3CP* with GC-376 PROTAC and its precursor by
solution NMR. Subtraction of the backbone weighted average chemical shift differences
(AAdavg(HN)) obtained between ?N-labelled CVB3 3CP* and its 1:1 mixture with GC-376 PROTAC
precursor and between *N-labelled CVB3 3CP and its 1:1 mixture with GC-376 PROTAC.
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Figure S7. Representative kinetic curves of a control experiment in comparison with an inhibition
experiment. Green points and line indicate the inhibition experiment, while the red ones the control
experiment.
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Figure S8. The raw data of enzyme inhibition kinetics of GC-376 PROTAC precursor.
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Figure S9. Raw data of calculated inhibition curve of GC-376 PROTAC precursor.
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Sample X7 6602 6602 3,100018| 0,988537| 1697036 300 nM| 7| 13,5861| 18,27182
Samplexs| 6546 6546 3,226373| 0,994169| 13,5861| 100nM) 8| 17,36143 17,98093
Sample X9 5451 5451 3,085416| 0,994116| 17,36143 10nM k] l..““.l 16,20282

pample X10 6022 6022| 3,116964| 0,993718| 16,51646 10Mm

jample X11 5920 $920| 3,325233| 0,996018 |ctri 0
pample X12 6336 6336/ 0,075524| 0,102954| 97,9772| 100uM
3 6543 6543/ 0.3 0875302| 89,4247 30uM

lex14 5683 5683 0,838259| 0,874699| 77,5484 10 uM|
pleX15| 5936 5936| 2,13939| 0,943858( 42,69942 Ium
pample X16 6302 6302| 0,203168| 0,606018| 94,55842 1uMm
jample X17 5510 5510| 3,267405)| 0,995398| 12,48713| 300nM
jample X18 5567 5567| 3,051426| 0,99541| 18,27182| 100 nM|
jample X19 4660 4660) 3,062287| 0,98938( 17,98093 10nM
pample X20 5505 5505( 3,128675) 0,995616| 16,20282 1nM)

Figure S$10. Raw data of enzyme inhibition kinetics of GC-376 PROTAC.
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Als 4532 4532| 6,559788| 0,986794 18,87188|  10uM
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cf2 mple 7362 7362| 4817196/ 0,932391| 40,42337| 300 M.
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3.5. - Investigation of GC-376 PROTAC ternary complex

3.5.1. - Testing the SARS-CoV-2 3CL’™ or CVB3 3CF":GC-376
PROTAC: CRBN-TBD complex

As a first step, to confirm that the pomalidomide moiety of GC-376 PROTAC binds to CRBN-
TBD, fluorescence experiments were carried out with a Cary Eclipse fluorescence spectrometer.
The chosen excitation wavelength for the fluorescence experiment was 290 nm, which coincides
with the maximum absorbance wavelength of the protein detected with a scanning excitation at a
range of wavelengths between 300 and 500 nm. All experiments were carried out at 298 K. A 1
mM stock solution of GC-376 PROTAC was obtained in 20 mM HEPES pH 7.5, 500 mM NacCl,
0.5 mM TCEP buffer and added in small increments. At each subsequent addition of GC-376
PROTAC up to 4:1 the concentration of the protein (25 uM), a fluorescence spectrum was acquired

and overlaid to the others (Figure 32).
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Figure 32. Overlaid fluorescence spectra of CRBN-TBD at increasing equivalents (eq.) of GC-376
PROTAC. Measurements were performed in 20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP
buffer solutions. Spectra were acquired at 298K with a Cary Eclipse fluorescence spectrometer.
Excitation A: 290 nm. Emission A: 300-500 nm. The plot was generated with Excel (Microsoft Office)

program.
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We can observe that each addition of GC-376 PROTAC causes a decrease in fluorescence intensity
and that, consequently, it monitors the interaction between the molecule and CRBN-TBD. Indeed,
an excitation wavelength of 290 nm successfully targets Trp residues in the thalidomide binding
site of CRBN-TBD which emits at maximal intensity at 348 nm [357]. The pomalidomide moiety
of GC-376 PROTAC binds to CRBN-TBD since every additional aliquot of the molecule causes
further quenching of fluorescent signal emitted by the protein binding pocket.

