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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 minimal 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
proteosome-mediated degradation of the dimeric SARS-CoV-2 3CLPro protein. Extending this approach, the
current study investigates the application of the GC-376 PROTAC to the 3CPro protease of Enteroviruses,
specifically characterizing its interaction with CVB3 3CPro through X-ray crystallography, NMR and
biophysical techniques. The present structural data show that there are some changes between the binding of
CVB3 3CPro and SARS-CoV-2 3CLPro, but the overall similarity is strong. The most notable variation is the
orientation of the phenylmethyl ester of GC-376 with the S4 subsite of the proteases. This is linked to the
flexibility of the protein structure around the region of the catalytic triad shown by our NMR data. Other
structural variations include distinct ligand interactions in subsites S1 and S2, influenced by the presence of
Glu71 in CVB3 3CPro. Despite these differences, 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

The cell uses the ubiquitin-proteasome system to degrade unwanted or misfolded cellular
proteins [1,2]. To do that, the system targets proteins for proteasomal-mediated destruction by
polyubiquitinating them and 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 in order to modulate the cell levels of target proteins and
it 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
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technology as antiviral agent, although more limited, has recently grown. In last year, it received
indeed 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-Cov2 (SARS-CoV-2
3CLPro, hereafter) [11-14]. In our previous study, we have synthesized a PROTAC bifunctional
molecule conjugating the GC-376 inhibitor, able to recognize the active site of SARS-CoV-2 3CLPro,
with the pomalidomide ligand, able to select Cereblon (CRBN) E3 ligase, through a piperazine-
piperidine linker [12]. We showed that this PROTAC molecule is able to interact with SARS-CoV-2
3CLPro forming a reversible covalent bond between the C(3 carbon of the a,f-unsaturated amide
moiety and the catalytic Cys145 sulfur atom of the target. Moreover, we observed that our PROTAC
molecule reduces protein levels of SARS-CoV-2 3CLPro in cultured cells without affecting cell
viability. This demonstrates that a peptidomimetic-based PROTAC approach can combat viral
infections within the Coronavirus genera, which showed a high degree of structural similarity in the
active site of their 3CLPro [15].

Proteases are also important for the replication of viruses other than Coronaviruses [16]. Among
them, we have the proteases encoded by the 3C region of the enteroviruses genome (3CPro,
hereafter), such as Coxsackievirus B3 (CVB3), EV-D68, EV-A71 and Coxsackievirus A16 [17-19]. All
these enteroviral pathogens are part of the picornavirus family [20]. 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 [21,22]. No effective therapeutic strategy
for the prevention and treatment of these diseases is nowadays available and enterovirus disease has
medical impact, with newborn infants and young children being at risk for septic-like disease,
particularly during periods of high enterovirus prevalence [23]. 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 [24,25], as well as the fact that there is no known human
protease with a specificity for Gln at the cleavage site of the substrate pushed towards the
development of an commercially viable antiviral drug targeting both virus families [26]. This
approach is made viable because coronaviral 3CLPro exhibit a high degree of structural similarity
across 3CPro of the picornavirus family [16]. Crystal structures of 3CLPro from both alpha and beta
Coronaviruses [27,28] revealed that two of the three domains of these enzymes together resemble the
chymotrypsin-like fold of enteroviral 3CPro, but there is an additional a-helical domain that is
involved in the dimerization of coronaviral proteases. This dimerization is essential for the catalytic
activity of 3CLPro, whereas the enteroviral 3Cpro functions as a monomer [27]. Furthermore, the
enteroviral 3CPro maintains a classical Cys--His---Glu/Asp catalytic triad, whereas the coronaviral
3CLPro only has a Cys--His dyad [27]. Nevertheless, the 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, indicating
that the coronaviral 3CLPro and the enteroviral 3CPro can be a common target for the design of
broad-spectrum antiviral compounds [27]. Indeed, broad-spectrum inhibitors of both 3CLPro and
3CPro have been largely documented in the literature [29-38], encouraging us to explore the
capability of the PROTAC molecule designed by us against SARS-CoV-2 3CLPro to target also
enteroviral 3CPro. In order to validate this hypothesis and to develop broad-spectrum antiviral
PROTACs able to attack both 3CLPro and 3CPro-dependent viral infections, we have here
structurally studied, by X-ray crystallography and solution NMR, the interaction of 3CPro from
Coxsackievirus B3 (CVB3 3CPro, hereafter) with the peptidomimetic PROTAC molecule previously
selected on SARS-CoV-2 3CLPro (GC-376 PROTAC) as well as with its precursor (GC-376 PROTAC
precursor), i.e. a dipeptidyl protease ligand [12]. We have also compared the inhibitory activity of
GC-376 PROTAC precursor against CVB3 3CPro with that obtained in the case of SARS-CoV-2
3CLPro enzyme.

