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Abstract

The SARS-CoV-2 envelope (E) protein is a viroporin associated with the acute respiratory 

symptoms of COVID-19. E forms cation-selective ion channels that assemble in the lipid 

membrane of the endoplasmic reticulum Golgi intermediate compartment (ERGIC). The channel 

activity of E is linked to the inflammatory response of the host cell to the virus. Like many 

viroporins, E is thought to oligomerize with a well-defined stoichiometry. However, attempts 

to determine the E stoichiometry have led to inconclusive results, and suggested mixtures of 

oligomers whose exact nature might vary with the detergent used. Here we employ 19F solid-

state NMR and the centerband-only detection of exchange (CODEX) technique to determine 

the oligomeric number of E's transmembrane domain (ETM) in lipid bilayers. The CODEX 

equilibrium value, which corresponds to the inverse of the oligomeric number, indicates that 

ETM associates into pentamers in lipid bilayers, without any detectable fraction of low molecular-

weight oligomers. Unexpectedly, at high peptide concentrations and in the presence of the lipid 

phosphatidylinositol, the CODEX data indicate that more than five 19F spins are spatially close, 

suggesting that the ETM pentamers cluster in the lipid bilayer. Monte Carlo simulations that 

take into account peptide-peptide and peptide-lipid interactions yielded pentamer clusters that 

reproduced the CODEX data. This supramolecular organization of E is likely important for 

E-mediated virus assembly and budding and for the channel function of the protein.
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Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent 

of the COVID-19 pandemic, encodes three membrane proteins: the spike protein (S), the 

matrix protein (M), and the envelope protein (E) 1. The vaccine-targeted spike protein 

mediates entry of the virus into the host cell, while the matrix protein organizes the assembly 

of new virus particles in the endoplasmic reticulum Golgi intermediate compartment 

(ERGIC) of the cell. The envelope protein, the least understood among the three proteins, 

assists in the assembly and budding of the virus and functions as a cation channel 2, 3. 

The channel activity of E in SARS-CoV-1 is not essential for the virus localization to the 

ERGIC compartment or the production of new virus particles in cell cultures. However, 

lack of E channel activity reduced viral fitness and deletion of E gave rise to attenuated 

viruses in animal models 4. Transient expression of the E protein of SARS-CoV-2 is 

sufficient to induce in vitro death in human bronchial and alveolar basal epithelial cell 

lines 5. Moreover, injection of E alone into mice provokes strong immune responses and 

causes acute respiratory distress symptoms that damage the lung and spleen, similar to that 

seen in human COVID-19 patients. In mice infected with SARS-CoV-2 the administration 

of E inhibitors significantly attenuated inflammation and production of viral particles 5. 

Therefore, E is a potential antiviral drug target to ameliorate the respiratory symptoms of 

COVID-19 6.

To develop E inhibitors as antiviral drugs, atomic-resolution structural information of 

the protein is essential 7. We recently determined the high-resolution structure of the E 

transmembrane domain (ETM) (Fig. 1a) in lipid bilayers using solid-state NMR (ssNMR) 

spectroscopy 8. In lipid mixtures that mimic the ERGIC membrane and under ionic 

conditions that produce the closed state of the channel, ETM exhibits well-resolved 
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ssNMR spectra. Measured chemical shifts and interhelical distance constraints allowed 

determination of the conformation and interhelical packing of the protein 8. In solving 

this closed-state structure, we assumed that ETM assembles into five-helix bundles 

in the lipid bilayer. This assumption was based on previous gel electrophoresis and 

analytical ultracentrifugation (AUC) data of the SARS-CoV-1 E protein 9-11. However, the 

stoichiometry of the ETM oligomer is so far still inconclusive. Most gel electrophoresis 

data show multiple bands, many of which are not well resolved. The largest oligomer 

number observed in these gels depends on the choice of the detergent, the E protein 

construct length, and the presence or absence of cysteines and reducing agents. Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) promotes low molecular 

weight (MW) oligomers such as dimers and trimers 9, 11, while neutral detergents such 

as dodecyphosphocholine (DPC), perfluorooctanoic acid (PFO), and C14 betaine promote 

larger oligomers. These biophysical assays used three construct lengths of the SARS-CoV-1 

E protein – ETM (8-38) 10, ETR (8-65) 9, and full-length E (EFL). ETR includes the TM 

domain and a portion of the cytoplasmic domain and is thus an intermediate construct 

between ETM and EFL 11. The TM amino acid sequences of SARS-CoV-1 and the 

original isolate of SARS-CoV-2 E proteins are identical, while the cytoplasmic domains 

of the two proteins have only four mutations: T55S, V56F, E69R, and G69Δ. Among the 

three constructs, ETM yielded the best resolved bands in gel electrophoresis data, but still 

showed a distribution of oligomeric states that varies among different detergents 10, 12. AUC 

experiments similarly suggest variable oligomeric states. The radial distribution profile of 

DPC-bound ETM is best fit to a monomer-pentamer equilibrium, while SDS/DPC bound 

ETR exhibits a mixture of tetramers and pentamers. Compared to ETM, full-length E 

exhibits a pentameric state only under reducing conditions.

In addition to SARS-CoV-1 E, the oligomeric structure of the E protein of two other 

coronaviruses has been investigated experimentally. The Middle East respiratory symptom 

(MERS)-CoV full-length E was studied in DPC, 1,2-diheptanoylglycerophosphocholine 

(DHPC) and lyso-myristoylphosphatidylcholine (LMPG) detergents. In analogy to SARS-

CoV-1 E, gel electrophoresis data showed a continuum of bands that suggest, but do not 

definitively determine, a pentameric state for MERS-CoV E 13. AUC data of the protein in 

C14-betaine micelles provide clearer indications of a pentameric state. The avian infectious 

bronchitis virus (IBV) E protein was investigated using sucrose gradient analysis and 

other biochemical experiments 14. The data show that IBV E exists in a low MW pool 

and a high MW pool in both transfected and infected cells. The low MW component is 

either monomeric or dimeric while the high MW component is pentameric or hexameric. 

Importantly, the majority of virion-associated IBV E protein is found in the high MW pool, 

and production of virus-like particles (VLPs) required the high MW E oligomers. Mutations 

of key TM residues in the IBV E shifted the populations of the two MW components, 

affected VLP production, altered the secretory pathway function of the protein, and changed 

the membrane topology of the protein 15. These results suggest that different oligomeric 

states of the IBV E may carry out different functions. The potential coexistence of multiple 

oligomeric states of the E proteins of SARS-CoV-1 and IBV was also suggested by early 

global search molecular dynamics simulations of E proteins from 13 coronaviruses 12. These 

in vacuo simulations searched for common low-energy helix orientation, helical bundle 
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handedness and oligomeric sizes. The results suggested that ETM of SARS-CoV-1 and other 

coronaviruses may adopt a mixture of dimers, trimers, and pentamers.

This survey shows that the oligomeric state of coronavirus E proteins has not been 

convincingly established, despite efforts in the last two decades. Furthermore, none of 

the biophysical measurements to date have been conducted in lipid bilayers. Protein 

stoichiometry in lipid bilayers is a key aspect of the structure and function of 

membrane proteins. Most membrane proteins oligomerize with well-defined stoichiometries. 

Mammalian ion channels are dominated by tetrameric helical bundles while viral 

fusion proteins are predominantly trimeric. Among viroporins, the influenza M2 proton 

channel is tetrameric, as established by channel activity data 16, biophysical analytical 

ultracentrifugation data 17, 18, 19F solid-state NMR data in lipid bilayers 19, 20, and X-ray 

crystal structures in detergents 21 and lipid cubic phases 22. In comparison, the HIV viral 

protein U (Vpu) assembles into a pentameric cation channel 23-26.

