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A B S T R A C T   

The characterization of modifications of microbial proteins is of primary importance to dissect pathogen lifecycle 
mechanisms and could be useful in identifying therapeutic targets. Attempts to solve this issue yielded only 
partial and non-exhaustive results. We developed a multidisciplinary approach by coupling in vitro infection 
assay, mass spectrometry (MS), protein 3D modelling, and surface plasma resonance (SPR). As a proof of concept, 
the effect of low UV-C (273 nm) irradiation on SARS-CoV-2 spike (S) protein was investigated. Following UV-C 
exposure, MS analysis identified, among other modifications, the disruption of a disulphide bond within the 
conserved S2 subunit of S protein. Computational analyses revealed that this bond breakage associates with an 
allosteric effect resulting in the generation of a closed conformation with a reduced ability to bind the ACE2 
receptor. The UV-C-induced reduced affinity of S protein for ACE2 was further confirmed by SPR analyses and in 
vitro infection assays. This comprehensive approach pinpoints the S2 domain of S protein as a potential thera-
peutic target to prevent SARS-CoV-2 infection. Notably, this workflow could be used to screen a wide variety of 
microbial protein domains, resulting in a precise molecular fingerprint and providing new insights to adequately 
address future epidemics.   

1. Introduction 

Effective microbe inactivation mostly depends on pathogen structure 
and composition [1,2]. Thus, delving into the biological functions of 
pathogen domains involved in microbial-host cell interaction, assembly 
and budding is of foremost importance for a better understanding of 
infectious disease mechanisms. Notably, clarification of the nature of 
such interactions could also lead to the design of novel pharmacological 

approaches [3]. This has been addressed using a number of different 
methodologies, from mass spectrometry (MS) to computational analyses 
[4,5]. However, none of these methods was able to provide fully satis-
factory results. 

The recent COVID-19 pandemic driven by SARS-CoV-2 has further 
emphasised this caveat, and has shown that the world is unprepared to 
rapidly identify microbial Achilles’ heels, delaying the development of 
effective treatment strategies against the effects of deadly, and 
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transmissible pathogens. Indeed, actual strategies adopted in the case of 
a public health emergency are too slow to keep up with pathogen mu-
tation rate, mainly in viral infections [4]. Hence, there is an actual need 
for a rigorous, and reliable workflow able to promptly define the 
structural composition and biological functions of microbial domains 
directly involved in pathogen-host cell interaction, which is a prereq-
uisite for effective, and specific drug design. 

The use of computational methods for the analysis of therapeutic 
viral targets and the discovery of potential drugs has indeed exploded 
since the beginning of the COVID-19 pandemic. For example, Wu et al. 
employed Homology modeling and Molecular docking to solve the 
three-dimensional structures of all the 24 proteins of SARS-CoV-2 and 
their drug complexes, providing more target information for drug 
intervention and long-term drug design [4]. 

The SARS-CoV-2 Spike (S) protein is mainly responsible for virus 
penetration in human cells following angiotensin-converting enzyme 2 
(ACE2) receptor binding [6]. Thus, S protein, in particular its S1-RBD 
domain, represents the main target for vaccine formulation; however, 
the use of covalent Spike protein inhibitors has recently emerged as a 
therapeutically effective strategy as well. This is the case of peptides that 
interrupt the RBD–ACE2 interaction, interfere with the cleavage of S 
protein, and block the HR1–HR2 interaction from forming a 
fusion-active core, or mAbs that target the S protein [7]. Again, these 
include small molecules, such as amiodarone, which blocks the in vitro 
spread of SARS-CoV by inhibiting virus infection at a post-endosomal 
level [8], or tetra-O-galloyl-beta-D-glucose (TGG) and luteolin, which 
block SARS-CoV or SARS pseudovirus entry into Vero E6 cells [9]. More 
recently, Wang et al. adopted a workflow based on cryo-EM and SILCS 
Simulation, followed by Structure-Based Hierarchical Virtual Screening 
and Surface Plasmon Resonance (SPR) to identify small molecule mod-
ulators against the FFA-binding pocket of SARS-CoV-2 S protein [3]. 
Again, MS analysis as well as combined, state-of-the art methodological 
investigations have been used to investigate the binding sites involved in 
the specific interaction domains [10,11] and/or to dissect virus-host 
interaction mechanisms [12,13]. For instance, Lai et al. used comple-
mentary approaches to demonstrate the existence of potential antigenic 
cross-reactivity between S1-RBD and its receptor ACE2 [14]. 

Notwithstanding, the emergence of new viral mutations and strains 
progressively limits the effectiveness of pre-existing drugs/vaccines [15, 
16], claiming for a continuous development of novel ones. This pushed 
us towards the conception of a pipeline which might be useful to address 
the present but also future challenges. Indeed, beyond SARS-CoV-2, 

similar approaches could be applied to all viruses presenting peplom-
ers on their surfaces, such as other coronaviruses (hOC-43, hNL-63, 
MERS-CoV, SARS-CoV-1), viruses belonging to the family of Para-
myxoviridae, or some retroviruses. 

Here, we propose an unbiased/multidisciplinary roadmap coupling 
in vitro infection assay, MS, protein 3D modelling and SPR to thoroughly 
dissect and identify microbe molecular domains that could be potential 
therapeutic targets (Fig. 1). The methods combined in this pipeline 
confirm and expand the results obtained by each of them individually, so 
as to depict a comprehensive prospective of the molecular and func-
tional role of the identified target. As a proof of concept, we investigated 
the effect of low UV-C irradiation (273 nm) on the SARS-CoV-2 S pro-
tein. Indeed, as previously documented by fluorescence in situ hybridi-
zation (FISH) experiments, UV-C treatment does hamper SARS-CoV-2 
ability to infect susceptible cells [17]. This occurs probably by damaging 
viral proteins (capsid/receptors) that are involved in the recognition of 
target host cells and absorb in the same spectral range [18,19]. Yet, the 
molecular domains affected by UV-C radiations, their role in enabling 
SARS-CoV-2 infection, and the possibility to exploit them in the setting 
up of new therapeutic strategies have not been investigated so far. 

