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Abstract

The function of ion channels is essential in the infectious cycle of many viruses. To facilitate viral uptake, maturation and export, viruses must
modify the ionic balance of their host cells, in particular of calcium ions (Ca2*). Viroporins encoded in the viral genome play a key part in altering
the cell’s ionic homeostasis. In SARS-Coronavirus-2 (SARS-CoV-2) — the causative agent of Covid-19 — the envelope (E) protein is considered
to form ion channels in ERGIC organellar membranes, whose function is closely linked to disease progression and lethality. Deletion, blockade,
or loss-of-function mutation of coronaviral E proteins results in propagation-deficient or attenuated virus variants. The exact physiological
function of the E protein, however, is not sufficiently understood. Since one of the key features of the ER is its function as a Ca®" storage
compartment, we investigated the activity of E in the context of this cation. Molecular dynamics simulations and voltage-clamp
electrophysiological measurements show that E exhibits ion channel activity that is regulated by increased luminal Ca?* concentration,
membrane voltage, post-translational protein modification, and negatively charged ERGIC lipids. Particularly, calcium ions bind to a distinct
region at the ER-luminal channel entrance, where they activate the channel and maintain the pore in an open state. Also, alongside monovalent
ions, the E protein is highly permeable to Ca®*. Our results suggest that the physiological role of the E protein is the release of Ca®" from the
ER, and that the distinct Ca?" activation site may serve as a promising target for channel blockers, potentially inhibiting the infectious cycle of

coronaviruses.
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Introduction

The outbreak of the novel coronavirus disease COVID-19, caused by the coronavirus SARS-CoV-2, has given rise to a pandemic on a global
scale. After an extensive vaccination campaign in developed countries over the past 3 years, it is still not under control. New infection waves
have continued to arise owing to the emergence of new viral mutants. Currently, new sub-forms of the now dominant SARS-CoV-2 omicron
variant continue to present, and with them, the possibility of further variants with increased infectivity and morbidity (1-4). With eradication

seemingly beyond our current capabilities, further fundamental knowledge of this pathogen is vital to enable innovation in COVID-19 mitigation.

Coronaviruses (CoVs) mostly cause enzootic infections in mammals and birds. On several occasions, however, they have crossed the species
barrier. Notable examples include the severe acute respiratory syndrome virus (SARS-CoV) outbreak in 2003 and the Middle Eastern respiratory
syndrome virus (MERS-CoV) outbreak in 2012. Due to the abundant reservoir of zoonotic coronaviruses, it cannot be excluded that further
zoonotic coronaviruses will become transmissible to humans in the future. In humans, these viruses can cause upper and lower respiratory
tract infections as well as severe acute respiratory syndrome. SARS-CoV-2 is an enveloped positive-strand RNA virus, which encodes 29
proteins including the spike (S), membrane (M) and envelope (E) proteins (5). The S, M and E proteins possess hydrophobic transmembrane
domains which embed into the lipid bilayer envelope of SARS-CoV-2. To date, the soluble cytoplasmic domain of S has been the main target
in vaccine design (6-8). Meanwhile, the SARS-CoV-2 main protease (MP™) has been the focus in the design of small molecule antivirals (9).
Inhibitors of the nucleocapsid protein (N) and E have also been proposed (10, 11). Of the four structural proteins, E is the least well-characterized
in terms of structure and function. Models of the E protein derived from biophysical data and molecular dynamics (MD) simulations indicate that
this 75-residue protein embeds into the lipid viral envelope as a pentamer, comprised of an a-helical transmembrane (TM) domain flanked by
less-ordered N- and C-terminal domains on the luminal and cytosolic side, respectively (12-14) (Fig. 1A; the section highlighted in blue and red
is the transmembrane region, Fig. 1B). The E pentamer is proposed to function as a viroporin ion channel and is implicated in the assembly
and release of viral particles (13-17). The E protein has therefore been put forward as a target for viral neutralization. The rapid mutation rate
of the SARS-CoV-2 proteins represents a formidable problem for the efficacy of vaccines and antiviral drugs (2, 18-20). Unlike S, which
continues to undergo significant mutations as new variants emerge, E shows a remarkably low propensity to mutate (21) and can therefore be
considered a prime target for developing antiviral therapeutics with longer-term efficacy against SARS-CoV-2 and, potentially, future pathogenic
coronaviruses (22). The validity of E as a target for biomedical research is highlighted by the prevalence of other envelope proteins with high
sequence homology across other related CoVs (14, 21, 22). For example, the E proteins of SARS-CoV and SARS-CoV-2 possess a 95%

sequence similarity.