To elucidate the oligomeric state of the SARS-CoV-2 E protein in lipid bilayers, and to 

ascertain if the protein might adopt two distinctly different oligomeric states, here we 

apply 19F solid-state NMR spectroscopy to fluorinated ETM peptides in lipid bilayers. 

Specifically, we employ the centerband-only detection of exchange (CODEX) technique, 

which allows counting of the number of 19F spins within a distance of about 2 nm 19, 27-30. 

We synthesized singly fluorinated ETM peptides and reconstituted them into ERGIC-

mimetic lipid bilayers and several other simplified lipid membranes. We show that ETM 

assembles into pentamers in all lipid compositions studied. Unexpectedly, we discovered 

that these ETM pentamers cluster in membranes that contain phosphatidylinositol, whose 

derivatives are involved in intracellular signaling. This suggests a possible mechanism with 

which interactions between E and viral and host membrane proteins may play a role in the 

pathogenic activities of the virus.

Materials and Methods

Synthesis of 4-19F-Phe labeled ETM peptides

The TM domain of the SARS-CoV-2 E protein spanning residues 8-38 and containing a 

4-19F-Phe23 label was produced by Fmoc solid-phase peptide synthesis. The amino acid 

sequence is ETG TLIVNSVLLF LAFVVFLLVT LAILTALR-NH2. We used a custom-built 

fast-flow synthesizer that achieves each coupling in 3 minutes per residue 31. H-Rink amide 

ChemMatrix resin at 0.10 mmol scale (0.20 g at 0.5 mmol/g loading size) was loaded into 

the reactor, which was kept at 70°C using a water bath. Each amino acid was coupled in 

ten-fold excess (1.0 mmol). The Fmoc-amide and side chain protected amino acids were 

dissolved in hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) solution 

(2.5 mL per residue, 0.38 M HATU in dimethylformamide (DMF) solution, 9.5 eq). For each 

amino acid coupling, diisopropylethylamine (DIPEA, 348 μL, 2.0 mmol, 20 eq) was added 

to the vial, and the amino acids were delivered via a syringe pump (3.9 mL/min, 45 s). The 

coupling was followed by a wash with DMF (20 mL/min, 55 s) delivered using an HPLC 

pump. Each residue was deprotected with a DMF solution containing 20% piperidine (20 

mL/min, 25 s), followed by a DMF wash (20 mL/min, 65 s) to remove residual piperidine. 

After the final amino acid coupling, the solvent was flushed from the reactor, and the resin 
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was washed three times with dichloromethane, then dried under room temperature (RT) 

vacuum overnight. The following day the peptide was deprotected and cleaved from the 

resin using 5 mL of trifluoroacetic acid / phenol / water / triisopropylsilane solution (88 : 5 : 

5 : 2 by volume), shaking for 2 h at RT. The resin was filtered off, and the crude peptide 

was precipitated from the cleavage solution with cold diethyl ether, then washed twice with 

cold diethyl ether before being dried under house vacuum (50 mBar, RT) overnight. The 

resulting crude peptide was dissolved in trifluoroethanol (TFE) and purified by preparative 

reverse-phase HPLC using a Vydac C4 column (22 mm × 250 mm, 10 μm particle size) and 

a linear gradient of 80-100% methanol (with the remaining fraction water) over 25 min at a 

flow rate of 10 mL/min. The peptide was eluted at ~99% methanol. Fractions containing the 

peptide were assessed for relative purity by MALDI mass spectrometry (Fig. S1) (observed 

m/z: 3381.0, calculated m/z: 3378.2) and concentrated under reduced pressure on a rotary 

evaporator, followed by lyophilization. About 20 mg purified peptide was obtained as a 

white powder from the 0.10 mmol synthesis scale, corresponding to an overall yield of ~5%.

Synthesis of γ-19F-Leu18 labeled ETM

Fmoc-4-fluoro-leucine was synthesized from commercially available 2(S)-amino-4-fluoro-4-

methylpentanoic acid using typical Fmoc protection condition 32 for amino acid (FmocOsu, 

NaHCO3 in H2O-acetone). The C-F group is installed on the Cγ carbon of the amino acid, 

thus in the rest of the paper we designate this residue as γ-19F-Leu. ETM peptide (residues 

8-38) containing γ-19F-Leu at residue 18 (Ac-ETG TLIVNSVLγ-FLF LAFVVFLLVT 

LAILTALR-NH2) was synthesized on TantaGel S Ram resin (0.25 mmol/g, 0.1 mmol 

scale) using an automated microwave peptide synthesizer (Biotage Alstra + Initiator). The 

deprotection step was carried out for 5 min at 70 °C with 20% 4-methylpiperidine in DMF 

(4.5 mL) and each coupling step was done twice for 5 min at 75 °C with Fmoc-protected 

amino acids (5 eq), HCTU (4.98 eq), and DIPEA (10 eq) in DMF at a final concentration 

of 0.125 M amino acids. The N-terminus of the peptide was acetylated using Ac2O (10 

eq), and DIPEA (20 eq) in DMF for 1 h at room temperature. The peptide was cleaved 

from the resin by 3-h treatment with a 95% TFA solution (10 mL) containing 2.5% TIPS 

and 2.5% water. The crude peptide was obtained by blowing off TFA using nitrogen 

gas, followed by precipitation with cold diethyl ether. The crude peptide was purified by 

RP-HPLC (C4 Vydac column, mobile phase A: 0.1% TFA in H2O, B: 0.1% TFA in i-PrOH/

CH3CN/H2O (60/30/10), flow rate: 10 mL/min, gradient: 60% to 100% B over 40 minutes). 

Analytical HPLC and MALDI (observed m/z: 3421.75, calculated m/z: 3421.15 for MH+

(C165H274N36O40F+)) confirmed the chemical entity and purity.

Preparation of Proteoliposomes

To reconstitute ETM into lipid bilayers, purified peptide was dissolved in methanol at 1 

mg/mL and dry lipids in chloroform at a total concentration of 15 mg/mL. The peptide 

solution was added to the lipid solution, then the bulk organic solvent was removed 

with a stream of nitrogen gas (RT, 1 h). Residual organic solvent was further removed 

under house vacuum (50 mBar, RT, 4 h), followed by lyophilization overnight. The dry 

proteoliposome film was resuspended in 3 mL pH 7.5 Tris buffer (25 mM tris, 25 mM 

NaCl, 1 mM EDTA, 0.07 mM NaN3), vortexed and sonicated five times, five seconds each. 

The proteoliposome solution was incubated for 1 h at RT, with gentle agitation every 10 
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minutes. The homogenous solution was then frozen in liquid nitrogen until solid (90 s) 

and thawed in a 42°C water bath until warmed (4 minutes). This freeze-thaw cycle was 

repeated 8 times total to produce multilamellar vesicles. The homogeneous opaque white 

proteoliposome solution was ultracentrifuged at 311,000 × g at 10 °C for 4 h to obtain an 

opaque off-white membrane pellet. The wet pellet was dried in a desiccator at RT until the 

sample reached a hydration level of ~40% (w/w) of the total mass of protein, lipid and water, 

mwater ∕ mwater + mprotein + mlipid ≈ 40 %. The pellet was packed into a 1.9 mm Bruker MAS rotor 

at 5,000 × g with a benchtop Beckman Coulter swinging-bucket rotor.

