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Summary

The fusion peptide of SARS-CoV-2 Spike is essential for infection. How this charged and 

hydrophobic domain occupies and affects membranes needs clarification. Its depth in zwitterionic, 

bilayered micelles at pH 5 (resembling late endosomes) was measured by paramagnetic NMR 

relaxation enhancements used to bias molecular dynamics simulations. Asp830 inserted deeply, 

along with Lys825 or Lys835. Protonation of Asp830 appeared to enhance agreement of simulated 

and NMR-measured depths. While the fusion peptide occupied a leaflet of the DMPC bilayer, 

the opposite leaflet invaginated with influx of water and choline headgroups in around Asp830 

and bilayer-inserted polar sidechains. NMR-detected hydrogen exchange found corroborating 

hydration of the backbone of Thr827 – Phe833 inserted deeply in bicelles. Pinching of the 

membrane at the inserted charge and the intramembrane hydration of polar groups agree with 

theory. Formation of corridors of hydrated, inward-turned headgroups was accompanied by flip-

flop of headgroups. Potential roles of the defects are discussed.
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Diverse experiments have implied deeper membrane insertion of the charged coronaviral fusion 

peptide (FP) than have published MD simulations. Van Doren et al. show compatible and 

complementary observations from NMR and simulations regarding FP insertion and hydration 

in a zwitterionic bilayer. NMR-aided MD simulations visualize provocative defects in this 

environment.

Introduction

Infections by coronaviruses rely upon the fusion peptide in viral-cell fusion.1–3 The 

importance of the fusion peptide of SARS-CoV-2 is underscored by the discovery of 

antibodies against it that neutralized multiple coronaviruses.1 The fusion peptide, at the 

N-terminus of the Spike S2 subunit, moves through changing environments during viral-cell 

fusion. The fusion peptide is unveiled by proteolysis of the S2’ site.4 This triggers a 

dramatic transformation of prefusion Spike to the rod-shaped, post-fusion S2 subunit.5,6 

The rearrangement of S2 was proposed to pass through an intermediate that places the 

HR1 helix on the membrane of the host cell and the HR2 helix on the envelope of the 

coronavirus (Fig. 1A).7 Subsequent formation of a partially folded intermediate of S2 

probably trimerizes about HR18 (Fig. 1B). Then HR2 folds back upon trimerized HR1 to 

form the hemi-fusion state of class I viral-cell fusion that uses the fusion peptide in drawing 

the host cell membrane close to the viral envelope9 (Fig. 1C). In virions of SARS-CoV-2, 

the post-fusion state of Spike appears to position the fusion peptide on the outside where it 

may contact a neighboring post-fusion Spike trimer.10 The SARS-CoV-2 fusion peptide was 

several-fold more active in membrane fusion at pH ≤ 6.5 than pH 7.4, and was not aided 

by calcium ions.11 This suggests the endocytic pathway could be a favored location of viral 

entry in some locations.11 The endocytic pathway ranges from about pH 6.5 to 59,12 and 

from 0.3 to 30 μM Ca2+.13,14 SARS-CoV-2 pseudoparticles entered cells efficiently through 

the endocytic pathway.4 The work below asks how the fusion peptide may insert in and 

affect a lipid bilayer under the mildly acidic and low calcium conditions of the endocytic 

route of infection.

A complete fusion peptide of β-coronaviruses was mapped to the N-terminal 40-residues 

of the S2 subunit of Spike.15 Investigations referred to that 40-residue region as the 

fusion peptide or FP16–18, the usage herein, or alternatively as the fusion domain.19 The 
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combination of a β-coronaviral FP with 1 mM Ca++ induced membrane ordering15,20,21, 

and depends upon anionic residues.22 Since millimolar calcium concentrations are found 

on the outside of plasma membranes, these results and the need for calcium and anionic 

residues in FP for the infectivity of β-coronaviruses2,15,21,23 suggest that FP may insert 

preferentially in the outside leaflet of cell membranes with the anionic residues at the 

surface of the membrane.22 FP was intrinsically disordered in aqueous solution, and adopted 

helical structure upon mixing with zwitterionic membrane mimics at pH 5 and pH 7 without 

calcium.16,19 When inserted in bilayered micelles (bicelles), the three helices folded into 

a wedge shape with a narrow tip at Leu82816 (Fig. 1D). The fusion loop connects the 

second and third helices and is crosslinked by the Cys840-Cys851 disulfide. The Ser816 

– Tyr837 segment appeared to insert two helices in membrane-like environments, in spite 

of its charge.16,19 Near the hydrophobic residues lie three anionic sidechains, two cationic 

sidechains, and five polar, uncharged sidechains16 (Fig. 1D,E). This leads to a seeming 

paradox regarding the action of FP: membrane insertion simulated to be shallow due to 

charge, but apparently deeper insertion in membranes in diverse experiments. Unrestrained 

molecular dynamics (MD) simulations of unstructured chains of FP suggested early 

insertion events to be shallow.17,18,24 The multiple polar and charged residues interspersed 

among the hydrophobic sidechains16(Fig. 1D, E) seem compatible with shallow insertion. 

Those simulations agreed upon the tendency of Leu821 – Phe823 (the LLF motif), the helix 

encompassing it, and Phe833 - Ile834 to insert into lipid bilayers.17,18,24–26 Penetration 

of bilayers by these features is supported by NOEs between fatty acyl groups and four 

aromatic sidechains of helices 1 and 2.16 On the other hand, in contrast to the unbiased 

simulations, NMR results suggested that the 40-residue FP adopted structure in bicelles 

and micelles and may have inserted more deeply.16,19 Neutron reflectivity found that the 

Ser816-Tyr837 fragment of FP spanned an entire leaflet of a lipid bilayer and was joined 

by water at a measurable volume percentage in the bilayer.27 There remains a need for 

depth measurements and simulations to account for the sustained insertion of FP measured 

experimentally by membrane fusion assays, NMR, and neutron scattering.

Questions at hand regard what membrane defects might be created by FP, how they might 

develop, the extent of insertion of charged and polar residues, the depth and orientation of 

helices and sidechains, and possible relationships to membrane fusion. Alanine substitutions 

implicated four anionic residues of FP as important in viral-cell fusion by one or more 

β-coronaviruses, corresponding to E819A, D820A, D830A, and D848A in SARS-CoV-2 

numbering.2,15,21,23,28 One focal point regards the influences of Asp830, because it is 

critical for β-coronaviral infectivity, membrane fusion, and cell-cell fusion.2,22 Asp830 

and Arg847 distinguish FP of β-coronaviruses from α, γ, and δ-coronaviruses (Fig. 1E). 

Asp830 is located in the loop between helices 1 and 2 (Fig. 1D) thought to insert in 

membranes.16,19 Could other acid and basic residues such as Asp820, Asp839, Asp843, 

Lys825, Lys835, and Arg847 (Fig. 1D) also influence lipid bilayers? Early evidence was 

that the SAR-CoV equivalent of an D820A lesion (D802A in SARS-CoV) disrupted 

about 30% of membrane fusion between cells, while the equivalent of.the D830A lesion 

(D812A in SARS-CoV) disrupted about 95%.2 Lys835, Asp839, and Asp843 (SARS-CoV-2 

numbering) are characteristic of the group 2b of β-coronaviruses that contains SARS-CoV 

and SARS-CoV-2.
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The work herein investigates how a mostly folded FP of 42 residues (Ser816 – Gly857) 

might orient in and perturb a simple DMPC bilayer. Atomistic MD simulations have 

proven critical for modeling defects in lipid bilayers induced by polypeptides.29–37 Magnetic 

resonance measurements of proximity between lipids and polypeptides have been used 

to bias MD simulations.38–41 This biasing by experiments can enrich trajectories with 

approaches of lipids and polypeptides that may be consistent with measurements at 

equilibrium. Consequently, we used paramagnetic NMR to estimate dozens of lipid-protein 

distances for biasing MD simulations. Polypeptides were reported to insert preferentially 

into bilayer-like phases of bicelles,42,43 as were phospholipids.44 We measured close 

approaches between FP and nitroxide spin-labeled phospholipids added to DMPC:DH7PC 

bicelles (1:2) at the pH 5 typical of late endosomes, via carefully quantified paramagnetic 

NMR relaxation enhancements (PREs). The PRE-estimated proximities provided weak 

harmonic lipid-protein distance restraints for simulations. We conducted NMR-biased MD 

simulations with Asp830 deprotonated, protonated, or protonated along with three other 

membrane-proximal aspartate sidechains. The rationale for neutralizing one or more aspartyl 

carboxylate groups was to test influences of these charges and possible consequences of 

membrane insertion shifting an aspartate pKa upward enough for protonation. Such a rise in 

pKa was reported for carboxylates buried in hydrophobic protein cores45,46 and in pHLIP 

peptides that insert in membranes below pH 6.47,48 Regardless of neutralization of aspartyl 

sidechains, FP spanned the cis-leaflet, inserted Asp830 and other charged sidechains, and 

introduced defects of invagination and hydration internal to the DMPC bilayer around 

FP. This is consistent with theory49 and NMR-detected hydration of part of the backbone 

inserted deeply in bicelles.