By integrating results obtained through this comprehensive 
approach, we expect to build a pipeline facilitating the identification 
and prioritization of candidate targets suitable for novel drug develop-
ment. Our goal is to provide a reliable, time- and money-saving work-
flow that could help investigators to quickly answer complex biological 
questions about protein-protein interactions in the frame of target 
identification and/or drug discovery. 

2. Materials and methods 

2.1. Experimental design 

As shown in Fig. 1, SARS-CoV-2 infection/replication capability was 
assessed in an in vitro infection assay following exposure to different UV- 
C irradiance intensities. Once set up/optimized the protocol of UV-C ray 
administration, dosage, and timing (Fig. lA), the molecular modifica-
tions induced by UV-C exposure on the Spike (S) protein were investi-
gated by different approaches: i) characterization by MS; ii) S modelling 
and structural dynamics; and iii) affinity receptor binding by SPR 
analysis (Fig. 1B). 

Fig. 1. General flow chart of the experimental work. Graphical representation of the multidisciplinary approach adopted to assess how UV-C irradiation affects SARS- 
CoV-2 S protein. (A) SARS-CoV-2 in vitro infection assay to set-up UV-C ray administration, dosage, and timing; (B) analyses of UV-C induced effect on the S protein, 
by mass spectrometry (MS), surface plasma resonance (SPR) and computational methods involving modelling and structural dynamics. 
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2.2. Cell lines, virus, and reagents 

VeroE6 cells (CRL-1586™, African green monkey kidney epithelial 
cells), purchased from American Type Culture Collection (ATCC®, 
Manassas,VA, USA) were grown in DMEM high glucose (ECB20722L, 
Euroclone, Milan, Italy), supplemented with 10% FBS, and 1% L- 
Glutamine (LG) and Penicillin Streptomycin (PS). Cells were grown at 
37 ◦C in 5% CO2 and at 98% humidity. Cells were routinely checked for 
mycoplasma contamination by PCR test. Cells between passages 15 and 
25 were used for the experiments. SARS-CoV-2 Virus Human 2019-nCoV 
(strain 2019-nCoV/Italy-INMI1, Rome, Italy) was expanded in VeroE6 
cells and infectious viral particle concentration was assessed by TCID50 
endpoint dilution assay as previously described [20]. Recombinant 
SARS-CoV-2 S protein was purchased from R&D Systems (Cat. N. 
10549-CV, R&D Systems biotechne, Minneapolis, MN, USA. Peptide 
Array, SARS-Related Coronavirus 2 S Glycoprotein was obtained from 
BEI Resources NIAID, NIH (Cat. N. NR-52402, BEI Resources; www. 
beiresources.org). Human ACE2 protein was purchased from AcroBio-
systems (Newark, DE). Carboxy-methyl dextran CM5 sensorchip, 1-eth-
yl-3-(3-diaminopropyl)-carbodiimide hydrochloride (EDC) and 
N-hydroxysuccinimide (NHS) were purchased from Cytiva (Marl-
borough, MA). Bovine Serum Albumin (BSA) was purchased from Merck 
(Darmstadt, Germany). 

2.3. UV-C treatment at different irradiance/time combinations 

To evaluate the relationship between UV-C irradiance intensity and 
SARS-CoV-2 inhibition, we performed an UV-C illumination test fol-
lowed by an in vitro SARS-CoV-2 infection assay. 

VeroE6 cells were seeded in 24-well plates (2,5 × 105 cells/well), 
and cultured in complete medium (DMEM with 10% FBS, 1% LG and PS) 
for 24 h before viral infection assay. SARS-CoV-2 at 1.5 × 103TCID50 
was irradiated using a custom-made UV lamp equipped with UV-C LEDs 
peaking at 273 nm and delivering a maximum irradiance of 0.15 mW/ 
cm2. The total irradiation dose to be delivered before viral inoculum into 
VeroE6 cells was set at about 4 mJ/cm2, which was provided through 
different irradiance-exposure/time combinations (Table 1). The illumi-
nation of the virus suspension, as well as the in vitro infection assay were 
performed as previously described [17,21]. UV- virus served as positive 
control in each test, considering the large difference in the exposure 
times. Viral replication in culture supernatants was assessed by an in-
tegrated culture-polymerase chain reaction [22] at 1, 2 and 7 dpi, while 
infected cells were harvested for RNA isolation at 7 dpi. Viral RNA was 
quantified as previously described [17,21]. 

2.4. UV-C (273 nm) irradiation of SARS-CoV-2 S protein 

A recombinant S protein (S; see Reagents paragraph 2.2 for details) 
was used to perform UV-C light irradiation. In detail, the same amount of 
protein (5 µg) was employed for UV- and UV+ S experiments, which 
were performed concurrently. The UV+ sample was obtained by S illu-
mination with the same lamp used for the virus suspension irradiance 
tests (UV-C LEDs at 273 nm) with minor modifications. In particular, 
irradiation experiments were performed setting UV-C lamp at 100% 
intensity power and the LED-sample distance was minimized to increase 
the maximum irradiance and reduce the exposure time to 10 s. This 

precaution was necessary to avoid as much as possible the solvent 
evaporation during the test. Both UV- and UV+ samples were immedi-
ately digested with 100 ng of trypsin (Sequencing Grade Modified 
Trypsin, Porcine, Promega) with a used ratio of 1:50 at 37 ◦C for three 
hours. In order to stop digestion, the obtained peptide mixture was 
diluted in 0.1% formic acid solution (pH <2) and 0.6 µg was injected for 
each liquid chromatography-MS (nLC-MS) analysis. For proteomic 
analysis, selected synthetic peptides and a S synthetic library (see Re-
agents paragraph 2.2. for details) were subjected to UV-C irradiation and 
immediately analysed by nLC-MS avoiding the digestion step. 

