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Methods

Recombinant expression and labeling of the fusion peptide of SARS-CoV-2

The 42 residues at the mature N-terminus of the S2 subunit of SARS-CoV-2 Spike span from 
conserved Ser816 at the S2’ site of proteolysis through conserved Gly857. This corresponds to 
the Ser816 - Asn856 demonstrated to be the bona fide, functional fusion peptide (FP)1,2. The 
UniProtKB accession number is P0DTC2, and its processed chain PRO_0000449649. The PFAM 
accession number is PF01601. A recombinant fusion protein was expressed with N-terminal His 
tag through the B1 domain of protein G, and TEV protease cleavage site followed by the FP 
sequence from Ser816 through Gly857. The coding sequence constructed is illustrated in Fig. S1 
in Supporting Information. An internal substitution of I844V removed a methylene group from this 
GB1 – FP construct. IDT (Coralville, Iowa) synthesized this region with codons optimized for 
expression in E. coli (Fig. S1). The duplex DNA was digested by Nde I and EcoR1 and subcloned 
into the pET27b(+) expression plasmid. 

The GB1 fusion with FP was expressed in E. coli gold BL21(DE3) RIL harboring this 
plasmid. Labeling with stable isotopes of 15N or 15N or 13C for NMR spectroscopy expressed the 
GB-FP fusion from this host in PG minimal media using 15NH4Cl as the nitrogen source and D-
glucose uniformly labeled with 13C as carbon source 3. Expression was induced in 500 ml of 
culture in early log phase (OD600 near 0.6 - 0.8) using a final concentration of 0.5 mM IPTG. 
Growth and expression were continued for 6 to 8 hrs. at 37oC.  The GB1 - FP protein was 
observed in inclusion bodies after lysis and centrifugation of the E. coli culture using a Branson 
sonicator. The pellet containing inclusion bodies, occupying two centrifuge tubes, was solubilized 
with 12.6 g of urea in 17 ml of buffer of 20 mM Tris-HCl (pH 8.0) in each tube. After centrifugation, 
the soluble fraction containing soluble, denatured GB1 – FP was retained for isolation of FP.

Protein purification
The denatured GB1 – FP was loaded onto a column of nitrilotriacetic acid (NTA; GenScript) 
equilibrated with 20 mM Tris-HCl (pH 8.0) and 6M urea at room temperature.  After thoroughly 
washing with several column volumes of 20 mM imidazole (pH 8.0), pure denatured GB1 – FP 
was eluted with 300 mM imidazole (pH 8.0). Dithiothreitol was then added to 5 mM to reduce 
disulfide bonds. Denatured GB1 – FP was diluted to 0.1 mg/ml for refolding. Overnight refolding 
was conducted by dialyzing against 20 mM Tris-HCl (pH 8.0), 3.0 mM cysteine (reduced), 0.3 mM 



cystine (oxidized), followed by another round of dialysis vs. 20 mM Tris-HCl (pH 8.0) omitting the 
cysteine and cystine to allow full oxidation of Cys840 and Cys851 and formation of a disulfide 
crosslink between them. The folded GB1 – FP was concentrated to 1 to 2 ml. 150 units of tobacco 
etch virus (TEV) protease (New England Biolabs) was added, mixed gently, and incubated at 4oC 
for at least 36 h. Upon completion of proteolysis by TEV, judged by the appearance of the GB1 
and FP bands by SDS-PAGE, the sample was loaded onto an NTA column (2 ml) removing the 
His-tagged GB1 protein while the SARS-2 fusion peptide (FP) flow through the NTA resin 
equilibrated in 20 mM imidazole (pH 8.0). The FP-containing fraction was loaded onto a Q-
Sepharose column (2 ml) equilibrated in 20mM Tris-HCl (pH 8.0) to remove proteolytic fragments 
of FP. The pure, refolded FP was eluted with 20mM Tris-HCl (pH 8.0), 1 M NaCl and dialyzed into 
20 mM Tris-acetate (pH 5.0). Samples used for NMR spectroscopy were concentrated further. 
The homogeneity and molecular weight corresponding to the Ser816 – Gly857 region were 
established by LC-MS. The separation used a reversed-phase C4 column, i.e. an XBridge Protein 
BEH C4, 300Å, 3.5 µm, 4.6 mm X 150 mm from Waters (Milford, MA) with a 168 diode array 
detector, a 507e autoinjector and the 32 KARAT software package (Gold System from Beckmann 
Coulter, Fullerton, CA). This HPLC system was coupled with an LCQ Fleet ion trap mass 
spectrometer (Thermo Fisher, Waltham, MA). 