Results

We investigated lipid bilayer insertion and disturbances by the 42-residue FP of SARS-

CoV-2 using conditions to assess a mildly acidic and low [Ca2+] environment like the 

endocytic pathway of viral entry. The formation of the membrane mimic of bicelles 

composed of one DMPC per two DH7PC, was confirmed by their methyl NMR peak 

heights and mean diameter of 8.1 nm (Fig. S1 in Supplemental Information). NMR was 

used to measure lipid-protein proximities in these bicelles at pH 5. The resulting distance 

estimates were incorporated as gentle restraints in MD trajectories. We compared FP 

insertion into the simple bilayer mimic with FP in three states of aspartyl (de)protonation. 

We monitored the altered morphology of the lipid bilayer, fluctuations in angles and 

depths of FP insertion, and development of water inclusions. Paramagnetic NMR described 

below suggested insertion of Asp830 and other ionizable sidechains. Since the endocytic 

pathway of coronaviral entry ranges from pH 6.5 to pH 5, we simulated potential 

effects of neutralization of Asp830 that can insert in the membrane. As a control, three 

membrane-proximal aspartate sidechains and Asp830 were neutralized. That is, the aspartyl 

(de)protonation states investigated using NMR-biased simulations were: Asp830 and all 

aspartate residues deprotonated (Asp−1 830), only Asp830 protonated (Asp0 830), and 

aspartate residues 820, 830, 839, and 843 protonated (Asp0 820/830/839/843).
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Close approaches of the fusion peptide to spin-labeled lipids by NMR

The bicelles were doped with around one nitroxide spin-labeled phosphatidylcholine per 

leaflet, i.e., one doxyl-substituted POPC per 65 DMPC. The maximum expected radius 

of proton NMR line broadening by the nitroxide is expected to be 25 Å.50 The nitroxide 

substituent in 16:0 – 5-doxyl PC probed the shallow region below the glycerol backbone 

of DMPC (Fig. 2B). Deep probing of the interior of the bicelles was provided by 16:0 – 

14-doxyl PC (Fig. 2C). Examples of NMR HSQC spectra of 15N-labeled FP before and after 

addition of the respective spin-labeled probes are shown in Fig. S2. The sharp lines and 

τc of 16.9 ns in the bicelles16 are consistent with monomeric character. 49 paramagnetic 

relaxation enhancements (PREs) of NMR spectra from each spin-labeled probe were 

quantified as Γ2 relaxation rate constants. This was the difference in relaxation rate constants 

with and without the probe, i.e., R2,paramag – R2,diamag, obtained from exponential fits with 

R2 > 0.97 (Fig. S3). The shallow probe introduced large NMR line broadenings (Γ2) to 

helix 1, helix 2, the fusion loop between helices 2 and 3, and helix 3, but not to the loop 

joining helices 1 and 2 (Fig. 2B). This reflects proximity of these sites to the nitroxide at 

the 5-position of the acyl chain. Probing with the deep 16:0 – 14-doxyl PC probe gave 

a much more restricted set of NMR line broadenings that is distinct: The amide peaks of 

Thr827 – Ala829 were broadened severely by 16:0 – 14-doxyl PC, contrasting minimal 

broadening by 16:0 – 5-doxyl PC (Fig. 2B,C). The spin label at the 14-position in the 

acyl chain also introduced large Γ2 to helix 2 (Fig. 2C). Four of the six residues buried 

within the polypeptide fold (Leu822, Ile834, Gly838, and Leu849) exhibit large PREs (Fig. 

2), consistent with the long-range of the PREs relative to the small folding core. More 

paramagnetic line broadening was observed at many backbone amide peaks than at the side 

chain aliphatic peaks of these residues. Most of the residues with amide groups in exchange 

with water exhibit larger PREs to their amide groups than to their aliphatic groups, namely 

Ile818, Glu819, Thr827 – Ala829, Gly832, Tyr837, Gly838, Cys840, Asp843, and Leu849 

(Table S2, Fig. 2). It might be possible that water molecules within or near the bicelles not 

only experience PREs from the spin-labeled lipid, but also exchange hydrogen with these 

amide groups to increase their apparent paramagnetic relaxation. Even so, the patterns of 

PREs suggest that Thr827 through Ala829 in the loop between helices 1 and 2 (Fig. 2) 

appear to insert comparatively deeply into the interior of the DH7PC-DMPC bicelles. The 

patterns of PREs also suggest that the N-terminus of helix 1 and the fusion loop remain 

shallow near the junction of acyl groups with headgroups (Fig. 2). The changes in PREs 

along helices 1 and 2 (Fig. 2B,C) also imply that the depth of insertion of helices 1 and 2 

grew more shallow with distance from the tip at Thr827 – Ala829.

NMR biasing of MD simulations and experimental compatibility

49 close approaches of FP to spin-labeled POPC were estimated from the Γ2 measured 

by paramagnetic NMR. These distance estimates and six lipid-protein NOEs served as 

ambiguous harmonic depth restraints (Tables 1, S2), alongside 112 medium-and long-range 

NOEs and 12 sequential NOEs (Table S3),16 to bias a series of MD simulations using 

NAMD. The depth restraints were implemented as collective variables (colvars) parallel to 

the membrane normal along the Z-axis of the coordinate system with weak force constants 

(Table S2). The agreement with the colvars improved in the initial 5 to 50 ns of each 

production run of 300 ns, calculated with all 55 depth restraints (Figs. S4 – S12). Each 
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simulation was replicated five times, in each of the three ionic environments. FP restrained 

by the 55 depth estimates remained inserted in the leaflet of the DMPC bilayer among all 

replicates of all three ionic environments, with very good agreement with the depth restraints 

(first 300 ns in Figs. S4 – S12; Table 1). Most of the replicated trajectories exhibited 

metastability in that one to three orientational substates were sampled by each (Figs. S4 – 

S12).

The use of loose depth restraints raises questions of the adequacy of the long restraints to the 

depths of the 5- and 14-postions of the acyl chains, and their compatibility with unrestrained 

simulations. To investigate these questions, we continued the simulations for 200 ns in each 

of two ways: with half of the depth restraints or with none of the depth restraints. The 

half of the depth restraints withheld from simulations constituted the validation set used to 

monitor the degree of agreement between experimental measurements and simulations (Figs. 

S4 – S12; Tables 1, S2). In the Asp−1 830 simulations continued with half of the depth 

restraints, replicates 2, 3, and 4 maintained high agreement with the depth restraints of the 

validation set (Fig. S4B–D). However, replicates 1 and 5 diverged out of agreement with 

the validating PREs because FP diffused more than 5 Å toward the surface and to shallow 

positioning in the DMPC bilayer (Fig. S4A,E). Fully restrained Asp−1 830 replicates 1 and 5 

each had the deepest insertion of FP, including a charged loop, before withdrawal of half the 

depth restraints and moving to shallow insertion (Fig. S4A,E). A look at this divergence in 

replicate 1 finds strategic disagreement with four or five of the 27 withheld depth restraints 

by at least 1 or 2 Å above their estimated upper bounds (Fig. S13). In contrast, the Asp0 

830 simulations continued with only half of the depth restraints never encountered this 

problem. They maintained almost equally good agreement with validation set of depths (Fig. 

S4A–E), with RMSD from the validation depths of 2.4 vs. 2.2 when all depth restraints were 

used (Table 1). This suggests that the protonated Asp0 830 state could be more compatible 

with the depth restraints measured at pH 5 than the deprotonated Asp−1 830 state. That is, 

Asp830 may have been at least partly protonated during the NMR measurements at pH 5.

For reference, upon withholding half of the depth restraints from continuations of Asp0 

820/830/839/843 control simulations, three of the replicates maintained good agreement 

with the set of validation depth restraints while replicate 4 diffused 3 or 4 Å deeper into 

the bilayer and replicate 5 diffused across the trans-leaflet to its surface (Fig. S12). This 

suggests that the expected negative charge of Asp820, Asp839, and Asp843 may limit how 

deeply FP moves into the membrane. The results for the different ionization states together 

suggest that the incomplete set of depth restraints was most sufficient with only Asp830 

protonated in this zwitterionic bilayer at pH 5 during NMR measurements.

For all three ionization states in the simulations, all of the trajectory replicates continued 

without any depth restraints remained inserted in the DMPC bilayer. In the simulations 

without depth restraints, the variability in depth of insertion increased in 5 of 5 replicates 

of Asp−1 830, 4 of 5 replicates of Asp0 830, and 4 of 5 replicates of Asp0 820/830/839/843 

(Figs. S4 – S12). The more variable depths retained a surprising degree of agreement with 

the depth restraints: The increases of the RMS deviation from the set of validation depths 

were only about 60% for the Asp−1 830 and Asp0 830 states and about 40% for the Asp0 

820/830/839/843 state (Table 1). This variability in simulated depths of FP insertion in the 
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DMPC bilayer without depth restraints contrasts the steadier depths of FP insertion in the 

depth-restrained simulations.