Viruses commonly alter the ionic homeostasis of host systems to facilitate replication, with calcium ions (Ca?*) playing an essential role. In order
to alter intracellular ion concentrations, viruses make use of endogenous ion channels of host cells as well as their own channel proteins such
as the E protein of SARS-CoV-2. One of the first virus-induced changes in infected host cells is the increase of cytosolic Ca* concentration,
via the influx of extracellular Ca®*, as well as a depletion of intracellular Ca®* stores in the ER (Endoplasmic Reticulum), Golgi complex, and
lysosomes (17, 23-25). Calcium is proposed to activate transcription factors and enzymes that support viral replication. In addition, Ca2* flow
between the ER and the mitochondria is modulated, delaying apoptosis in the first stages of the viral cycle thereby promoting viral replication,
and inducing apoptosis in the later stages to assist in the release of new virus particles. During replication of SARS-CoV-2, E is enlisted to
modulate intracellular Ca?* stores and likely promotes the formation of virus-like particles (VLPs) by inducing membrane curvature; both
processes are necessary for viral budding (12, 17, 23). Inhibition, deletion, or the generation of nonfunctional E protein mutants yield

propagation-defective coronavirus variants of the SARS and MERS viruses with drastically reduced viral titer (12, 24-26).
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Fig 1: Sequence and structure of the SARS-CoV-2 E protein. (A) Sequence of the E protein. The sections highlighted in blue and red denote
the transmembrane region with the section highlighted in red marking the hydrophobic motif. Residues highlighted in green are subject to post-
translational modification. (B) Side-view of the E protein embedded in the membrane, generated by using Pymol. The lipid headgroup
phosphorus atoms are shown in orange. Lipid tails are omitted for clarity.

In its physiological setting, the E protein from SARS-CoV channels calcium ions, and other cations and anions (24-27). Importantly, the E protein
is responsible for overstimulating inflammatory pathways (25, 27-29) and the so-called 'cytokine storm' leading to death in many patients (25,
27). This over-activation of the inflammasome has been linked to the disruption of normal calcium levels in the cell caused by the E protein (25,
27). The permeability of SARS-CoV E to Ca?*, as well as its ion selectivity and conductance, are strongly dependent on the composition of the
surrounding membrane and the pH of the bathing aqueous solution (29). In recent studies, the E protein from SARS-CoV-2 has also been

identified as an ion channel, both computationally (13-17) as well as experimentally (17, 30-32).

Due to the role of the analogous SARS-CoV E protein (25) and the fact that Ca®" is an abundant ion within the ERGIC (Fig. 1B), we hypothesized
that the main physiological function of SARS-CoV-2 E upon viral infection is to act as a Ca*" channel, even though the channel is more
permeable to monovalent cations under certain membrane conditions (14, 30). We therefore investigated its functional, membrane-bound
structure and ion channel activity, focusing on its interaction with Ca®", the surrounding membrane, and the effect of key post-translational
modifications. We reveal that the E protein forms a hydrophobically gated ion channel that is activated by Ca?', pH, and electrochemical
gradients and that it efficiently conducts Ca?* as well as monovalent ions. The E channel displays a distinct calcium binding region which serves
as a recruitment site for ions and an activation region in the pore. In our MD simulations, the channel current shows a strong dependence on
the identity of the surrounding lipids and sites that are post-translationally modified with fatty acids. Our findings highlight new ion and lipid
interaction regions on the E protein that can serve as targeting sites for designing therapeutic inhibitors of the E protein, potentially averting

fatal overstimulation of the host’s immune response and addressing the least mutation-prone component of the SARS-CoV-2 viral proteome.
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Results and Discussion