Subsequently, we tried to investigate the formation of the ternary complex target protease (SARS-
CoV-2 3CL"™ or CVB3 3CP™):GC-376 PROTAC:CRBN-TBD by performing an analytical SEC.
CRBN-TBD and target protease were first mixed at a molar ratio of 1:4, respectively. Then GC-
376 PROTAC was added 4-fold-times the concentration of target protein, which was about 200
uM. The complex mixture was incubated for 4 hours at room temperature. After incubation the
solution was loaded onto a Superdex 200 Increase 10/300 GL column (Cytiva). The elution was

performed with a 20 mM HEPES pH 7.5, 500 mM NacCl, 0.5 mM TCEP buffer solution.

For both complex mixtures, the results turned out to be unsuccessful. Figure 32 shows the case of
SARS-CoV-2 3CLP™:GC-376 PROTAC:CRBN-TBD complex mixture. The chromatogram of the
mixture exhibits only two distinct peaks. When overlaid with the chromatograms of pure CRBN-
TBD (~12 kDa) and pure SARS-CoV-2 3CLP™ (~66 kDa), acquired under the same
chromatographic conditions (identical column and buffer system), the retention times and peak
profiles of the mixture coincide precisely with those of the individual components. This
correspondence confirms that no additional species are present under the experimental conditions,

thereby demonstrating the absence of ternary complex formation (Figure 33).
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Figure 33. Analytical SEC of SARS-CoV-2 3CLP*:GC-376 PROTAC:CRBN-TBD mixture.
Comparative overlay of UV-chromatograms: in blue the curve corresponding to the complex mixture, in
green and red the runs related to the SARS-CoV-2 3CLP® and CRBN-TBD alone, respectively. Isocratic

elution was performed with 1.2 CV on a Superdex 200 Increase 10/300 GL column (Cytiva). Elution
buffer: 20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP.

Following incubation, the appearance of a yellowish precipitate was observed, most likely
resulting from PROTAC precipitation. Such precipitation could significantly reduce the
availability of soluble PROTAC, thereby impairing the ability to mediate the formation of a ternary
complex. In addition, the chromatographic procedure itself may have contributed to the lack of
ternary complex detection, as dilution of the complex mixture during the separation process could
lower the effective concentrations of the components required for stable complex formation. Taken
together, these factors provide explanations for the absence of a detectable ternary complex under

the experimental conditions employed.

3.5.2. - CRBN-midi E3 ubiquitin ligase production

For studies of ternary complexes, which often involve interactions with the Lon domain of CRBN,
the TBD alone may not be representative, since it lacks a significant portion of the full-length
CRBN protein. To address these limitations, we chose to express and use a new truncated CRBN
construct, containing both TBD and Lon domains, developed by A. Ciulli et al., (2024) [358]. It
would conveniently express soluble and stable protein from E. coli with comparable functionality
to the full-length wild-type CRBN. The plasmid, called His6-TEV-CRBN-midi, allows the
expression of CRBN-midi as a fusion protein with an N terminal His-tag adjacent to a TEV
cleavage site. The protocol for the expression and purification was adapted from [358]. Briefly, the
protein was expressed in LB medium at 37°C and induced overnight at 18°C with IPTG 0,5 mM
and ZnClz 50 uM final concentration. The purification was performed by using a HisTrap column,
exploiting the His-tag in the protein sequence. Then the protein solution was incubated overnight
with TEV protease to remove the His-tag. After a counter-column step to elute the free His-tag
CRBN-midi, the protein solution was subjected to SEC purification (Superdex 200 16 60 column
(Cytiva)) (Figure 34). The final protein yield was about 2 mg/L of culture.

150



S
\o@
&
S > ‘@\
¥ \\%v~ X OOQ )
&
A @0 & \00\@ c}§ «@Q > $
i 02 S FEE L & &
116
“
8 | 66.2
| |
[
- 45
\‘ | ——
‘ 35
| |
| 25
18.4
_ 14:4

Figure 34. SEC profile of CRBN-midi purification (A). Two peaks are visible, one eluted at 60-70 ml
corresponding to the protein impurities, the other at 90-95 ml related to the CRBN-midi. Isocratic elution
was performed with 1.2 CV on a Superdex 200 16 60 column (Cytiva). Elution buffer: 20 mM HEPES
pH 7.5, 500 mM NaCl, and 0.5 mM TCEP. SDS-PAGE analysis of protein samples in the main steps of
purification on a 4-15% Mini-PROTEAN® TGX™ Precast Protein Gel with the molecular marker (Bio-
rad) (B).