To investigate the effect of the lipid composition on the supramolecular organization 

of ETM, we reconstituted ETM into four membrane mixtures. The main lipid 

mixture is an ERGIC mimetic membrane 33-35, composed of 1-palmitoyl-2-oleoyl-

glycero-3-phosphocholine (16:0-18:1 PC; POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (16:0-18:1 PE; POPE), L-α-phosphatidylinositol (Liver, Bovine; PI), 

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (16:0-18:1 PS; POPS) and cholesterol 

(chol). All lipids were purchased from Avanti Polar Lipids without further purification. 

The molar ratios of POPC : POPE : PI : POPS : Chol in this ERGIC membrane are 9 : 

4 : 2.6 : 1.4 : 3. Three ERGIC membrane samples with different peptide (monomer) to 

phospholipid (P : L) molar ratios of 1 : 8.5, 1 : 17, and 1 : 34 were prepared. Cholesterol 

is not considered in the peptide to phospholipid ratios, and cholesterol concentrations 

are presented separately. We also prepared two simplified ERGIC-like membranes. The 

first membrane omits cholesterol, thus has a molar composition of POPC : POPE : PI : 

POPS = 9 : 4 : 2.6 : 1.4. The P : L molar ratio was 1 : 17. The second membrane 

omits cholesterol and phosphatidylinositol. The POPC : POPE : POPS molar ratios were 

9 : 4 : 1.4 while the P : L molar ratio was 1 : 17. Finally, we prepared a model 

membrane containing 1,2-dimyristoyl-sn-glycero-3-phosphocholine (14:0 PC, DMPC) and 

1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (14:0 PG, DMPG) at a molar ratio of 

7 : 3. The P : L molar ratio for this sample was 1 : 30.

Solid-State NMR Spectroscopy
19F solid-state NMR experiments were conducted on an Avance III HD 600 MHz 1H (14.1 

T) spectrometer using a Bruker 1.9 mm HFX MAS probe. Additional 19F solid-state NMR 

experiments were conducted on an Avance III HD 400 MHz 1H (9.4 T) spectrometer using 

a Bruker 4 mm HFX probe for 19F experiments. All 19F externally referenced to 5-19F-

trptophan at −122.1 ppm on the CF3Cl scale. Typical radiofrequency (RF) field strengths 

were 50-80 kHz for 1H and 50-62 kHz for 19F.

19F CODEX experiments were conducted at 18 kHz MAS at thermocouple reported 

temperatures of 240-244 K. Typical sample heating at 18 kHz MAS results in sample 

temperature is 2-4 K greater than thermocouple reported temperatures. A 1H excitation 

pulse of 71.4 kHz was used, followed by cross-polarization (CP) for 750 us at the sideband 

matching condition of ω1,H (80 kHz) – ω1,F (62 kHz) = ωr (18 kHz). A linear 70–100% 

ramp was used on the 19F spin-lock pulse. This 1H-19F cross polarization was followed 

by a short (1 ms) pre-trigger z-filter for rotor synchronization. Two rotor-synchronized 

180°-pulse trains recouple the 19F chemical shift anisotropy (CSA) under MAS. Three 
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180°-pulses were used in each pulse train, giving a CSA recoupling time of 2τr = 0.11 

ms per pulse train. The two CSA recoupling periods sandwich the mixing time tm, during 

which no pulses or decoupling was applied. The mixing time was rotor synchronized with 

triggering on the second 90° pulse. To correct for spin-lattice relaxation during the mixing 

time, we added a z-filter (tz) after the second 180°-pulse train. The CODEX experiment 

was run in pairs. The exchange experiment (S) was run with the desired tm first and a short 

(10 μs) tz period second, while the control experiment (S0) was run with the short tz period 

first and the long mixing period second. The normalized integrated intensity, S/S0, of the 

centerband is reported for each mixing time.

NMR Spectral Analysis

All MAS NMR spectra were processed using TopSpin 3.6. Typical spectra were processed 

using Gaussian apodization with LB = −40 Hz and GB = 0.02. For 19F-Phe23 spectra S/S0 

values were obtained from integration of the centerband (−100 ppm to −125 ppm). The error 

bar σ on the S/S0 values was estimated based on the signal-to-noise ratio (SNR) of the 

spectra using σ = (S/S0)[(SNRS0
−2 + SNRS

−2)1/2].

Simulation of CODEX data using random distribution and clustered distribution

The CODEX decay curves of multiple oligomers were simulated by first computing the 

number of oligomers N expected in a 100 × 100 nm2 square based on the area of the 

channel, assuming circular channels of radius r, an oligomeric number of n, a peptide 

monomer to lipid molar ratio P , and the lipid head group area AL. All simulations use a lipid 

head group area AL = 60 Å2 based on existing measurements of lipid structural parameters 
36, 37:

N = 106 Å2

ALnP
2 + πr2 (1)

A random spatial arrangement of oligomers was produced using the random sequential 

adsorption (RSA) method implemented in MATLAB (Supporting Information) 38. Two 

pseudorandom numbers (with uniform probability distribution) were generated in the 

interval [0, 1000]. The center of each oligomer was placed at the x-y coordinate that 

corresponds to the two randomly generated numbers. If the position of an oligomer overlaps 

with the previously generated oligomer within the radius of the channel, then the oligomer 

was rejected. This was repeated N times to generate the positions of the oligomers. A 

channel radius of 12.8 Å was chosen to match the excluded volume of the cylindrical 

channel in the clustered distribution.

To generate a clustered distribution of oligomers, we started N oligomers distributed 

randomly on a 100 x 100 nm2 square. Oligomers were initially allowed to overlap within 

their 12.8 Å, as the interaction potential was used to exclude oligomer overlap. The potential 

of mean force used was constructed based on a pairwise cylinder-cylinder interaction 

potential for a positive hydrophobic mismatch of 1 nm 39. This mismatch was chosen 

based on the approximate length of 4 nm for the hydrophobic domain of ETM 8 and the 
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approximate hydrophobic thickness of 3 nm for a POPC bilayer 36. Numerical values for 

the potential are provided in the Supporting Information. The position of each oligomer 

was adjusted according to this positive-mismatch potential using an implementation of the 

Metropolis Monte Carlo method 40. Specifically, a random pore was selected and its total 

pairwise interaction energy to every other pore, Ei, was calculated under periodic boundary 

conditions on the 100 x 100 nm2 square. The pore was then randomly moved to a new 

position and the total pairwise interaction energy of the pore in the new position with all 

other pores, Ef, was computed. If Ef ≤ Ei, then the new position was accepted. If Ef > Ei, 

then according to detailed balance the new position was accepted with probability exp (Ei 

− Ef) where Ei and Ef are in units of kBT. After the new position was either accepted or 

rejected, a new pore was randomly selected starting from the final state of the previous 

move. This process was repeated until the average nearest-neighbor distance between 

oligomers has converged. 50,000 iterations were conducted. The average nearest-neighbor 

distance was not observed to change significantly after approximately 10,000 iterations.