SARS-CoV-2 E forms a Ca?*-permeable channel in planar lipid bilayers

To investigate the biophysical characteristics of the SARS-CoV-2 E protein we produced and purified a recombinant E construct consisting of
the full-length E sequence (residues 1-75) with a C-terminal His10 tag (Fig. S1) (EFL). The same construct was used previously by Hutchinson
et al. (32) in their study of E localization in eukaryotic cells and displayed ion channel activity. EFL was purified from E. coli inclusion bodies
into CHAPS micelles for subsequent reconstitution into phosphatidylethanolamine (PE) artificial membranes under voltage-clamp conditions.
EFL purification in fos-choline-16 (FC16) detergent was also achieved to high purity (Fig. S2). EFL purified in CHAPS ran predominantly as a
monomer (~11 kDa) on SDS PAGE gels (Figure 2A, inset left). Faint higher molecular weight bands are present on the gel consistent with the
formation of EFL oligomers and confirmed by Western blot with an anti-His tag antibody (Fig. 2A, inset right). A symmetric main peak was

observed in analytical gel filtration profiles of EFL stocks indicating sample homogeneity (Fig. 2A).

The oligomeric state of EFL was investigated by mass photometry (MP), a burgeoning technique for mass determination of proteins which has
recently begun to be applied to membrane protein targets (33, 34). MP analysis of samples of EFL purified in CHAPS micelles revealed the
presence of two distinct species with molecular masses of 64-67 and 188-192 kDa, respectively (Fig. S3). An EFL pentamer would be ~56.7
kDa in size. Complexation of pentameric EFL with 6.15 kDa CHAPS micelles would yield species of ~63 kDa, in line with the MP-determined
molecular mass of 64-67 kDa for the most abundant EFL species. The less-abundant larger species is likely composed of multiple EFL oligomers
associated with one or more CHAPS micelles. At 188-192 kDa, this species may correspond to a complex of three EFL pentamers and multiple
CHAPS micelles. Similar results were obtained from MP experiments with EFL in FC16. Here the molecular mass for the major species ranged
from 124 to 143 kDa, consistent with EFL pentamers in FC16 micelles. In line with the MP measurements for CHAPS-solubilized protein, larger
species were also detected broaching the possibility that multiple EFL oligomers may occupy single FC16 micelles. Pentamerization of EFL
was further confirmed by size exclusion chromatography coupled to multi angle light scattering (SEC-MALS). EFL reconstituted into FC16
detergent micelles yields a single symmetric gel filtration peak and mass analysis via the established triple detector method (35) indicated
average molar masses of 145.0 + 19.5 kDa and 60.4 + 8.1 kDa for the protein-detergent complex and protein alone, respectively (Fig. S4).
These values are in the expected range for an EFL pentamer alone (~56.7 kDa) and in complex with an FC16 micelle (~130 kDa). Protein-
micelle complexes up to ~187 kDa in size were detected which may be the result of two EFL pentamers (~113 kDa) occupying one FC16 micelle
(~73 kDa). Taken together, the MP and SEC-MALS data indicate that an EFL pentamer is the prevailing state of this construct with lower levels

of larger species also occurring.

Channel activity was quantified using voltage-clamp electrophysiological measurements. The experimental arrangement is illustrated in Fig. 2B.
Representative examples of activity profiles for bilayer-reconstituted EFL in asymmetric solutions of 410 mM NaCl (cis chamber) and 210 mM
NaCl (trans chamber) at pH 7.2 are shown in Fig. 2Ci. Most reconstitutions gave rise to the apparent insertion of multiple channels with gating
to multiple open state levels. Current fluctuations were never observed using elution buffer only (Fig. S5). Using noise analysis, we calculated
the mean current at a given voltage and constructed a current-voltage relationship (Fig. 2Cii). Under these conditions, EFL has a conductance
of 65.99 £ 15.41 pS (n = 4). This is in line with previous measurements made with SARS-CoV-2 E (30). Conductance varies considerably with
lipid type and ionic concentrations (30). As observed by Wilson et al. (26) with the SARS-CoV E protein, SARS-CoV-2 E displays rectification
at the extremities of the voltage ramp. This matches the data of recent work with SARS-CoV-2 E where the protein exhibits outward rectification
(31, 36) (Fig. 2Ci-iii). Calculation of the reversal potential (Erev) under these conditions yielded values of —11.6 + 8.54 mV (n = 4) (Fig. 2Ciii).
This is as expected according to the Nernst equation (-16.89 mV), suggesting that the E protein displays preferred selectivity for cations over
anions, with some anion permeation allowed. According to the Goldman-Hodgkin-Katz equation, the recorded reversal potential indicates a

permeability for CI" of about one-third that for Na*.

