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S1. Amino acid sequences 

S1.1. MERS-CoV S1 

YVDVGPDSVKSACIEVDIQQTFFDKTWPRPIDVSKADGIIYPQGRTYSNITITYQGLFPY 

QGDHGDMYVYSAGHATGTTPQKLFVANYSQDVKQFANGFVVRIGAAANSTGTVIIS 

PSTSATIRKIYPAFMLGSSVGNFSDGKMGRFFNHTLVLLPDGCGTLLRAFYCILEPRSG 

NHCPAGNSYTSFATYHTPATDCSDGNYNRNASLNSFKEYFNLRNCTFMYTYNITEDE 

ILEWFGITQTAQGVHLFSSRYVDLYGGNMFQFATLPVYDTIKYYSIIPHSIRSIQSDRKA 

WAAFYVYKLQPLTFLLDFSVDGYIRRAIDCGFNDLSQLHCSYESFDVESGVYSVSSFEA 

KPSGSVVEQAEGVECDFSPLLSGTPPQVYNFKRLVFTNCNYNLTKLLSLFSVNDFTCSQ 

ISPAAIASNCYSSLILDYFSYPLSMKSDLSVSSAGPISQFNYKQSFSNPTCLILATVPHNLT 

TITKPLKYSYINKCSRLLSDDRTEVPQLVNANQYSPCVSIVPSTVWEDGDYYRKQLSPL 

EGGGWLVASGSTVAMTEQLQMGFGITVQYGTDTNSVCPKLEFANDTKIASQLGNCV 

EYSLYGVSGRGVFQNCTAVGVRQQRFVYDAYQNLVGYYSDDGNYYCLRACVSVPVS 

VIYDKETKTHATLFGSVACEHISSTMSQYSRSTRSMLKRRDSTYGPLQTPVGCVLGLVN 

SSLFVEAHHHHHHHHHH 

S1.2. SARS-CoV S1 

SDLDRCTTFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTLYLTQDLFLPFYSNVTGFHTI 

NHTFDNPVIPFKDGIYFAATEKSNVVRGWVFGSTMNNKSQSVIIINNSTNVVIRACNF 

ELCDNPFFAVSKPMGTQTHTMIFDNAFNCTFEYISDAFSLDVSEKSGNFKHLREFVFK 

NKDGFLYVYKGYQPIDVVRDLPSGFNTLKPIFKLPLGINITNFRAILTAFSPAQDTWGT 

SAAAYFVGYLKPTTFMLKYDENGTITDAVDCSQNPLAELKCSVKSFEIDKGIYQTSNFR 

VVPSGDVVRFPNITNLCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFK 
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CYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYKLPDDFMGCVL 

AWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPALNCYWPL 

NDYGFYTTTGIGYQPYRVVVLSFELLNAPATVCGPKLSTDLIKNQCVNFNFNGLTGTG 

VLTPSSKRFQPFQQFGRDVSDFTDSVRDPKTSEILDISPCSFGGVSVITPGTNASSEVAVL 

YQDVNCTDVSTAIHADQLTPAWRIYSTGNNVFQTQAGCLIGAEHVDTSYECDIPIGA 

GICASYHTVSLLRAHHHHHHHHHH 

S1.3. SARS-CoV-2 S1 

VNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAIHVSGTN 

GTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEF 

QFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNL 

REFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLT 

PGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTV 

EKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSV 

LYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLP 

DDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVE 

GFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNF 

NFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITP 

GTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHV 

NNSYECDIPIGAGICASYQTQTNSPRRARAHHHHHHHHHH 

 

Figure S1. Molecular structures of MERS-CoV, SARS-CoV, and SARS-CoV-2 spike glycoprotein sub-

units 1. 
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Figure S2. 3D visualization of SARS-CoV-2 S1 fragment in pyMOL. RBM is highlighted with the 

color palette (red, green, yellow). 

S2. Global alignment of S1 proteins 

For the protein alignment, we used the Pairwise Sequence Alignment Emboss Needle 

(https://www.ebi.ac.uk/Tools/psa/emboss_needle/) program. Here, we reported the align-

ment filenames of the S1, NTD, RBD, and RBM. 

• MERS-CoVvsSARS-CoV S1.pdf 

• MERS-CoVvsSARS-CoV2 S1.pdf 

• SARS-CoVvsSARS-CoV2 S1.pdf 

• SARS-CoVvsSARS-CoV2 NTD.pdf 

• SARS-CoVvsSARS-CoV2 RBD.pdf 

• SARS-CoVvsSARS-CoV2 RBM.pdf 
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S3. Comparison of SARS-CoV-2 S1 protein at different concentration 

 

Figure S3. Comparison of normalized amide I SARS-CoV-2 S1 absorption spectra at different con-

centrations (blue and red circle lines refer to 0.125 mg/ml and 0.250 mg/ml, respectively). An excel-

lent reproducibility of absorption data can be observed. 