Assays of the disulfide crosslink
The formation of the disulfide crosslink was determined by mass spectrometry, loss of thiol 
reactivity, and 13C chemical shifts. The disulfide crosslink was confirmed routinely by the mass 
data from aforementioned LC-MS protocol performed in the Molecular Interactions Core. The lack 
of reactive thiols was determined using Ellman’s reagent (5,5-dithio-bis-(2-nitrobenzoic acid), 
DTNB) assayed spectrophotometrically. The large downfield of the 13C chemical shifts of Cys840 
and Cys851 to 39.8 or 38.7 ppm, respectively, confirmed the disulfide. Additional confirmation of 
the disulfide crosslink came from MS/MS of tryptic peptides: The fusion peptide was digested in 
trypsin (Promega) and characterized by LC-MS and MS/MS using an LTQ Orbitrap FT-MS in the 
Gehrke Proteomics Core. The tryptic peptides were enriched with a C8 trap column (Thermo 
Fisher, µ-precolumn – 300 µm i.d. x 5 mm, C8 Pepmap 100, 5 µm, 100 Å).  Bound peptides were 
eluted onto a 11cm, 75µm i.d. pulled-needle analytical column packed with HxSIL C18 reversed 
phase resin (Hamilton) and eluted with a gradient of increasing acetonitrile at 400 nL/min using a 
Proxeon Easy nLC system attached to the LTQ Orbitrap mass spectrometer. FT-MS data were 
collected at resolution of 30,000 with 300-1800m/z profile. In each cycle the nine most abundant 
peptides were selected for MS-MS with 2m/z mass window. Thermo Xcalibur RAW data files were 
converted to MGF files using MassMatrix software and analyzed on our Mascot server (v. 2.5.1). 
Data files were searched against the Swissprot database or NCBI-Viruses using the parameters 
of trypsin, 20 ppm mass error on precursor, and 0.6 Da mass error on fragments.The MS/MS 
spectra were viewed using Qual Browser.

Choice of conditions for solution NMR
pH 5.0 was chosen for mimicking the endosomal pathway of cell entry by coronaviruses 4. The 
I844V mutation improved solubility and homogeneity compared to that from appending a 
solubility-enhancing tag to the C-terminus (GGGKKKK) akin to that of previous reports 1,5. 
Importantly, I844V increased the short lifetimes in membrane mimics from about 20 to 40 hours 
for the wild-type FP to 4 to 8 days for FP(I844V).

Sufficient rotational diffusion is required for good NMR spectra in solution. So we chose 
the smallest disk-shaped membrane mimics that retain at least partial bilayer character, namely 
bilayered micelles composed of one long-chain phospholipid per two short-chain phospholipids, 



i.e., 1 DMPC per 2 DHPC (q=0.5)6–8. However, we replaced DHPC with hexanoyl fatty acyl chains 
by DH7PC with heptanoyl fatty acyl chains which have the advantage of decreasing the critical 
micelle concentration (CMC) to ~1 mM 9. The smaller CMC results in fewer detergent-like 
monomers to complicate the sample and experiments. Concentrated DMPC:DH7PC (1 M total 
lipid; see preparation below) were mixed with concentrated FP to arrive at a final total [lipid] of 
180 mM. Temperatures above the phase transition of DMPC, particularly 32°C, sharpened the 
lines to complete the 15N TROSY spectra of FP in DMPC:DH7PC bicelles (q=0.5). 