Since the E protein is proposed to form a viroporin that straddles the ERGIC membrane, we sought to further understand its potential
physiological role. As Ca?* is an essential cation for ER function, we examined the conductance and relative permeability of Ca?* through the E
channel. Figure 2Di shows that the full-length recombinant SARS-CoV-2 E (EFL) protein displays Ca*" permeability (510 mM CaCl: c¢is and 210
mM CaCl: trans). Ca®" conductance under these conditions was 11.77 + 6.87 pS and Er was -18.7 + 14.52 n = 3 (Fig. 2Dii&iii). Using Ca** as
the permeant ion, we observed incorporation of multiple channels and frequent brief open events to multiple open states. We next assessed
the relative Ca?'/Na* permeability ratio (Pca2+/Pna+) for EFL. The reversal potential was calculated to be —5.54 + 5.31 mV (n = 3) (Fig. 2Diii).
Using the Fatt-Ginsborg equation, the Pca2+/Pna+ for EFL was calculated at approximately 0.5 £ 0.1 (n = 3), suggesting that the viroporin is

slightly more permeable to Na* than it is to Ca?* under current experimental conditions.
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Fig 2: The SARS-CoV-2 E viroporin conducts monovalent and divalent cations. (A) Purification of the EFL 10x His construct used for
reconstitution into planar lipid bilayers. Analytical gel filtration profile for EFL purified in CHAPS buffer (20 mM TRIS-HCI pH 7.8, 140 mM NaCl,
1 % (w/v) CHAPS, 1 mM DTT). Gel filtration column (Superose® 6 10/300 GL, GE Healthcare) void (Vo) and total (Vi) volumes are indicated.
Inset left: SDS PAGE (Coomassie stain) loading series. Inset right: SDS PAGE (Western blot with anti-His antibody). (B) Schematic of the
planar lipid bilayer system used for electrophysiological recordings. Agar bridges are filled with 2 % agarose and 3 M LiCl. All other details are
shown in the figure. For more information see Methods. Created with biorender.com. (C, D) Typical current recordings of the SARS-CoV2-E
(EFL) protein embedded in PE with Na* (C) or Ca?* (D) as the permeant ion with resultant current-voltage relationships. (Ci, Di) The SARS-
CoV-2 E protein was incorporated into PE lipids and current fluctuations recorded under voltage-clamp conditions. Recordings are shown at
holding potentials +60 mV and — 60 mV and displayed on a 1 s and 200 ms timescale. (Cii, Dii) Representative mean current noise analysis
plots. Mean current (pA) over time (s) is plotted as a function of voltage (mV) from —60 mV to + 60 mV (with imposed junction potential correction
-56.9 mV to +63.1 mV with Na* as the permeant ion and -52.8 mV to 67.2 mV with Ca?" as the permeant ion) in 10 mV steps from left to right.
Erevis indicated on the plot. (Ciii, Diii) Current-voltage relationship of the SARS CoV-2 E protein constructed from the average mean current of
> 3 experiments. Where n 2 3, error bars (sd) are shown. Na* conductance was 65.99 + 15.41 pS (n = 4) and Na" Erv (410 Na* cis :
210 Na* trans) was —11.6 = 8.54 mV (n = 4). Ca?" conductance was 11.77 = 6.87 pS (n = 3) and Ca?* Erey was -18.7 + 14.52 mV (n = 3; 510
Ca?": 210 Ca?* trans). All values shown are corrected for junction potentials.
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Hydrophobic gating and lipid-dependence of SARS-CoV-2 E channels

To gain further insight into the function of the E channel at the atomistic level using MD simulations, we generated a structural model of the E-
pentamer (residues 8-65), based on the most open conformation of the solution NMR structure ensemble of SARS-CoV E (PDB 5X29, (37)). In
silico electrophysiology simulations of the channel in membranes were performed to parallel our voltage-clamp experiments with the EFL
construct. The model was mutated at five amino acid positions to account for differences in the sequences of the SARS-CoV E NMR construct
and wild-type SARS-CoV-2 E. The pentamer was inserted into fully atomistic model membranes, either ERGIC-mimetic or POPC membranes
(for details, see Methods). The surrounding aqueous solutions contained either NaCl or CaClz. Initially, 13 MD simulations of 200 ns length

were performed to construct and equilibrate the molecular models of the E protein embedded in the lipid bilayers.

