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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) envelope (E) protein forms a pen-
tameric ion channel in the lipid membrane of the endoplasmic reticulum Golgi intermediate compartment
(ERGIC) of the infected cell. The cytoplasmic domain of E interacts with host proteins to cause virus
pathogenicity and may also mediate virus assembly and budding. To understand the structural basis of
these functions, here we investigate the conformation and dynamics of an E protein construct (residues
8-65) that encompasses the transmembrane domain and the majority of the cytoplasmic domain using
solid-state NMR. 'C and "N chemical shifts indicate that the cytoplasmic domain adopts a p-sheet-
rich conformation that contains three B-strands separated by turns. The five subunits associate into an
umbrella-shaped bundle that is attached to the transmembrane helices by a disordered loop. Water-
edited NMR spectra indicate that the third B-strand at the C terminus of the protein is well hydrated, indi-
cating that it is at the surface of the B-bundle. The structure of the cytoplasmic domain cannot be uniquely
determined from the inter-residue correlations obtained here due to ambiguities in distinguishing inter-
molecular and intramolecular contacts for a compact pentameric assembly of this small domain. Instead,
we present four structural topologies that are consistent with the measured inter-residue contacts. These
data indicate that the cytoplasmic domain of the SARS-CoV-2 E protein has a strong propensity to adopt
B-sheet conformations when the protein is present at high concentrations in lipid bilayers. The equilibrium
between the B-strand conformation and the previously reported a-helical conformation may underlie the
multiple functions of E in the host cell and in the virion.

© 2023 Elsevier Ltd. All rights reserved.

Introduction

The SARS-CoV-2 is the causative agent of the
COVID-19 pandemic, which claimed more than six
million lives worldwide by the end of 2022.
Although COVID vaccines are now widely
available, antiviral treatments for infected

0022-2836/© 2023 Elsevier Ltd. All rights reserved.

individuals are still limited. One antiviral drug
target is the envelope (E) protein, one of the three
membrane proteins of the virus." In SARS-CoV-1,
the E protein consists of 76 amino acid residues:
a short N-terminus spans residues 1-7, a trans-
membrane (TM) domain spans residues 8-38,
and a C-terminal cytoplasmic domain (CTD)
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encompasses residues 39-76. The protein local-
izes to the ERGIC compartment of infected cells,
with the C-terminus oriented towards the cyto-
plasm.? E shows ion channel activities in three con-
structs: a transmembrane construct (ETM, residues
8-38),° a cytoplasmic-truncated construct (ETR,
residues 8-65),'° and full-length E (EFL)."" The
channel activity of E is a virulence factor: channel-
inactivating mutations® in mouse-adapted SARS-
CoV reduced lung edema and lowered the proin-
flammatory cytokine levels.® Ca®* fluxes through
the E channel are implicated in the pathogenicity
of SARS-CoV-1 by activating the NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3) inflam-
masomes.® This Ca®* flux follows a three-orders-
of-magnitude  concentration  gradient, from
~0.4 mM in the ERGIC lumen to ~0.1 uM in the
cytoplasm.'®"'® The E protein of SARS-CoV-2 is
highly homologous to the SARS-CoV counterpart,
differing only by three residues and one deletion,
all localized in the CTD. The TM sequence of the
two proteins is identical. Therefore, the structure
and function of these two proteins are likely similar.

The structure and stoichiometry of ETM have
been investigated in a variety of membrane-
mimetic environments. Gel electrophoresis and
sedimentation equilibrium data in perfluoro-
octanoic acid (PFO) and dodecylphosphocholine
(DPC) detergents suggested that ETM forms
pentamers.® This stoichiometry was recently firmly
established for membrane-bound ETM using '°F
spin diffusion NMR,'* where the protein was recon-
stituted in a cholesterol-containing ERGIC-mimetic
lipid bila}/er. Pentamer formation was also reported
for ETR'® and EFL'""'® based on gel electrophore-
sis and sedimentation equilibrium data obtained
from PFO, C14 betaine and DPC/sodium dodecyl-
sulfate (SDS) micelles. Solution NMR data indicate
that ETM is a-helical in DPC micelles,'® and infrared
spectra of DMPC bilayer-bound ETM showed
amide | and Il bands that are consistent with a heli-
cal conformation.'” Recently, the high-resolution
structure of SARS-CoV-2 ETM bound to ERGIC-
mimetic membranes was determined using solid-
state NMR (ssNMR)."® 'C and "N chemical shifts
indicate that most of the TM domain is a-helical, but
moderate helix non-ideality exists in the middle of
the segment where three Phe residues are spaced
every three residues apart.” Interhelical '°C-'°N
and '3C-"°F correlations constrained the structure
of the five-helix bundle, showing a channel with a
pore diameter of 11-14 A and a small helix tilt angle
of ~10°. An asparagine (Asn) residue at position 15
is the main polar residue in the pore lumen, consis-
tent with the observation that an N15A mutation
abolished the ion channel activity.*® This structure
was solved at neutral pH in the absence of calcium
ions, and likely represents a closed state of the
channel.

While the TM domain of E mediates ion
conduction, the CTD of E in SARS and other

coronaviruses contains a C-terminal PDZ-binding
motif (residues DLLV) that interacts with host
proteins.?®® This host interaction is implicated in
the pro-inflammatory cytokine release associated
with SARS-CoV-2 infection, which causes severe
tissue and organ damage.”* For example, the cell-
surface receptor TLR2 recognizes the E protein to
initiate priming of the inflammasome.?® E in other
coronaviruses such as the infectious bronchitis
virus also functions in virus assembly and bud-
ding,*° potentially through interactions with the viral
matrix (M) and spike (S) proteins.’ To understand
the mechanisms with which E carries out these
diverse functions, it is important to elucidate the
structure of the E cytoplasmic domain. For this pur-
pose, ETR is a valuable model, as removal of the
last ten residues of EFL has been shown to not
affect the virulence of the virus in mice.?’

To date, biophysical studies of the E CTD have
yielded inconsistent information about the
structure of this domain. Solution NMR studies of
SARS-CoV ETR in SDS/DPC micelles showed
that the CTD contains a single amphipathic helix,
which spans residues 55-65.° But in LMPG (1-myr
istoyl-2-hydroxy-sn-glycero-3-phospho-(1’-rac-gly
cerol)) micelles, two amphipathic helices are
reported, at residues 38-47 and 52-65.° In n-
hexadecyl-phosphocholine (HPC) micelles, SARS-
CoV-2 EFL shows chemical shifts and residual
SN-"H dipolar couplings that are consistent with a
single helix spanning residues 52-60.?° Thus, these
data indicate that detergent-bound ETR and EFL
are predominantly a-helical but the helices occur
at variable positions in the amino acid sequence.
Compared to these studies in detergent micelles,
EFL and ETRin lipid bilayers and short cytoplasmic
peptides in solution have been reported to adopt B-
sheet conformations. A synthetic peptide corre-
sponding to residues 46—60 of the CTD has a high
tendency to aggregate in solution and absorbs at
1635 cm ' in Fourier-transform infrared (FT-IR)
spectra,'%°? indicating B-sheet formation. Similarly,
a nine-residue peptide corresponding to residues
55-63 of the CTD assembles into amyloid fibrils in
solution.’’ FT-IR spectra of DMPC-bound EFL
show a shoulder at 1635 cm™~', consistent with B-
sheet conformation.'® The same peak is reported
for ERGIC membrane-bound SARS-CoV-2 EFL
and ETR."® Therefore, these data suggest a signif-
icant propensity of the CTD to form B-sheet confor-
mations under certain conditions.