2.5. nLC-MS analysis 

The tryptic S peptide mixtures were analysed by the Eksigent 
nanoLC-Ultra® 2D System (Eksigent, AB SCIEX Dublin, CA, USA) 
configured in trap-elute mode as previously described [23] through a 
70 min gradient of eluent B (eluent A, 0.1% formic acid in water; eluent 
B, 0.1% formic acid in acetonitrile).). Briefly, 600 ng of digested S 
protein was loaded on a first trap (200–500 µm ChromXP C-18-CL, 3 µm, 
120 Å) and then eluted on a reverse-phase nano-column (75 µm x 15 cm 
ChromXP C18-CL, 3 µm, 120 Å) at a flowrate of 300 nL/minute. The 
peptide mixtures were separated according to specific gradients (from 
5% to 10% B in 2 min, 10–60% B in 38 min, 60–95% B in 8 min and 
holding in 95% B for 9 min before returning at 5% B in 3 min) and 
analysed by LTQ-OrbitrapXL mass spectrometer (Thermo Fisher Scien-
tific, Waltham, CA, USA) equipped with a nanospray ion source which 
were managed by Xcalibur software version 1.4 (Thermo Fisher Scien-
tific, Waltham, CA, USA). Full mass spectra were acquired at 
400–1600 m/z scan range in positive ion mode and with a resolution 
setting of 60000 FWHM (@ m/z 200) and a scan rate of 2 spectra/-
second. The full MS was followed by five low-resolution MS/MS events 
that were sequentially generated in a data-dependent manner on the top 
five ions selected from the full MS spectrum (at 35% collision energy), 
with an isolation window of 2 m/z from the survey scan. 

Protein quantification was based on the Peptide Spectrum Match 
(PSM) as widely used for label-free proteomics, specifically for differ-
ential analysis, comparing the PSMs of proteins or peptides between two 
or more conditions [24–27]. The experimental spectra were analysed by 
Protein Discoverer 2.1 software (Thermo Fisher Scientific, Waltham, CA, 
USA), with Sequest HT search engine [28] against NCBI sequence 
YP_009724390 (surface glycoprotein [Severe acute respiratory syn-
drome coronavirus 2]) retrieved from UNIPROT database (www.uni-
prot.org) on July 2021 and the protein sequence modified according to 
the datasheet of purchased S protein. Peptide and protein assignments 
were by setting: trypsin as enzyme; three missed cleavages per peptide; 
mass tolerance of ± 50 ppm for precursor ions and ± 0.8 Da for frag-
ment ions. Each condition/sample was run in LC-MS twice for technical 
replications (N runs = 6). 

2.6. Computational methods 

Both the structure with three-RBD-down (down) and one-RBD-up 
(up) of SARS-CoV-2 S protein were studied. The down conformation 
model 6vxx_1_2_1 (1–1146 AAs) without glycans, was taken from the 
CHARMM-GUI website (http://www.charmm-gui.org/docs/archive/ 
covid-19, accessed on 10 June 2021), meanwhile the up model with 
glycans was taken from the last frame of 2 μs of classic MD simulation of 
the model N234-Man9_Replica1.pdb[29]. 

In order to model the UV+ S protein both models have the disulphide 
bond broken, between Cys 1032 and Cys 1043 in all three chains. 

MD simulations were performed using Amber 20 package [30], the 
ff14SB force field parameters was used for protein, meanwhile the 
GLYCAM06j-1 version of the GLYCAM06 force field was used for the 
glycans. Each complex was solvated in a periodic cubic water box using 
the TIP3P water model with 12 Å between the solutes and the edges of 
the box, then a suitable number of Na+ and Cl− ions were added to 

Table 1 
Different combinations in irradiance fraction and time exposure employed for 
the in vitro SARS-CoV-2 infection assay.  

Wavelength 
(nm) 

Irradiance 
(% of the maximum value) 

Exposure time 
(sec) 

273 5 540 
273 20 135 
273 100 27  
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neutralize the whole system. Each system was minimized in 6 consec-
utive minimization steps, each step of minimization was executed by the 
steepest descent method (15,000 steps) with decreasing positional re-
straints from 10 to 0 kcal/mol A2 for each protein heavy atom. Other 
two consecutive minimization steps were executed, both composed by 
the steepest descent method (10,000 steps) followed by the conjugate 
gradient method (5000 steps). The systems were then subjected to two 
consecutive steps of heating, each of 500 ps, from 0.1 to 100 K and from 
100 to 300 K with positional restraints for each protein heavy atom of 
5 kcal/mol A2, in an NVT ensemble with a Langevin thermostat. Bonds 
involving hydrogen atoms were constrained with the SHAKE algorithm 
and a 2 fs time step was used. The Van der Waals interactions were 
truncated at 11 Å and Particle Mesh Ewald (PME) was used to treat 
long-range electrostatics with B-spline interpolation of order 4. Then, 
the system was brought to 300 K an equilibration phase in the NPT 
ensemble of 1 ns and was used to set the pressure to 1 atm. The pressure 
was held constant with isotropic pressure scaling and a pressure relax-
ation time of 2.0 ps. At this point all restraints on the protein heavy 
atoms were removed, allowing the system to evolve for 15 ns of 
conformational equilibration and a classic MD for 150 ns of production 
in the down models (UV- and UV+ S) and 500 ns for the up models (UV- 