In all simulations, the E channel was fully hydrated prior to equilibration. However, during equilibration, most channels showed hydrophobic
dewetting around the main hydrophobic motif (highlighted in red in Fig. 1A), in accordance with earlier observations (Fig. S6; (38)). Reversible
dewetting is an established channel regulatory mechanism for viroporins (39), and the dewetted state of the pore is unable to conduct ions.
However, ERGIC and other organellar membranes experience strong electrochemical gradients that may facilitate what is referred to as
electrowetting. This is analogous to the electrowetting process observed in artificial hydrophobic carbon nanopores where rehydration of
dewetted pores happens in response to an applied voltage (40). Testing the behavior of the E channel under voltage, we found that the
application of an electric field can indeed rehydrate the pore, which in turn facilitates ion permeation. This is true for simulations performed with
both Na* and Ca?* ions. Along with the presence of specific voltage and ion gradients across the ERGIC membrane, our simulations indicate
that the E protein is likely to be a voltage-gated pore that is regulated by the hydrophobic gating mechanism and electrowetting (39, 40). Figure
3A-C show the Ca?" ion permeation events, the number of water molecules residing within the pore, and the pore radius in a set of simulations
of the E protein in an ERGIC-mimetic membrane surrounded by a Ca?* solution. As can be seen, the pore radius and hydration levels are
intrinsically linked. The cyan arrow and rectangles in Fig 3A-C denote times at which a decrease in pore radius and hydration was detected,
coupled to a cessation of permeation events (e.g., after 125 ns of simulated time in CaClz replicate simulation 2). A pore hydration level below
~70 water molecules cannot sustain ion permeation. This phenomenon is even more pronounced in the systems simulated with Na* ions (Fig.

S7). Notably, ion conduction continues after the pore diameter, and thereby pore hydration increases again.

In the center of the pore, a hydrophobic gating motif (consisting of Phe20, Phe23 and Phe26) acts as a further regulatory element. The areas
highlighted in red in Fig. S5 illustrate the total collapse of the pore, where the radius around the hydrophobic motif nears zero, which is followed
by complete pore dewetting. When the phenylalanine side chains from the 5 protomers point into the center of the pore, following a closing
movement caused by Phe-Phe hydrophobic interactions from different subunits (Fig. 3D), the water molecules are expelled from the pore even
in the presence of an applied voltage. Similar models of the E TM domain in Phe-regulated ‘open’ and ‘closed’ states have been put forward by
the Hong lab, informed by solid state NMR experiments with a TM construct (residues 8-38) reconstituted into lipid bilayers (41). Furthermore,
the conformation of the phenylalanine residues is affected by the acyl chains of neighboring phospholipids and by post-translational

modifications, as described below.
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Fig 3: Ca?* permeation events and the link between pore radius and water content. (A) Permeation events of Ca?* through the E protein
embedded in ERGIC-mimetic membranes and POPC membranes, shown in blue and orange, respectively. Five replicates of each setup were
conducted. The cyan arrow indicates the time period in replicate simulation 2 where the pore radius became too narrow to facilitate ion
permeation. (B) Graph showing the number of water molecules occupying the transmembrane region of the pore. The cyan rectangle highlights
the decrease in water molecules in replicate 2, which is caused by a decrease in pore radius. Water was excluded from the pore nearly instantly
in the simulation without an applied voltage (no-current). (C) Plot showing the radius profile of the pore in replicate simulation 2 throughout the
simulation. Darker colors denote a smaller pore radius. The cyan rectangle shows the decrease in pore radius which causes the decrease in
pore water content shown in (B) and the halt of permeation shown in (A). (D) Structure of the E protein showing the collapse of the Phe residues
in the pore hydrophobic gate, closing the channel (side view; inset: top view).