To clarify and investigate the structure of the E
CTD in a residue-specific manner, here we
employ magic-angle-spinning (MAS) ssNMR
spectroscopy. We reconstituted SARS-CoV-2
ETR into DMPC/DMPG membranes and
measured its '°C and "N chemical shifts and
inter-residue contacts using two-dimensional (2D)
and three-dimensional (3D) correlation
experiments. The chemical shifts and distance
constraints indicate that the CTD folds into a
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triple-stranded B-sheet, which oligomerizes into an
umbrella-shaped B-bundle outside the membrane.
This B-sheet structure coexists with the TM
helices, indicating a clear separation of the ion
channel function of E from its host-interaction and
virus assembly functions.

Materials and methods

Cloning, expression and purification of SARS-
CoV-2 ETR (residues 8—65)

The SARS-CoV-2 ETR (B(ETG TLIVNSVLLF
LAFVVFLLVT LAILTALRLA AYAANIVNVS
LVKPSFYVYS RVKNL®®) spans residues 8-65 of
the full-length protein and contains three Cys to
Ala mutations, C40A, C43A, and C44A. The
construct was derived from a SARS-CoV ETR
construct in the pNIC28-Bsa4 plasmid'®*? by intro-
ducing two changes at T55S and V56F, which are
the only two residues that differ between SARS-
CoV and SARS-CoV-2 E proteins between residues
1-68. The DNA sequence was confirmed by San-
ger sequencing (Axil Scientific, Singapore). The
plasmid was transformed into competent E. coli
BL21 CodonPlus (DE3) pLysS cells (Agilent) for
protein expression and then kept at —80 °C as a
glycerol stock.

A 50 mL LB starter culture was inoculated from
the glycerol stock and grown overnight with
shaking at 37 °C. This starter culture was used to
inoculate 0.8 L of ZYM-505 media®® at an inoculum
ratio of 1:100. The culture was grown in a 1 L fer-
menter (Winpact, USA) at 37 °C with the dissolved
oxygen level maintained at 40% by controlling the
agitation (up to 900 rpm), aeration (up to 1 vessel
volume per minute), and oxygen supplementation,
cascaded in the listed order. After 6 h, cells were
collected by centrifugation at 7500g for 8 min at
30 °C. The pellet was resuspended in 0.8 L M9
media for high-cell density culture® containing
0.1% w/v NH,Cl and 0.4% w/v glucose. The culture
was transferred into a sterile 1 L fermenter vessel
and further grown under the same condition as
before centrifugation. After 1 hour, the temperature
was lowered to 18 °C, the media was supplemented
with 0.1% w/v NH4CI and 0.4% w/v glucose, and
protein expression was induced by adding 0.5 mM
IPTG. Expression proceeded overnight, then the
cells were harvested the next day by centrifugation
at 75009 for 10 min at 4 °C. The pellets were flash-
frozen with liquid nitrogen and kept at —80 °C until
used. Isotopically labeled ETR samples were pro-
duced by substituting unlabeled NH4CI and glucose
with "°N-labeled NH,CI and uniformly '3C-labeled
glucose (Cambridge Isotope Laboratories). Three
isotopically labeled proteins were produced: '°N-
labeled ETR, 'C-labeled ETR, and doubly "N,
'3C-labeled ETR.

Frozen cell pellets were resuspended, lysed,
clarified, and applied to Ni-NTA resin for
purification by affinity column chromatography as

described previously.'” The only change is that
the elution buffer in the current study contained
0.1% w/v of N,N-dimethyldodecylamine N-oxide
(LDAO). Following elution, the Hisg tag was cleaved
by adding 1:10 mol/mol TEV protease in the pres-
ence of 1 mM ethylenediaminetetraacetic acid
(EDTA) and 5 mM dithiothreitol (DTT). The reaction
mixture was agitated by rolling at 4C for 64 hours,
then precipitated using trichloroacetic acid, and lyo-
philized. The lyophilized powder was dissolved in
5% v/v TFA in acetonitrile and injected into a Phe-
nomenex Jupiter C18 column (10 um particle size,
250 x 21.2 mm). The cleaved protein was fraction-
ated from uncleaved protein using a linear gradient
of isopropanol: acetonitrile (4:1 v/v with 0.1% v/v
TFA) on a Shimadzu Prominence HPLC system.
The identity and purity of the fractions was
assessed by SDS-PAGE and MALDI-TOF mass
spectrometry. The solvent was removed from
pooled fractions in a vacuum concentrator, then
the protein was lyophilized in the presence of
1 mM HCI. The isotopic labeling level was found
to be close to 100% based on the MS spectra.
The final ETR yield ranged from 5-10 mg per liter
of M9 culture.

Membrane sample preparation for solid-state
NMR experiments

Five membrane samples were prepared for this
study. Three samples contained uniformly 'C,
'>N-labeled ETR, one contained '*C-labeled ETR,
and one contained a 1: 1 mixture of '*C-labeled
and 'SN-labeled ETR. All membrane samples
were prepared in a pH 7.5 Tris buffer (20 mM Tris-
HCI, 5 mM NaCl, 2 mM EDTA and 0.2 mM NaNy).

All'lipids were purchased from Avanti Polar Lipids.
Most ssNMR spectra were measured on ETR
bound to a dimyristoyl-phosphatidylcholine
(DMPC):dimyristoyl-phosphoglycerol (DMPG)
(4:1) membrane. This membrane is denoted as
DMPX in this work. A second lipid mixture is an
ERGIC-mimetic membrane that consists of 1-palmi
toyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola
mine (POPE), bovine phosphatidylinositol (Pl), 1-p
almitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS), and cholesterol (Chol) at a molar ratio of
45:20:13:7:15."® Thus, both membranes have sim-
ilar negative charge fractions of 20-24 mol%,
excluding cholesterol. Most NMR samples used a
protein/lipid molar ratio (P/L) of 1:20, where the con-
centrations of phospholipids but not cholesterol are
considered. ETR (residues 8—65) has an isoelectric
point of 9.8 and an estimated charge of +2.9 at pH
7.0. Thus, at the P/L of 1:20, the protein and mem-
brane charges are approximately balanced.

To assess spectral resolution and sensitivity, we
prepared DMPX and ERGIC membrane samples
that contained only 2 mg '*C, "*N-labeled ETR.
We found similar chemical shifts between the two
samples and higher spectral resolution for the
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DMPX sample. Therefore, for 3D correlation
experiments that require extensive signal
averaging, we used the DMPX-bound ETR. About
5 mg '°C, '*N-labeled ETR was used for these
resonance assignment experiments.
Intermolecular 2D NHHC and long-mixing 2D CC
experiments were conducted on a samgle
containing 4 mg each of '*C-labeled ETR and "°N-
labeled ETR. This mixture was reconstituted into
the DMPX membrane at P/L 1: 15 to obtain
sufficient spectral sensitivity.