Water influx into membrane mimic in silico and in NMR samples

In most of the simulations with all 55 depth restraints, water molecules and choline 

headgroups invaded central regions of the DMPC bilayer occupied by fatty acyl chains 

(Fig. 3, Movies S1 – S3). The possibility of water recruitment into the membrane was 

checked by NMR detection of amide hydrogen exchange with water. The backbone of helix 

1 is protected from exchange with water from Asp820 through Val826 (Table S4); these 

are residues of helix 1 that insert into the acyl phase by NMR and simulation (Fig. 3). In 

contrast, nearby bicelle-inserted residues spanning from the loop joining helices 1 and 2 

through the first turn of helix 2 (Figs. 2 and 3), i.e., Thr827 through Phe833, each display 

amide hydrogen exchange with water in NOESY spectra (Fig. S14; Table S4). The backbone 

of FP being exposed to water and near spin-labeled phospholipid probes (Figs. S14, 2) 

suggests detectable hydration of FP from Thr827 through Phe833 within the bicelles.

The exceptions to water recruitment into the bilayer were a few simulations in which 

Asp830 was protonated (Fig. 3B,C). Water was recruited into the bilayer within the first 

25 ns (Figs. S15A – S15C), especially into a dome-shaped defect in the leaflet across 

from FP (Fig. 3D–F). In the replicates of simulations with Asp−1 830, the water influx 

defect continued for another 60 to 100 ns (Fig. S15A). The numbers of water molecules 

drawn into the trans-leaflet across from the inserted FP tended to decrease when Asp830 

was neutralized, alone or in combination with Asp820, 839, and 839 (Figs. 3A–C, 6A–C). 

In simulations of Asp−1 830 and Asp0 830, the carboxyl group of Asp830 was inserted 

deeply to just beyond the mid-plane throughout most of the trajectories, i.e. to median 

depths of about 1.3 and 0.7 Å, respectively, to the trans-leaflet side of the bilayer mid-plane 

(Fig. 3A,B,D,E). The Asp−1 830 trajectories exhibited median recruitment of 171 water 

molecules into the trans-leaflet opposite the inserted FP (Fig. 3A). This was well above the 

median recruitment of 48 or 76 water molecules in the Asp0 830 and Asp0 820/830/839/843 

simulations, respectively (Fig. 3B,C). Asp−1 830 trajectories near median depth of FP and 

water recruitment exhibit a swath of water molecules spanning between the cis and trans 
leaflets of the bilayer (Fig. 3D; Movie S5). A representative Asp0 830 trajectory developed 

a persistent pool of water in the cis leaflet around the inserted FP (Movie S6). During the 

period 9 to 20 ns into trajectory 2, a “water wire”31 connected the water of the two leaflets. 

The water wire reformed at 47 ns and grew broader after 74 ns (Movie S6). A bowl or 

dome-shaped defect usually formed in the leaflet opposite FP in each protonation state, 

with hydrated phosphocholine headgroups drawn toward FP, and water filling the defect. 

However, when the -COOH group of Asp0 830 was shallower, i.e., in the cis-leaflet > 3 Å 

from mid-bilayer, the defect in the trans-leaflet of the DMPC bilayer usually disappeared 

(Fig. 3B,C).The results suggest that (i) FP was capable of recruiting water into a simple 

zwitterionic DMPC bilayer in monovalent cations, with or without charge on its aspartate 

side chains, and (ii) the anionic form of inserted Asp830 recruited more water to the interior 

of the bilayer.
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Displacement of phospholipid molecules

Choline head groups entered the interior of the DMPC bilayer together with water 

molecules. The intruding headgroups and water molecules correlated in numbers (Figs. 

3D–I, S15D). Multiple choline headgroups drew close to Asp830, suggesting attraction 

between the positive charge of choline and negative charge of Asp−1 830. Across from FP 

where the dome-shaped defect formed in the trans-leaflet, phosphatidylcholine molecules 

moved inward into the bilayer, with fatty acyl chains wrapping around FP and intermingling 

with the fatty acyl chains of the cis-leaflet. The headgroups of these phospholipids, which 

slid from the trans-side to the cis-side in part, collected around Asp830 and the inserted 

loop between helices 1 and 2, often forming the top of the water-filled, dome-shaped defect 

(Fig. 3G–I, Movies S1 – S3). At this defect in the trans-leaflet, the headgroups lay on 

the domed surface and the fatty acyl groups radiated from the curved surface, tilting them 

away from the overall membrane normal (Fig. 3D–I). These fatty acyl groups tilted away 

from the center appear to cradle FP and its aromatic and aliphatic sidechains with favorable 

hydrophobic interactions. In the cis-leaflet, fatty acyl chains tended to adopt a sweeping tilt 

around FP. Tilted fatty acyl chains often lay sandwiched between the bilayer mid-plane and 

helices 1 and 2 in the trajectories. Other DMPC molecules draped over FP in the cis-leaflet. 

In 11% of Asp0 820/830/839/843 simulations, a fatty acyl chain of a DMPC molecule was 

lifted to the water-exposed surface of the cis-leaflet (Figs. 3F,I and S16). With one acyl 

chain displayed on the surface and one acyl chain inserted, this shape of a phospholipid 

was named an “L”-state.51 This protrusion of a fatty acyl chain from the surface usually 

occurred adjacent to the disulfide bond of the fusion loop within the first 10 to 100 ns of 

replicates 1, 3, 4, and 5 of the Asp0 820/830/839/843 simulations (Movie S4). Headgroups 

bulged or protruded from the bilayer around FP in Asp−1 830 and Asp0 830 simulations, 

which elevated acyl chains in measurements (Fig. S16). Such bulging of headgroups from 

the bilayer preceded the acyl protrusion in Asp0 820/830/839/843 trajectories. The frequent 

tilting and translation of molecules around FP in the simulations might portend beginnings 

of negative Gaussian curvature (Fig. 3D–I, Movies S1–S3). The appearance of the fatty 

acyl chain that appeared on the cis-surface of the DMPC bilayer adjacent to the disulfide 

bond (Figs. 3F, S16) raises the question of this as a means of promoting the lipid mixing of 

membrane fusion.

Thinning of the lipid bilayer around the fusion peptide—Thinning of the bilayer 

at the dimple across the trans-leaflet across from FP was quantified. In the Asp−1 830 

trajectories, the trans-leaflet was especially thinned near FP to a median of 9.8 Å from the 

mean choline center-of-mass to the mid-plane of the bilayer, i.e., to only half of the normal 

20 Å thickness remote from FP (Fig. 4A). This is consistent with the large influx of water 

(Fig. 3A,D). All of the Asp−1 830 simulations freed of depth restraints retained thinning of 

the trans-leaflet. In the Asp0 830 trajectories, the trans-leaflet was thinned to around 60% 

of the normal thickness (median of 11.8 Å with CV = 0.2, Fig. 4B). Three of four Asp0 

830 trajectories that were deeply inserted remained deeply inserted after removal of depth 

restraints (Figs. S7 – S9) and retained thinning of the trans-leaflet. In Asp0 820/830/839/843 

simulations, most of the thinning was to 10.5 Å, but a minor population thinned only to 

~15.5 Å (Fig. 4C). The Asp−1 830 trajectories tend to display a broader thinning of the 
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bilayer in the trans-leaflet across from FP than those with protonation of aspartate sidechains 

(Movies S5, S6).

Thinning was also evident in the cis-leaflet as choline headgroups being recessed around the 

inserted FP. The recession of the choline groups was to about 60% of normal thickness in 

Asp−1 830 simulations, 65% in Asp0 830 simulations, and 70% in Asp0 820/830/839/843 

simulations (purple in Fig. 4). The thinning of both leaflets of the DMPC bilayer around 

FP might resemble a very localized portion of the negative Gaussian curvature of stalk-like 

fusion intermediates52 (Figs. 3D–I, 5D–F).

Membrane invagination around inserted charges at varied insertion angles

In the NMR-biased simulations of the Asp−1 830 ionization state of FP, the largest protein 

reorientation in the simulations was roll in the membrane (Fig. 5A,B). The side facing 

the interior of the DMPC bilayer varied from the side displaying Phe823 (from the 

conserved LLF motif) to the side of the fusion loop (Fig. 5D,F). Consequently, three main 

populations of FP insertion angles and water recruitment into the membrane emerged in 

the simulations (Fig. 5A,B). The three orientations of membrane insertion of the Asp−1 

830 state were similar in probability (Fig. 5A,B). A smaller, orthogonal reorientation of the 

N-terminus pitching forward into the membrane and back to the surface, re-exposing Glu819 

and Asp820 to the aqueous phase, sometimes also occurred. In each of the three main 

populations of inserted orientations, 110 to 260 water molecules were typically recruited 

into the inner half of the leaflet across from FP, though recruitment of 30 to 100 water 

molecules by upright insertion was also common (Fig. 5B, Movies S5 and S7). Despite the 

wide range of angles of insertion, water filling of the bowl in the trans-leaflet opposite FP 

was shared among them (Fig. 5D–F).

Despite differences in the details of the three orientations of membrane insertion, 

conceptually similar physical-chemical behavior emerged in the membrane interactions. 