doi:10.20944/preprints202407.1449.v1


https://doi.org/10.20944/preprints202407.1449.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1449.v1

2. Materials and Methods

2.1. Expression and Purification of CVB3 3CFr

CVB3 3CPr was expressed and purified modifying Fili et al. protocol [39]. In detail, the pET-
24a(+) plasmid encoding the CVB3 3CPr protein with an hexahistidine-coding sequence at the C-
terminus was used to transform BL21(DE3)pLysS E. coli competent cells. A single colony from the
transformation plate was picked to inoculate a 50 mL preculture in Luria-Bertani (LB) medium
containing 50 mg mL-' kanamycin and 35 mg mL-! chloramphenicol. After overnight incubation at
37°C, 20 mL of the preculture was used to inoculate 1 L LB medium containing 50 mg mL-! kanamycin
and 35 mg mL chloramphenicol. When an optical absorption of 0.6 (at a wavelength of 600 nm) was
reached, 1 mM isopropyl b-d-1-thiogalactopyranoside (IPTG) was added to induce overexpression.
The culture was then left overnight at 23°C and centrifuged at 5500 rpm for 20 min at 4°C. The
resulting pellet was resuspended in 20 mL lysis buffer consisting of 50 mM Tris—-HCl, 300 mM NaCl,
10 mM imidazole, 5% glycerol, 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, 2mM
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. Then, the supernatant containing soluble CVB3 3CPr was loaded for
Immobilized Metal Affinity Chromatography (IMAC) purification by using HisTrap FF 5mL column
which was previously equilibrated with 50 mM Tris-HCl, 300 mM NaCl, 30 mM imidazole, 1 mM
DTT pH 7.7 as 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-HCl, 300 mM
NaCl, 500 mM imidazole, 1 mM DTT pH 7.7 buffer solution. Fractions containing the target protein
were pooled and concentrated by Amicon Ultra 10 kDa reaching 3.5 mL volume. Subsequently, the
protein solution was loaded onto 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, 1 mM DTT, pH 7.5 buffer solution. The final protein yield resulted in 45
mg/L of culture. The purity of CVB3 3CP was checked by SDS-PAGE analysis. The production of
15N-labelled and *C,">N-labelled CVB3 3CP~ was performed by following the same protocol just
switching to a standard M9-medium containing (**NHi)2SOs (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 3CP~ was analyzed using analytical gel filtration (superdex 200 10/300
increase column; GE Healthcare) calibrated with gel filtration marker calibration kit, 6500-66000 Da.
Purified samples in 25 mM MES, 150 mM NaCl, pH 6.5 buffer was loaded on the column pre-
equilibrated 25 mM MES, 150 mM NaCl, pH 6.5 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. the Kav=(Ve-V0)/(V-Vo) (Ve, elution volume; Vo, dead volume; Vs, total volume) was used
to calculate apparent molecular mass of CVB3 3CPr,