Proteoliposomes of ETR were prepared using an
organic-phase mixing protocol. Care was taken to
ensure that the protein was fully dissolved
throughout the sample preparation process, since
ETR has a propensity for aggregation. Lipids were
first dissolved in 400 pL chloroform, then
chloroform was removed under a gentle stream of
nitrogen gas, and the mixture was dried overnight
under vacuum at room temperature to obtain a
clear film. We dissolved 1 mg aliquots of
lyophilized ETR in 0.5 mL trifluoroethanol (TFE).
The solubility of ETR in TFE was ~1 mg/250 pL,
thus the solution was free of aggregates. The
protein solution was added to the dry lipid film,
mixed by pipetting up and down, then vortexed.
TFE was then removed with nitrogen gas, and the
mixture was dried overnight under vacuum at
room temperature. The mixed '°C-labeled and
*N-labeled ETR was prepared similarly. Here, the
appropriate amount of lipids was dissolved in
400 pL chloroform, separated into four 100-pL
aliquots and dried. 1 mg aliquots of '3C-labeled or
®N-labeled ETR were separately dissolved in
0.5 mL TFE, then combined and added to one of
the four aliquots of dry lipids. This procedure was
repeated until all 8 mg of ETR were mixed with
the lipids.

For all samples, the dry proteoliposome film was
resuspended in 3 mL of buffer (20 mM Tris pH
7.5, 5 mM NaCl, 2 mM EDTA, 0.2 mM NaNs3) by
bath sonication at 25C for at least 30 min until the
suspension became homogeneous. This
sonication step was not necessary for ETM but
was found to be important for obtaining
homogeneous suspensions of ETR.'® The solution
was subjected to nine freeze—thaw cycles between
liquid nitrogen and a 42 °C water bath. The resulting
proteoliposome solution appeared homogeneous
and translucent. The solution was ultracentrifuged
for 2 hours at 164,000g and 4 °C to obtain a mem-
brane pellet. This pellet was placed in a desiccator
until it reached a hydration level of 40% (w/w),
before it was spun into an MAS rotor for ssNMR
experiments.

Measurements of ETR ion channel activities in
lipid bilayers

Planar lipid bilayers were formed by apposition of
two lipid monolayers on a 15 pm-thick Teflon
partition with a 100 pm diameter orifice that

separated two identical chambers.®>*¢ All lipids
were purchased from Avanti Polar Lipids
(Alabaster, AL). A lipid mixture that mimics the
ERGIC membranes contained dioleoyl-phos-
phatidylcholine (DOPC), dioleoyl-phosphatidyletha
nolamine (DOPE), dioleoyl-phosphatidylserine
(DOPS), dioleoyl-phosphatidylinositol (DOPI), and
cholesterol (Chol) with a DOPC: DOPE: DOPI:
DOPS: Chol molar ratio of 45:20:13:7:15. Prior to
addition to the chamber, lipids dissolved in chloro-
form were mixed at the desired ratio, then chloro-
form was evaporated under an Argon constant
flow followed by pentane addition. The orifice was
pretreated with a 1% solution of hexadecane in pen-
tane. Aqueous solutions were 100 mM CacCl, at pH
6.0. The pH of the solution was controlled using a
GLP22 pH meter (Crison). All measurements were
performed at room temperature (23 + 1 °C).

ETR (residues 8-65) was inserted into the
ERGIC-mimetic membrane by adding 0.5-1.0 ul
of a 25 mg/mL ETR solution in acetonitrile:
isopropanol (40:60) to one side of the chamber
(cis side). An electrical potential was applied using
Ag/AgCI electrodes in 2 M KCI, 1.5% agarose
bridges assembled within standard 250 pL pipette
tips. The potential was defined as positive when it
was higher on the cis side, whereas the trans side
was set to ground. An Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA) in the
voltage-clamp mode was used to measure the
current and the applied potential. Data were
filtered by an integrated low pass 8-pole Bessel
filter at 10 kHz, saved at a sampling frequency of
50 kHz with a Digidata 1440A (Molecular Devices,
Sunnyvale, CA) and analyzed using the pClamp
10.7 software (Molecular Devices, Sunnyvale,
CA). For visualization, current traces were digitally
filtered at 500 Hz using a low-pass Bessel (8-pole)
fiter. The chamber and the headstage were
isolated from external noise sources with a double
metal screen (Amuneal Manufacturing Corp.,
Philadelphia, PA). Channel conductance was
obtained from currents measured under an
applied potential of +100 mV in symmetrical salt
solutions. Current was calculated from a single-
Gaussian fitting of the histogram of current jump
amplitudes generated after addition of ETR to the
chamber. The standard deviation of the data
corresponds to the sigma obtained from the
Gaussian fit. The histogram contains events from
a minimum of 3 independent experiments.

Solid-state NMR experiments

All ssNMR spectra were measured on a Bruker
Avance Il 800 MHz (18.8 T) spectrometer using a
Black Fox 3.2 mm MAS probe. The MAS
frequencies were 14 kHz or 10.5 kHz. Typical
radiofrequency (RF) field strengths were 50—
91 kHz for 'H, 50-63 kHz for '*C, and 33-42 kHz
for '>N. Sample temperatures were estimated
from the water 'H chemical shift Syaer i PpM
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using the equation Tsample = (7.762-0yater) X 96.9 K
.37 13C chemical shifts are reported on the tetram-
ethylsilane scale using the adamantane CH, chem-
ical shift at 38.48 ppm as an external standard. '°N
chemical shifts are reported on the liquid ammonia
scale using the N-acetylvaline peak at 122.00 ppm
as an external standard.

2D '3C-"'3C correlation (CC) experiments were
conducted using COmbined R2;-Driven (CORD)
mixing®® for '3C spin diffusion. 2D '°N-'3C correla-
tion (NC) experiments and 3D NCACX, NCOCX
and CONCA® correlation experiments used SPEC-
trally Induced Filtering In Combination with Cross
Polarization (SPECIFIC-CP)*° for '*N-'3C polariza-
tion transfer. Water-edited 2D NC spectra®'* were
measured using 'H mixing times of 9 ms and
100 ms. The experiment selects the water 'H mag-
netization using a Hahn echo containing a Gaussian
180 pulse of 0.95 ms, then transfers this magnetiza-
tion to protein protons for detection through 'C. An
Hy-edited 2D CC spectrum was measured using
the same pulse sequence, except that the 'H carrier
frequency was placed at 3.264 ppm to be on reso-
nance with the DMPC Hy peak. The Gaussian
180 pulse length for this Hy selection was 2.86 ms
and the 'H mixing time was 25 ms. 2D 'H-'3C
heteronuclear correlation (HETCOR) spectra®*®**
were measured using a 'H spin diffusion mixing
time of 4 ms and a total 'H T, filter time of
1.43 ms, which corresponded to 20 rotor periods
under 14 kHz MAS. 2D NHHC correlation spectra*”
for obtaining intermolecular correlations were mea-
sured using a 'H mixing time of 0.5 ms. Additional
parameters for the solid-state NMR experiments
are given in Table S1.