3.5.3. - Analysis of the SARS-CoV-2 3CL"™ or CVB3 3C"":GC-376
PROTAC:CRBN-midi complex

Since the unsuccessful results with CRBN-TBD I moved on to the investigation of the formation

of the ternary complex with CRBN-midi.

To confirm that the pomalidomide moiety of GC-376 PROTAC binds to CRBN-midi, as described
above, fluorescence experiments, were carried out with a Cary Eclipse fluorescence spectrometer.
A 1 mM stock solution of GC-376 PROTAC was obtained in 20 mM HEPES pH 7.5, 500 mM
NaCl, 0.5 mM TCEP buffer and added in small increments. At each subsequent addition of GC-
376 PROTAC up to 4:1 the concentration of the protein (25 uM), a fluorescence spectrum was
acquired and overlaid to the others (Figure 35). The chosen excitation wavelength for the

fluorescence experiment was 290 nm, which coincides with the maximum absorbance wavelength
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of the protein detected with a scanning excitation at a range of wavelengths between 300 and 500

nm. All experiments were carried out at 298 K.
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Figure 35. Overlaid fluorescence spectra of CRBN-midi at increasing equivalents (eq.) of GC-376
PROTAC. Measurements were performed in 20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP
buffer solution. Spectra were acquired at 298K with a Cary Eclipse fluorescence spectrometer. Excitation

A: 290 nm. Emission A: 300-500 nm. The plot was generated with Excel (Microsoft Office) program.

Next, we investigated the potential formation of the ternary complex by NMR, focusing on the
CVB3 3CP®: GC-376 PROTAC: CRBN-midi system. The *N-labelled CVB3 3CP™ protein (~70
uM in 20 mM HEPES, 200 mM NaCl, 0.5 mM TCEP, 2 mM DTT, pH 7.5) was first titrated with
GC-376 PROTAC by adding small aliquots until reaching saturation (protein-to-ligand ratio of up
to 1:5). After each addition, an HSQC spectrum was acquired. Subsequently, *'N-labelled CRBN-
midi (~40 uM in the same buffer conditions) was added to the sample, yielding a final NMR
volume of 550 pL and a stoichiometric ratio of 1:1:1 for CVB3 3C":GC-376 PROTAC:CRBN-

midi. Bidimensional NMR experiments were then recorded.

CSPs were calculated as backbone-weighted average differences (Adavg(HN)), as described
previously (see Sections 3.2.1. and 3.4.2.). For the analysis, chemical shift assignment of CVB3
3CP™ in the GC-376 precursor-bound state (BMRB ID: 52547) was used as reference. The CSP
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analysis revealed only minimal differences (Figure 36), with some residues showing Adave values
above the 0.022 ppm threshold located near or within the catalytic region. However, these shifts
were too small to provide clear evidence of ternary complex formation. This suggests that further

optimization of experimental conditions will likely be required.
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Figure 36. Backbone average chemical shift differences (A8ax(HN)) between 'N-labelled CVB3 3CPr©
and its 1:1:1 mixture with GC-376 PROTAC and '*N-labelled CRBN-midi. A chemical shift threshold
value of 0.022 ppm, indicated as a blue dashed line, was estimated to define the most significant chemical
shift differences. The red bars indicate the residues with a Adav,(HN) higher than the threshold. The plot
was generated by OriginLab software (Origin 2022).

Since the NMR results were not satisfactory, we tried to investigate the formation of the ternary
complex target protease CVB3 3C"°: GC-376 PROTAC:CRBN-midi by performing an analytical
SEC. CRBN-midi and target protease were first mixed at a molar ratio of 1:4, respectively. Then
GC-376 PROTAC was added 4-fold-times the concentration of target protein, which was about