When the face displaying Phe823 rotated toward the membrane interior in trajectory 1, 

the Asp820 and Lys835 sidechains rotated to the middle of the bilayer, with Asp830 

reaching the trans-leaflet (Fig. 5D,G). These deep charges lay among the headgroups of the 

invagination deep within the trans-leaflet (Fig. 5D). Upright orientations of FP consistently 

positioned Asp830 just to the trans-side of the mid-plane of the DMPC bilayer where 

it approached choline headgroups (with partial positive charge) and water (Fig. 5E,H). 

Lys825 and Arg847 were usually inserted deeply on the cis-side of the mid-plane near 

phosphoryl segments of the headgroups and water (Fig. 5E,H). Anionic Asp820 and Asp843 

were also inserted (Fig. 5H) into contact with water in the bilayer, often near choline. 

Often, the fusion loop rolled into the acyl phase of the membrane, which could rotate 

the charges of Lys825 and Asp843 to the trans-side of the mid-plane, Arg847 to near 

mid-bilayer, and Asp830 to the cis-side (Fig. 5B,F,I). These four charged side chains tended 

to mingle with the headgroups and water molecules around the invagination (Fig. 5F). 

Though the combination of inserted charge side chains differed among the orientations of 

insertion, in each case the charged side chains were positioned among headgroups and 

water molecules in the defect turned inward. In the populations with FP inserted upright 

or rolled toward the fusion loop, the center-of-mass of the water that invaded the DMPC 
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bilayer collected more often on the side of the fusion loop (Fig. 5C). The most interior 

water on either side of FP appears to have colocalized with the deeply inserted charged side 

chains and headgroups, hydrating them (Fig. 5D–F). The anionic Asp830 side chain was 

always inserted, and usually colocalized with choline headgroups and water. Throughout 

the Asp−1 830 simulations, the insertion of charged amino acid sidechains, invagination 

of the trans-leaflet and its headgroups, and collection of water all colocalized. Thus, the 

electrostatic attractions and the hydration of charge became the working, general hypothesis 

for deformation of the DMPC bilayer by the β-coronaviral FP at varied angles of membrane 

insertion.

Hydrated membrane invaginations lined with charge in the Asp0 830 state—
Consequences of the charge of the Asp830 carboxyl group were investigated further by 

neutralizing it in silico. Protonation of Asp830 in a set of NMR-restrained simulations 

modified the insertion of charge and tested potential consequences should Asp830 become 

protonated in the late endocytic pathway (pH 5 to 5.5). Neutralization of this buried 

sidechain narrowed the breadth of the roll of FP in the DMPC bilayer and decreased the 

frequency of the roll toward the fusion loop (Fig. 6A). When the Asp0 830 state rolled 

toward the fusion loop, FP recruited < 125 water molecules (and often < 20) to the inner 10 

Å slab of the trans-leaflet (Fig. 6B,F). The more that the Asp0 830 state rolled to the side of 

Phe823, the more that water tended to enter the trans-leaflet, i.e., ranging from as few as 60 

water molecules to as many as 275 in the inner 10 Å slab of the trans-leaflet (Fig. 6B). Why 

did this recruit more water? Insertion of FP that was upright or rolled toward Phe823 often 

tipped Asp820 into the membrane (Fig. 6C,E), which appeared to draw additional water into 

the acyl region of the bilayer to solvate the negative charge of Asp820 (Fig. 6E). The roll 

of FP in the membrane toward its Phe823 side also moved the amino group of Lys835 deep 

into the bilayer where it interacted with water and phosphoryl moieties of the headgroups 

(Fig. 6C,E). When the Asp0 830 form of FP rolled toward the fusion loop in simulations, 

it rotated the charges of Lys825 and Arg847 into the acyl phase like in the Asp−1 830 

state. However, protonated Asp0 830 rolled toward the fusion loop did not recruit as much 

water into the membrane as the Asp−1 830 state did (Figs. 5C, 6B). Thus, the emerging 

association of inserted charge with invagination of the trans-leaflet and ingress of water into 

the bilayer was corroborated. The Asp0 830 simulations suggest that anionic charge of each 

bilayer-inserted aspartate, e.g., Asp820 or Asp830, can enhance water movement into the 

bilayer.

With aspartates neutralized, basic and polar groups distorted the membrane

To probe more shallowly inserting carboxylate groups, aspartate residues 820, 830, 839, 

and 843 were all protonated in silico in another set of NMR-biased MD simulations. These 

Asp0 820/830/839/843 trajectories largely rolled toward the fusion loop (Fig. 7A,B), as no 

negative charges remained to resist immersion of the loop in the acyl phase. The trans-leaflet 

curved inward opposite FP and took in a moderate amount of water in four of five of the 

simulation replicates (Figs. 3C and 7B,F). The variability in the main cluster of roll and 

hydration (Fig. 7B) is suggested by frames with roll toward the fusion loop of 60° and 

120 waters hydrating the interior of the trans-leaflet and of 83° and 81 water molecules 

in this region (Fig. 7C,D). Characteristic of the roll toward the fusion loop was deep 
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insertion of the Lys825 and Arg825 charges among the hydrated phospholipid head groups 

lining the invagination (Fig. 7C–E). These basic side chains were joined by neutralized 

Asp843 and sometimes neutralized Asp830. The number of water molecules that entered 

the interior of the leaflet in trans correlated negatively with the mean distance of the basic 

and aspartyl side chains (Lys825, 835; Arg847; Asp0 820, 830, 839, 843) from the bilayer 

mid-plane (Pearson’s r of −0.65; Fig. 7F). The mean position of Lys825 and Arg847 charges 

correlate negatively with the internalized water with Pearson’s r of −0.55 (Fig. S18). These 

suggest the sufficiency of the inserted cations for electrostriction of the membrane and water 

recruitment. It also suggests that protonated, polar aspartyl side chains may also enhance the 

hydrated defect.

Flip-flop of headgroups through watery corridors around fusion peptide—In 

all five simulations with Asp830 ionized (Asp−1 830), some choline headgroups diffused to 

the opposite leaflet of the DMPC bilayer. DMPC molecules positioned on the flanks of the 

defect in the trans-leaflet, with their acyl chains radiating away from the membrane normal 

(Figs. 3G, 8A–D), were close enough for the choline head groups to diffuse between leaflets 

of the membrane. An example of flip-flop of several phospholipids early in a simulation 

is drawn from trajectory 3 (Fig. 8A–D; Movie S8). DMPC molecules flip-flopped in both 

directions across the bilayer, with the traffic in the cis to trans direction averaging about 

70% the volume in the trans to cis direction in the Asp−1 830 trajectories (Fig. 8E,F). In the 

example, the cis-to-trans flip-flop preferred to pass by helix 1 or 2 (past Asp820, Asp830, 

or Lys835) while the trans-to-cis flip-flop was near the fusion loop between helices 2 and 3 

(Fig. 8A–D and Movie S8). The flip-flop of DMPC molecules correlated with the simulated 

accumulation of waters of hydration in the membrane near FP. As the waters’ collective 

radius of gyration in the middle of the membrane grew beyond about 8 Å, flip-flop of 

choline head groups commenced (Fig. 8G). These dimensions match and exceed the breadth 

of a choline headgroup. This suggests the need for a water-rich portal large enough for the 

headgroup to diffuse through.

Flip-flop of the choline headgroups became less frequent in silico upon protonation of 

Asp830, and infrequent with protonation of Asp820, 830, 839, and 843 (Fig. S17A–D). 

In the case of Asp0 830 trajectories, flip-flop of choline headgroups ranged from none 

in replicates 1 and 5 up to seven in the trans to cis direction and up to six in in the 

cis to trans direction of trajectory 3. In Asp0 830 simulations, slowing of flip-flop (Fig. 

S17A,B) paralleled overall slowing of influx of water into the trans-leaflet for Asp0 830 

(Fig. S17B). Asp0 820/830/839/843 trajectories ranged from no flip-flop in trajectories 1 

and 4 up to three lipids flip-flopped trans to cis in trajectory 5 and two cis to trans in 

trajectory 2. In trajectory 5, two trans to cis flip-flops passed by Arg847 and Asp0 843 of 

the fusion loop and one trans to cis flip-flop passed Asp0 830 (Fig. S17H). The flip-flop 

in Asp0 820/830/839/843 trajectories occurred when the influx of water molecules into 

the trans-leaflet exceeded 140 molecules into the 10 Å slab nearest the mid-plane (Fig. 

S17F). In all states of protonation of Asp sidechains in the simulations, cis to trans flip-flop 

awaited movement of at least 60 water molecules into the interior of the trans-leaflet 

while trans to cis flip-flop awaited influx of at least 80 water molecules into the interior 

of the trans-leaflet (Fig. S17E–G). These results support the working hypotheses that (i) 
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flip-flop required watery corridors wide enough for the headgroup to diffuse through and (ii) 

such water-containing passages were more likely to form upon deep insertion of a charge, 

especially Asp−1 830, but also Asp−1 820, Lys825, Asp−1 843, or Arg847.