and UV+ S) were performed. Gaussian accelerated MD (GaMD) pmemd. 
cuda implementation from Amber 20 [31] was used to generate 2 μs for 
the down models (UV- and UV+ S) and 1.75 μs for the up models (UV- 

and UV+ S). The dual boost method was employed, adding a biasing 
force to both the total and dihedral potential energy. The threshold 
energy was set to the lower bound. GaMD production of equilibrated 
systems was carried out in five stages. In the first one, 10 ns of prepa-
ratory conventional MD simulation was carried out, without any sta-
tistics collected. In the second one, 20 ns of conventional MD was 
carried out to collect potential statistics Vmax, Vmin, Vavg, and σV. In 
the third one, 8 ns of GaMD was carried out with a boost potential 
applied with fixed parameters. Then, 80 ns of GaMD was carried out 
with updated boost parameters, and finally, the GaMD production run 
reported before was carried out with fixed boost parameters. All pro-
duction simulations were carried out using the same parameters of the 
classic MD simulations. 

The molecular dynamics simulations were carried out on the EOSC 
Compute Platform, a distributed federated compute infrastructure that 
serves users of the European Open Science Cloud (EOSC). The simula-
tions were performed and analyzed using the tool Amber 20 on six 
virtual machines equipped with a total of 8 GPUs. As for the GPUs, 
dynamics were performed on devices based on the NVIDIA Ampere ar-
chitecture. Specifically, four A100 GPUs that achieved a performance of 
approximately 35 ns/day, and four A40 GPUs that achieved a perfor-
mance of approximately 26 ns/day. MD trajectories were analyzed using 
CPPTRAJ from AmberTools20 [30], and molecular graphics analysis 
was performed using the python package matplotlib [32], Visual Mo-
lecular Dynamics (VMD) [33] and Chimera X [34]. Root mean square 
deviations (RMSD) were calculated for all C-alpha atoms of the indi-
vidual S chains and for the entire system. Furthermore, the conforma-
tional ensembles obtained from GaMD production runs of the trajectory, 
in which the RMSD values were stable along the trajectory, were used to 
compute the RMSF of C-alpha atoms and for clustering analysis using the 
hierarchical agglomerative (bottom-up) approach with epsilon 2.0 on 
720–729,1026–1068 AAs. Hydrogen bonds analysis was carried out 
along trajectories obtaining the hydrogen bond frequency for each res-
idue pair and the results were visualized on the representative structures 
by Chimera X. Essential dynamics (ED) analysis was performed using 
Principal Component Analysis (PCA) on each trajectory. The principal 
modes of motion were visualized using VMD. The first normalized ei-
genvectors for RBD of UV- and UV+ were plotted along the trajectory, 
and the porcupine plot was used to visualize the direction of motion. 
Dynamic Cross Correlation analysis was obtained by the matrix corell 
command in CPPTRAJ and from the matrix the lines corresponding to 
the Cys1032 and Cys1043 for each chain were selected for visualization. 

2.7. Surface plasmon resonance (SPR) analysis 

A BIAcore X-100 instrument (GE-Healthcare) was used. ACE2 was 
immobilized on one of the two flow cells of a CM5 sensor chip by 
standard amine-coupling chemistry as previously described[35]. On the 
second flow cell, BSA was immobilized to be used for blank subtraction. 
Different sensor-chips were prepared and used for the analyses, with the 
amount of immobilized ACE2 and BSA ranging from 2400 to 7300 RU 
(equal to 19–58 femtomoles/mm2), and 1600 to 13,300 RU (equal to 
22–186 femtomoles/mm2), respectively. To compare the capacity of UV- 

and UV+ S to bind ACE2, the S protein was injected over the sensorchip 
at increasing concentration in HBS-EP buffer (0.01 M HEPES pH 7.4, 
0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) by adopting the 
single cycle model [36]. Dissociation Constant (Kd) values were calcu-
lated by steady state analyses performed by fitting the proper form of 
Scatchard’s equation for the plot of the bound resonance units (RU) at 
equilibrium versus the compound concentration in solution. 

2.8. Statistical analyses 

Validation of identified peptides was performed in Proteome 
Discoverer 2.1 by Target Decoy PSM Validator and a false discovery rate 
(FDR) ≤ 0.01 (strict) and FDR ≤ 0.05 (relaxed) and maximum deltaCN 
of 0.05. The minimum peptide length of 4 amino acids at confidence 
medium level was set. 

For the study variables, medians and ranges were reported for 
quantitative variables, and absolute and relative frequencies were re-
ported for categorical variables. The Student’s t-test and analysis of 
variance (ANOVA) were applied when appropriate. A p-value < 0.05 
was set as cutoff for significance, for both SPR and nLC-MS analyses, 
also. Data were expressed as mean ± SEM.The analyses were performed 
using GraphPad Prism 9. 

3. Results 

As a proof of concept of our multidisciplinary approach, the effect of 
low UV-C (273 nm) irradiation on SARS-CoV-2 S protein was investi-
gated by coupling preliminary in vitro infection assay, mass spectrom-
etry (MS), protein 3D modelling and surface plasma resonance (SPR), to 
evaluate UV-irradiation effect on S. 

3.1. UV-C irradiation at different irradiance/time combinations 

Results indicated that a 4 mJ/cm2 UV-C dose at 273 nm is capable of 
completely inhibiting viral replication. This outcome confirms and adds 
to our previous results documenting the antiviral effect of UV-C at 
253 nm and 278 nm [17,21]. Importantly, the present results indicate 
that virus inhibition is dependent on the total irradiation dose alone, 
regardless of the time required to provide such dose, at least in the range 
used (a factor 20 in irradiance/time). In other words, virus inactivation 
relies exclusively on the total photons delivered to the sample, and such 
inhibition is maintained over time, as assessed by monitoring 
SARS-CoV-2 replication both in the cell supernatants (Fig. 2A and B) and 
at intracellular level at 7 days post infection (dpi) (Fig. 2C). 