Preparation of concentrated DMPC:DH7PC bicelles 
Concentrated stock solutions of bicelles with 1 M total lipid, composed of one DMPC per DH7PC 
molecule (q=0.5), were prepared as follows. 180 mg of DH7PC (Avanti Polar Lipids) was dissolved 
in chloroform for transfer of the DH7PC. The chloroform was evaporated under a stream of argon 
gas, followed by drying under vacuum for 60 h. 200 mg of DMPC was added to 10 ml of 20 mM 
Tris-acetate (pH 5.0) and allowed to hydrate for 2 h at 42 °C with occasional vortex mixing of the 
suspension. The homogeneity of the DMPC suspension was improved using three freeze-thaw 
cycles and three cycles of sonication for 10 to 15 min in a bath sonicator (Laboratory Supplies 
Co., Hicksville, NY). The milky white suspension became translucent with a blue tint during 
incubation at 42 °C for 1 h. The DMPC vesicles were concentrated by microcentrifugation for 30 
min at 20 °C to collect the large unilamellar vesicles (LUVs) and multilamellar vesicles (MLVs), 
comprising 90% of the vesicles, while losing the 10% which were small unilamellar vesicles in the 
supernatant. 350 µl of your 20mM Tris-acetate (pH 5.0) was added to the DH7PC and hydrated 
at 42 °C for 1 h. The concentrated LUVs and MLVs of DMPC were dissolved in the DH7PC solution 
and incubated at 42 °C until an even suspension formed in 1 to 2 h. The suspension was frozen 
by plunging into liquid nitrogen. The suspension was subjected to two more cycles of thawing at 
42 °C and freezing in liquid nitrogen before freezing small aliquots with liquid nitrogen for storage 
at -80 °C until use. The ratio of 1 DMPC to 2 DH7PC was verified from the 1:2 ratio of their 
respective methyl peak areas in the 1H NMR spectrum.

Triple resonance NMR spectroscopy
Due to limited sample lifetimes, non-uniform sampling (NUS)10,11 was used in acquiring most 
spectra rapidly using a Bruker Avance III NMR spectrometer with 5 mm TCI cryoprobe. 
Processing of NUS spectra employed the compressed sensing option of matrix decomposition 
(MDD) software12,13. The triple resonance spectra of the backbone14–16 used were 3D HNCACB, 
CBCA(CO)NH, HNCO and HN(CA)CO spectra. A combination of H(CCO)NH,  (H)CC(CO)NH17,18 
and adiabatic HCCH-TOCSY spectra19 were used to assign aliphatic sidechains. The aromatic 
sidechains were assigned using (Hb)Cb(CgCd)Hd and (Hb)Cb(CgCd)He spectra20. 15N-
separated, 13C-separated, and simultaneously 13C/15N-separated NOESY21 spectra used 120 
msec mixing times. An aromatic 13C TROSY-edited NOESY22 used a 140 msec mixing time.

NMR spectral and relaxation calculations

Radial shifts of NMR peaks were calculated per Pythagoras’ rule, but with scaling of the 15N 
spectral range to the 1H range: 

  ∆𝜔𝐻𝑁 =  (∆𝜔𝐻)2 + (∆𝜔𝑁/5)2       𝑒𝑞. 𝑆1

Scores of the secondary structural propensity (SSP) were calculated using 13Cα and 13Cβ shifts 
23. Helix exhibits positive SSP scores as large as 1.0, while extended structure, including β-
strands, exhibit negative SSP scores as small as -1.0.



Reduced spectral densities of backbone amide fluctuations were calculated from 15N R1 and R2 
relaxation series collected in triplicate and 15N{1H} NOE difference spectra  at NMR spectral 
frequencies of zero (filled squares), 15N (half-filled circles, 81 MHz), and 1H (open triangles, 800 
MHz * 0.87) 24–26. The mean ratio of 15N R2/R1 provides an estimate of the rotational correlation 
time of diffusion from this expression27:

𝜏𝑐 =
1

2𝜔𝑐

6𝑅2

𝑅1
― 7           𝑒𝑞.𝑆2

Measurement of PREs between amide groups and 14-doxyl PC
Bicelles comprising 1 DMPC: 2 DH7PC (q=0.5) were added to 15N labeled fusion peptide (250μM 
final concentration) to a total phospholipid concentration of 150 mM, i.e. 50 mM of DMPC and 100 
mM DH7PC. and. An 15N HSQC modified to incorporate an 8 ms CPMG train that suppresses 1H-
1H J-couplings28 was used to collect spectra without and with addition of a spin-labeled lipid 29. 
PREs were introduced by adding 16:0-14 doxyl PC (1-palmitoyl-2-stearoyl-14-doxyl-sn-glycero-
3-phosphocholine; Avanti Polar Lipids, Alabaster, AL) to 770uM, which is about one spin-labeled 
molecule per leaflet of the bicelle molecule. 