After the N pore positions were generated using either RSA or the Monte Carlo method 

based on the cylinder-cylinder interaction potential, each oligomer was placed as a regular 

polygon of n vertices with side length r. Each polygon was given a random rotation 

around its center in the bilayer plane. A distance matrix of dimensions (N ⋅ n) × (N ⋅ n) was 

constructed to account for all inter- and intra-oligomer 19F-19F distances. In constructing 

the distance matrix, boundary effects are assumed to be negligible, and hard-wall 

boundary conditions are used. Total 19F-19F dipolar coupling converges after summing 

over approximately a 20 Å radius, including all couplings greater than 12 Hz. Thus, to 

increase computational efficiency, all distances greater than 50 Å, which correspond to 
19F-19F dipolar couplings of less than 0.85 Hz, were neglected. CODEX intensities were 

then calculated as described previously 19 to produce mixing-time dependent decay curves.

Results

SARS-CoV-2 ETM forms pentamers in lipid bilayers

To investigate the oligomeric state of SARS-CoV-2 E, we synthetized three singly 

fluorinated ETM peptides (Fig. 1a). 4-19F-Phe23 labeled ETM was the primary construct 

for the majority of the 19F CODEX experiments presented here, while 4-19F-Phe20 labeled 

ETM and γ-19F-Leu18 labeled ETM provided additional support (Fig. 1b). Because the 

protein localizes to the ERGIC membrane during the SARS-CoV-2 virus lifecycle 41, 42, we 

reconstituted ETM into an ERGIC-mimetic lipid bilayer containing POPC, POPE, POPS, 

PI and cholesterol (Table 1). To ascertain whether certain lipids in this mixture significantly 

impact the oligomeric structure, we also prepared simplified membrane mixtures utilizing 

fewer lipid components.

We use the 19F CODEX technique 19, 28 to determine the oligomeric number of ETM. This 

technique measures the intensity of a 19F spin echo after spin polarization transfer during 

a mixing time tm (Fig. 1c). When several 19F spins with different chemical shift tensor 

orientations are within ~2 nm of each other, polarization transfer among them mediated 

by 19F-19F dipolar couplings decreases the CODEX echo intensity. This reduced echo 

intensity results in an intensity ratio of less than 1 between a dephased experiment, S, 
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and a control experiment, S0. The control experiment was conducted to account for T1 

relaxation during the mixing time. At sufficiently long mixing times when the magnetization 

is equilibrated among the n spins of an n-oligomer, the CODEX intensity decreases to 1 ∕ n, 

which corresponds to the fraction of magnetization that resides on the source spin with the 

initial orientation. Thus, a dimer should result in a CODEX equilibrium S/S0 value of 1/2, a 

trimer 1/3, a tetramer 1/4, and so on (Fig. 1d).

19F chemical shift is highly sensitive to the local electronic environment of the fluorine 

atom and is therefore sensitive to molecular structure. One-dimensional (1D) 19F cross-

polarization (CP) and direct-polarization (DP) spectra of 4-19F-Phe23-labeled ETM show a 

dominant peak at − 115 ppm (Fig. 2a), indicating a homogeneous sidechain conformation. 

Some of the membrane samples also exhibit a minor peak at −111 ppm, whose intensity 

accounts for 5-25% of the total spectral intensity. The simplicity of these spectra facilitate 

the determination of the oligomeric state of ETM using CODEX.

We first measured the CODEX spectra of 4-19F-Phe23 labeled ETM bound to the ERGIC 

membrane (Fig. 2b). At a P : L of 1 : 17, the T1-corrected CODEX intensities, S/S0, decayed 

to 0.19±0.02 at a mixing time of 3 s (Fig. 3a, Table 2), suggesting a pentamer. This low S/S0 

value excludes the presence of a substantial fraction of small oligomers such as monomers, 

dimers, or trimers, as they would contribute much higher CODEX intensities of 1, 0.5, and 

0.33.

The 3 s CODEX mixing time is the longest documented so far in the literature 
19, 20, 27, 43-46. By this mixing time, all viral and bacterial membrane proteins that have 

been studied so far using this experiment have equilibrated their intensities. However, the 

intensities of the 1 : 17 ETM sample at 2 s and 3 s are not yet equilibrated. To measure 

the equilibrium value that would confirm the oligomeric number, we increased the mixing 

time further to 4 s. This 4 s CODEX experiment was enabled by the unusually long 19F T1 

relaxation time of 4.5 s for this ERGIC-bound ETM at this concentration. To our surprise, 

the 4 s CODEX S/S0 value is even lower, at 0.14±0.03, which would suggest a heptamer 

(n = 7). However, the continuing drop of the CODEX intensities gives a non-exponential 

shape to the decay curve, suggesting additional magnetization transfer beyond that of an 

isolated oligomer. Since the 1 : 17 sample also has a long 19F T1, we hypothesized that 

multiple ETM oligomers might be clustered in the membrane at this peptide concentration. 

This clustering both rigidifies the aromatic sidechains, thus slowing down 19F T1 relaxation, 

and at the same time causes inter-oligomer contacts that accelerate CODEX dephasing at 

long mixing times. To test this hypothesis, we prepared a two-fold diluted sample with a 

P : L of 1 : 34. The 19F spectra of this sample (Fig. 2a, c) are unchanged from the 1 : 17 

sample, but its CODEX intensities now plateau clearly between 2 s and 3 s to a S/S0 value 

of 0.20±0.04 (Fig. 3b), indicating a pentamer. This data demonstrates that individual ETM 

channels are pentameric in ERGIC-mimetic lipid bilayers, and these pentamers cluster at 

high peptide concentrations. Consistent with the equilibration of the CODEX intensities at 

the lower peptide concentration, the sample also exhibits a shorter 19F T1 relaxation time of 

3.2 s, indicating that the Phe23 sidechain is more dynamic when ETM channels are better 

separated.
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To further verify that multiple ETM pentamers indeed cluster at high peptide concentrations, 

we prepared a third ERGIC-bound protein sample with a P : L of 1 : 8.5. Compared to 

the 1 : 17 sample, this highest concentration protein sample displays a similar CODEX 

intensity of 0.16 ± 0.03 at the longest mixing time of 4 s, but at shorter mixing times the 

intensities are lower than those of the 1 : 17 sample (Fig. 2d, Fig. 3c). For example, at 2 

s and 3 s mixing, the 1 : 8.5 sample exhibits echo intensities of 0.19±0.02 and 0.15±0.01, 

respectively, which are significantly lower than the intensities of 0.24±0.03 and 0.19±0.02 

for the 1 : 17 sample at these times (Table 2). These results confirm that as the peptide 

concentration increases, inter-pentamer 19F-19F dipolar couplings increasingly suppress the 

CODEX intensities at long mixing times. This conclusion is consistent with the restored 

long 19F T1 of 4.1 s for the highly concentrated 1 : 8.5 sample, again indicating that high 

peptide concentrations immobilize the peptide by clustering of the pentamers.

A plot of the inverse CODEX intensity ratios, S0/S, more clearly differentiates the long-time 

behavior of the CODEX data and clarifies the concentration-dependent supramolecular 

organization of ETM in the ERGIC membrane (Fig. 3d-f). The intensities of the 1 : 17 

sample fit similarly well to n = 5 or n = 6, but neither matrix calculation fully reproduces 

both the short and long-time intensities of the data. This is indicative of the presence of 

two dipolar networks, those within a pentamer and between multiple pentamers (Fig. 3d). 

In comparison, the inverse intensity ratios of the most diluted sample, at P : L = 1 : 34, is 

clearly fit with n = 5 (Fig. 3e). At the highest peptide concentration (1 : 8.5), the data are 

better fit to a hexamer (n = 6) than a pentamer (n = 5), which can be attributed to significant 

inter-pentamer clustering (vide infra).