200 uM. The complex mixture was incubated for 4 hours at room temperature. After incubation
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the solution was loaded onto a Superdex 200 Increase 10/300 GL (Cytiva) column. The elution
was performed with a 20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP buffer solution.
Figure 36 shows the overlay of the mixture chromatogram with CRBN-midi and CVB3 3CP™
alone curves, acquired under the same chromatographic conditions (identical column and buffer
solution, section 3.5.1.). In the chromatogram of the complex mixture, three distinct peaks are
observed, consistent with the expected elution profile and providing clear evidence of ternary
complex formation. The first peak corresponds to the assembled ternary complex (~60 kDa),
confirming the simultaneous association of CRBN-midi and CVB3 3C’™ mediated by the
PROTAC. The second peak corresponds to unbound CRBN-midi (~37 kDa), while the third
represents free CVB3 3CP™ (~21 kDa). This data was further verified through SDS-PAGE of the
fractions corresponding to the peaks and the presence of the ternary complex was confirmed by

the bands belonging to 29-30 elution fractions of the complex mixture chromatogram (Figure 37).
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Figure 37. Analytical SEC of CVB3 3CP™:GC-376 PROTAC:CRBN-midi mixture (A). Comparative
overlay of UV-chromatograms: in blue the curve corresponding to the complex mixture, in green and red
the runs related to the CVB3 3CP® and CRBN-midi alone, respectively. Isocratic elution was performed
with 1.2 CV on a Superdex 200 Increase 10/300 GL column (Cytiva). Elution buffer: 20 mM HEPES pH
7.5, 500 mM NacCl, 0.5 mM TCEP. SDS-PAGE analysis of the analytical SEC elution fractions on a 4—
15% Mini-PROTEAN® TGX™ Precast Protein Gel with the molecular marker (Bio-rad) (B).

We performed the same analytical SEC experiment onto the SARS-CoV-2 3CLP™:GC-376
PROTAC:CRBN-midi under the experimental conditions described above. In this experiment,

evidence for ternary complex formation is inconclusive. The chromatogram displays two closely
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eluting peaks that align with those of the individual species, SARS-CoV-2 3CLF™ and CRBN-
midi. To assess this, the elution fractions corresponding to the peaks were analyzed by SDS—
PAGE. Fractions 30-31-32 show a band with a standard molecular weight below ~35 kDa,
consistent with monomeric SARS-CoV-2 3CL"™ under denaturing conditions (~33 kDa), along
with a faint band below ~45 kDa corresponding to CRBN-midi (~37 kDa). These observations
could indicate the presence of ternary complex, at least in fractions 30-31, given the
chromatographic peak intensity. Alternatively, the results may simply reflect co-elution of the
individual proteins, with analytical gel filtration lacking sufficient resolving power to separate the

species. Accordingly, the data does not unambiguously demonstrate ternary complex formation
(Figure 38).
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Figure 38. Analytical SEC of SARS-CoV-2 3CLP™:GC-376 PROTAC:CRBN-midi mixture (A).
Comparative overlay of UV-chromatograms: in blue the curve corresponding to the complex mixture, in
green and red the runs related to the SARS-CoV-2 3CLP and CRBN-midi alone, respectively. Isocratic

elution was performed with 1.2 CV on a Superdex 200 Increase 10/300 GL column (Cytiva). Elution
buffer: 20 mM HEPES pH 7.5, 500 mM NaCl, 0.5 mM TCEP. SDS-PAGE analysis of the analytical SEC
elution fractions on a 4-15% Mini-PROTEAN® TGX™ Precast Protein Gel with the molecular marker
(Bio-rad) (B).
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3.6. - Achievements in SARS-CoV- 2 Nsp13 production

Concerning the Nspl3 project, I was involved in the setting up and optimization of the protocol
for protein expression and purification. SARS-CoV-2 Nspl3, encoded by pGEX-SARS CoV2
NSP12 NSP13 (DU67899 MRCPPU) plasmid, was expressed in Rosetta 2 (DE3) pLysS cells in
HTMC medium supplemented with Zn acetate solution and induction was performed overnight at
16°C with IPTG 1 mM final concentration. The protein was purified using a GSTrap-affinity
column exploiting its GST-tag at the N-terminus. In particular, zinc administration to the Rosetta
pLysS strain during the protein production process and other minor adjustments to the purification
steps, such as 5% glycerol in lysis buffer and use of protease inhibitors in buffer solutions, resulted
to be essential to increase the protein output. The final protein yield was about 0,2 mg/L of culture

(Figure 39 A).