NMR spectra were processed using the Bruker
TopSpin software, and chemical shifts were
assigned using the Sparky software.*® Backbone
(d, V) torsion angles were calculated using the
TALOS-N software’ after converting the '*C chem-
ical shifts to the DSS scale. 2D hydration maps of
water-edited 2D NC spectra were obtained by divid-
ing the intensities of the 9 ms spectrum (S) by the
100 ms spectrum (So) using a Python script.***®
The intensities of the two spectra were read using
the NMRglue package."? Spectral noise was filtered
by setting signals lower than 3.5 times the noise
level to zero for the 9 ms spectrum and to a large
number (900,000) for the 100 ms spectrum. This
2D hydration map reflects the water accessibilities
of the protein residues.

XPLOR-NIH structure calculations

We calculated the ETR structure using the
XPLOR-NIH software® hosted on the NMRbox.”"’
For each simulated annealing run, five extended
monomers (residues 8—65) were placed in a fivefold
symmetric geometry, with each monomer parallel to
the Cs axis of the pentamer and the center of each
monomer being 20 A from the symmetry axis. TM
residues E8-R38 were included in the structure cal-

culation. However, due to the scarcity of interhelical
contacts for these residues in ETR, we used previ-
ously reported interhelical 'SN-'®C contacts
obtained from the NHHC spectra of the ETM pep-
tide.’® The TM helices and their inter-residue con-
tacts are not necessary for constraining the CTD
structure; however, their inclusion in simulated
annealing prevented undesirable entanglement of
the initial CTD random coils, which resulted in struc-
tures with poorly folded conformations.

A total of 10,000 independent simulated
annealing runs were performed with 5,000 steps
of torsion angle dynamics at 5,000 K, followed by
annealing to 20 K in decrements of 10 K with 100
steps at each temperature. Energy minimization
was subsequently carried out in torsion angle and
then Cartesian coordinates. The five monomers
were restrained to be identical using the non-
crystallographic symmetry term PosDiffPot and
the translational symmetry term DistSymmPot,
with scales of 1000 and 100, respectively.
Chemical-shift constrained (¢, ) torsion angles
were implemented with the dihedral angle restraint
term CDIH, with scale ramped from 50 to 500.
Due to ambiguity in resonance assignment, we
excluded the TALOS predictions for residues 8—11
and 37—44. Torsion angle ranges were set to the
higher value between twice the TALOS-N
predicted uncertainty and 20°. Experimentally
measured distance constraints were included
using the NOE potential, which was set to “soft”,
with a scale ramped from 2 to 30. Distance upper
limits were set to 9.0 A for the NHHC restraints
measured with 0.5 ms 'H mixing*® and 7.0 A for
the CC restraints measured with 250 ms mixing.'®
Implicit hydrogen bonds were included with the
HBDB potential. Standard bond angles and lengths
were set with terms BOND, ANGL and IMPR, and
the nonbonded potential was implemented with
XPLOR’s VDW term.

Spin diffusion contacts were applied to each of
the five monomers: intermolecular contacts could
be with either the molecule on the left or on the
right of the source molecule, so they were set to
have a twofold directional ambiguity in the
structure calculation. Contacts that have unknown
intramolecular or intermolecular origins were set to
have threefold ambiguity, contacting the molecule
on the left, on the right, or to the same molecule.
NHHC contacts are unambiguously intermolecular
because they are between °N-labeled monomers
and "3C-labeled monomers. Contacts observed in
the 250 ms 2D CC spectrum of the 1:1 diluted
sample were sorted by the intensity ratios (S/Sg)
between the diluted and undiluted spectra into
intramolecular (S/Sy > 0.8), intermolecular (S/
So < 0.6), or unknown (0.6 < S/Sy < 0.8). The
intensity cutoffs were validated by the fact that all
intra-residue contacts have intensity ratios of 0.8—
1.2 between diluted and undiluted samples.
Contacts from all other spectra were set to have
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unknown intramolecular or intermolecular origins,
with the exception of sequential contacts, which
were assumed to be intramolecular. Table S3
summarizes the number of spin diffusion contacts
of different types, and Table S4 lists all contacts
used for structure calculation.

The 10,000 simulated structures were sorted by
total energy. The structures did not converge.
Thus we sorted the topology of the 20 lowest
energy structures based on the relative orientation
of the three p-strands (residues 45-65). Four
topologies were identified. We took the lowest
energy structure of a given topology as
representative of that class, and measured the
pairwise all-atom RMSD from every other
structure with the same topology to the class
representative. This analysis showed that the all-
atom RMSD within each topology class is always
less than 4 A for residues 45-65. The next 80
lowest energy structures were also characterized
for topology and RMSD to the four classes, and all
but 22 out of 80 structures fit into one of the four
classes with an RMSD of less than 4 A. The all-
atom RMSDs between different topologies range
from 3 to 15 A. Most of the remaining models
showed putatively unphysical threading of one
monomer through loops in the adjacent
monomers. Images of the ETR structural models
were generated in PyMOL v2.3.4.

Results

In this study, we investigate the SARS-CoV-2 E
cytoplasmic structure using the ETR construct
(residues 8-65) instead of EFL, because EFL is
prone to aggregation®® and mouse data show that
removal of the last ten residues of the full-length
protein did not reduce the virulence of the virus.?”
We expressed ETR as a His-tagged fusion protein,
which was then cleaved and purified using affinity
chromatography and HPLC. The HPLC chro-
matogram and SDS-PAGE (Figure S1) indicate
high purity of the protein for structural analysis by
ssNMR.

lon channel activity of ETR

To verify the ion channel activities of ETR and
investigate whether they differ from those of ETM,
we measured the conductance of ETR in an
ERGIC-mimetic lipid membrane. In 100 mM CaCl,
at pH 6, ETR exhibits both single and multi-
channel insertion events and conductance jumps,
with variable conductance and stability (Figure 1
(a)). The most probable conductance is 103 pS,
which is similar to the most probable conductance
of 110 = 40 pS for ETM wunder similar
conditions.>® The ETR conductance is more vari-
able than ETM, as shown by a larger standard devi-
ation of 71 pS. We attribute this variability to the
destabilizing effects of the cytoplasmic residues to

the TM helices. Overall, these data indicate that
ETR forms functional channels in ERGIC-mimetic
lipid membranes.

Backbone conformation of ETR in lipid
bilayers

We measured most ssNMR spectra of ETR in the
DMPX membrane. One-dimensional (1D) '*C NMR
spectra show relatively resolved signals, whose
intensities are twofold higher in the gel phase of
the DMPX membrane at 263 K compared to the
liquid-crystalline phase at 303 K (Figure 2(a)).
This temperature dependence indicates that ETR
is partially mobile in the liquid-crystalline
membrane. 2D NC and CC spectra show many o-
helical chemical shifts, as expected for the TM
domain. In addition, we also observed p-sheet
signals at characteristic chemical shifts of Ser, Val
and lle residues (Figure 2(b, c)). These B-sheet
chemical shifts are absent from the ETM spectra.
The '3C and "N linewidths of the B-sheet signals
are 0.6-0.8 ppm and 1.0-1.3 ppm, respectively,
indicating high conformational homogeneity. In
comparison, the o-helical signals have linewidths
of 1.0-1.2 ppm for '3C and 1.5-2.0 ppm for '°N.
These linewidths are broader than the a-helical
signals of ETM, even though the average
chemical shifts remain the same. Therefore, the
TM domain becomes more disordered in the
presence of the CTD. Given these broader
linewidths, and because the TM helix structure is
known from recent studies of ETM,"*'%"° we focus
on structure determination of the CTD in this study.