NMR structure determination

NOEs from 15N- and aliphatic 13C-separated NOESY spectra (120 ms mixing) and aromatic 3C-
separated NOESY (140 ms mixing) were assigned manually for judicious decisions in crowded 
regions of the spectra, especially the methyl region. Approximately 191 NOEs were assigned 
manually in an iterative approach. Structures were calculated using CYANA 3.0 software with 
unambiguous restraints converted into distance estimates with 3 to 5 Å upper bounds and 3 Å 
pseudo atom corrections for pairs of methyl groups and aromatic groups. Of 50 structures 
retained from the calculation in CYANA, the 20 lowest energy models (lowest target function) 
were selected and subjected to brief steepest descents energy minimization (110 – 125 steps) 
positional restraints in Gromacs 2018 using the CHARMM27 forcefield at 283 K until energies 
dropped to ≤ 2800 kJ/mol/nm. The five models with lingering violations of bond angles were 
removed from the ensemble. Table S1 and S2 refer to the NMR restraints, violation analysis, 
and structural quality statistics for the ensemble of 15 structures deposited in RCSB (accession 
code 7MY8). 
 



Supporting Figures

Figure S1. Gene fusion of the B1 domain of protein G with the fusion peptide SARS2-CoV-2 
synthesized for recombinant expression. The coding strand is color- coded by the restriction 
sites and portions of the open reading frame for six-His tag, protein G B1, site for TEV proteolysis, 
and the 42 codons of the fusion peptide. IDT optimized the codon usage for expression in E. coli. 
The substitution for I844V replaces the ATT of the 29th codon of the fusion peptide with GTT. 

 

Figure S2. 15N NMR relaxation of the fusion peptide of SARS-CoV-2(I844V) indicates 
intrinsic disorder in aqueous solution and ordering in bicelles. The free polypeptide is 
represented by red symbols and the state bound to bicelles (q=0.5) by blue symbols. The NMR 
spectra were measured at pH 5.0, 32 °C, and 800 MHz.



Figure S3. Evidence of disorder-to-order transition at pH 7 upon addition of bicelles. 15N 
HSQC spectra SARS-2 FP(I844V) were acquired in 20 mM Tris-HCl (pH 7.0) at 32 °C at 800 
MHz. Contours of the free state are purple and those in the presence of bicelles (q=0.5) are green. 
The final phospholipid concentration was 150 mM, comprising 50 mM DMPC and 100 mM DH7PC. 
The fewer amide NMR peaks of the free state at pH 7 than at pH 5 are attributable to broadening 
by rapid exchange with solvent water.

Figure S4. Distribution of long- and medium-range NOEs in SARS-2 FP in bicelles. The 
connectivity between two amino acids with dashed lines represents evidence of proximity from 
one or more long-range NOEs. Solid lines represent medium-range NOEs. These were assigned 
in 3D 13C and 15N-separated NOESY spectra.



Figure S5. Bundle of 15 NMR structural models. The backbone ribbon of the ensemble (PDB: 
7MY8) is colored by position in the chain. The structural statistics are listed in Tables S1 and S2.



Figure S6. The closed, bicelle-inserted conformation of FP aligns poorly with the range of 
open conformations reported in the cryo-EM models of the tightly packed form of pre-
fusion Spike in which all RBDs are down. The backbone ribbons of the structural models cryo-
EM from cryo-EM are colored gray with green or cyan highlighting of the FP portion of the 
sequence reported by refs 1,2. The ribbon of representative NMR structural model 2 of the bicelle-
inserted form of FP (pH 5) is colored red. The first residue in the sequence of each helix is listed. 
Residues Phe817 through Gln853 of the NMR and tightly packed cryo-EM structural models were 
superposed providing backbone RMSD values of 9.2 to 10.5 Å in cases (A) – (D). The cryo-EM 
coordinates were reported by ref 30 (A) ref 31 (B), and ref 32 (C,D). The three protomers of 6XM5 
differ from one another in conformations of the FP region. The structural alignments of (A - C) 
suggest the appearance of steric clashes of the termini of the bicelle-inserted state (red) with 
central helix (CH) of the prefusion S2 subunit.