Nsp13 contains an N- terminal domain reported to coordinate three zinc ions (zinc-binding domain
or ZBD). The work by Rouault et al., 2023 [359], demonstrated that Nsp13 ligates a [FesS4] cluster
rather than zinc in one of the three zinc sites in its ZBD. According to this study, the Fe—S cluster
is crucial for the optimal activity of Nsp13, highlighting its potential as a therapeutic target for
COVID-19 [359]. Therefore, in order to increase the yield, I tried to add a solution of FeCls as an
iron source in the protein expression. The obtained protein output was about 0,5 mg/L of culture

(Figure 39 B).
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Figure 39. SDS-PAGE analysis of Nsp13 expression without (A) and in presence (B) of FeCls solution
(500 uM final concentration in the medium) on a 4—-15% Mini-PROTEAN® TGX™ Precast Protein Gel
(Bio-rad). Soluble, insoluble and elution after GSTrap Hp column (Cytiva) protein samples are shown

after the molecular marker (Bio-rad).
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4. Chapter — Conclusions and perspectives

My PhD project focuses on viral proteins that result key therapeutic targets, with particular
emphasis on structural biology approaches to investigate their interactions with small molecules.
These studies aim to provide a framework for validating specific proteins or domains as druggable
entities, ultimately contributing to the development of more effective antiviral therapies. The
proteins under investigation include the main viral proteases SARS-CoV-2 3CL"™ and CVB3
3CP™, as well as the SARS-CoV-2 helicase Nsp13.

Below I outline the main achievements and perspectives of my three-year PhD research on the
viral proteins. SARS-CoV-2 3CL™™, a key enzyme in the viral replication cycle, was investigated
with particular focus on the inhibitory activity of Auranofin and selected derivatives. The
determined Ki values ranged from 2.1 to 0.4 uM. ESI-MS spectra confirmed the formation of
adducts between the inhibitors and the protein, while X-ray crystallography identified the specific
gold-binding sites. This work not only provided insights into the inhibitory mechanism of gold-
based compounds but also led to the establishment of robust protocols for screening diverse
chemical libraries to identify high-affinity inhibitors. Moreover, a broader exploration of gold-
based and other metal-centered inhibitors could significantly enhance the understanding of
structure-activity relationships underlying SARS-CoV-2 3CL inhibition. Future studies should
also focus on assessing the antiviral efficacy of the most promising compounds in relevant cellular
and animal models, thereby bridging the gap between in vitro inhibition and potential therapeutic

application.

The high conservation of coronavirus 3CL"™®, combined with its absence in humans, makes it an
attractive antiviral target. GC-376 is among the most potent inhibitors of 3CLP™, showing activity
against important pathogenic coronaviruses. Building on structural data, we applied a PROTAC
based approach derived from GC-376 inhibitor triggering the proteolysis of the SARS-CoV-2
3CLP™. Structural studies (NMR, X-ray) revealed that the ligand binds reversibly to Cys145 in the
active site of SARS-CoV-2 3CLP™®, while the linker-CRBN module remains flexible. Functional
assays demonstrated that this GC-376 PROTAC reduces 3CL™ protein levels in cells without

impairing viability.

Given the structural similarity between coronavirus 3CLP™ and enterovirus 3C"™°, the PROTAC
was also tested against 3CP™ from the cardiotropic enterovirus CVB3. Expression of isotopically

labelled CVB3 3C"™ enabled characterization by NMR, X-ray crystallography, and biochemical
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assays. The crystal structure of CVB3 3CP™ bound to the PROTAC precursor (1.9 A, PDB 8S6F)
and backbone assignments confirmed a binding mode highly consistent with SARS-CoV-2 3CL™.

In addition to GC-376 PROTAC, we evaluated the activity of the two related molecules KME16
and ACH213. Both compounds displayed markedly lower efficiency, particularly against CVB3
3CP™, A plausible explanation for their reduced activity lies in the relative orientation of the linker
and the pomalidomide—CRBN ligand. In the case of GC-376 PROTAC, these elements are
positioned on the right side of the y-lactam ring, precisely where the covalent bond between the
catalytic Cys145 and the B-unsaturated carbon is established (a structural model of the protein-
GC-376 PROTAC complex is reported in Figure 40). Conversely, in KME16 and ACH213, the
linker and pomalidomide-CRBN ligand are functionalized on the left side of the y-lactam ring
and, in other terms, on the opposite side of the expected covalent interaction site with the catalytic
cysteine mediated by the nitrile group. This structural arrangement could explain their reduced

capacity to promote efficient ternary complex formation.

o A 20 OO Warhead ligand
CRBN ligand

CRBN ligand

Warhead ligand
GC-376 PROTAC ACH213

Figure 40. Model structure of CVB3 3C"™ (PDB ID 8S6F) in complex with GC-376 PROTAC (obtained
by UCSF Chimera software) (A). The red arrow indicates the B-unsaturated carbon where the covalent
bond would occur with the catalytic Cys147, highlighted in yellow. 2D structure of the PROTAC

molecules (B). The red stars indicate the y-lactam ring.