Discussion

Limitations of the study

The choice of lipids was constrained by the need of solution NMR for a membrane 

mimic that tumbles quickly enough for sharp NMR lines. Small bicelles fulfill that need, 

provide a small bilayer region, and are well-characterized, but are limited to simple 

lipid compositions.53–56 The bicelles lacked the physiologically important and abundant 

cholesterol, anionic lipids, curvature-inducing headgroups such as ethanolamine, and C16 

and C18 acyl chains. POPC and cholesterol influence fluidity. POPC, anionic lipids, 

and cholesterol have been favored for assays of membrane fusion by coronaviral fusion 

peptides.2 More work using lipid compositions that are more physiological and diverse will 

be needed in mechanistic studies of the membrane insertion of viral fusion peptides and 

proteins. A trimeric context for positioning FP10 could influence lipid mixing and water 

penetration. However, there is an experimental gap in sample preparation between viral 

fusion peptides and intact viral glycoproteins used in membrane fusion assays. The lipid 

measurements in this study were limited to their proximity to FP. Solid-state NMR can 

provide additional strategic measurement strategies for larger proteins and more complex 

mixtures of lipids in bilayers.57–59

How may a charged coronaviral FP insert into a zwitterionic bilayer?—
Compared to the class I fusion peptides of influenza hemagglutinin and HIV GP41, the 

membrane-inserting surfaces of FP from SARS-CoV-2 Spike display more charged and 

polar sidechains alongside the hydrophobic sidechains16 (Fig. 1D). The high energetic costs 

of inserting proteins with charged sidechains into the low dielectric core of membranes 

are well-known.49,60 Why does coronaviral FP insert into zwitterionic membranes in 

monovalent salt nonetheless? Two considerations of the theory of insertion of charge and 

polar groups into the hydrophobic phase of a membrane regard the deformation of the 

membrane by electrostriction and hydration.49 Parsegian considered potential mechanisms 

of ion transport through membranes in terms of ion – low dielectric interactions.49 He 

proposed that the mechanism most capable of lowering the energy of ion entry into the 

membrane should be a “pore” filled with very polarizable water or protein.49 Solvation of 

the ion with a very polarizable, neutral molecule like water minimizes the energy of ion 

entry next best. Furthermore, an ion in the membrane pinches (thins) the low dielectric 

membrane along the membrane normal drawn through the charge.49 Protonation of Asp830 

decreased the electrostatic recruitment of headgroups from the trans-leaflet. Yet neighboring 

Lys825 or Lys835 remained inserted in the bilayer in simulations. Asp830 protonation 

decreased the pinching and invagination in the trans-leaflet, and decreased the water influx 

into this invagination (Fig. 3B,E,H). Parsegian indicated that hydration of an ion in a 

“pore” would make the thinned region of the pore from a bridge through the membrane. 

These principles and behaviors are evident in NMR-biased simulations of FP in bilayers of 

DMPC in which combinations of the inserted charges of Asp820/Asp830/Lys835, Lys825/
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Asp830, and Lys825/Asp830/Asp843/Arg847 lay near the apex of the largest water-filled 

pits observed in the trans-leaflet. The amount of water that entered the membrane appeared 

to correlate with the combined proximity of Asp, Lys, and Arg sidechains to the mid-plane 

of the bilayer (Fig. 7F). A path of water tended to cross through the cis-leaflet (Figs. 3D,G,J, 

5E–G, 8G–H), as Parsegian’s theoretical models predicted. Uncharged, polar sidechains 

probably also attracted water for solvation into the membrane. Insertion of FP deep enough 

to place an ion near the middle of the membrane retained electrostriction and water bridging 

in the simulations (Fig. 7C,D). Parsegian pointed out that the electrostrictive pressure is 

greatest through the charge inserted in the membrane.49 In accordance with this prediction, 

the region of thinning and water pooling tended to shift to the most deeply inserted charges; 

see Figs. 5D–F, 6E, 7C,D for examples. The pressure of electrostriction may have done 

the work of turning headgroups into the membrane (intrusion), aimed around FP in the 

cis-leaflet and in the invagination in the trans-leaflet. The headgroup intrusion seems was 

accompanied by lateral tilting of the fatty acyl chain (Figs. 3G–I, 8A–D). The repositioning 

of the phospholipids laterally within the membrane, combined with the water bridging 

across the bilayer, predicted by Parsegian, appear to have fostered the simulated lipid 

flip-flop (Fig. 8 and Movie S8).

More subtle membrane invagination and thinning by the influenza HA fusion peptide may 

also be promoted by electrostriction. Simulated bilayer invagination by a single fusion 

peptide was shallow and localized to the N-terminus.36 The simulated invagination for a 

trimer seemed to be deeper and attributable to the charge of its protonated alpha-amino 

group.61 Clustering of free influenza fusion peptides displaced lipids and thinned the 

hydrophobic phase.37

Could membrane perturbation by fusion peptide aid membrane fusion?

Schaefer et al. simulated the affinity between FP and a membrane to be more than enough 

to bring host and viral membranes into apposition.18 The study herein, albeit limited by the 

simplicity of the lipid composition, suggests the possibility of electromechanical distortions 

of phospholipid bilayers by coronaviral fusion peptides. If such distortions carry over into 

more physiological lipid compositions, they might participate in coronaviral-cell fusion. 

For juxtaposed membranes to proceed to fusion, the repulsive forces between them need 

to be overcome by attractive forces.62 Once the fusion stalk forms, it needs to expand for 

membrane fusion to occur.

The repulsive forces between juxtaposed membranes arise from hydration, steric clashes 

of dynamic headgroups, and electrostatic repulsion between their respective headgroups.62 

Simulated submersion or intrusion of phospho-linkages of POPC by the influenza HA2 

fusion peptide caused shallow invagination of the headgroups near the N-terminus of the 

influenza fusion peptide.36 The authors proposed that this would withdraw the headgroups 

out of steric overlap and decrease electrostatic repulsion between the headgroups of the 

two membranes. The invagination in the cis-leaflet by the SARS-CoV-2 fusion peptide is 

deeper and broader, with the headgroups submerged more deeply (Figs. 3 – 8). Retraction 

of headgroups from contact by insertion of β-coronaviral fusion peptide could be postulated 

to help decrease repulsion between apposed membranes in fusion. Calcium interactions with 
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aspartate sidechains22 also appear likely to diminish electrostatic repulsion at the plasma 

membrane where calcium exceeds 2 mM.

The simulated invagination of the trans-leaflet (Figs. 3 – 8) looks similar in depth to 

that in coarse-grained simulations of the junctional complex with full-length influenza 

hemagglutinin.61 The invagination in the trans-leaflet of the hemagglutinin simulations 

enabled the trans-leaflet to move into the fusion junction where headgroups of the trans-

leaflet and cis-leaflet appeared to mix, and meet the viral membrane mimic.61 The lipid flip-

flop simulated in the presence of SARS-CoV-2 FP (Figs. 8 and S17) suggests the possibility 

of analogous traffic between trans- and cis-leaflets that could be conducive to the lipid 

mixing of membrane fusion. Based on neutron reflectivity and scattering, Santamaria et al. 

also hypothesized mixing of lipids at sites of fusion initiation by SARS-CoV-2 FP.27 Pabis 

et al. proposed that distortion of the trans-leaflet by influenza hemagglutinin was pivotal in 

the simulated fusion process and dependent upon the deep insertion of the N-terminus of 

the influenza fusion peptide into contact with a phosphoryl group of the trans-leaflet.61 In 

the SARS-CoV-2 FP simulations, electrostatically favorable contacts fluctuate between basic 

choline headgroups of the invaginated trans-leaflet and acidic Asp830, Asp820, and Asp843 

(Figs. 3, 5 – 8). Lys825, Lys835, and Arg847 also approached the phosphoryl portions of the 

invaginated headgroups. The simulated behaviors raise the question of FP also distorting the 

trans-leaflet and mixing lipids of more physiological composition.

The NMR evidence for hydration of the FP backbone while inserted in bicelles (Figs. S8, 

2C) is intriguing. It appears related to the provocative lipid flip-flop through hydrated portals 

suggested by NMR-biased simulations. If the coronaviral FP could promote a concurrent 

transmembrane flux of lipids and water, that might favor fusion pore models over proximity 

models.63 Neutron reflectivity measured water introduced to a membrane by a 22-residue 

FP peptide from SARS-CoV-2 Spike, supporting a fusion pore model.27 The trajectories 

herein portray the opening in the trans leaflet as a fluctuating, water-filled invagination that 

connects to “wires” or “sheets” of water to establish a fluctuating, hydrated corridor across 

the membrane (Figs. 3, 5 – 8 and Movies S1 – S3, S5 – S8).