2.3. Crystallization, Data Collection and Structure Solution

Crystals of CVB3 3CPr in complex with GC-376 PROTAC precursor were obtained through co-
crystallization in sitting drop by adding an aliquot of 2 uL of reservoir buffer (0.1 M Tris-HCL, 0.2 M
MgClz and 26% PEG4000, pH 8.5) to 2 uL of protein solution (20 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 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 crystal used for data collection were cryo-cooled using 25%
ethylene glycol in the mother liquor. The GC-376 PROTAC adduct crystal has been refined at 1.9 A
resolution: it belongs to space group C2 with one molecule in the asymmetric unit, a solvent content
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of about 50%, and a mosaicity of 0.4-0.6°. The data were processed using the program XDS [40]
reduced and scaled using XSCALE [40] and amplitudes were calculated using XSCALE [40]. The
structure has been 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 [41]. The refinement and water molecule
fitting has been carried out using PHENIX [42], applying default TLS restraints. In between the
refinement cycles, the model was subjected to manual rebuilding using COOT [43]. The quality of the
refined structures was assessed using the program MOLPROBITY [44]. Data processing and
refinement statistics for the GC-376 PROTAC adduct are shown in Table S1. Coordinates and
structure factors have been deposited in the PDB under the accession code 8S6F.

2.4. NMR Spectroscopy

Conventional multidimensional NMR techniques based on 3D triple-resonance experiments [45]
were performed on an AVANCE 500 spectrometer equipped with a cryogenically cooled probe to obtain
backbone resonance assignment of CVB3 3CP with and without GC-376 PROTAC precursor at 308 K.
The final 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) D20. All NMR spectra were
processed using the standard Bruker software (Topspin 4.2) and analyzed with CARA program.

In order to monitor the interaction between CVB3 3CP~ and GC-376 PROTAC or its precursor,
we performed a NMR titration, based on the acquisition of 'H-"N HSQC experiments at 308 K on
Bruker AVANCE 950 MHz, by adding aliquots (up to a maximum of 10 pL final added volume) of
the small molecule (GC-376 PROTAC or its precursor) dissolved in ds-acetonitrile to the NMR tube
containing ®N-labeled CVB3 3CPr (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-5N HSQC blank spectra of *N-labeled CVB3 3CPr
recorded titrating the protein with the same aliquot of ds-acetonitrile, in order to identify the chemical
shift changes induced by the organic 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 chemical shift changes
occurring on a slow exchange regime of the NMR time scale were considered to map the interaction
surface on CVB3 3CPr upon the 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)12, where AH and AN are chemical shift differences for backbone amide 'H and >N nuclei,
respectively. The estimation of the chemical shift threshold value to define 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 [46].

The backbone dynamic properties of CVB3 3CP* have been sampled through N relaxation
measurements. NMR experiments for measuring >N longitudinal (R1) and transverse (R2) relaxation
rates [47] and ["H]**N heteronuclear NOE values [48] were recorded at 298 K at 500 MHz, using a
protein concentration of 300 uM. 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 3CPr at
298 K. 5N Ry, ®N Re, 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 (tcemc) of 450 us with the Carr-Purcell-
Meiboom-Gill (CPMG) sequence. In all experiments, the water signal was suppressed with “water
flipback” scheme. ®N Ri and N Rz 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 [49]. 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 Ri1 and *N R
relaxation rates is 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
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conditions of magnetic field and temperature were obtained using the program HydroNMR
following the standard procedure [50].

2.5. Enzyme Inhibition Kinetics Assay

The synthesized GC-376 PROTAC and its precursor were assayed through a fluorometric assay
using the fluorogenic substrate Hilyte Fluor-488-ESATLQSGLRKAK-(QXL-520)-NH: (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 [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, 1mM DTT at pH=7.4. The inhibitors
were preincubated with CVB3 3CPe enzyme (59 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 molecules were determined through the equation (1 - Vs/Vo) x 100, where vs. is the initial
velocity in the presence of the inhibitor and Vo is the initial velocity of the uninhibited reaction. The
ICs0 values were obtained by dose-response measurements using an inhibitor range of concentrations
0.1 nM to 0.3 mM for GC-376 PROTAC and 0.01 nM to 0.1 mM for GC-376 PROTAC precursor. All
the experiments were performed in triplicate, and data collected were analyzed using GraphPad 5.0
Software Package (GraphPad Prism, Inc., San Diego, CA).