S4. Secondary structure assignment for SARS-CoV2 S1 protein vs. pH 

The main effect of pH concerns, firstly, regards the α-structure (see Table S1), which 

gave rise to a main absorption band at 1658 cm−1 at a pH = 7.4 [1–11]. This component 

remained nearly constant in frequency (1658–1659 cm−1) for pH when moving from 7.4 to 

5.5, while it shifted to a lower frequency (around 1653 cm−1) at alkaline pH levels. Moreo-

ver, its intensity remained nearly constant for acid and serological pHs and increased for 

alkaline pHs (see Figure 4, main text). The band at 1643 cm−1 for a 7.4 pH was associated 

with random coils, which was also influenced by pH variation, and showed blue-shifting 

to 1645 cm−1 for acid and alkaline pHs. Its intensity was maximized at the serological pH 

value and minimized at the 4.55 pH (see Figure 4, in main text). The extended β-sheet 

located around 1619 cm−1 at the serological and mild acidic and alkaline pHs instead red-

shifted for extreme pHs. The other β-sheet components were located between 1620–1640 

cm−1 and around 1690 cm−1 (see Table S1 in supporting information) at a pH=7.4. The band 

at 1629 cm−1 was red-shifted at 1623 cm−1 at 4.55 pH levels, suggesting the aggregation of 

sheets with a large number of strands [1,10], and blue-shifted at 1633 cm−1 for alkaline 

pHs. The absorption of the β-sheet for pH = 4.55 and 5.5 was related to a new band at 1637 

cm-1. Finally, the absorption at 1693 cm−1 disappeared for extreme alkaline pH values. The 

total intensity of the β-sheet (see Figure 4), presented a minimum at the serological pH 

and was maximized at acid pHs. The bands in the 1666–1678 cm−1 range, assigned to β-

turn structures [1,5,7,8,10,11], were blue-shifted compared to their spectral positions at the 

7.4 pH, while a new band appeared around 1686 cm−1 for the pH values of 4.55, 8.8, and 

11.2. The total intensity of the β-turn structures, which showed a maximum at a pH = 7.4, 

reduced at both acid and alkaline pHs. 
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Table S1. Secondary structure assignments for SARS-CoV-2 S1 units as function of pH as derived 

from IR data analysis. The quantitative structural evaluation (α-helix, β-sheet, β-turn, and random 

coils) is based on a global fitting through Gaussian components [1–11]. 

pH 4.55 

Peak 

Frequency 

[cm−1] 

pH 4.55  

Relative 

integrated 

Intensity 

[%] 

pH 5.5 Peak 

frequency   

[cm−1] 

pH 5.5  

Relative 

integrated  

Intensity 

[%] 

pH 7.4 Peak 

frequency 

[cm−1] 

pH 7.4 Rela-

tive 

integrated 

Intensity 

[%] 

pH 8.8 Peak  

frequency   

[cm−1] 

pH 8.8  

Relative 

integrated 

Intensity 

[%] 

pH 11.2 

Peak  

frequency   

[cm−1] 

pH 11.2 

Relative 

integrated 

Intensity 

[%] 

Peaks 

Assignment 

1618 15.7 1619 19.2 1619 5.2 1619 11.6 1616 12.4 
β-sheet  

(extended) 

1623 8.3 - - - - - - 1625 9.1 
β-sheet  

(anti-parallel) 

1629 5.1 1629 14.1 1628 11.4 - - - - β-sheet 

- - - - 1633 9.8 1632 23.6 1632 13.1 β-sheet 

1637 12.6 1637 9.7 - - - - 1637 6.9 β-sheet 

- - - - 1643 12.3 1643 15.1 - - Random coil 

1646 14.5 1645 15.5 - - - - 1645 14.8 Random coil 

1655 18.8 1653 9.7 1650 13.6 1653 12.7 1653 12.2 α-helix 

- - 1659 8.2 1658 15.9 - - - - α-helix 

1663 4.0 - - - - 1663 13.6 1661 10.7 β-turn 

- - - - 1666 5.6 - - - - β-turn 

1671 13.3 1667 13.2 - - - - 1669 7.9 β-turn 

- - - - 1673 6.7 1674 18.9 1676 7.3 β-turn 

- - 1678 4.9 1678 15.2 - - - - β-turn 

1683 4.4 1684 2.1 - - 1686 4.3 1686 5.5 β-turn 

1690 2.8 1689 2.7 1693 4.2 - - - - 
β-sheet  

(anti-parallel) 

1700 0.5 1698 0.7 - - - - 1700 0.2 
β-sheet  

(anti-parallel) 

S5. Glycans 

The CoV S glycoproteins were densely decorated by heterogeneous N-linked glycans 

that are used by viral fusion proteins as a shield to counteract the host immune response 

[12–21]. These oligosaccharides increase the global stability of the proteins [19–21], partic-

ipating in S folding [22], and work as recognition sites. 