The CODEX results obtained from 4-19F-Phe23 labeled peptide are reproduced when 

fluorine labels are incorporated at two other positions. The 4-19F-Phe20 labeled peptide 

showed a CODEX intensity of 0.31 ± 0.05 at 500 ms mixing (Fig. 4a). This value is 

significantly lower than those measured on Phe23 samples at the same mixing time (Table 

2) as spin diffusion is more rapid at 9.4 Tesla and 10 kHz MAS than at higher magnetic 

fields and faster MAS rates. The observed CODEX decay is consistent with a pentamer 

model while ruling out dimers and trimers. The two 19F peaks for Phe20 have been recently 

shown to result from different sidechain conformations that correlate with channel closing 

and opening 47. γ-19F-Leul8 labeled ETM exhibited a CODEX S/S0 intensity of 0.23 ± 0.08 

at 2 s mixing (Fig. 4b), consistent with a pentamer model.

To assess whether there is any motional contribution to the CODEX decay, we conducted 

additional control CODEX experiments at a higher temperature of 250 K. With 1 s mixing, 

the S/S0 value is 0.36±0.02 (data not shown), which is within the experimental uncertainty 

of the value at 240 K. With 2 s mixing, the S/S0 value at 250 K is 0.20±0.02, which is 

still within the uncertainty of the value at 240 K (Table 2). Thus, there is no detectable 

slow motion of the Phe23 sidechain to cause CODEX decay at the temperature, membrane 

composition and peptide concentrations used in these experiments. Therefore, the CODEX 

intensities measured here exclusively reflect 19F spin diffusion.
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Supramolecular organization of ETM is affected by phosphatidylinositol

The observed pentamer clustering, as shown by CODEX intensities below 0.20 at long 

mixing times, lead to the question of whether certain lipids in the ERGIC mixture 

are responsible for the clustering of multiple pentamers. To answer this question, we 

reconstituted 4-19F-Phe23 labeled ETM into three simplified lipid membranes. We first 

tested a cholesterol-free ERGIC membrane, which contains only the four phospholipids 

(Table 1). This membrane was chosen based on the recent NMR evidence that cholesterol 

binds to and mediates the clustering of influenza M2 48, 49, HIV gp41 50, 51 and the amyloid 

precursor protein 52 in lipid membranes. Contrary to this hypothesis, the cholesterol-free 

ERGIC-bound ETM at P : L = 1 : 17 gives a similar CODEX equilibrium intensity of 0.17 

± 0.02 at 4 s (Fig 2e, Fig. 3g, Table 2). The cholesterol-free sample also displays a long 
19F T1 relaxation time of 4.1 s. Thus, the presence or absence of cholesterol in the ERGIC 

membrane does not affect pentamer clustering.

We next simplified the membrane further by removing both phosphatidylinositol and 

cholesterol. Interestingly, this ternary mixture, POPC/POPS/POPE, produced substantial 

spectral changes. The minor component at −111 ppm increased its intensity relative to the 

major peak at −115 ppm in the CP spectrum compared to the other samples (Fig. 2a), 

to about 25% of the total integrated intensity of the two peaks. Moreover, the downfield 

signal has a similarly long 19F T1 relaxation time (3.6 s) as in the ERGIC membranes 

while the upfield peak has a much shorter T1 of 0.9 s (Fig. 3h). As a result of these 

dramatically different T1 relaxation times, the two peaks have similar S0 intensities (60% 

downfield : 40% upfield) at long CODEX mixing times (Fig. 2f) in qualitative contrast 

to the other samples. Thus, in the absence of phosphatidylinositol, two populations of the 

ETM oligomers are present in the membrane, a minor component (~25%) of immobilized 

peptide with long T1 and a major component of more dynamic peptide. The distinct T1 

relaxation behaviors could reflect the heterogeneous dynamics of the entire peptide or the 

Phe20 sidechain alone. These two populations are not in close contact, as no cross peaks 

are observed in 2D 19F correlation spectra even after 400 ms of Combined R2n
ν-Driven 

(CORD) spin diffusion 53 (Fig. S2). The CODEX intensities of the major component show 

similarly low S/S0 values as the peptide in other membranes. At 3 s, the intensity is 0.22 ± 

0.06, indicating that ETM remains pentameric in this ternary membrane.

Finally, we bound 4-19F-Phe23 labeled ETM to the model membrane DMPC/DMPG at a P : 

L of 1 : 30. In the absence of cholesterol and phosphatidylinositol and at this relatively low 

peptide concentration, this membrane sample provides a control for the propensity of ETM 

to self-assemble in lipid bilayers. We measured a CODEX intensity of 0.21 ± 0.04 at 2.5 s 

(Fig. 2g, Fig. 3i), again indicating a pentamer. The 19F T1 of the peptide is 1.5 s, suggesting 

that the ETM pentamers are not clustered under this condition.

To gain insight into the possible arrangements of the ETM pentamers in the clusters 

and whether they agree with the measured CODEX intensities at long mixing times, 

we simulated a random distribution and clustered distribution of oligomers. For isolated 

symmetric pentamers, the CODEX simulation yielded a best-fit pentamer side length of 

8.8 Å (Fig. 5a). As shown above, this does not fully reproduce the experimental data at 

long mixing times. To generate a random distribution of pentamers without inter-oligomer 
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interactions, we implemented the RSA method, whose resulting distribution in a 100 × 100 

nm2 square is shown in Fig. 5b. This RSA distribution produces inter-oligomer distances 

that are, on average, approximately half of those in a regular lattice model. A 100 × 100 

nm2 should be occupied by approximately 325 oligomers (Eqn. 1). In a regular lattice, 

the inter-oligomer spacing is approximately 55 Å. With RSA, the average nearest-neighbor 

distance from the center of one oligomer to the next decreases to 37 Å. Subtracting twice 

the channel radius (13 Å) gives an approximate average 19F-19F distance of 11 Å, which 

is within the detectable range by 19F spin diffusion NMR 54. However, since the rate of 1H-

driven spin diffusion depends on r−6, a 11 Å distance on average is only a small correction 

to the intra-oligomer distance of ~9 Å in the isolated pentamer model. To reproduce the 

experimentally measured CODEX dephasing, a more specific clustering model is required. 

We adopted a potential of mean force that accounts for both protein shape and protein-

lipid hydrophobic mismatch (Fig. S3) 39 and simulated the resulting distribution using a 

Metropolis Monte Carlo method (Fig. 5c). The calculated CODEX S/S0 and S0/S curves 

for these two models are compared with the isolated pentamer simulation in Fig. 5d. The 

RSA distribution produced only a minor intensity reduction at long mixing times, and thus 

does not significantly improve the fit over the isolated pentamer fit. The cluster distribution 

resulted in a noticeable decrease in S/S0 intensity at long mixing times and agreed much 

better with the experimental CODEX intensities. Therefore, inter-pentamer contacts, which 

are only significant in the clustered distribution (Fig. 5e), reproduce the observed intensity 

decays below 0.20 at long mixing times. The improved fit at long mixing times still does 

not fully reproduce the measured intensities at intermediate mixing times between 1 s 

and 2 s. Instead, these intensities are well-described by asymmetric pentamers (Fig. 5f). 

This suggests that the 4-19F label at the Phe23 sidechains may exhibit some rotameric 

disorder, leading to inequivalent distances between adjacent subunits, as represented by an 

asymmetric pentamer.