To assess if the conformational disorder of ETR is
sensitive to the membrane environment, we
compared the spectra of ETR in the DMPX
membrane versus the ERGIC membrane
(Figure S2(a, b)). The *C and °N chemical shifts
are identical, but the linewidths are larger in the
ERGIC membrane, suggesting that the
cholesterol- and Pl-containing ERGIC lipid mixture
increases the protein disorder without affecting the
average conformation. Thus, we used the DMPX
membrane for 3D correlation experiments. To
assess if the B-sheet conformation of the CTD is a
result of high protein concentrations or is intrinsic
to the amino acid sequence, we reduced the P/L
ratio from 1:20 to 1:60. The diluted sample shows
a nearly identical 2D CC spectrum as the 1:20
sample, with p-sheet chemical shifts coexisting
with a-helical signals (Figure S2(c)). Thus, within
the P/L range of 1:20 to 1:60, the p-sheet
conformation of the CTD is intrinsic to membrane-
bound ETR.

To determine the residue-specific conformation of
ETR, we resolved and assigned the '*C and '°N
chemical shifts using 3D NCACX, NCOCX and
CONCA correlation experiments. Figure 3 shows
representative strips for TM and CTD residues.
Well-resolved signals are observed for both
domains, which allowed sequential assignment of
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Figure 1. Membrane-bound ETR conducts ions across ERGIC-mimetic lipid bilayers. (a) Representative current
recordings (reported in pS) show channel opening events with variable durations and conductance. The
measurements were conducted in solutions containing 100 mM CaCl,. Applied voltage was +100 mV. (b) Histogram
of conductance jumps of ETR in 100 mM CacCl, solution under +100 mV applied voltage. Solid line indicates Gaussian
fitting of the histogram, which yields a most probable G value of 103 pS with a standard deviation of 71 pS. The total
number of events was 240.
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Figure 2. 1D and 2D NMR spectra of ETR in the DMPC: DMPG membrane. (a) '*C cross-polarization (CP) and
direct-polarization (DP) spectra of ETR (black) at 305 K and 275 K. The CP spectra preferentially detect immobilized
residues whereas the DP spectrum preferentially detects mobile residues. The CP spectrum of ETM (orange) is also
shown for comparison. (b) 2D NC spectrum of ETR (blue) measured at 305 K, overlaid with the ETM spectrum
(orange) for comparison. ETR assignments obtained from 3D correlation spectra are indicated. (c) 2D CC spectrum of
ETR (blue) measured at 305 K, overlaid with the ETM spectrum (orange). B-sheet chemical shifts are observed for
residues such as Ser and Val, which are absent in the ETM spectrum.

46 out of the 58 residues (Table S2). a-helical  shifts are observed for residues N45 to L65
chemical shifts are observed for residues from the  (Figure 4(a)). The TM residues exhibit similar
N-terminus to A36, whereas B-sheet chemical chemical shifts as in ETM, except for residues 8—
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Figure 3. Resonance assignment of ETR bound to DMPC: DMPG membranes. (a) Amino acid sequence of ETR
(residues 8-65). The TM residues are colored in red. (b, c) Representative 3D strips of the NCACX, NCOCX and
CONCA spectra for (b) TM residues *°TLAI®® and (c) cytoplasmic residues *°SRVK®,

13 and 34-38 (Figure 4(b))."® The (¢, ) torsion
angles predicted from these chemical shifts indicate
that residues 12—-36 form the a-helical core of ETR,
whereas residues 45-64 contain three B-strands
(Figure 4(c)). The B1 strand extends from N45 to
V52, B2 from S55 to V58, and B3 from R61 to
N64. These three B-strands are segarated by the
Pro-containing **KP®* and by *°YS®°.

Membrane topology of the cytoplasmic
domain

To probe the membrane topology of the ftriple-
stranded CTD, we measured the depth of
insertion of ETR in the DMPX membrane using a
2D "H-"3C HETCOR experiment.®® The experiment
correlates the lipid and water 'H chemical shifts with
the protein '°C signals after a 'H mixing period.
Even with a short mixing time of 4 ms, the 2D spec-

trum already exhibits extensive correlation peaks
between the lipid chain protons at 1.3 ppm and
the a-helical chemical shifts of Val, Leu and Ala resi-
dues. This indicates that the a-helical TM residues
are well inserted into the membrane (Figure 5(a,
b)). The water 'H cross section at 4.7 ppm shows
many cross peaks with B-sheet signals of the cyto-
plasmic residues such as S60 and S55 CJ3, P54 C3,
and F56 and Tyr aromatic carbons. In the aromatic
region of the HETCOR spectrum, F20, F23 and F26
in the TM domain show cross peaks with the lipid
chain protons whereas the cytoplasmic F56 exhibits
cross peaks with water. Strong cross peaks
between Tyr and water are also observed. There
are three Tyr residues in ETR, all located in the
CTD, thus these Tyr-water cross peaks indicate
the high water accessibility of the CTD. These
Phe and Tyr residues have partially resolved *C
chemical shifts (Figure S3), which make them infor-
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Figure 4. Secondary structure of membrane-bound ETR obtained from 'C and "N chemical shifts. (a) Co and Cp
secondary chemical shifts. Most CTD residues show negative Ca and positive C secondary shifts, indicating a p-
sheet conformation. Residues 8—11 and 37—44 are tentatively assigned. (b) Ca and Cf secondary chemical shifts of
ETM."® (c) (o, ) torsion angles of ETR. Membrane-bound E shows three p-strands in the CTD, separated by K53-
P54 and Y59-S60. (d) Comparison of the secondary structures of the E CTD in different membrane-mimetic
environments.'®?%2° Detergent-bound E has a-helical CTD conformations.

mative probes of the differential depths of insertion
and water exposure of the TM and cytoplasmic
domains. Together, these data indicate that the (-
sheet CTD is well exposed to water while the middle
of the TM domain is deeply inserted into the
membrane.

The lipid headgroup Hy cross section at 3.26 ppm
in the HETCOR spectrum provided additional
information about the membrane topology of ETR.
Cross peaks with G10, A43/A44/N45, and a Tyr
sidechain are observed. The most likely Tyr that
gives rise to this cross peak is Y42, since Y57 and
Y59 are adjacent to F56 and other CTD residues
and are thus most likely well hydrated. These
results indicate that the linker between the TM and
cytoplasmic domains lies near the membrane
surface. Other cross peaks at both a-helical and
B-sheet chemical shifts are also detected. To
better resolve the signals of these membrane-
surface residues, we conducted a Hy-edited 2D
CC experiment, which selectively transfers the Hy

magnetization to protein protons for detection
through '3C (Figure S4). With a 'H mixing time of
25 ms, the Hy-edited 2D CC spectrum exhibited
residual intensities for o-helical Val and Leu
residues, B-sheet CTD residues such as V47 or
V49, and Ala and Tyr residues in the linker region.
Intensity analysis indicates that the a-helical Val
and Leu residues have low Hy-transferred
intensities while the “°YAA** segment has high
Hy-transferred intensities. However, this Hy
transfer reduces the spectral sensitivity by 100-
fold compared to the unedited 2D CC experiment,
thus the intensity differences are not significantly
larger than the experimental uncertainty. Thus, we
only consider the 4 ms 'H-'°C HETCOR
spectrum in evaluating the relative merit of the
various membrane topologies obtained from the
structure calculation.