There is a clear difference in pore stability and openness between simulations in ERGIC and POPC membranes. In ERGIC membranes, all
except one replicate simulation display an open, conductive pore, whereas in systems with a simple POPC model membrane, dewetting occurs
in all but one replicate. This is also the only replicate that allows an ion to permeate in POPC, as indicated by the orange circle in Fig. 3A. The
flow of hydrated ions facilitates the transport of water molecules through the pore, which aids in preserving an open, hydrated state. These
observations serve to highlight how the membrane environment affects E protein function. Channel openness and ion conduction appear to be
enhanced by the phospholipid environment commonly found in ERGIC organellar membranes, in line with the physiological localization of the
CoV-2-E protein (12, 32). These findings are in agreement with previous experimental studies of the E protein, which established a strong lipid
dependence of SARS-CoV E currents, with a particularly important role played by negatively charged phospholipid molecules in stabilizing the
pore (25). Our simulations suggest that negatively charged lipids in ERGIC-mimetic membranes, especially POPI, form intimate contacts with
the Glu8 residues on the luminal side of the membrane-facing surface of the E protein. In doing so, a functionally relevant cation chelating or
binding site is formed over most of the duration of our simulations (Fig. 4A; Table S1; for further details see below).
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Fig 4: MD simulations of the interactions of SARS-CoV-2 E with lipid headgroups and its palmitoyl post-translational modifications.
(A) Structure of the luminal N-terminus of the E protein, showing the chelation of a Ca®" ion by the Glu8 side chain and the negatively charged
headgroup of POPI. (B) Top view from the lumen of the E protein embedded in an ERGIC-mimetic membrane. Highlighted in red are the three
palmitoylated cysteine residues per monomer, 15 in total. (C) Side view of the E protein in the membrane. The palmitoyl chains are embedded
in the lipid bilayer and serve to anchor the E protein in the membrane. (D) Structure of the E protein in the membrane with membrane
phospholipids hidden. Highlighted in red is a palmitoylated cysteine residue, Cys-P, and in green are the three phenylalanine residues that are
part of the hydrophobic motif. The interaction between the palmitoyl moiety in Cys-P and two of the phenylalanine residues stabilizes the pore
in an open state by favoring the phenyl rings to orient into the membrane and away from the center of the pore.

The effect of post-translational modification of the SARS-CoV-2 E protein

It is well-known that coronaviral proteins, including those from SARS-CoV-2, often carry a number of post-translational modifications (PTMs;
see, e.g., (42)). A common PTM of cysteine residues is S-palmitoylation, due to the functionalization of the sulfur atom in these residues (12,
16, 42-44). The SARS-CoV E protein is known to be palmitoylated, and experimental evidence suggests that all three cysteine residues adjacent
to the TM domain serve as targets for palmitoylation (12). For other coronaviruses, triple-cysteine mutated E proteins, which cannot be
palmitoylated, have been shown to be unstable, prone to degradation, and to significantly reduce the viral yield. Lopez et al. (43) rationalize this
loss of stability by suggesting that palmitoylation of the coronaviral E proteins might affect virus-host membrane interactions with the loss of the
membrane-anchoring lipid chains leading to decreased membrane stability (16, 43-45). Furthermore, the addition of a hydrophobic tail is known

to aid in the trafficking and subcellular localization of the E protein (16).

Considering the high degree of sequence identity between the SARS-CoV E and SARS-CoV-2 E proteins, we palmitoylated all three cysteine
residues (Cys40, Cys43, Cys44) in each subunit in our pentameric model of the SARS-CoV-2 E protein channel (Fig. 4B,C; sequence positions
highlighted in green in Fig. 1A). Notably, none of the simulations of systems without palmitoylation produced a stable pore. The addition of
palmitoylation of all three cysteines led to a substantial stabilization of the pore, in both POPC and ERGIC-mimetic membranes. Further, we
found that the pore open state was stabilized mainly as a result of an interaction between the palmitoyl chain on Cys44 and Phe23 in the
hydrophobic gate region of the E protein channel in each of its monomers. During our simulations, at least one palmitoyl chain interacted with
the phenylalanine residues over 52.7% of the time in systems with CaCl. and ERGIC membranes, 43.7% of the time in systems with NaCl and
ERGIC membranes, and 33.3% of the time in systems with CaCl. and POPC membranes (Tables S2, S3 and S5, respectively). This interaction
prevented the aromatic ring of the phenylalanine from associating with the corresponding phenylalanine residues from other monomers inside
the channel, which would have resulted in occluding the pore (Fig. 3D). The palmitoyl moiety attached to Cys44, when positioned between two
monomers, appears to be the most important of the three modified cysteine residues with regard to stabilizing the channel. In the simulations
that display the largest level of channel opening, the palmitoyl chain of Cys44 inserts snugly between individual protein monomers presumably
contributing to preventing their collapse (Fig. 4D). By contrast, the attraction of the phenylalanine residues for each other in the center of the
pore causes the pore to collapse in the majority of the simulations and especially in the case of unmodified, palmitoyl-free channels. By