Finally, we investigated the ternary complex formation of both target proteases with CRBN-TBD
or CRBN-midi and PROTAC molecules by analytical gel filtration and solution NMR.
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Specifically, we obtained evidence of the ternary complex formation CVB3 3CP*:GC-376
PROTAC:CRBN-midi by analytical SEC.

In the case of SARS-CoV-2 3CL"™, we were unable to demonstrate ternary complex formation. A
plausible explanation for this outcome may be related to the larger size of the protein and structural
arrangement. As shown in Figure 41, a comparison between the monomeric CVB3 3CP™ in
complex with GC-376 PROTAC and the crystallographic structure (PDB ID: 80KC) of the
dimeric SARS-CoV-2 3CL™™ bound to the same PROTAC molecule highlights a critical
difference. In the latter, the linker and the pomalidomide—CRBN ligand are positioned near the C-
terminal domain of the adjacent protomer within the dimer. This steric hindrance is probably
enhanced by the presence of CRBN-midi, thus not encouraging the formation of the ternary

complex.

Figure 41. Structural model of monomeric CVB3 3C™ in complex with GC-376 PROTAC (A) and
crystallographic structure of the dimeric SARS-CoV-2 3CL"™ (PDB ID: 80KC) (B). The PROTAC
molecule is shown in green as sticks. The two protomers of SARS-CoV-2 3CL"™ are represented in light
blue and pink, respectively. The C-terminal domain of the pink protomer, located in proximity to the

PROTAC binding site of the blue protomer, is highlighted.

Overall, the achieved findings highlight PROTAC technology as a promising strategy, opening

new avenues for the development of advanced antiviral therapies. In particular, the GC-376
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PROTAC constitutes an auspicious scaffold for developing broad-spectrum antiviral degraders
targeting both coronaviruses and enteroviruses. Future investigations should aim to address the
design of alternative PROTAC architectures with optimized structural properties to better
accommodate the dimeric arrangement of SARS-CoV-2 3CLP™. The structural optimization of the
linker is widely recognized as a central determinant in the successful design of PROTAC

molecules.

The design of PROTAC molecules typically begins with the selection of two key components: a
ligand that binds the target protein and an E3 ligase recognition element. While these binding
motifs can often be predetermined based on available structural and biochemical data, the optimal
spatial separation between the two moieties, necessary to promote efficient ubiquitination and
subsequent degradation, usually requires empirical determination on a case-by-case basis. Both
the length and chemical composition of the linker have been shown to significantly affect critical
physicochemical and structural properties of PROTACs, including molecular rigidity,
hydrophobicity, and solubility [232]. As demonstrated in seminal works of Ciulli and co-workers
[246,360,361], linker length, composition, and conformational flexibility profoundly influence
ternary complex formation, cooperativity, and degradation efficiency. High-resolution structural
studies from the Ciulli laboratory revealed that productive ternary complexes often result from
specific protein—protein interfaces stabilized through geometrical complementarity conferred by

the linker architecture, rather than from the intrinsic binary affinities of the individual ligand [246].

Further contributions from other leading groups, including those of Crews [193], Bradner [223], and
Fischer [362], reinforced the notion that maintaining an optimal balance between linker rigidity and
flexibility is essential for ternary complex stability. Excessive rigidity may hinder the
conformational adaptability required to accommodate diverse spatial orientations of the E3 ligase
and target protein, whereas excessive flexibility can introduce entropic penalties that weaken inter-
protein interactions and reduce overall complex stability. Consequently, the rational design of
PROTAC linkers must carefully calibrate these parameters to achieve a conformation conducive

to productive ternary complex formation and efficient target degradation.