Figure S7. The accessible surface area (ASA) and its polarity of each residue of the 
bicelle-bound fusion peptide of SARS-CoV-2. Both the polar and non-polar components of 
the ASA of each residue were quantified using the program NACCESS 2.1.1 33 for the top 6 
models in the NMR structural ensemble. (A) The non-polar ASA of each residue is normalized 
by the total ASA of Phe817. (B) Both the polar and non-polar fractions of the ASA of each 
residue are plotted.



Figure S8. Broadening of backbone amide NMR peaks of FP in bicelles by addition of 2 mM 
CaCl2. The spectra were acquired in 20 mM Tris-HCl (pH 7.0), 50 mM DMPC, and 100 mM DH7PC   
at 32 °C at 800 MHz. Line broadening is implied by a smaller peak height after addition of 2 mM 
CaCl2, I2mM CaCl2, than before the addition, I0.



Figure S9. Amino acid conservation scores calculated by the ConSurf server upon a 
BLAST alignment of 45 diverse beta-coronaviral sequences.



Figure S10. NOEs from fatty acyl chains in the bicelles to aromatic groups of helices 1 and 
2. The left panels depict portions of the constant time 13C-HSQC spectra of bicelles 
containing FP (upper left) and bicelles without FP (lower left). DH7PC acyl CH3 and DMPC 
acyl CH2 peaks can be matched to NOEs (within red ellipses) to aromatic protons of 
Phe817, Phe823, Phe833, and Tyr837 detected in a 3D 13C-separated NOESY-aromatic 
TROSY spectrum34 shown in strips at right with blue contours. These three phenylalanine 
residues also have ambiguous NOEs to CH2 peaks unassigned in the interior of the acyl 
chains of the phospholipids, as indicated by green lines connected to candidate CH2 
peaks of the CT-HSQC spectrum of bicelles.



Supporting Tables

Table S1. NMR Restraints used in structural calculations.
Distance Restraints:
Inter-residue  192
Sequential NOEs (|i-j| = 1)   80
Medium range NOEs (1 < |i-j| ≤ 4)   86
Long range NOEs (|i-j| > 4)   26
Disulfide restraints    2

Dihedral Restraints:
Total dihedral angle restraints  53
Φ  31
Ψ  22

Structural Statistics (mean ± SD)
Violations (mean and s.d.)
Distance constraints (Å)     0.19 ± 0.01
Dihedral constraints (o)     4.15 ± 0.82
Max. dihedral angle violation (o) 6.52
Max. distance constraints violation (Å)               0.44

Accession numbers at databases
RCSB, structural coordinates and restraints  7MY8
BMRB, chemical shift assignments (I844V) 30909
BMRB, backbone amid shift assignments (WT)        50958



Table S2. Evaluation of NMR structural models.

Ramachandran analysis1

Residues in the most Favored region (%) 88 ± 5%
Residues in Allowed region (%) 10 ± 5%
Residues in Outliers region (%)  2 ± 1%
PROCHECK G-factor (φ / ψ only) -0.52
PROCHECK G-factor (all dihedrals)             -0.71

                                                                            RMSZ2

Bond lengths                                         1.54 ± 0.08 Å
Bond angles 1.95 ± 0.12°                  

Molprobity Validation3

Clash score, all atoms   1.29 ± 1.34 (98.5 ± 1.5 percentile)
Molprobity score              1.75 ± 0.29 (84.5 ± 12.5 percentile)     

Average pairwise r.m.s deviation to most representative structure (Å)4

Backbone (residues 817-855) 0.90 ± 0.40
All heavy atoms (residues 817-855) 1.39 ± 0.56

No. of α-helixes 2
No. of 310-helixes                                                   1
No. of β-strands 0
Location of α-helixes                              F817-V826; A831-Y837
Location of 310-helix                                         A845-Q853

1 from PROCHECK-NMR35 
2 RMSZ is the (average) root-mean-square of all Z-scores of the bond lengths (or angles).
3 from Molprobity36 
4 The most representative NMR structural model is model 2.
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