3. Results

3.1. Crystal Structure of CVB3 3CPrin Complex with GC-376 PROTAC Precursor

To characterize the interaction of CVB3 3CPr with both GC-376 PROTAC and its precursor, the
same compounds previously used by us with SARS-CoV-2 3CLP~ (Figure S1), 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 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 3CPr in complex with the GC-376 PROTAC precursor was solved at 1.9
A resolution, which provided atomic details of the CVB3 3CPr-ligand interactions (Table S1). The
overall 3D structure clearly resembles that of the free protein (PDB IDs 2VB0 and 3ZYD) with a
negligible RMSD computed on backbone atoms. Only local loop regions showed backbone RMSD
values higher than average. The structure of CVB3-3Crr 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 1A). 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 those of the neighboring
protein atoms (Table S1). 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 the
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 the 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 [51,52]. Besides the covalent bond, other polar and non-
polar interactions keep the protease ligand in place (Figure 1B). 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
Glyl64 and the backbone nitrogen atom of Cysl47. Several more residues are involved in
hydrophobic interactions, and this is in agreement with the relatively non-polar nature of the ligand.
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Despite the difference in terms of primary structure, the cavity that hosts the ligand has a very similar
shape with respect to SARS-CoV-2 3CLPr (Figure 1C); for this reason, the binding mode and interactions
are similar to those in the 8OKB and 8OKC structures [12]. The only exception is the conformation of the
phenyl ring of the phenylmethyl ester, which is basically flipped by 90°. This effect is due to a different
structural arrangement of the C-terminal segment of CVB3 3CPr with respect to that of SARS-CoV-2
3CLPr, which makes the substrate cavity of CVB3 3CPr more open. The larger available volume allows
the phenyl ring to rotate in a position that is structurally more congested in SARS-CoV-2 3CL" structure
(Figure 1C). This evidence also suggests that the ligand is versatile and is able to efficiently interact with
different protein targets, provided of course a certain degree of structural similarity among them. The
alpha helical region capping from the top the substrate cavity in SARS-CoV-2 3CL", which is absent in
the CVB3 3CPr, does not determine a different orientation of the nearby Leu sidechain of the ligand in the
two structures. 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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Figure 1. Crystal structure of CVB3 3CPro in complex with GC-376 PROTAC precursor. (A) 2Fo-Fc
map of FT234 and Cys147 contoured at 0.9 level. (B) Ligplot schematic view of binding mode of GC-
376 PROTAC precursor. (C) Su-perposition of the binding cavity in CVB3 3CPro (green) and SARS-
CoV-2 3CLPro (cyan) showing the similar orientation of the ligand in both structures.
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3.2. Structural characterization of CVB3 3CPr by solution NMR