Concluding remarks

In MD simulations of SARS-CoV-2 FP in a zwitterionic bilayer, constrained by depth 

estimates by NMR, FP and part of its acidic and basic sidechains inserted into a leaflet of 

the bilayer in monovalent cations. Deep insertion of FP charge into the DMPC bilayer was 

accompanied by phosphocholine headgroups and water molecules migrating together into 

the membrane in the simulations, consistent with hydration of part of the bicelle-inserted 

backbone detected by NMR. The simulated influx of polar groups occurred around FP in 

the cis-leaflet and across in the trans-leaflet. This was the case in the three major angles 

of insertion of FP in the membrane and in most of the simulations performed with Asp830 

neutralized alone or in combination with Asp820, Asp839, and Asp843. Upon protonation 

of the four insertable aspartate sidechains, protrusion of a hydrophobic lipid tail at the 

fusion loop occurred. The simulated membrane pinching and water conduits past hydrophilic 

groups of FP follows the theory of electrostriction and intramembrane hydration described 

by Parsegian.49 The pinching and water filling of the defect in the trans-leaflet consistently 
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accompanied deep insertion of charged sidechains to near the mid-plane of the DMPC 

bilayer, and enlarged with deep insertion of additional charges. When fluctuating watery 

passages opened wide enough for a choline headgroup, flip-flop of DMPC between leaflets 

proceeded in both directions past FP, suggesting a simulated avenue of lipid mixing between 

leaflets. Whether the simulated membrane manipulation and lipid flip-flop by FP occur in 

coronaviral-cell fusion is unknown.

Star Methods

Resource Availability

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Steven Van Doren 

(vandorens@missouri.edu).

Materials availability—All unique/stable reagents generated in the study are available 

from the lead contact.

Data and code availability

• The NMR-biased MD trajectories, collective variables, and protein structure files 

have been deposited in osf.io in project “SARS2_fusion_peptide_in_membrane: 

NMR-biased_MD” at https://osf.io/95tre/

• The analysis scripts written in Tcl or PLUMED have been deposited in osf.io 

in the project “SARS2_fusion_peptide_in_membrane: NMR-biased_MD” at 

https://osf.io/95tre/

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental model and study participant details—Bacterial host strain E. coli 
BL21-Gold (DE3) RIL was used to express FP.

Method Details

Preparation of FP—A protein fusion of the protein G B1 domain with the 42-residue 

fusion peptide of Spike from SARS-CoV-2 with a stabilizing I844V mutation was expressed 

in E. coli BL21(DE3)67 (Gold RIL strain) using PG minimal medium containing 15NH4 and 
13C6 D-glucose for uniform labeling.16,68 The sequence after completion of the preparative 

steps was: 816-SFIED LLFNKVTLAD AGFIKQYGDC LGDVAARDLI CAQKFNG-857. 

The bacterial cell pellets were lysed by sonication and the insoluble protein recovered in 

inclusion bodies by centrifugation. The insoluble pellet was dissolved in 6 M urea, 20 

mM Tris (pH 8.0). The supernatant was loaded onto a column of nitriloacetic acid resin 

(GenScript), washed with several column volumes of 20 mM imidazole (20 mM Tris, pH 

8.0), and eluted with 300 mM imidazole (pH 8.0). Disulfide bonds were reduced with 10 

mM dithiothreitol. To fold the protein and form the disulfide bond, GB1-FP was diluted to 

0.1 mg/ml by dialysis overnight against 3 mM cysteine, 0.3 mM cystine, 20 mM Tris (pH 

8.0), followed by dialysis against 20 mM Tris (pH 8.0) without thiol redox reagents. GB1-
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FP was treated with TEV protease and the GB1 domain removed by using chromatography 

on nitriloacetic acid resin (see above). Pure FP was captured on Q-Sepharose resin, eluted 

with 1 M NaCl in 20 mM Tris (pH 8.0), and dialyzed into 20 mM Tris-acetate (pH 5.0) for 

NMR.16

Preparation of bicelles—DMPC vesicles were prepared using three freeze-thaw cycles, 

followed by bath sonication until the milky white suspension became translucent with a blue 

tint at 42 °C.69,70 The large unilamellar vesicles and multilamellar vesicles were collected 

by microcentrifugation for 30 min. A concentrated suspension of these DMPC vesicles was 

dissolved in DH7PC and incubated at 42 °C for 1 to 2 h until formation of a homogeneous 

suspension of bicelles.8,59 The stock solution of bicelles was a mixture of 50 mM DMPC 

with 100 mM DH7PC. This was estimated to correspond to 0.385 mM bicelles, based on the 

estimate of 130 DMPC per bicelle and 65 DMPC per leaflet, based on diameters of bicelles 

of 8 to 9 nm. The ratio of one DMPC to two DH7PC (q=0.5) was verified from the 1:2 ratio 

of their respective methyl peak areas in the 1H NMR spectrum (Fig. S1A).71 The integrity of 

the bicelles was also evident from their mean diameter of 8.1 nm by dynamic light scattering 

(Fig. S1B).

Measurement and interpretation of PREs—NMR samples contained 0.4 mM 15N/13C 

FP (I844V) and 0.24 mM DMPC/DH7PC bicelles (q=0.5). Spin-labeled 16:0–5-doxyl PC 

or 16:0–14-doxyl PC was added to 0.48 mM. This resulted in an average of one spin label 

per 65 DMPC molecules, that is, about one spin-label POPC per leaflet of the bicelles. The 

nitroxide substituents in the 2-acyl chain lay at the 5-position closer to the ester linkage or 

the 14-position near the methyl terminus. The NMR peak assignments from BMRB entry 

30909 were used. A PROJECT-CPMG train that suppresses 1JHH couplings72 was inserted 

in 15N HSQC and 13C HMQC pulse sequences for measuring exponential relaxation decays 

without J-modulation from the diamagnetic and paramagnetic samples.69 CPMG periods of 

0, 6, 12, 18 ms were measured. The peak heights, y, from the exponential relaxation decays 

were fitted with the expression:

Eq. 1: y = y0 + A * eR2 * x, where R2 is the apparent relaxation rate constant, x the length of 

the CPMG period, and y0 a constant offset fitted. The PREs were estimated quantitatively 

from the apparent relaxation rate constants: Γ2 = R2,paramag − R2,diamag. The close 

approaches, r, between the spin-labeled lipid and protein groups that underwent line 

broadening from the spin label were estimated from the relationship:

eq. 2: r = 4Kτc Γ2
6 , where κ =1.23e-44 m6 s−2 and τc is the rotational correlation time. The 

τc in the bicelles, estimated from the 15N R2/R1 ratio,16 was 16.2 ns.

PREs and NOEs as ambiguous harmonic restraints in MD simulations

PREs.: Lipid-protein proximities estimated from quantitative fits of PREs (eq. 1; Fig. 2) 

were satisfied in the restrained simulations by close approaches to the 5- or 14-position of 

the central fatty acyl chain of any of several DMPC molecules. These ambiguous distance 

restraints were implemented as collective variables (colvars). The simulations evaluated the 

energy of colvars for PREs emanating from 16:0–5-doxyl PC to the 5R and S hydrogen 
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atoms of twelve DMPC molecules of the cis-leaflet surrounding FP (DMPC residues 128 

– 139). The simulations evaluated the colvars for PREs from 16:0–14-doxyl PC to C14 of 

29 DMPC molecules (DMPC residues 128 – 139 and 17 more DMPC molecules randomly 

and widely dispersed through the cis-leaflet). There was no energy penalty from a colvar 

with a close approach within radius r of one of the C14 atoms in a colvar from the 14-doxyl 

label, or within r x 1.15 of a 5R or S hydrogen atom in a colvar from the 5-doxyl label. The 

harmonic force constant used with the PRE-based colvars was 0.02 kcal/mol/Å2. 33 colvars 

were used to bias simulations toward agreement with PREs from the 5-doxyl spin label and 

16 colvars for PREs from the 14-doxyl spin label.

NOEs.: The six lipid-protein NOEs assigned16 were implemented similarly as colvars to 

bias MD simulations gently using force constants of 0.02 kcal/mol/Å2. Four of the NOEs 

were ambiguously defined to H7 methylene protons of both fatty acyl chains and two of the 

NOEs to H2 protons of both fatty acyl chains among twelve DMPC molecules surrounding 

the inserted FP (DMPC molecules 128 – 139) in the cis-leaflet. The conformation of 

FP measured in bicelles16 was maintained during the simulations using 116 NOE-based 

distances, implemented as colvars. The NOEs comprised 24 long-range NOEs (≥ 5 residues 

apart in sequence), 80 medium-range NOEs (two to four residues apart), and 12 sequential 

NOEs. Harmonic force constants of 0.05 kcal/mol/Å2 were used in these colvars.

NMR biasing of MD simulations—The three variants of the system (Asp−1 830, 

Asp−0 830, and Asp0 820/830/839/843) were generated using CHARMM-GUI and 

Membrane Builder.73–76 The CHARMM36 all-atom forcefield (validated for DMPC)77,78 

was employed using NAMD 2.13, its Colvars module, and compilation for GPUs.79 TIP3P 

water molecules were used.80,81 The assemblages were built with 127 DMPC molecules in 

the trans-leaflet, 119 DMPC molecules in the cis-leaflet, and surface areas of each leaflet 

of about 8150 Å2. The structure of FP adopted in bicelles (PDB: 7MY8)16 was inserted 

in the cis-leaflet with the vector between Cα atoms of Leu828 and Asp848 aligned along 

the Z-axis. Each simulation box had dimensions of approximately 90.3 × 90.3 × 85.9 Å. 