3.2. Mass spectrometry (MS) investigation of UV-C-induced S protein 
modifications 

The UV-C light effects on S protein were assessed through high- 
resolution MS coupled to nano-liquid chromatography (nLC-MS) to 
characterize modifications on tryptic peptides. 

These analyses allowed a total sequence coverage of nearly 76% for 
the S protein. Of note, nLC-MS analyses presented a poor coverage in the 
range of 529-to-733 aminoacids (AAs), which represents the proximity 
region between S1 and S2 domain (S1 domain: 13–685 AAs; S2 domain: 
686–1273 AAs; S2/S2’: 686–816 AAs), due to the low number of tryptic 
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sites (lysine, K, or arginine, R); instead, the Receptor Binding Domain 
(RBD) domain (319–541 AAs), as well as the N- and C-termini were 
almost completely covered by proteomic analysis (Figs. 3 and S1). 

The structure of peptides from UV+ and UV- S protein was compared 
to verify which of them was modified by UV-C irradiation. As reported 
by Zhang et al., 2022 [37], the light-induced post-translational modifi-
cations (PTMs) potentially include: oxidation, dehydration, hydration, 
deamination, as well as cysteine (Cys) oxidation in sulfinic and sulfonic 
acids, which were all investigated in the present study (Table S1). 

Based on repeatability and statistical confidence, three peptides were 
selected for further evaluation. Two of them, GVYYPDK (35–41 AAs), 
GIYQTSNFR (311–319 AAs) are localized on the S1 domain, and the 
third one MSECVLGQSKRVDFCGK (1029–1045 AAs) on the S2 domain. 

Following UV-C irradiation, the two peptides on S1 changed in 
abundance (Fig. 4A and B), but no PTMs were detected. These findings 
might be correlated to an electron rearrangement followed by a folding 
variation, potentially determining a different exposition of tryptic site 
on the S protein (see computational evaluation reported below). 

As for the MSECVLGQSKRVDFCGK peptide on S2 (Figs. 4C and S2), 
UV-C irradiation resulted in the oxidation in one of the cysteines, dis-
rupting the disulphide bond Cys1032-Cys1043. Of note, this disulphide 
bridge is located in a conserved structural region of the trimeric S pro-
tein; as such, it was further characterized on 3D protein modelling. 

Finally, based on MS data, single synthetic peptides corresponding to 
the three selected sequences altered by UV treatment (29- 
TNSFTRGVYYPDKVFRS-45; 309-EKGIYQTSNFRVQPTES-325; 1030- 
SECVLGQSKRVDFCGKG-1046), as well as a mixed synthetic peptide li-
brary of the whole S protein were irradiated with UV-C, and potential 
modifications were searched by nLC-MS, compared to untreated ones. 
No variations were detected (data not shown), indicating that UV-C- 
induced modifications are evident only on the folded and entire protein. 

3.3. Structural and dynamic effects on S protein after UV-C exposition 

Previous sequence analysis and structural comparison among spike 

proteins (MERS-CoV, SARS-CoV and SARS-CoV-2), show that Cys1032 
and Cys1043, which were identified in the present study by MS, are 
located in the S2 subunit of the S protein, close to a region of highly 
preserved residues that are involved in the formation of a prominent H- 
bond cluster (Fig. 5) [38]. To assess the role played by the 
Cys1032-Cys1043 disulphide bond in the structure and function of the S 
protein, molecular dynamics (MD) simulations were performed for the 
UV- trimeric form, and for UV+ that has the broken disulphide bond in 
open (up) and closed (down) conformations. The root mean square de-
viation (RMSD) values were calculated among the initial conformation 
of S structure and all the following conformations to verify the stability 
of the systems; as shown in Fig. S3, all systems are well equilibrated. 
Analysis of the MD trajectories show that after UV-C treatment, the 
central network of H-bonds is ruptured in both conformations, the open 
and closed one (Fig. 5). 

To explore the effect of the breaking disulphide bridge in the UV+

structure and dynamics, the root mean square fluctuations (RMSF) of 
each residue was calculated; the difference between the RMSF values of 
the UV+ and UV- S protein for each chain, is shown in Fig. S4A. Regions 
with the greatest difference in the RMSF values between the UV+ and the 
UV- are in the receptor binding motif (RBM) region, which interacts 
directly with the human Angiotensin-Converting Enzyme 2 (ACE2) re-
ceptor, and in the NTD domain. 

To understand how the local disruption of the H-bond cluster, close 
to Cys1032 and Cys1043, affects the dynamic behaviour of S protein 
potentially altering the affinity for the ACE2 receptor, the long-range 
protein correlated motion was investigated. Indeed, correlative and 
anti-correlative motions play a vital role in recognition and binding in a 
biological-complex system, and they can be extrapolated from MD 
simulation trajectory [39]. 

The difference between the dynamic cross-correlation coefficients of 
the UV- and UV+ S protein in up conformation were computed. From the 
complete dynamic cross-correlation map, showing for each residue 
those ones correlated with its motion, only the correlations of the cys-
teines belonging to the disulphide bond were reported in Fig. S4B. 