Complementing the 2D 'H-'3C HETCOR
spectrum, we also measured water-edited 2D NC
spectra to determine the water-accessible
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Figure 5. Depth of insertion and water accessibility of DMPC:DMPG membrane-bound ETR. (a) 2D 'H-'3C
HETCOR spectrum measured with 4 ms 'H mixing. (b) 1D cross sections of the HETCOR spectrum at the lipid CH,,
headgroup Hy, and water 'H chemical shifts. These cross sections show the signals of deeply inserted residues,
membrane-surface residues, and water accessible residues, respectively. (c) Water-edited 2D NC spectrum. Contour
levels represent the intensity ratios of spectra measured with 9 ms (S) and 100 ms (So) 'H mixing. High intensities
indicate high water accessibility. (d) Water-transferred intensities of ETR versus ETM. Closed and open symbols
indicate resolved and overlapping peaks, respectively.

residues.”’*? The 2D NC spectrum has higher site
resolution than the 2D CC spectrum, and detects
water magnetization transfer to amide protons,
which is independent of the presence or absence
of exchangeable protons in the amino acid side-
chains. Thus, the 2D NC spectrum is advantageous
over the 2D CC spectrum for the water accessibility

dry residues exhibit low intensities. Figure 5(d)
shows that residues in the middle of the TM domain
display low water-transferred intensities whereas [3-
sheet signals have high water-edited intensities.
Among the CTD residues, V47 and N48 have the
lowest hydration, comparable to the water accessi-
bility of TM residues, indicating that this portion of

the CTD is shielded from water. This result is con-
sistent with the close contact of *"VNVSL®' with
the membrane surface Hy.

To obtain information about the three-
dimensional fold of the CTD, we prepared a 1:1

analysis. Two water-edited NC spectra were mea-
sured, using 9 ms and 100 ms 'H mixing. Their
intensity ratios represent the relative water accessi-
bility of the amide protons. Well hydrated residues
show high intensities in the 9 ms spectrum whereas

>

Figure 6. Long-range intramolecular and intermolecular contacts of ETR. (a) NHHC spectrum of mixed '3C-labeled
ETR and '®N-labeled ETR. All contacts are intermolecular. Selected assignments are indicated. (b) Region of the
250 ms 2D CC spectra of uniformly '*C-labeled ETR and 50% diluted 'C-labeled sample. Intermolecular contacts
should decrease in relative intensity by 2-fold upon dilution (red assignment), while intramolecular contacts do not
decrease in intensity (blue assignment). Dashed circles indicate S60-L51 cross peaks, which are more apparent in
the diluted spectra due to increased signal averaging, and which are assigned to intramolecular contacts. (c) 2D cross
sections of the 250 ms 3D CCC spectrum. Magenta assignments indicate long-range cross peaks. S55-146/N64 and
N48-S55 contacts are observed, which could be either intramolecular or intermolecular. (d) A representative cross
section of the 250 ms 3D NCACX spectrum. A V47-V62/K63 correlation is observed (magenta assignment), which
could be either intramolecular or intermolecular.

10
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mixture of '*C-labeled ETR and '°N-labeled ETR,
and measured its 2D NHHC spectrum (Figure 6
(a)). Due to the mixed labeling, all correlation
signals are intermolecular. We observed
intermolecular contacts between S60 and S60,

ad 2D NHHC 0.5 ms. Mixed Labeled

L65 and N64, and S60 and N48. The first two
contacts indicate that the B3 strands of different
subunits are in close proximity, thus B3 should
reside near the Cs symmetry axis of the pentamer.
We assigned all peaks that could not correspond
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to the helical domain, and found 60 ambiguous
contacts in addition to the 3 unambiguous
contacts (Table S3, Table S4).

To supplement the NHHC data with additional
intermolecular  contacts, and to identify
intramolecular long-range contacts, we measured
2D CC spectra with 250 ms '°C spin diffusion
(Figure 6(b)). The exgeriment was conducted on
both uniformly '*C, '°N-labeled ETR and the 1:1
mixed labeled sample, where the '*C-labeled ETR
is diluted by an equal amount of unlabeled
monomers. The two spectra are similar, except for
a subset of peaks that disappeared in the diluted
spectrum. These peaks include, for example,
S50CB-N48Ca and L51/R61/K63Ca-P54Cs. Due
to the two-fold dilution, the intensities of purely
intermolecular peaks are attenuated by 50%, while
purely intramolecular peaks do not change
intensity. Thus, these two contacts are
intermolecular. The S60CB-L51CB cross peaks
become more apparent in the diluted spectrum.
Accounting for signal averaging differences, this
cross peak has identical intensity in the diluted
and undiluted samples, and is thus intramolecular.

Due to resonance overlap, few of the contacts in
these 2D CC spectra can be assigned
unambiguously. We thus carried out additional 3D
CCC and 3D NCACX experiments with 250 ms
3C spin diffusion (Figure 6(c, d)?. These spectra
were measured on uniformly '3C, '°N-labeled
ETR, so that the correlations can be either
intramolecular or intermolecular. However, even
with the additional spectral dimension, resonance
overlap persists among the CTD residues and
between CTD and TM residues, which precluded
unambiguous assignment of many cross peaks. In
total, we observed 191 inter-residue correlations
for CTD residues, among which 85 can be
unambiguously assigned (Table S3, Table S4).
For intermolecular contacts, there is a two-fold
ambiguity about which of the two neighboring
monomers is in close contact with the central
monomer. These multiple possibilities are taken
into account in the structure calculation of
membrane-bound ETR.