Because of the failure to obtain crystals of GC-376 PROTAC-CVB3 3CPr complex, we decided to
apply a solution NMR strategy to characterize the interaction between of GC-376 PROTAC and CVB3
3CPro, Since the backbone resonance assignment of CVB3 3CP was not available, the first step was
that to find the experimental sample conditions suitable to obtain 3D triple-resonance experiments
that are necessary to extract the sequential information. The protein was produced in a ®N and 3C
labelled 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-'SN HSQC spectrum of CVB3 3CPr 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-
15N HSQC spectrum is not reflected in 3D triple-resonance NMR experiments needed to achieve a
complete backbone resonance assignment. 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 [53] and by acquiring the NMR spectra at 308 K. In
these experimental conditions, the backbone amide NMR signals significantly narrowed and the
number of the Ca and C3 resonances are observed in the 3D spectra increased significantly. Thus,
we could assign about 80% of the backbone NHs of CVB3 3CPr. 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. Mapping the latter NHs on the
structure of CVB3 3CPv, we observed that they are located in a specific area involving the
Cys--His-~-Glu residues of the catalytic triad and their surroundings (Figure 2A). This finding
suggests that conformational motions on the pis-ms timescale occur in this region. To investigate more
this aspect, we have measured *N longitudinal (R1) and transverse (R2) relaxation rates and ["H]"*N
heteronuclear NOE values of CVB3 3CP (Figure S4). These data were used to obtain insights both
into the motions of the backbone NHs at different time scales and to calculate, from the R2/R1 ratio,
the overall correlation time for molecular tumbling (tm). 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 tm value estimated by
HYDRONMR [50] (13.7 ns) based on the monomeric crystal structure of CVB3 3CP~ (PDB ID 3ZYD).
The residues showing negative ['H]'*’N NOE values, indicating backbone motions on the ps-ns time
scale, as well as those showing high R2 over R: ratios, indicating backbone motions on the ps-ms
timescale, were mapped on the structure of CVB3 3CPr (Figure 2A). These NHs are again located in
the area involving the ligand-binding site. We can thus conclude that both broadening beyond
detection effects as well as high internal flexibility from ps to ms timescale indicate that the backbone
of the protein region of the catalytic triad is highly dynamic, thus preventing to perform a complete
backbone resonance assignment. However, these findings suggested us that the addition of a ligand
could dampen the highly dynamic properties of the ligand-binding site. To test this hypothesis, we
have added one equivalent of the GC-376 PROTAC precursor to CVB3 3CPr and recorded a '"H-'>N
HSQC spectrum (Figure 2B) and a full set of the 3D triple-resonance experiments. It results that the
quality of the 3D triple-resonance experiments is significantly improved (Figure 2C), 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 3CP (97% of assigned backbone NHs), with only five
missing NHs (Met12, Lys20, Lys77, Gly156, Leul76). The backbone resonance assignment at 308 K
has been deposited in the BioMagResBank (BMRB ID 52547).


https://doi.org/10.20944/preprints202407.1449.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024

d0i:10.20944/preprints202407.1449.v1

B
¥ e " omg 105
o ® '.
¥ . . = €
" e e 1o §
..: ." ..‘ o
o®° '-. LY 115 =
. o toat e =
.o:.~ = -‘.:’5 I 120 2_
L oo ® 2
e .iv‘l_'é'c-. . - 125
M ™ -
% -130
o &
| T I | | |
12 11 10 9 8 7
o ('H)/ ppm
C

|~

|

7 6 F3(ppm]

9 [
3 ('H)/ ppm

Figure 2. Structural-dynamic characterization of CVB3 3CF by solution NMR at 308K. (A) Backbone
NHs broadened beyond detection and having high R2/R1 ratios are mapped in blue and magenta,
respectively, on the crystal structure of CVB3 3CP. The sidechains of the Cys--His:-Glu residues of

the catalytic triad are shown in yellow, blue and red, respectively. 'H-"N HSQC (B) and 3D
CBCA(CO)NH (C) NMR spectra of CVB3 3CP acquired at 500 MHz and 308 K.
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3.3. Mapping the Interaction of GC-376 PROTAC and Its Precursor with CVB3 3CPr by Solution NMR

Thanks to having obtained the backbone resonance assignment of CVB3 3CP* with and without
the GC-376 PROTAC precursor, we can identify the residues of CVB3 3Cwhose NH resonances are
affected by the binding of the GC-376 PROTAC precursor as well as of GC-376 PROTAC. A NMR
titration was first performed by adding stepwise the GC-376 PROTAC precursor to *N-labelled CVB3
3CPro, Several NH signals are affected by the GC-376 PROTAC precursor additions showing a slow
exchange regime on the NMR time scale (Figures 3A and S5). Moreover, new NH signals appear with
increasing intensities along the stepwise additions of GC-376 PROTAC precursor with their chemical
shifts corresponding to those of the GC-376 PROTAC precursor-bound species (Figures 3A and S5).
Taken together, these findings indicate that the GC-376 PROTAC precursor is tightly bound to CVB3
3CPro, Mapping both these type of NH changes on the crystal structure of CVB3 3CPr in complex with
the GC-376 PROTAC precursor (Figure 3B), we can observe that the large majority of the backbone
NHs surround the ligand. This indicates the specific binding of the precursor to the cavity containing
the Cys:His--Glu/Asp catalytic triad. We then used the same approach to investigate the binding of
GC-376 PROTAC: an NMR titration was thus performed by stepwise adding GC-376 PROTAC to
15N-labelled CVB3 3CPr. The observed chemical shift changes essentially reproduce those occurring
upon the precursor additions, with signals displaying a slow exchange regime on the NMR time scale
and new signals appearing with increasing intensities along the titration. The comparison of the
effects on the backbone chemical shifts of the binding of GC-376 PROTAC to *N-labelled CVB3 3CPr
with respect to those generated by the GC-376 PROTAC precursor (Figure 4), showed that the
position of essentially all of the corresponding signals fell within +0.05 ppm. This demonstrates that
the two molecules interact with CVB3 3CPin a very similar mode. This data allows us to conclude
that the linker and the pomalidomide ligand moiety are not tightly interacting with the protein
surface thus displaying a high degree of mobility, similarly to what we have previously found upon
the binding of the same GC-376 PROTAC molecule to SARS-CoV-2 3CLPr,