Fig. 2. Viral replication of UV-C-irradiated SARS-CoV-2 in in vitro infection assay. VeroE6 cells were infected with UV- and UV+ SARS-CoV-2 (1.5 ×103 TCID50). The 
virus was irradiated using different UV-C irradiances (5, 20, 100%) and by adapting time of exposure in order to obtain 4 mJ/cm2. Cell culture supernatants were 
harvested at the indicated times (1, 2 and 7 dpi) and virus titers were measured by absolute copy number quantification (Real-Time PCR) targeting viral genes N1 (A) 
and N2 (B). Viral load was assessed even on cell lysates harvested at the end of cell cultures (7 dpi) (C). For each condition, cells were seeded in duplicate. Mean 
values ± SEM from 3 experiments are shown. 

Fig. 3. S protein coverage obtained by nLC-MS analysis. Covered and uncovered sequences are reported as colourful and blank boxes, respectively. NTD= N-terminal 
domain, RBD= receptor-binding domain, SD= subdomain, FP= fusion peptide, CR: connecting region, HR1 = heptad repeat 1, CH= central helix, BH= β-hairpin, 
HR2 = heptad repeat 2, TM= transmembrane domain, CT= cytoplasmic tail. The positions of the three selected peptides are indicated by a red asterisk (*). 
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Data indicate that the breaking of the disulphide bond generates a 
long-distance correlated motion from the S2 to the S1 subunit, as further 
confirmed by the RMSF difference of regions as shown in Fig. S4A. This 
long-distance correlation may indeed be caused by a cumulative effect of 
many small local fluctuations on the way toward the RBD, along struc-
tural patches connecting these sites, allowing “distant” residues like 
Cys1032 and Cys1043 to affect RBD domain functionality. 

Checking the extreme movements of the C-alpha atoms in the 
S1subunit, we observed that the UV+ RBD in open conformation moves 
inward the center of the protein (Fig. 6). This results in a closer 

conformation altering the binding region to the cellular receptor, 
although the overall form of the S protein is mostly unchanged. 

3.4. Effect of UV-C treatment on the capacity of S protein to bind to ACE- 
2 

To assess whether UV-C-induced modifications alter the capacity of 
the S protein to bind to ACE2, UV- and UV+ S proteins were subjected to 
SPR binding analysis onto a biosensor containing immobilized ACE2. As 
shown in Fig. 7A, injection of increasing concentrations of the two forms 

Fig. 4. Quantification of selected peptides by nLC-MS analysis. Selected peptides are quantified before and after UV-C irradiation using Peptide Matches (PSMs) 
values for UV-(grey) and UV+ (blue). (A) GVYYPDK, (B) GIYQTSNFR, (C) MSECVLGQSKRVDFCGK. * p < 0.05; * *p < 0.01. 

Fig. 5. MD trajectories. (A) Schematic representation of the SARS-CoV-2 S1-S2 protein structure. One of the three S chains is shown in the cartoon and coloured 
according to its domains: NTD in green, RBD in orange, SD1 bright orange, SD2 in yellow composing the S1 subunit and FP in cyan, HR1 in grey, CH in pink, core β 
sheet in blue and CD in light green composing the S2 subunit. (B), The up- and down-conformations of UV+ and UV- S local structures (res 720–729,1026–1068) near 
the Cys1032-Cys1043 disulphide bridge are depicted as cartoons; residues involved in the central H-bond network are shown as sticks coloured by chain A (red), 
chain B (blue) and chain C (black). H-bonds are shown as cyan dotted lines. 
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of S protein onto the ACE2-containing biosensor provided saturable and 
dose-dependent sensorgrams. Saturation curves could be plotted with 
the binding values at equilibrium (Fig. 7B), allowing the calculation of 
the dissociation constant (Kd) value, that is inversely proportional to the 
binding affinity. As shown in Fig. 7C, UV-C exposure causes a significant 
3-fold decrease of the S protein binding affinity to ACE2. These data, in 
line with those provided by the modelling analyses, suggest that UV-C 
irradiation significantly impairs S protein interaction with ACE2, thus 
hampering virus infectivity, as supported by the in vitro infection assays. 

4. Discussion 

The ultimate goal of virus–host protein interaction studies is to 
dissect interaction events that are critical for different stages of a viral 
infection, and could serve as molecular targets for the formulation of 
new pharmaceutical approaches. In this setting, the integration of pro-
teomics approach to virology has enabled a significant coverage of 
biological insight into the mechanisms of virus-host protein-protein in-
teractions driving cellular infection. In particular, the application of 
nLC-MS analyses has allowed high-throughput profiling of viral protein 
domains/sequences involved in the host-infection process [40,41]. 

Likewise, computational analyses and interpretation of the bio-
informatic datasets allow for the assessment of interaction specificity, 
and the generation of virus–host protein interaction networks [42]. 

To date, these advances in proteomic and computational methods 
have paved the way for the identification of an impressive number of 
virus–host protein associations that might not have been otherwise un-
covered by more traditional approaches. However, the independent use 
of these methodologies provides only a partial, non-exhaustive 
overview. 

The workflow developed through the present study integrates the 
expertise of different scientific teams to offer a successively detailed 
analysis from the macroscopic to the molecular perspective: virus, 
protein, domain, peptide, aminoacids. As a result, the pipeline here 
presented enables identification and molecular characterization of those 
pathogen domains that are mostly susceptible to alterations induced by 
a wide variety of biophysical, biochemical, or pharmacological ap-
proaches. Focusing on structural proteins with a key role in the cell- 
internalization step enables in-depth characterization of the pathogen- 
host interactions and allows for the identification of specific subunits 
serving as potential therapeutic targets. 