Figure S4 shows the absorbance spectra of the S1 glycoproteins of MERS-CoV (A), 

SARS-CoV (B), and SARS-CoV-2 (C) in the 900–1180 cm−1 carbohydrates spectral range. 

Band overlapping, broadening, and additional bands resulted in quite complex spectra. 

Despite this, some spectral features were recognized, extrapolated through the second de-

rivative calculation and through a poly-Gaussian fit, and collected in Table S2. In particu-

lar, the stretching vibrations of the COH site groups and the glycosidic bonds dominated 

the region of 900–1180 cm−1. Nevertheless, the few intense IR absorbance peaks at 1035 

and 1050 cm−1 could be associated with the formation of polymeric chains, as well as the 

presence of vibrational bands between 900–1000 cm−1 and 1150 cm−1, which were at-

tributed to ν(CO) and C-O-C glycosidic linkage, which may serve as markers for the gly-

cosylation degree [23–26].  

Other remarkable absorption bands can be observed in Figure S4. Their assignments 

were based on previous studies in the literature [19–26]. Bands of the skeletal (ring) vibra-

tion of glycosidic linkage were observed in the spectral range 900–950 cm−1 [23,24]. The 

peak near 915 cm−1 was observed in the spectra of Glc, Fuc, and Man monomers; the 945 

cm−1 band could be attributed to a Nan monomer contribution. The bands of the ν(CO) 

mode in COC linkages appeared in the spectral regions encompassing from 965–1000 cm−1 

and 1130–1160 cm−1. Other strong contributions came from the absorption bands at 994 

cm−1 and 1035 cm−1 [19–21,23–26]. The peak around 990 cm−1 was associated with the cou-

pling of in-plane β(CCH), β(CCO) moieties and was observed in the spectra of the Glc, 

Gal, and Fuc monomers. This was accompanied by bands at 926 cm−1 due to the ring and 
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COH bending modes. The intense peak at 1035 cm-1 was a specific spectral feature at-

tributed to the Man and Fuc monomers. 

The bands located around 1100 cm−1 and 1150 cm−1 originated from various couplings 

of stretching and bending vibrations of the CC and CO bonds. In particular, the absorption 

near 1150 cm−1 was exclusively attributed to the v(CO) and glycosidic bond. Appreciable 

differences were not noticeable between the MERS-CoV and SARS-CoV S1 units. In the 

SARS-CoV-2 S1 unit, slight shifts were observed to a high frequency in the spectral region 

1030–1120 cm−1, and a new absorption band appeared at 1015 cm−1. These variations are 

indicative of different glycan compositions, including the oligosaccharide units and man-

nose content. 
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Figure S4. Absorption spectra of glycan band (900–1180 cm−1). Deconvolution of average spectra in 

the (A) MERS-CoV; (B) SARS-CoV; and (C) SARS-CoV-2 S1 units are reported. 
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Table S2. Deconvoluted carbohydrates band frequencies and assignments [19–21,23–26]. 

MERS-CoV (cm−1) SARS-CoV (cm−1) SARS-CoV-2 (cm−1) Assignments 

912 913 913 

Glc, Fuc, Man ν(CO), 

ν(CCH), ν(CO) in  

glycosidic linkage 

926 926 926 
ring modes, ν(CO) 

in glycosidic linkage 

945 945 945 
Nan, ν(CO) 

in glycosidic linkage 

994 994 995 

(Glc, Gal, Fuc) 

β(CCH), β(CCO) ν(CO) 

in glycosidic linkage 

- - 1015 Man ν(CC) β(COH) 

1035 1035 1033 Man,Fuc –COH vibration 

1051 1051 1052 
Man Gal ν(CC) ν(CO) 

β(COH) 

1081 1081 1082 Glc β(CH) 

1103 1104 1107 
Glc, Gal ν(CC) ν(CO) 

β(COH) 

1114 1114 1117 Man, Fuc 

1150 1151 1150 

Gal, Glc, Nan 

ν(CC) ν(CO) 

in glycosidic linkage  
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