We evaluated the two ligands GC-376-PROTAC and its precursor for their ability to inhibit
CVB3 3CPro through a fluorimetric enzyme inhibition kinetics assay using Hilyte Fluor-488-
ESATLQSGLRKAK-(QXL-520)-NH: as the substrate. Both ligands showed an inhibition activity in
the micromolar range, specifically displaying an ICso value of 14.8 puM for GC-376 PROTAC and of
4.6 pM for GC-376 PROTAC precursor (Figure S6). Such values proved to be in line with those
displayed with respect to parent SARS-CoV-2 3CLP* (21.2 and 1.35 uM, respectively) [12], still
supporting similar molecular recognition in the active site of both enzymes.
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Figure 3. Mapping the interaction between GC-376 PROTAC precursor and CVB3 3CP by solution
NMR. (A) Overlay of the 'H->"N HSQC spectra of CVB3 3CP™ before (red) and after (black) the
addition of 1 equivalent of GC-376 PROTAC precursor recorded at 308K. In the inset, three NH signals
in a slow exchange regime of the NMR time scale were shown at 0 (red), 0.5 (blue) and 1 (black)
equivalents of GC-376 PROTAC precursor additions. (B) The backbone NHs showing chemical shifts
changes larger than the threshold value, obtained by Figure 54, are mapped as green spheres on the
crystal structure of CVB3 3CP complexed with GC-376 PROTAC precursor. The backbone NHs,
unassigned in the CVB3 3CP™ and displaying 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, are shown as orange spheres.
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Figure 4. Monitoring the interaction of GC-376 PROTAC with CVB3 3CPr by solution NMR.
Subtraction of the backbone weighted average chemical shift differences (Adavg(HN)) obtained
between ®N-labelled CVB3 3CP and its 1:1 mixture with GC-376 PROTAC precursor (ASavg(HN))1
and between N-labelled CVB3 3CP© and its 1:1 mixture with GC-376 PROTAC (Adavg(HN))2.
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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 to develop broad-spectrum antiviral
drugs with no toxicity against the host cell. These features have driven to 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 3CLFw [54]. A recent
study showed that GC-376 is a potent 3CL protease inhibitor that binds with different kinds of
coronavirus 3CLP* and a variety of 3CLPr mutants of SARS-CoV-2 to exert inhibitory activity [55]. 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 3CLPrs. Recently, we have shown that a
GC-376 based peptidomimetic PROTAC specifically targets and degrades the dimeric SARS-CoV-2
3CLPr protein [12]. Several other PROTACs have been recently described to perform this function
against both a- and 3-groups of coronaviruses [11,13,14,56]. Here, we have extended the application
of our GC-376 based peptidomimetic PROTAC to 3CPr 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 3CPr, a member of the enteroviral proteases, and we found that the GC-376
PROTAC interacts similarly to what found with SARS-CoV-2 3CLPr. The CG-376 moiety penetrates
in the substrate binding site while the linker and the pomalidomide moiety are not tightly bound to
CVB3 3CPr but remain exposed to the solvent. The binding of CG-376 moiety in CVB3 3CPr is similar
to its binding in SARS-CoV-2 3CLPr, but there are some notable differences. The main difference lies
in the orientation of the phenylmethyl ester of the CG-376 moiety, which is significantly altered
between the two structures. This difference is also observed when the CG-376 inhibitor binds to
3CLFr of SARS-CoV-2, SARS-CoV and MERS-CoV [55]. In these crystal structures, the phenylmethyl
ester is indeed not immobilized but it displays two conformations: “cis” and “trans”. In Figure 5A
and 5C, the trans conformation of the phenylmethyl ester of the GC-376 precursor bound to 3CLPr of
SARS-CoV-2 can be observed. While a cis conformation occurs for the phenylmethyl ester of the GC-
376 precursor bound to CVB3 3CPr (Figure 5A,D). This cis/trans conformational feature is therefore
common to both 3CP and 3CLP proteases, indicating that the S4 subsite of the substrate cavity is an
open space where the phenylmethyl ester 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 S2 subsite of both
proteases, shows hydrophobic interactions with multiple hydrophobic amino acid residues in 3CLPr
structure of SARS-CoV-2, stabilizing its binding to S2 site (Figure 5A). This hydrophobic patch is not
fully maintained in CVB3 3CPr structure. Indeed, the catalytic Glu71, which is absent in coronaviral
3CLPrros, is located with its negative charge next to the isobutyl group (Figure 5B). Finally, the y-lactam
ring of GC-376, which inserts into the S1 subsite of both proteases, while it forms similar interactions
with the catalytic Cys and His161/163, conserved in both 3CP and 3CLP* proteases, it 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,
Asnl42—Alal44, Ser144—GInl146 and Glul66—Gly163,164,166 (Figure 5C,D). Overall, we can
conclude that, although a considerable sequence diversity in the substrate binding sites of 3CPr and
3CLPro, the GC-376 PROTAC can accommodate well in the binding sites of both proteases,
demonstrating its potential applicability as a broad-spectrum antiviral PROTAC.