Layers of water around 23.4 Å thick sandwiched the zwitterionic membrane with FP largely 

inserted. The ionic strength of all simulations was set to 150 mM using primarily KCl. 

Among the Asp−1 830 trajectories (deprotonated), five were run in 150 mM KCl and another 

five in 120 mM KCl plus 12 mM CaCl2 (two calcium ions in the simulation box) for ionic 

strength of 150 mM.

The simulations were performed at 303.15 K where the bicelle-inserted fold of FP is stable16 

and DMPC is fluid. The isobaric-isothermal (NPT) ensemble maintained temperature 

control by the Nosé-Hoover chain method82 and pressure control by the Langevin piston 

method.83 Semi-isotropic pressure coupling were used by setting useFlexibleCell and 

useConstantRatio each to yes. Periodic boundary conditions were used. Non-bonded 

interactions were evaluated with switching from 10 to 12 Å. Electrostatics were evaluated 

by the particle mesh Ewald method.84 Using rigid bonds to hydrogen, time steps were 

1 fs in the first three steps of equilibration, 2 fs in the next three steps of equilibration, 

and 2 fs during production runs. The NMR-based colvars were active throughout. During 

the six steps of initial equilibration, the force constants of the protein positional restraints 
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decreased through steps of 10, 5.0, 2.5, 1.0, 0.5, and 0.1 kcal/mol, to none during production 

runs. The production runs were not considered fully equilibrated, however, until after the 

energies of the NMR-based lipid-protein colvars had eased and stabilized (marked in Figs. 

S4—S12). For each of the conditions,1.5 μs of trajectories (five replicates of 300 ns each) 

were calculated with the gentle biasing by colvars representing PRE and NOE measurements 

mentioned above.

Withdrawal of depth restraints.: The Asp−1 830 and Asp0 830 trajectories were extended 

200 ns per replicate with only half of the lipid-protein depth restraints (Table S2) or without 

any lipid-protein depth restraints. These extensions decreased the force constants for NOEs 

within the polypeptide by five-fold to 0.01 kcal/mol/Å2. In the dynamic C-terminal segment 

from Ala845 to Gly857, NOE force constants were decreased five-fold further to 0.002 

kcal/mol/Å2.

Analyses of MD trajectories—Snapshots at 100 ps intervals were used to illustrate and 

analyze the trajectories in VMD 1.9.3 using Tcl and PLUMED scripts.85,86 The trajectories 

were preprocessed with unwrapping (protein or lipids), centering of the bilayer mid-plane at 

Z=0, and wrapping for centering laterally. Unwrapping used a Tcl script of Jerome Hennin. 

Centering and wrapping used a Tcl script of Jeff Comer. We wrote Tcl scripts to count and 

locate water molecules and choline headgroups, monitor flip-flop of choline headgroups, 

monitor radii of gyration of ensembles of interior water, monitor distances of calcium ions 

to carboxylate groups, and monitor energies of violations of the colvars for PREs and 

NOEs. We wrote scripts for use the PLUMED-GUI for VMD86 to measure the depths and 

tilts of insertion of FP in the lipid bilayer. Essential dynamics analyses (EDA or PCA) of 

trajectories were calculated using ProDy and depicted using the NMWiz plugin for VMD.87

Quantification and statistical analysis

Measurements were quantified using the Tcl and PLUMED analysis scripts posted. NMR 

peak heights were measured using NMRFAM-Sparky or Bruker Topspin 3.5. Data were 

fitted or plotted using Origin, versions 2020–2023. Statistical parameters were calculated 

using Origin or Microsoft Excel. Centers of distributions were defined by mean or median 

as indicated in Figures and Tables. Dispersion of points of key distributions was illustrated 

in the figures and summarized by SD, coefficient of variation, interquartile range, and 

root-mean-squared deviation given in Tables and Figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Fusion peptide insertion in a DMPC bilayer reconciled NMR and simulations.

• Hydrogen exchange and simulations find hydration of the fusion peptide in 

the bilayer.

• Simulated defects feature membrane pinching at inserted charge and lipid 

flip-flop.

• Similar distortions were hypothesized to promote influenza viral-cell fusion.
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Figure 1. Intermediates of coronaviral Spike S2, lipid bilayer-associated structural models, and 
aligned fusion peptide sequences are illustrated.
(A–C) Proposed intermediates in the maturation of the S2 subunit during viral-cell fusion 

have been enhanced with recent structural models. (A) The proposed intermediate placing 

amphipathic helices HR1 and HR2 helices upon membranes7 is depicted with the addition 

of the NMR structures of HR1, FP16, and transmembrane helix (TM) protomers64, each 

measured in bicelles. The PDB IDs of these NMR structures are: 7R95 for HR1, 7MY8 for 

FP, and 7LC8 for TM. (B) The intermediate prior to HR2 folding back onto HR1, imaged by 

cryo-ET8, is represented. (C) The six-helix bundle formed and used in illustrating S2 in the 

hemi-fusion state, obtained by cryo-EM5,65, has PDB ID: 6M3W. (D) The NMR structural 

model of a 42-residue FP associated with bicelles 16(PDB ID: 7MY8, model 1) is illustrated 

with sidechains. (E) 47 Spike sequences from the N-terminal end of the S2 subunit from 

the four Orthocoronavirinae genera15 were aligned using Kalign at EMBL-EBI.66 Sequence 

positions that distinguish the β-coronavirus genus are marked with purple lines. Positions 

characteristic of its sequences in the 2b or 2b+c groups15 are boxed and marked with arrows. 

Accession numbers of the sequences are listed in Table S1.
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Figure 2. Paramagnetic NMR relaxation enhancements reveal locations in FP close to nitroxide 
spin labels deep or shallow within bicelles.
(A) The NMR-identified helices16,19 are plotted. (B,C) PREs emanating from nitroxide 

spin-labeled phospholipids at pH 5.0 at 303 K were detected by NMR at 800 MHz. Γ2 

values are the differences between rate constants fitted to 1H T2 decays of the paramagnetic 

and diamagnetic samples. (B) 5-doxyl PC conferred high Γ2 values (large line broadening) 

to polypeptide groups that it approached. (C) 14-doxyl PC conferred high Γ2 to the most 

deeply inserted groups. Related to Figs. S1 – S3.
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Figure 3. FP deformed DMPC bilayers with deep insertion of Asp830 and ingress of water 
and headgroups, in NMR-biased MD simulations at the three levels of protonation of aspartyl 
sidechains.
Panels A, D, G report on the fully deprotonated state, with the Asp−1 830 sidechain plotted. 

Panels B, E, H report on the singly protonated state, with the Asp0 830 sidechain plotted. 

Panels C, F, I report on the state with Asp820, Asp830, Asp839, and Asp843 all protonated 

and their sidechains plotted. (A–C) Each symbol represents a timepoint taken at 100 ps 

intervals from the simulations. The water molecules counted at each timepoint between the 

bilayer midplane and 10 Å into the trans-leaflet are plotted vs. the distance from the bilayer 

center to the Asp830 carboxyl group. The trajectories fully equilibrated with the depth 

restraints have combined durations of (A) 1.355 μs, (B) 1.386 μs, and (C) 1.426 μs. (D–F) 

Water oxygen atoms (orange) are plotted within the hydrophobic acyl phase of the DMPC 

bilayer. Fatty acyl chains within 20 Å of FP are tinted yellow-green. (D–I) The headgroups 

are highlighted with space-filling. Choline methyl carbons are cyan and phosphoryl oxygens 

red. (D,G) The snapshot is from a median position in (A) at 203 ns into the fifth Asp−1 830 

trajectory. (E,H) The snapshot is from the median in (B) at 282 ns into the second Asp0 830 

trajectory. (F,I) The snapshot is from the median in (C) at 19 ns into the trajectory 5 of Asp0 
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820/830/839/843. A fatty acyl sidechain pushed to the surface of the cis-leaflet over FP in an 

“L”-state is colored green. (G–I) Water molecules are omitted for clarity. Acyl chains within 

12 Å of the protein are black. Related to Figs. S8, S15 and Movies S1 – S7.
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Figure 4. Thinning of both leaflets DMPC bilayer near FP.
The states are (A) Asp−1 830, (B) Asp0 830, and (C) Asp0 820/830/839/843. The mean 

distances from the center-of-mass of the choline headgroup to the bilayer mid-plane were 

monitored every 100 ps, after equilibration with the NMR-derived restraints. The gold and 

green peaks plot the unperturbed distances remote from FP. The purple and orange peaks 

represent the mid-plane distances to the headgroups in the cis and trans-leaflets, respectively, 

perturbed by proximity to FP, i.e., within 20 Å of the Leu828 backbone at the tip of FP. 