Briefly, the workflow provides a preliminary phase that involves 
exposure of the microorganism to a specific treatment/compound that is 
either known or expected to interfere with its life-cycle as assessed by 
monitoring through an in vitro infection assay aver time. Once the latter 

Fig. 6. Extreme movements of the C- 
alpha atoms of the S1 domain along the 
first principal component. Change in 
motion of the up-RBD is shown in 
cartoon by the superimposition of ten 
conformations extracted at equal time 
intervals along the trajectories (from 
blue to red) and projected onto the first 
essential dynamics eigenvector for the 
UV- (A) and UV+ (B). The porcupine 
plot corresponding to C-alpha atom 
projections of the RBD domain onto the 
first normal mode is shown as well.   

Fig. 7. SPR analysis of the UV- or UV+ S protein binding to sensorchip- 
immobilized ACE2. (A) Overlay of blank-subtracted sensorgrams derived from 
a single cycle analysis of UV- (gray) or UV+ (blue) S proteins at 9.4, 18.8, 40, 
37.5, 75, 150 mM injected on the ACE2 biosensor. White and black arrows 
point to the start and end of the injections, respectively. (B) Overlay of the 
steady-state analysis of UV- (gray) or UV+ S (blue) injected onto the ACE2 
biosensor. The results shown are representative of three n = 3 experiments that 
gave similar results. (C) Kd of the UV- or UV+ S protein interaction with 
sensorchip-immobilized ACE2. The difference between the calculated Kd mean 
value is statistically significant (** p < 0.006). 
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has been established, it is possible to investigate the causes behind this 
phenomenon through a focused analysis on the microbial domains that 
are mostly susceptible to treatment-induced alterations. In detail, the 
next in-depth investigation consists of three different, but complemen-
tary approaches aimed at: i) characterizing the pathogen ligand - host 
receptor binding affinity (SPR), ii) identifying altered levels of peptides 
after treatment/exposure (nLC-MS) and iii) evaluating the effect of 
treatment-induced alteration on the protein structure and therefore the 
protein loss/gain of function (Computational methods). 

In our pilot study model, we employed UV-C radiation based on its 
previously established microbicidal efficacy against a wide range of viral 
species, including SARS-CoV-2 [21,43–48]. This occurs primarily by 
damaging viral nucleic acids. However, our intent was to exploit the 
effect of UV radiation upon viral proteins (capsid/receptors) which are 
involved in the recognition of target host cells and absorb in the same 
spectral range [18,19], so as to identify any alterations which could 
disclose susceptible molecular domains. Pioneering studies [17,21] 
assessing the minimum UV-C-dose necessary to completely inactivate 
SARS-CoV-2, showed that a 4 mJ/cm2 dose almost abrogates viral 
infectivity. Herein, by adopting the multidisciplinary approach, we 
investigated the effect of low UV-C irradiation (273 nm) on SARS-CoV-2 
S protein, as in our hands, treatment with this UV wavelength is suffi-
cient to hamper SARS-CoV-2 infectivity, as documented by fluorescence 
in situ hybridization (FISH) [17]. 

The S protein consists of two subunits, namely S1 and S2. The S1 
subunit contains the RBD, which mediates virus binding to the ACE2 
receptor. Conversely, the S2 subunit, which includes a fusion peptide 
(FP), the heptad repeat (HR) 1 and 2, transmembrane (TM) and cyto-
plasmic fusion (CT) domains, regulates viral-cell membrane fusion by 
forming a six-helical bundle via the two-HR domains [49]. To verify 
whether UV-C exposure modifies the S protein, and specific AAs, we 
coupled MS to molecular modelling and receptor binding affinity 
analyses. 

Label-free MS-based results showed that several reproducible AA 
modifications occur in the S protein following UV-C irradiation. Among 
these, we focused on a peptide sequence (MSECVLGQSKRVDFCGK) 
within the S2 domain in an internal site of the tri-dimensional protein 
conformation. Notably, the MSECVLGQSKRVDFCGK peptide contains a 
disulphide bridge, which is partially disrupted and oxidized following 
UV-C irradiation. This appears particularly relevant when considering 
that the 14 disulphide bonds within the S protein [49,50] are crucial to 
stabilize the tertiary and quaternary protein conformation, as well as to 
preserve its flexibility and dynamicity. These features are essential to 
guarantee its conformational transitions, as the S protein must shift from 
an inactive “down” position to an active “up” one in order to properly 
accomplish the two-step infection process [51]. The key function dis-
played by these bridges is further endorsed by evidence that mutations 
of these Cys residues result in either a significant decrease in the 
expression levels or a complete loss of function [52]. 

As for the effect of UV-C irradiation, it has already been reported that 
the structural integrity of any disulphide bonds may be compromised 
due to the high vibrational excitation energy related to high-lying 
Rydberg states [53]. Normally, this vibrational energy occurs in few 
aromatic AAs inside the peptide that promote the energy transfer to 
Cys-Cys bond, thus causing photodissociation breakage/cleavage [54, 
55]. Notably, each of the two (GVYYPDK and GIYQTSNFR) out of the 
three selected peptides contains 2 aromatic AAs. UV-C disulphide bridge 
disruption on the RBD domain was recently investigated by Shi et al. 
[56] by means of reducing agents and MS-based approach. By using 
non-cytotoxic thiol-based chemical probes, the authors concluded that 
the UV-C antiviral activity is based on redox mechanisms disrupting the 
RBD disulphides. Moreover, molecular dynamics simulation analyses 
underlined the critical impact of conformational changes in the RBD 
motif occurring concomitantly with breakage of Cys-Cys disulphide 
pairs, despite their distance to the ACE2 recognition motif [56]. 