doi:10.20944/preprints202407.1449.v1


https://doi.org/10.20944/preprints202407.1449.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1449.v1

His164

obutyl =
r .
| .

Figure 5. Structural comparison of the ligand-protein interactions occurring in subsites S1 and S2 of
CVB3 3CPr and SARS-CoV-2 3CLF. (A) The side-chains of the hydrophobic residues surrounding
the isobutyl group of the GC-376 precursor (in green) are shown in blue on the SARS-CoV-2 3CLPr
structure. The side-chain of the catalytic His41 is shown in magenta. The trans conformation of
phenylmethyl ester is indicated. (B) The side-chains of the hydrophobic residues surrounding the
isobutyl group of the GC-376 precursor (in green) are shown in blue on the CVB3 3CPr structure. The
side-chains of the catalytic His40 and Glu71 are shown in magenta and red, respectively. The cis
conformation of phenylmethyl ester is indicated. (C) The side-chains of the residues surrounding the
v-lactam ring of the GC-376 precursor (in green) are shown in blue or red (for Glu166) on the SARS-
CoV-2 3CLPr structure. The side-chain of the catalytic Cys145 is shown in yellow. (D) The side-chains
of the residues surrounding the y-lactam ring of the GC-376 precursor (in green) are shown in blue
on the CVB3 3CPr structure. The backbone nitrogen atom of Gly163,164,166 are shown as blue
spheres. The side-chain of the catalytic Cys147 is shown in yellow.

Supplementary Materials: Table S1, Data collection and refinement statistics of the crystal structure of CVB3
3CPre in complex with GC-376 PROTAC precursor; Figure S1, Chemical formula of GC-376 PROTAC precursor
and GC-376 PROTAC; Figure S2, Purification and protein size of CVB3 3CP; Figure S3, Solution NMR spectra
of CVB3 3CPr at 298K; Figure 54, 1°N relaxation data of CVB3 3CFr; Figure S5, Mapping the interaction between
GC-376 PROTAC precursor and CVB3 3CP by solution NMR; Figure S6. Inhibition curves of GC-376 PROTAC
and of the corresponding precursor.
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