Related to Fig. S15.
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Figure 5. Three populations of angles of membrane insertion, insertion of charges, and 
recruitment of water are observed in the NMR-biased MD simulations of the Asp−1 830 state of 
FP.
(A,B) FP was distributed in three populations of roll, relative to the initial upright position 

(in the equilibrated 1.355 μs of trajectories with depth restraints). Upright (0°) is defined by 

the vector between the backbone of deeply inserted Leu828 and Ala852 in helix 3 near the 

surface of the membrane. (B) The water molecules internalized between the mid-plane of the 

bilayer and 10 Å across the trans-leaflet were counted with 17 Å of Leu828. The numerals 

specify which trajectories correspond to the clusters. The open symbols are the water counts 

in the simulations upon withdrawal of NMR-measured depth restraints (five replicates of 

200 ns each). (C) The location of the internalized water is plotted vs. the roll and the number 

of water molecules recruited across into the 10 Å interior slab of the trans-leaflet for the 

1.355 μs of NMR-equilibrated trajectories. The location is reported as the distance of the 

center-of-mass of the water from the fusion loop side (green) or the Phe823 side (red). (D–F) 

Snapshots represent the three highly populated angles of insertion. Charged sidechains are 

plotted. Water oxygens are plotted as small orange spheres. Dots highlight head groups with 

red for phosphoryl oxygen and blue for choline. Potassium ions are plotted with bronze 

spheres. (D) The roll toward Phe823 is depicted in the snapshot from 115 ns into trajectory 

1. (E) An upright orientation is depicted by a snapshot from 116 ns into trajectory 4, with 
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the fusion loop in the foreground. (F) The frequent roll toward the fusion loop is drawn from 

trajectory 3 at 85 ns. (G–I) The variable proximity of charges in sidechains to the mid-plane 

of the DMPC bilayer is represented by violin plots, medians, and the 25–75% interquartile 

range of the distance to the charged atoms (averaged for aspartyl OD1,2 or arginine NH1,2). 

Related to Figs. S4 – S6 and S15.

Van Doren et al. Page 31

Structure. Author manuscript; available in PMC 2024 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. One or two charges rotated into the membrane with water on either side of FP in 
simulations with Asp830 neutralized.
(A) The histogram plots the frequency of roll of FP toward the fusion loop or Phe823 

(from the LLF motif). (B) The roll of FP correlates with the side of FP where more water 

accumulated in the membrane. (C,D) The distributions of distances of charged groups from 

the center of the bilayer (violin plots with medians and interquartile ranges as in Fig. 5) 

suggest those groups that inserted into the DMPC bilayer in simulations that tilted toward 

Phe823 (C) or toward the fusion loop (D). (E) The snapshot of FP with the side of Phe823 

rolled into the membrane is drawn from 133 ns into trajectory 3. (F) The snapshot of FP 

partly tilting toward the fusion loop is drawn from 136 ns into trajectory 2 as lipid flip-flop 

was taking place. Orange dots mark water oxygen atoms. Related to Figs. S7 – S9 and S15.
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Figure 7. Simulations with neutralized aspartates, Asp0 820/830/839/843, rolled toward the 
fusion loop, rotating Lys825 and Arg847 into the DMPC bilayer with recruitment of water 
toward them.
(A) The histogram of frequency of roll orientations is plotted as in Figs. 5A, 6A. (B) 

Roll and location of center-of-mass of water recruited into the DMPC bilayer are plotted 

vs. waters recruited into the internal half of the trans-leaflet, as in Figs. 5C, 6B. (C, D) 

Snapshots are illustrated from the third Asp0 820/830/839/843 trajectory replicate, with 

rotations by 82° and 60° toward the fusion loop and recruitment of 82 and 120 waters, 

respectively (C,D), to the 10 Å interior slab of trans-leaflet. Sidechains of inserted basic 

and neutralized aspartic residues are labeled. (E) Violin plots show the distributions of 

the proximity of positive charges and neutralized carboxylate residues to the center of the 
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bilayer for trajectory 3, including medians and interquartile ranges. (F) The number of water 

molecules counted in the trans-leaflet within 10 Å of the mid-plane of the DMPC bilayer 

is plotted against the mean distance to the mid-plane of the acidic or basic groups of the 

sidechains listed in panel (E). Related to Figs. S10 – S12 and S15.
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Figure 8. Flip-flop of DMPC proceeded bidirectionally through the transmembrane water jacket 
around FP.
(A–D) Snapshots of the Asp−1 830 state depict the progress of the initial flip-flops of DMPC 

from the trans to cis-leaflet (darker cyan, labeled “o”) and from the cis to trans-leaflet 

(lighter cyan, labeled “i”) during the 80 to 130 ns segment of trajectory 3. Affected DMPC 

molecules are plotted with heavy gray sticks prior to their flip-flop. Small pink spheres mark 

water oxygen atoms. FP (yellow) tilted toward the fusion loop. Movie S8 portrays the same 

events. (A) The first headgroup to emerge into the opposite leaflet (from both directions) is 

plotted. (B) Two DMPC molecules had flip-flopped from trans to cis, two from cis to trans, 

and another midway through a cis to trans flip-flop. (C) Three flip-flops had occurred in 

both directions. (D) Three DMPC had flip-flopped from cis to trans and five from trans to 
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cis. (E–G) Headgroup atoms were counted as they crossed the mid-plane from one leaflet 

into the other leaflet. Counts of headgroup atoms are normalized by 13 atoms per choline 

headgroup. (E,F) Solid symbols mark represent the average of the five replicates of gently 

restrained simulations of the Asp−1 830 state for flip-flop trans to cis (E) and cis to trans 

(F). Confidence bands of ± 1σ are marked by shading thin lines. (G) Flip-flop of DMPC is 

plotted against the radius of gyration of the water within the central region of the bilayer 

(within 5 Å from the mid-plane) during initial influx of water into the bilayer and initial 

flip-flops, i.e., 0 – 85 ns of trajectories 1 to 4 and 0 – 180 ns of trajectory 5. Related to 

Movie S8 and Fig. S17.
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Table 1:

Conditions of NMR-biased MD simulationsa

Conditions # colvars, harmonic force constants (FC), 
kcal/mol/Å2

Replicates × 
length,μs

RMSD validation 
restraints

Lipid-protein 
PREs+NOEs,b FC

NOEs in protein,c 
FC

(divergent trajectories)

Asp−1830 55, 0.02 116, 0.05 5 × 0.3 1.9 ± 1.1

Asp−1830, half of depth 
restraints

28, 0.02 116, 0.05 5 × 0.2 5.0 ± 5.5 (2)

Asp−1830, no depth restraints 0, 0 116, 0.01 5 × 0.2 3.1 ± 2.5

Asp0830 55, 0.02 116, 0.05 5 × 0.3 2.2 ± 1.0

Asp0830, half of depth 
restraints

28, 0.02 116, 0.01 5 × 0.2 2.4 ± 1.1

Asp0830, no depth restraints 0, 0 116, 0.01 5 × 0.2 3.5 ± 3.0 (1)

Asp0820/830/839/843 55, 0.02 116, 0.05 5 × 0.3 2.4 ± 0.8

Asp0820/830/839/843 28, 0.02 116, 0.01 5 × 0.2 7.8 ± 10.3 (1)

Asp0820/830/839/843, no depth 
restraints

0, 0 116, 0.01 5 × 0.2 3.3 ± 2.3

a
Related to Tables S2 and S3.

b
The depth restraints are listed in Table S2.

c
The NOE restraints used within the polypeptide are listed in Table S3.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli BL21-Gold (DE3) RIL Agilent 230245

Chemicals, peptides, and recombinant proteins

Ni-NTA resin GenScript L00250

TEV protease GenScript Z03030

DMPC Avanti Polar Lipids 850345

DH7PC Avanti Polar Lipids 850306

16:0–5 Doxyl PC Avanti Polar Lipids 810601

16:0–14 Doxyl PC Avanti Polar Lipids 810605C discontinued; use 
810604

Recombinant FP prepared from GB1-FP Koppisetti et al. (2021) N/A

Deposited data

NMR-biased MD trajectories in .DCD format This paper DOI 10.17605/OSF.IO/
95TRE

collective variables,.psf files, and .pdb files used for MD simulations This paper DOI 10.17605/OSF.IO/
95TRE

Oligonucleotides

GB1-FP_seq with GGGKKKK tag prior to deletion: gat ata cat atg cac cac cat cac 
cat cac ggc ggc acg tat aaa ctt att ctc aat ggt aag aca ctt aaa ggg gag act acg aca gag 
gcg gta gac gca gca acg gca gag aag gtg ttc aaa caa tac gca aat gat aac ggg gtg gac 
ggg gaa tgg aca tac gat gat gcg acc aaa aca ttt act gtc act gaa ggg ggt gag aat tta tat 
ttt caa agt ttt att gaa gac ttg ctt ttc aac aaa gtg acg ctg gca gac gcg ggt ttc att aag cag 
tat ggg gac tgc ttg ggt gat att gca gcg cgg gat ttg att tgt gct caa aag ttc aat ggc ggt ggt 
ggt aaa aag aaa aaa tga gaa ttc gag ctc

Koppisetti et al. (2021) N/A

Recombinant DNA

pET27b(+) with GB1-FP insert and deletion of C-terminal GGGKKKK tag. Hosted 
in E. coli BL21-Gold (DE3) RIL.

Koppisetti et al. (2021) N/A

Software and algorithms

Tcl analysis scripts and PLUMED-VMD analysis scripts This paper DOI 10.17605/OSF.IO/
95TRE
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