Calibration of the overlap integral F(0)

The overlap integral Fij(0) is the probability that single-quantum transitions occur at the 

same frequency for spin i and spin j. It is related to the normalized zero-quantum line shape 

at zero frequency. As in existing literature 43, 44, 54-57, here we treat F(0) as a parameter 

to be calibrated from known crystal structures. 19F CODEX of 5-19F-trptophan (Fig. S4a) 

shows an exponential decay to S/S0 = 0.50 at 400 ms. Fitting to 0.5+0.5e−ct shows excellent 

agreement with the experimental data (R2 = 0.9935) for the time constant c = 183 s−1 (Fig. 

S4b). Using the known crystal structure of L-tryptophan hydrochloride 58, we calibrated 

the F(0) value. L-tryptophan hydrochloride crystallized in the P21 space group, with two 

orientationally inequivalent molecules in the unit cell. The nearest neighbor H5-H5 distance 

in the lattice is 4.62 Å. Second moment analysis, summing over additional unit cells until 

the effective dipolar coupling converges, gives an effective 19F-19F dipolar coupling of 

4.99 kHz, which corresponds to an effective distance of 4.16 Å. The rate of 1H-driven 

spin diffusion driving CODEX is given by kij = 0.5 πωijFij(0) 19, 59. The dipolar coupling 

(ωij) is given by the dipolar coupling constant, (μ0ℏγ2) ∕ (4πr3) and the powder averaged 

angular dependence, ((1 − 3 cos2 θij) ∕ 2)2 = 0.2. Calculating the dipolar coupling based on 

the converged effective 19F-19F distance allowed the extraction of the F(0) value of 3.4±0.4 
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μs. A detailed description of the calculation of F(0) is given in the Supporting Information. 

Performing CODEX matrix calculations at varying F(0) values yields identical results as the 

exponential fitting does (Fig, S4c-d).

This F(0) value is an order of magnitude smaller than the previously reported value of 37 

μs by our group 19. The previous value was measured under 8 kHz MAS on a 9.4 T magnet 

and should be comparable to the measurements in this work. Recalculation based on the 

previous data indicates that the previously reported F(0) value incorporated an additional 

factor of π2, which was also applied in the matrix calculation scripts for the CODEX 

simulations. The F(0) values were first obtained from the CODEX decay of samples with 

known crystal structures, then these F(0) values were used in CODEX calculations with 

unknown distances. Since the same equation with an error of π2 was used both to calibrate 

and to determine unknown distances, the previously reported distances are correct, only the 

numerical value of F(0) was mis-reported. Correcting for this π2 factor, the true F(0) value 

should be 3.7 μs for 19F and 8.0 μs for 13C. Other literature values for F(0) of 13C spins 

range from 1.2 to 11.4 μs 55, 57, in agreement with the revised value.

Discussion

SARS-CoV-2 ETM forms pentameric channels that cluster in lipid membranes

The CODEX data obtained here for six ETM samples show that the basic unit of assembly 

of ETM in lipid bilayers is a pentamer (Fig. 6a). In four membrane mixtures and at three 

peptide concentrations, the CODEX intensities of 4-19F Phe23 decay to a value between 

0.15 – 0.22 at 3 s. At the lowest peptide concentration where inter-oligomer contact is 

minimal, the CODEX intensities equilibrate to 0.20 (Fig. 3b, e). Thus, when the protein 

is sufficiently dilute in the membrane so that 19F spin diffusion is restricted to isolated 

channels, the stoichiometry of the complex can be established to be a pentamer. At higher 

peptide concentrations, the CODEX intensities decrease below 0.20 in ERGIC-mimetic 

and phosphatidylinositol-containing membranes, indicating that the pentamers cluster under 

these conditions (Fig. 6b).

The low CODEX intensities of less than 0.25 at mixing times longer than 2 s (Table 2) rule 

out a substantial population of small oligomers such as dimers and trimers. If we assume 

20% to be the lower limit of the population of an oligomeric species that can be detected by 

NMR, then a mixture of 20% dimers and 80% pentamers would give a CODEX equilibrium 

value of 0.26. This is significantly higher than the measured CODEX equilibrium values of 

0.20 for the three ERGIC samples (Table 2). Alternatively, if a dimer is assumed to coexist 

with a hexamer, then the dimer fraction cannot be larger than 10% in order to agree with 

the data. Thus, the experimental data rule out the presence of a sizeable fraction of small 

oligomers.

Furthermore, the 13C, 15N and 19F spectral linewidths of membrane-bound ETM rule out 

the coexistence of two distinctly different subunit stoichiometries. We found narrow 13C 

linewidths of ~0.5 ppm and 15N linewidths of ~0.9 ppm for the protein, implying a highly 

homogenous protein conformation for both the backbone and sidechain. The 19F linewidths 

of 4-19F Phe23 are ~1.5 ppm, implying that the helix-helix interface of the ETM oligomer 
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is also structurally homogeneous. This high degree of homogeneity coupled with a lack of 

peak doubling makes the presence of two distinct structural states, a dimer and hexamer, or 

pentamer and heptamer for example, highly unlikely.

Is it possible that ETM forms a mixture of similarly high molecular-weight oligomers such 

as tetramers and hexamers, or pentamers and heptamers? Such a mixture cannot be ruled 

out based on the CODEX data alone. However, we consider this scenario unlikely because 

even a modest change of the oligomer number will affect the sidechain packing between 

neighboring helices, which should cause broad 19F peaks. The 19F spectra of 4-19F-Phe23 

exhibit a dominant peak at −115 ppm that accounts for 75-95% of the spectral intensity 

and a minor peak at −111 ppm that represents 5-25% of the spectral intensities. The minor 

peak became more discernible in the POPC/POPE/POPS membrane due to its long 19F 

T1 relaxation time compared to the T1 of the major peak (Fig. 2f, Fig. 3h). However, its 

CODEX intensities are not different from those of the major component within experimental 

uncertainty. Therefore, for all the lipid membranes examined here, we do not find evidence 

for a coexistence of multiple oligomeric states.

The stoichiometry of virus membrane proteins can vary in different membrane-mimetic 

environments. The influenza viroporin, M2, is stably tetrameric in detergents and lipid 

bilayers, as shown by AUC experiments in detergent micelles 17, 18, solid-state NMR 

CODEX data in lipid bilayers 19, 20, and X-ray crystal structures in lipid cubic phases 22. 

Moreover, whole cell current measurements in oocytes that express a mixture of amantadine-

sensitive wild-type M2 and amantadine-resistant mutant M2 definitively showed that the 

tetrameric state is the functionally active state 16. The HIV viroporin Vpu forms pentamers 

based on gel filtration chromatography data 25, and the pentamer is suggested to be the most 

thermodynamically stable species by molecular dynamics simulations 24. However, evidence 

for stoichiometries from tetramers to hexamers has also been reported from crosslinking, gel 

electrophoresis and AUC data in lipid bilayers 26, 60. The dual-TM-helix hepatitis c virus 

p7 protein (HCV p7) can adopt either hexamers or heptamers depending on the membrane-

mimetic environments 61-64. Compared to these viroporins, SARS-CoV-2 ETM forms stable 

pentamers in lipid bilayers based on the data shown here. The observation of multiple 

oligomeric states in various detergents might reflect different structures of the protein 

formed in these non-native environments and the small differences in thermodynamic 

stabilities between different oligomeric assemblies.