Combined with experimental validation through X-ray crystallography, solution NMR, and

biophysical assays, computational modelling has become instrumental in elucidating linker-

mediated structural dynamics and predicting productive geometries [363]. In particular, the use of

the High Ambiguity Driven DOCKing (HADDOCK) platform could be a valuable tool for

generating and refining structural models of multi-component assemblies [364]. HADDOCK

proposes a hybrid method that can include a large variety of NMR and non-NMR experimental
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information to guide the docking process [365], thereby allowing the generation of conformational

ensembles that are both physically realistic and consistent with experimental observations.

In the context of this work, HADDOCK-based modelling could enable the exploration of possible
orientations and contact interfaces between the viral protease (e.g., SARS-CoV-2 3CL"™) and the
E3 ligase CRBN in the presence of the PROTAC molecule. The resulting models will provide
valuable structural hypotheses to rationalize experimental findings, such as the absence of ternary
complex formation observed in vitro, and to guide subsequent optimization of the PROTAC linker
or attachment sites. In the context of viral proteases such as SARS-CoV-2 3CL™, these structure-
guided principles can inform the rational design of PROTACs capable of mitigating steric
hindrance associated with dimeric assemblies, thereby enabling the formation of stable and

degradation-competent ternary complexes.

Looking ahead, crystallization trials are currently underway to obtain high-resolution structural
information on both the binary PROTAC-CRBN-midi complex and the corresponding
protein:PROTAC:E3 ligase ternary assemblies. The crystallization setups are being designed by
exploiting the molar ratios between target protein, PROTAC, and E3 ligase as reported in the
literature and optimized through our experimental observations from analytical SEC and NMR
studies. The eluted fractions corresponding to the ternary complexes, isolated via analytical SEC,
will be directly employed in crystallization experiments using both soaking and co-crystallization
strategies. Parallel optimization of crystallization conditions, such as buffer composition, pH, ionic
strength, and additive screening, will be performed to enhance crystal quality and diffraction
properties. These experiments aim to elucidate the precise molecular determinants governing
ternary complex formation and stabilization, thereby providing direct structural evidence to

complement the results described in this work.

Finally, cellular assays that evaluate target protein degradation will be essential to validate the
applicability of our molecule. In this context, I can rely on the expertise in cellular and molecular
biology acquired during my three-and-a-half-month internship experience in the laboratory of Dr.
Golinelli at the Institut de Chimie des Substances Naturelles (ICSN), France. Specifically, I gained
proficiency in cell culture techniques, including the growth and maintenance of human cell lines
in flasks, as well as in biochemical assays, including protein extraction and quantification
procedures from cellular samples, Western Blot, Immunofluorescence, MTT and Flow cytometry
(FACS) experiments. These techniques have been employed to identify target proteins and

evaluate the effects of known drugs or measure particular conditions in specific human cell lines.
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The learned competencies will complement PROTAC in vitro studies by indirectly confirming

ternary complex formation.

From a translational perspective, expanding the PROTAC concept beyond classical cellular targets
to viral proteins represents a pioneering direction with potential implications for future next-
generation antiviral degraders. The establishment of interdisciplinary networks, combining
expertise in structural biology, medicinal chemistry, and computational modelling, will be
essential to realize this vision. In a long-term prospective the refinement of computational and
structural approaches will further enable the visualization and prediction of molecular assemblies,

bridging the gap between in silico modelling and in cellulo activity.

Concerning the SARS-CoV-2 Nspl3, I optimized expression and purification conditions,
obtaining ~0.2 mg/L of culture yield with zinc supplementation. Based on recent evidence that the
ZBD coordinates a [Fes4S4] cluster [359], I supplemented FeCls during expression, which increased
the protein yield to ~0.5 mg/L of culture. As future prospects, thanks to the collaborative
framework established within PNRR Spoke 4 initiative, which enables the integration of
complementary expertise across different research groups (Prof. G. Caminati), ongoing and
planned efforts will focus on elucidating the molecular basis of Nsp13 interactions with newly
synthesized inhibitors. These studies aim to define the binding determinants and inhibitory
mechanisms of potential drug candidates, thereby contributing to the broader understanding of
SARS-CoV-2 replication machinery and informing the rational design of antiviral agents targeting
viral helicases. Such an endeavour would not only deepen our understanding of host—pathogen
molecular interplay but also contribute to the development of adaptable therapeutic strategies for

future pandemics.
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