Our results show that UV-C-related disruption of disulphide bonds 

occurs within the S2 domain rather than the RBD, possibly impairing the 
protein’s dynamic, which in turn, may affect the virus ability to enter 
host cells. In this scenario, our computational analysis shows that the 
UV-C-induced Cys1032-Cys1043 disruption destabilizes the local 
hydrogen bond network, causing internal fluctuations of the AA residues 
from the S2 to the S1 subunit. This long-range allosteric effect in turn 
triggers inward movements of the RBD, fostering a closer conformation 
which is less prone to bind the ACE2 receptor. This speculation would 
also explain why the isolated synthetic peptides corresponding to the 
identified regions, and the whole synthetic library of overlapping pep-
tides were not affected by UV-C treatment. Only the maintenance of the 
overall 3D S protein structure would allow the disulphide bridge to act 
as a quencher of the aromatic chromophore excited states and the 
propagation of the disruptive UV-C effect from the S2 to the S1 domain, 
hampering its binding to ACE2. This is actually confirmed by SPR 
binding analysis that demonstrated a significant 3-fold reduction of the 
binding affinity of the S protein to its ACE2 receptor after UV irradiation. 

Further endorsing this speculation, a similar phenomenon has been 
previously observed for the SARS-CoV S protein. Indeed, mutations of 
two conserved Cys residues, forming a disulphide bridge in the S2 
domain, led to a reduction of membrane fusion capability compared to 
the wild type one, which was even more striking when a double mutant 
was analysed [57]. Results herein are likely to be far more important 
considering that the identified sequence in the S2 domain of 
SARS-CoV-2 is crucial to determining the integrity of the binomial 
structural-functional role of the S protein. Recent studies [58,59] sys-
tematically examining functional dynamics and regulatory centers of S 
trimer, showed that the SARS-CoV-2 S protein acts as an allosteric reg-
ulatory engine that fluctuates between dynamically distinct functional 
states. 

Remarkably, a stabilizing structural role has been assigned to the S2 
subunit acting as an anchoring region for the signal transmission in the S 
protein; this suggests that allosteric signaling mechanisms may be gov-
erned by functional regions in the β-sheet core and CH regions, where 
the identified disulphide bridge is located [60]. Such domains are highly 
conserved among different coronaviruses [61], supporting their rele-
vance in the maintenance of the S glycoprotein structure. Indeed, the 
degree of evolutionary conservation of AA residues is often a suggestion 
of their functional significance [62]. 

We wish to point out that the present study is not devoid of limita-
tions. Traditional reduction and alkylation protocols are used in prote-
omics investigations to improve the coverage of sequences, preventing 
the shuffling of S-S bridge. However, as these procedures produce arti-
facts, the experimental investigation of protein structure herein adopted 
implies the need to avoid reduction and alkylation in order to charac-
terize the actual disulphide bridge status. Alternatively, digestion by 
enzymes working at pH < 4, such as pepsin might be applied [63]; 
however, besides lacking digestion specificity, controlling its activity is 
challenging. Also, the conformational change observed in the compu-
tational analysis needs to be validated by sophisticated procedures, such 
as using hydrogen–deuterium exchange [40] or more complex 
cross-linking protocols [64,65] to study interaction with ACE2. 

Another potential limitation of our approach is that it identifies po-
tential targets but gives no specific hints on effector molecules on these 
targets, which on the one hand, implies the need of coupling it with 
additional targeted analyses such as high throughput screenings. On the 
other hand, high-throughput screening of small molecules selects some 
hits but for their optimization, a knowledge of their mechanism of action 
is required. Again, a major drawback of high throughput screenings is 
the chance of false positives, as it leads to a high failure rate between the 
number of hits and the number of authentic lead compounds, which 
must be eliminated early. In this frame, our approach can be comple-
mentary to high throughput screening by aiding in the identification and 
elimination of false positives, or even in improving its efficiency and 
effectiveness by focusing the analyses on a limited number of relevant 
targets. In this case, we suggest reducing agents as potential effector 
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molecules, but only drug discovery studies could identify specific and 
selective molecules able to break the disulphide bridge that we have 
identified. 

These limits notwithstanding, the proposed multidisciplinary 
approach allows a preliminary screening useful to characterize potential 
domains modified by UV-C irradiation. This approach, although it took 
time and resources, elucidated a key inhibitory mechanism of SARS- 
CoV-2 entry. The proposed model identifies the S2’ subunit of the S 
protein as a novel and potential target for developing new antiviral 
treatments, such as thiol-reducing compounds, to be applied in pre-
clinical practices. Indeed, although the S protein has attracted huge 
interest in vaccine/therapeutic drug discovery, the high variability of 
the S1/RBD domain has drastically hindered the possibility to target it 
with broad-spectrum antiviral inhibitors [61]; conversely, the recently 
highlighted benefits of employing S2’ over S1’ in vaccines and potential 
therapies [66] suggest the possibility to pharmacologically exploit it. 
Advantages include extant cross-reactive neutralizing antibodies in 
populations (due to prior exposure to common cold coronaviruses), the 
steric neutralization potential of antibodies against S2, and the stronger 
memory B-cell and T-cell elicited responses and most importantly, the 
structural conservation of S2 [66,67], as recently occurred for conserved 
regions of other viruses [68]. Our approach has shown that a physical 
inactivator such as UV-C radiation destroys an S2’ disulphide bond, 
which could be exploited for targeting chemical probes that act as 
reducing agents to inhibit infection by SARS-CoV-2 and decrease the 
binding of S glycoprotein to its receptor ACE2. Our findings represent a 
starting point for the characterization of the functional groups of 
chemical inactivators, a fundamental information for the implementa-
tion of a ligand library to be used in virtual screening approaches. These 
concepts further emphasize the need for an in-depth characterization of 
the structural, and molecular accessibility and stability of S2’ in the 
frame of SARS-CoV-2 prevention and treatment. More broadly, we do 
expect to take advantage from the roadmap fine-tuned in this study to 
screen molecular domains of other pathogens resulting in a precise 
molecular fingerprint and providing new insights to adequately address 
future epidemics. 
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