Increasing experimental evidence has shown that membrane proteins often cluster for 

function. Ion channels such as KcsA 65 and mammalian K+ and Ca2+ channels 66, 67 have 

been reported to cluster in the membrane to cause coupled gating. Influenza M2 68, 69 

and HIV-1 gp41 50 have been recently shown to cluster in the membrane, mediated by 

cholesterol 48, 49, 51. This clustering is implicated in membrane curvature generation and 

may be used by both proteins to achieve their membrane scission and membrane fusion 

functions, respectively. Electron microscopy studies of the mouse hepatitis virus suggest 

that its E protein induces membrane curvature 70. SARS-CoV-2 E has a similar role in 

viral particle formation 71, thus its clustering might help to generate membrane curvature. 

Fluorescence microscopy data of the subcellular localization of the three membrane proteins 

(S, M and E) of the SARS-CoV-1 virus found that the E protein forms large membrane 
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clusters that co-localize with endoplasmic reticulum markers 2, 72, but molecular evidence of 

clustering of E had not been reported until now. The current finding that ETM clusters in the 

ERGIC-mimetic lipid membrane explains the high rigidity of the peptide in this membrane 

at ambient temperature 8. Unlike M2 and gp41, clustering of the SARS-CoV-2 E pentamers 

in lipid membranes is not induced by cholesterol alone. Removal of cholesterol did not 

raise the CODEX intensities at long mixing times or decrease the 19F T1 (Fig. 3g). Instead, 

removing both cholesterol and phosphatidylinositol is required to increase the CODEX 

intensity to about 0.20 (Fig. 3h), which is diagnostic of dispersal of clusters. The isolation 

of the E pentamers is also manifested by the significantly shortened 19F T1 relaxation time. 

This result is reproduced in the model membrane DMPC/DMPG, in which ETM exhibits 

isolated pentamers with a short 19F T1. Thus, supramolecular assembly of ETM pentamers 

requires the presence of phosphatidylinositol.

The surprising finding that phosphatidylinositol is required for ETM clustering is intriguing. 

Phosphatidylinositol and its phosphorylated derivatives such as phosphatidylinositol 4,5-

bisphosphate (PIP2) and phosphatidylinositol 3,4,5-triphosphate (PIP3) are known to self-

associate in the membrane in the presence of divalent cations such as calcium 73, and can 

induce clustering of membrane proteins such as syntaxin-1A to mediate membrane fusion 

in neurons 74-76. Conversely, some membrane proteins have been reported to associate 

with and induce clustering of phosphatidylinositol to carry out functions such as signal 

transduction 77. Moreover, calcium ions are known to cluster anionic phosphatidylserine 

and phosphatidylinositol 78, 79. Thus, the current finding that the calcium-conducting E 

channel is clustered by phosphatidylinositol suggests that calcium ions, which are present 

at much higher concentrations inside the ERGIC than in the cytoplasm, may have the 

dual action of clustering the E protein via phosphatidylinositol as well as permeating these 

clustered channels. Future studies should investigate how phosphatidylinositol binds E in the 

supramolecular assembly in the membrane, and whether and how this interaction facilitates 

virus assembly and budding.

Structural implications of the interhelical distances between Phe23 sidechains

Simulation of the 19F CODEX decay curves yielded nearest-neighbor intra-pentamer 

distances of 8-9 Å for the 4-19F-Phe23 labels. This distance is relatively independent 

of the membrane composition. Previous work by our group solved a 2.1-Å structure of 

ETM at neutral pH 8. In this structure, Phe23 occupies the heptad position f, interacting 

with lipids. This configuration would give a nearest-neighbor distance of ~15 Å, which is 

much longer than observed by the current CODEX data. The interhelical 13C-19F distance 

constraints that contributed to the structure calculation were measured using recombinant 

triply fluorinated ETM samples at the three Phe residues. Thus, the sidechain conformations 

in this closed-state ETM structural model will need to be revised using more extensive 

distance measurements to accommodate the shorter Phe23-Phe23 distances seen in the 

CODEX data here. Already, the current 19F spectra of Phe23 indicate that this residue has a 

single predominant sidechain conformation, which differs from the dual-conformations seen 

for Phe20 and Phe26, which each manifest two 19F peaks 47. We recently showed that these 

two sidechain rotamers of Phe20 and Phe26 correspond to a lipid-facing conformer and a 

more water-accessible conformer at the helix-helix interface. In comparison, the distinct 19F 
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spectra of Phe23 indicate that Phe23 adopts a single rotamer that may point either to the 

pore or to the helix-helix interface to occlude the channel at neutral pH. In the influenza 

M2 transmembrane peptide, aromatic gating is accomplished by a pore-facing Trp residue 
44, 80-84. The HCV p7 channel also contains three Phe residues at positions 22, 25, and 

26. Joint mutations of these three residues to Ala increased the channel activity, suggesting 

that aromatic interactions within this Phe stack restrict ion current 85. Thus, the HCV p7 

channel bears interesting similarities to the SARS-CoV-2 E channel. Future studies to probe 

how these Phe residues stabilize the five-helix bundle and regulate channel gating will be 

important for elucidating the structure-function relation of the E protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The 19F solid-state NMR approach for determining the stoichiometry of ETM assembly 

in lipid bilayers. (a) Amino acid sequence diagram of the SARS-CoV-2 E protein. The 

transmembrane (TM) domain is preceded by a short N-terminal domain (NTD) and is 

followed by a C-terminal domain (CTD). The amino acid sequences of singly fluorinated 

ETM peptides used in this study are shown. (b) Structures of the 4-19F-phenylalanine and 
19F-Cγ-leucine that are synthetically incorporated into the ETM peptide. (c) Pulse sequence 

of the 19F CODEX experiment. Filled and open rectangles designate 90° and 180° pulses, 

respectively. CP: cross-polarization; CW continuous-wave heteronuclear decoupling; TPPM, 

two-phase modulation heteronuclear decoupling. 19F spin diffusion during the mixing time 

tm reduces the intensity of a 19F spin echo. The CODEX dephased (S) experiment has a long 

tm and a short tz, while the CODEX control (S0) experiment has a short tm and a long tz. 
The sum of the two mixing times is the same between S and S0. (d) Schematic of different 

stoichiometries of the ETM oligomer in the lipid membrane, with corresponding relative 

intensities of the CODEX S0 and S spectra.
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Figure 2. 
Representative 19F NMR spectra of 4-19F-Phe23 labeled ETM in different lipid membranes. 

All spectra were measured at a thermocouple reported temperature of 240–244 K and 18 

kHz MAS. (a) 19F CP spectra of the six membrane-bound ETM samples. For cholesterol-

containing membranes, the peptide : phospholipid : cholesterol ratios are specified. (b-g) 

CODEX control S0 (black) and dephased S (red) spectra of ETM at selected mixing times. 