Structural modeling of ETR cytoplasmic
domain

We modeled the membrane-bound structure of
the CTD in XPLOR-NIH>® using 48 (¢, V)
chemical-shift derived torsion angle restraints and
191  inter-residue distance restraints per
monomer.'* To maintain the proper topology with
respect to the TM domain, we also included 32
NHHC intermolecular restraints for the TM domain
obtained from the previous study of ETM.'® We
found that these restraints were insufficient to con-
verge the simulated annealing to a single structure
for residues 45-65. Instead, 78 of the lowest-
energy 100 structures, including all of the 20 lowest
energy structures, converged to one of four topolo-
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gies (Figure 7). In all models, the CTD exhibits three
B-strands that span approximately N45-V52, S55-
V58 and R61-N64 (Figure 7(a)). While chemical
shifts clearly indicate three B-strands, simulated
annealing did not find hydrogen bonds for these j3-
strands, likely due to an insufficient number of
long-range contacts. These cytoplasmic p-strands
are connected to the TM domain by a linker at resi-
dues 37—44. The linker structure is poorly defined in
the models due to low spectral intensities of these
residues, suggesting that the linker is dynamically
disordered. In all models, 1 and B2 strands are
antiparallel, separated by a turn around K53-P54.
p2 is followed by a turn into the radial center of
the pentamer around S60, with the short 3 strand
contacting B3 from other monomers and projecting
in one of four directions. The four topologies in the
20 lowest energy structures differ by the orienta-
tions of the three B-strands: 1 proceeds down from
the TM domain to either the left or the right; p2 is
always above and antiparallel to B1; B3 proceeds
radially inwards, but can point either up toward the
TM domain or down toward the cytoplasm (Figure 7
(b, c)). Specifically, topology 1 has a left-right-up
left (L-R-uL) displacement for the three B-strands,
topology 2 L-R-dL, topology 3 L-R-uR, and topology
4 R-L-dL. These four topologies represent 36, 19,
11 and 12 models among the top 100 structures.
Among the 20 lowest energy models, 15 models
point B3 towards the membrane (topologies 1 and
3) while 5 models point the B3 strand down toward
the cytoplasm (topologies 2 and 4). The two most
prevalent topologies, 1 and 2, are nearly identical,
except for whether B3 is pointed up towards the
membrane or down towards the solvent. Since the
B3 strand is highly water accessible (Figure 8(a)),
the second topology is more probable than the first
while the fourth topology is more probable than the
third. Indeed, hydration surface plots (Figure 8) indi-
cate that the second topology agrees with the
water-edited data better than the first topology.
The lower likelihood of the first and third topologies
is also consistent with the fact that the C-terminus of
full-length E contains a PDZ-binding motif that inter-
acts with host proteins. Sequestering the B3 resi-
dues near the membrane surface is unlikely to
expose the C-terminus of full-length E to the protein
surface. We also depicted the membrane-surface
Hy-proximal residues in surface plots (Figure 8).
These residues include G10, V12, and **YAAN*®
in the linker between the TM and CTD domains,
and are satisfied in all four topologies.

Discussion

Helix-sheet conformational difference of the E
CTD

These solid-state NMR data show that the CTD of
the SARS-CoV-2 E protein adopts a B-sheet rich
conformation when bound to lipid bilayers at P/L
ratios ranging from 1:20 to 1:60. This B-sheet
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Figure 7. Range of structural models for the cytoplasmic domain of SARS-CoV-2 E in lipid bilayers. (a) Amino acid
sequence of ETR, with secondary structures and color schemes indicated. (b, c) Four structural topologies of ETR
obtained from simulated annealing. (b) Side views. (c) Views from the C-terminus. The NMR data do not uniquely
constrain a structure, instead agree with four topologies for the cytoplasmic domain. The water accessibility of the C-
terminal residues makes the first and third topologies less likely, as the C-terminus is hidden in the B-bundle, pointing
towards the TM helices. We expect the true structure to be similar to one of these models, but unlike these models
should have -sheet hydrogen bonding. The helical TM domain is shown here only for context, and its structure varied
widely in the simulated annealing. The variations among these models should only be considered for the cytoplasmic

domain.

conformation is observed in both DMPC: DMPG
membranes and in cholesterol-containing ERGIG-
mimetic membranes. This B-rich conformation
differs qualitatively from the a-helical conformation
found in detergent micelles and at low protein
concentrations in lipid bilayers.'??*?° Several fac-
tors could affect the secondary structure of the
CTD: the lipid headgroup charge, the protein con-
centration, and the membrane curvature. We
observed this B-sheet conformation in lipid bilayers
containing 20—24 mol% negatively charged lipids,
including DMPG, POPS and PI. This negative
charge density is similar to that of eukaryotic mem-
branes.*® Solution NMR data showed that the CTD
adopts a-helical conformation in a wide range of

13

detergents, from negatively charged SDS and
LMPG to neutral HPC.?° A mixed detergent of
DPC: SDS (4: 1) mixture'®?® was also used, which
has the same charge density as the DMPC: DMPG
(4:1) membrane used here. An a-helical CTD was
also observed in this mixed detergent. Thus, the
B-sheet conformation in the current phospholipid
bilayers cannot be attributed to different electro-
static interactions between the micelle samples
and the membrane samples.

Instead, we attribute the B-sheet conformation to
a combination of high protein concentration, low
membrane curvature, and the amino acid
sequence of this domain. The a-helical CTD is so
far only observed at low P/L ratios and low
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Lipid Hy Transfered

Figure 8. Water accessible and membrane-surface Hy accessible residues in ETR. (a) Relative water accessibility
of the cytoplasmic residues based on the water-edited spectra. The N-terminal portion of the CTD is less hydrated
than the C-terminal portion. (b, c) Water (left and middle columns) and Hy (right column) surface plots of the first and
second topologies of ETR. Hy-proximal residues, including G10 and linker residues “*YAAN*®, are shown in red. (b) In
topology 1, the C-terminal ®3KNL®® residues are occluded in the center of the B-bundle, inconsistent with the water-
edited data. (c) In topology 2, the C-terminal residues are exposed to the solvent on the bottom surface of the p-
bundle, thus this model agrees with the water-edited spectra. The hydration of residues 8-38 in ETR is represented
by the water-edited data of ETM, which has similar hydration as ETR for these TM residues.

protein/detergent (P/D) molar ratios of less than
1:100.'9°%2% A recent FT-IR study of ETR in the
ERGIC membrane and the POPC: POPG mem-
brane showed a f-sheet amide | peak
(1632 cm ") at P/L 1:20, which disappears at lower
P/L values of 1:100 and 1:400.'° In C14 betaine
micelles, ETR forms pentamers at a high P/D of
1:25 but monomers at a low P/D of 1:250. (Thus,
high protein concentrations both promote the pen-
tamer state and the B-sheet conformation in lipid
bilayers. In comparison, it has not been shown
whether the a-helical conformation at low P/L ratios
is associated with monomers or pentamers. But

14

since E functions as a viroporin, we hypothesize
that it retains the pentamer stoichiometry in lipid
bilayers even at low protein concentrations. (Sedi-
mentation equilibrium data of full-length E in C14
betaine yielded a dissociation constant of P/D
1:88: Helix-helix interactions are known to be stron-
ger in lipid bilayers than in detergent micelles.””
Thus the dissociation constant is expected to be
lower (i.e. smaller P/L values). Thus, the a-helical
conformation seen at low P/L ratios in the FT-IR
data may be associated with the Pentamer state.
At high P/L ratios of ~1:20, recent '°F ssNMR data
of ETM revealed clustering of the pentamers in
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phosphatidylinositol (Pl)-containing membranes.
This clustering is manifested by the decay of the
9F spin diffusion equilibrium intensity below the
value of 0.20 expected for a pentamer.'* This pen-
tamer clustering implies that the local concentration
of the E protein in the ERGIC membrane is higher
than predicted by the P/L ratio. This high local con-
centration may promote the p-sheet conformation of
the CTD by virtue of its compact shape.'®

While the E concentration affects the CTD
conformation,'® the data shown here and in the liter-
ature so far do not exclude the possibility that the
membrane curvature also contributes to the cyto-
plasmic conformation. All solution NMR studies that
reported an o-helical CTD were conducted in high-
curvature detergent micelles, whereas all ss-NMR
and FT-IR studies that reported a B-sheet CTD
were conducted in low-curvature lipid bilayers.
Whether the CTD adopts an a-helical conformation
in high-curvature lipid bilayers will require future
investigation.