(b) 4 s CODEX spectra of ERGIC-bound ETM at P : L = 1 :17. (c) 3 s CODEX spectra 

of ERGIC-bound ETM at P : L = 1 : 34. (d) 4 s CODEX spectra of ERGIC-bound ETM 

at P : L = 1 : 8.5. (e) 4 s CODEX spectra of ETM bound to the cholesterol-free ERGIC 

membrane at P : L = 1 : 17. (f) 3 s CODEX spectra of ETM bound to the POPC/POPE/

POPS membrane at P : L = 1 : 17. The peak doubling indicates the presence of two Phe23 

sidechain conformations in this membrane. (g) 2.5 s CODEX spectra of ETM in the DMPC/
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DMPG membrane at P : L = 1 : 30. The S/S0 values based on the integrated intensities of 

these CODEX spectra are given in (b-f).
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Figure 3. 
19F CODEX of 4-19F-Phe23 labeled ETM in different lipid membranes at various peptide 

to phospholipid ratios (P : L). Filled circles are the measured CODEX S/S0 values while 

open circles are the intensity decays of the control spectra S0, normalized to the 100 ms 

spectral intensity. Solid lines are the best-fit matrix simulations of the CODEX decay using 

an isolated symmetric oligomer model. Dashed lines are the best exponential fit to the S0 

decay to give the 19F T1 relaxation time. (a-c) CODEX decays of ERGIC-bound ETM at 

varying P : L ratios. (a) P : L = 1 : 17. (b) P : L = 1 : 34. (c) P : L = 1 : 8.5. The best-fit 

curves use a symmetric pentamer model. (d-f) CODEX intensities shown as inverse S0/S 

ratios for the same three samples as in (a-c), to better compare the pentamer and hexamer 

fits to the measured data at long mixing times. The best-fit simulations for a symmetric 

pentamer model (black) and a symmetric hexamer model (purple) are shown in (d) and 

(f). (g) CODEX decay of ETM bound to a cholesterol-depleted ERGIC membrane (POPC/

POPE/PI/POPS) at P : L = 1 : 17. (h) CODEX decay of the major Phe23 peak in POPC/

POPE/POPS membrane-bound ETM at P : L 1 : 17. The S0 decays of the major peak (blue 

open circles) and minor peak (orange open circles) indicate distinct T1 relaxation times. (i) 
CODEX decay of DMPC/DMPG bound ETM at a P : L ratio of 1 : 30. The 19F T1 times are 
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longer than 3 s in all membranes except for the major peak of the POPC/POPE/POPS bound 

sample and the DMPC/DMPG bound ETM.
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Figure 4. 
Additional 19F NMR spectra of fluorinated ETM. (a) 500 ms CODEX control S0 (black) and 

dephased S (red) spectra of 4-19F-Phe20 labeled ETM bound to the ERGIC membrane at P : 

L = 1 : 13. The spectra were measured on a 400 MHz NMR spectrometer (9.4 T, 19F Larmor 

frequency 376 MHz) under 10 kHz MAS at a thermocouple reported temperature of 248 K. 

(b) 2 s 19F CODEX S0 and S spectra of γ-19F-Leu18 labeled ETM, bound to the ERGIC 

membrane at a P : L ratio of 1 : 17. The spectra were measured on the 600 MHz NMR (14.1 

Tesla, 19F Larmor frequency 564 MHz) under 18 kHz MAS at a bearing temperature of 240 

K.
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Figure 5. 
Alternative ETM oligomerization models and their corresponding CODEX simulations. The 

experimental data (filled circles) are those of ERGIC-bound 4-19F-Phe23 labeled ETM at 

P : L = 1 : 17. Simulated CODEX decays are shown in solid lines. (a) Measured CODEX 

decays together with best-fit simulation using an isolated symmetric pentamer model. The 

simulation is the same as in Fig. 3a. The nearest-neighbor distance of the best-fit pentamer 

is 8.8 Å. While the overall agreement between the experiment and simulation is good 

(χ ν
2 = 1.01), the intensities deviate at intermediate (1–2 s) and long mixing times (4 s). 

(b) Simulated RSA distribution of pentamers in a 100 x 100 nm2 square. All couplings 

stronger than 0.85 Hz (50 Å) are considered in the calculation, though convergence occurs 

around 15 Å. (c) Simulated cluster distribution of pentamers based on a cylinder-cylinder 

interaction and hydrophobic mismatch model. (d) Measured CODEX decays shown as 

S/S0 and the inverse S0/S values. These are overlaid with simulated curves for the isolated 

symmetric pentamer model, the random distribution model, and the clustered distribution 

model. The clustered pentamer model agrees best with the measured CODEX intensities at 

long mixing times. (e) Average nearest-neighbor distances from the RSA simulation (blue) 

and the cluster simulation (red). The distances from the RSA distribution were obtained 

from 1000 independent simulations. The distances from the interaction potential simulation 

were obtained from 50,000 Monte Carlo steps to reach a final distribution. (f) Experimental 

CODEX data with best-fit simulation using an isolated asymmetric pentamer model. 

Gradient decent fitting yielded better agreement between the experiment and simulations 

compared to (a), and the nearest-neighbor distances in the model range from 6.5 Å to 10.4 

Å.
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Figure 6. 
SARS-CoV-2 ETM forms pentameric α-helical bundles in lipid bilayers. (a) Top view of the 

ETM pentamer structure, using the solid-state NMR structural model of the closed state of 

ETM (PDB: 7K3G) 8. Intra-pentamer 19F spin diffusion is indicated by arrows. (b) Model 

of the clustering of ETM pentamers in ERGIC-mimetic phosphatidylinositol containing 

lipid bilayers at high peptide concentrations. Spin diffusion between different pentamers is 

illustrated by arrows.
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Table 1.

Membrane compositions, CODEX intensities at the longest mixing times, and best-fit parameters of 419F-

Phe23 labeled ETM.

Lipid and Molar Composition P : L 19F T1 (s) S/S0 S0/S r (Å)

ERGIC: POPC/POPE/PI/POPS/Chol ( 9 : 4 : 2.6 : 1.4 : 3) 1 : 17 4.5 0.14 ± 0.03 7.1 8.8

ERGIC 1 : 34 3.2 0.20 ± 0.04 5.0 8.7

ERGIC 1 : 8.5 4.1 0.16 ± 0.03 6.3 8.6

POPC/POPE/PI/POPS (9 : 4 : 2.6 : 1.4) 1 : 17 4.1 0.17 ± 0.02 5.9 8.4

POPC/POPE/POPS (9 : 4 : 1.4) 1 : 17 0.9 0.22 ± 0.06 4.2 8.4

DMPC/DMPG (7 : 3) 1 : 30 1.5 0.21 ± 0.04 4.8 8.0
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Table 2.

Measured 19F CODEX S/S0 values of 4-19F-Phe23 labeled ETM in all lipid membranes examined in this 

study. Some phospholipids are indicated by their last letter for simplicity.

Mixing
Time (s)

ERGIC
P : L = 1 : 17

ERGIC
P : L = 1 : 34

ERGIC
P : L = 1 : 8.5

POPC/E/I/S
P : L = 1 : 17

POPC/E/S
P : L = 1 : 17

DMPC/G
P : L = 1 :30

0.10 0.74 ± 0.02 0.68 ± 0.05 0.69 ± 0.02 0.62 ± 0.02 0.70 ± 0.04 0.61 ± 0.04

0.25 0.56 ± 0.02 0.57 ± 0.04 0.64 ± 0.02 0.57 ± 0.03 0.53 ± 0.04 0.58 ± 0.05

0.50 0.49 ± 0.02 0.43 ± 0.05 0.43 ± 0.02 0.45 ± 0.02 0.38 ± 0.02

1.00 0.35 ± 0.02 0.35 ± 0.03 0.28 ± 0.02 0.33 ± 0.02 0.28 ± 0.04 0.34 ± 0.06

1.50 0.29 ± 0.02

2.00 0.24 ± 0.03 0.22 ± 0.04 0.19 ± 0.02 0.22 ± 0.02 0.15 ± 0.08 0.24 ± 0.06

2.50 0.21 ± 0.04

3.00 0.19 ± 0.02 0.20 ± 0.04 0.15 ± 0.01 0.18 ± 0.01 0.22 ± 0.06

4.00 0.14 ± 0.03 0.16 ± 0.03 0.17 ± 0.02

Expt. time 66 hrs 106 hrs 50 hrs 132 hrs 72 hrs 181 hrs
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