Apart from the environmental effects of protein
concentration and membrane curvature, the
amino acid sequence of the CTD encodes for a -
sheet progensity. A Val and Tyr-rich nine-residue
peptide, *°TVYVYSRVK®3, forms amyloid fibrils in
solution.®" Similar peptides (residues 46—60 and
36-76) in DMPC bilayers show B-sheet signals in
FT-IR spectra® but o-helical signals in deter-
gents.”® The °°XYVY®® motif within this nine-
residue segment is also present in other coron-
avirus E proteins, and has been shown to form §3-

ERGIC lumen

strand conformation.’®°® Mutation of *°XYVY®® to
Ala abolished the B-sheet signals.'® We hypothe-
size that the conformational plasticity of this nine-
residue segment may be promoted by the coexis-
tence of B-branched Val's (Val58 and Val62), aro-
matic residues (Tyr57, Tyr59), and cationic
residues (Arg61 and Lys63), all of which can inter-
act with negatively charged membrane surfaces
through electrostatic as well as hydrophobic inter-
actions. In this way, the local membrane curvature
and the membrane surface charge may contribute
to the conformational equilibrium of the CTD.

How would the helix-sheet conformational
equilibrium of the CTD support the function of E?
The number of E proteins in each virion varies
considerably among different coronaviruses.
Estimates range from 15-30 for the a-CoV
transmissible gastroenteritis virus®>’ to ~100 for
the y-CoV infectious bronchitis virus.*® In infected
cell membranes, the E protein is believed to be pre-
sent at higher concentrations, as it interacts with the
M, S, and the nucleocapsid (N) proteins to modulate
the cell secretory pathway, S maturation, and pro-
duction of virus-like particles.®® We hypothesize that
the B-sheet CTD conformation may be operative
when E is present abundantly in the low-curvature
ERGIC membrane (Figure 9) where the B-sheet
CTD interacts with the other virus proteins and with
host proteins. When a new SARS-CoV-2 virus is
ready to bud into the ERGIC lumen, sequestering
a small number of E proteins into the virion envel-
ope, we hypothesize that the high membrane curva-

Virion lumen

Cytoplasm

Figure 9. Proposed model of the locations of the SARS-CoV-2 E protein with B-sheet and a-helical cytoplasmic
conformations. The B-sheet cytoplasmic conformation might exist in low-curvature ERGIC membranes where the E
concentration is high. Here E may interact with M and S proteins to modulate the cell secretory pathway and mediate
virus assembly and budding. The a-helical cytoplasmic conformation might occur in the high-curvature neck of the
budding virus or the high-curvature virion envelope, where the E concentration is low. Here the amphipathic helix in
the cytoplasmic domain might generate and/or sense negative Gaussian curvature.
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ture at the neck of the budding virus may shift the
CTD to the a-helical conformation. This hypothesis
is made by analogy with the influenza viroporin M2,
which possesses an amphipathic helix C-terminal to
the TM domain.®° This amphipathic helix mediates
membrane scission in the last step of the influenza
virus budding, by causing membrane curvature in a
cholesterol-dependent manner.® % Mutation of
aromatic residues in this amphipathic helix inhibits
membrane scission and influenza virus release.
Assuming that the a-helical CTD of SARS-CoV-2
E observed at low concentrations in lipid bilayers
is associated with pentamers, then an amphipathic
helical domain in E may similarly mediate SARS-
CoV-2 budding, by inducing and sensing mem-
brane curvature at the neck of the budding virus.

Interestingly, the structure of the membrane
protein M of the SARS-CoV-2 virus was recently
solved and found to exhibit a cytoplasmic p-sheet
sandwich that connects with the TM helices.®*®°
Although M is much larger than E and is dimeric
instead of pentameric, its p-sheet cytoplasmic
shape is similar to the E CTD conformation. In infec-
tious bronchitis virus and SARS-CoV, M and E pro-
teins are known to interact through their cytoplasmic
domains, and this interaction is important for the for-
mation of virus-like particles.®®*” We speculate that
either the B-sheet CTD or the a-helical CTD of E
interacts with the cytoplasmic domain of the M pro-
tein, and this M—E interaction may occur when both
proteins are present at high copy numbers in the
ERGIC membrane. Thus, the helix-sheet conforma-
tional equilibria of E CTD might be important for the
multiple functions of E at different stages of the virus
lifecycle, in membranes with different curvatures,
and in contact with different proteins.

Comparison of SARS-CoV-2 E with other
viroporins

The SARS-CoV-2 E protein is multi-functional
and multi-domain, a characteristic that is
reminiscent of the properties of other viroporins®®
such as influenza A M2 (AM2), HIV Vpu,®®’° and
hepatitis C virus f7'71 Extensive high-resolution
structural data®> " and biochemical data’®®°
showed that the TM domain of AM2 forms a four-
helix bundle, whereas its cg/togalasmic domain con-
tains an amphipathic helix.”’~*° In cholesterol- and
phosphoethanolamine-rich membranes, this cyto-
plasmic helix causes membrane curvature,®°’
which interferes with bindingg8 of the antiviral drug
amantadine to the TM pore.®*%°

The cytoplasmic helix of influenza AM2 does not
exhibit any pB-sheet tendency, but other virus
membrane proteins have been reported to
undergo conformational changes in response to
membrane curvature or to cause membrane
curvature. In the trimeric PIV5 F protein, the C-

terminal TM domain adopts an a-helical
conformation in phosphatidylcholine and
phosphatidylglycerol membranes. But in

16

phosphatidylethanolamine membranes, the two
termini of the TM domain convert to B-strands.”®’
These B-strand segments increase the membrane
curvature, dehydrate the membrane, and promote
membrane fusion. The N-terminal fusion peptides
of PIV5 and HIV gp41 also exhibit membrane-
dependent conformations.’®'%° In cholesterol-rich
lipid bilayers, they adopt B-sheet conformations
while in detergents and non-cholesterol mem-
branes they mainly adopt a-helical structures.'®"1%2
The B-sheet conformation of the HIV gp41 fusion
peptide is associated with membrane-curvature
generation and sensing.'®'%* For influenza M2,
the proton channel activity and tetramerization are
accomplished by the TM domain, while the mem-
brane scission function is accomplished by the cyto-
plasmic domain. The latter contains a curvature-
inducin49 amphipathic helix and a disordered
tail.?"%* The SARS-CoV-2 E protein has various
similarities to these viral membrane proteins. Like
the PIV5 fusion protein TM domain and the PIV5
and HIV fusion peptides, the E CTD can adopt both
helical and sheet conformations depending on its
membrane environment. Like M2, E is a homo-
oligomeric single-pass TM viroporin, with the CTD
containing both a structured portion and a disor-
dered tail. Future studies are required to understand
whether it is the a-helical or B-sheet conformation of
the E CTD that causes membrane curvature, and if
this conformational transition is a sensor or a cause
of membrane curvature.
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