comparison with Cys44, the palmitoyl chains attached to Cys40 and Cys43 show no obvious interaction with residues of the hydrophobic
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phenylalanine gating motif, or indeed with the pore. However, our simulations indicate that they act as an anchor which helps to keep the protein
in place within the membrane and in functionally-relevant proximity to the other protein monomers (Fig. 4B,C). Our computational results thus
show that palmitoylation of at least one cysteine residue promotes a stable and open E protein pore. This was also noted by Sun et al. (16),
who reported a decrease in pore radius and subsequent collapse of the E pentamer pore when simulating the non-palmitoylated E protein. In
the palmitoylated structure, a larger pore radius and enhanced stability was observed. Parenthetically, we note that some of the palmitoyl chains
in the Sun et al. simulation extended beyond the membrane into the bathing aqueous solution. We consider this unlikely to represent a

physiologically relevant conformation for the hydrophobic acyl chains.

SARS-CoV-2 E exhibits a binding ring for calcium ions at the luminal pore entrance

In our simulations, the open SARS-CoV-2 E protein channel conducts Na* and Ca?* ions toward the negatively polarized side of the bilayer and
Cl ions in the opposite direction. A slightly raised permeability for CI was seen in our simulations as compared to our experiments. This finding
is consistent with previous experimental electrophysiology recordings on the homologous E protein in which a delicate dependence of the
channel’s ion selectivity on its precise environment was observed, tipping the balance toward either a slight preference for anions or cations
(23, 25). Notably, we observe that cations on the luminal side interact intimately with the five Glu8 residues that line the luminal entrance to the
pore (Fig. 4A, Fig. 5). SARS-CoV-2 E localizes to the ERGIC, connecting the ER and Golgi compartments (31). The pH of these cellular
compartments ranges from neutral (7.2) to slightly acidic (6.0) (46). In this pH range, glutamic acid residues are expected to be deprotonated
and to carry a formal net charge of -1e. Therefore, a ring with a strongly negative electrostatic potential is formed by the Glu8 residues of the
five monomers at the luminal entrance to the TM domain. We observe an aggregation of cations in the vicinity of this glutamate ring in each of
the simulations, enhanced further by the negatively charged lipids, POPI in particular, that reside in this region of the protein (Fig. 4A). The most
common distance for calcium-oxygen interactions is reported to be in the range 2.5 A to 3.5 A (47). Accordingly, we investigated the association
of cations within a sphere of radius 3.5 A around each of the glutamate side chains. We found that both Na* and Ca?* bind to the ring of
glutamate residues with a strong preference for Ca?* ions. In the simulations with Ca?*, the ring is occupied with one or more Ca?* ions for 61%
of the time in ERGIC membranes and 53% of the time in POPC membranes (Tables S5, S6). Our simulations suggest that the difference is due
to the additional interactions with POPI, whose phosphate group chelates the divalent Ca?* cations jointly with the negatively charged glutamate
side chains (Fig. 4A), stabilizing their binding further. Importantly, this finding suggests a synergistic effect of Ca?* and the presence of negative
lipids in maintaining the pore in an open state. With Na*, the occupancy of the ring with at least one Na* ion was considerably lower, amounting
only to 15% of the time in ERGIC lipid membranes. The residence times for ions at the binding ring were found to be between 1 and 2 ns for
Ca?* and about 0.3 ns for Na* (Table S1 and S2 in Supporting Information). A density of Ca®" ions over a 200 ns simulation is shown in Fig. 5,

demonstrating the enrichment of Ca?* ions around the luminal glutamate ring, which facilitates ion entry into the pore.
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Fig 5: Calcium binding region around the luminal pore entrance of SARS-CoV-2 E. The structure of the E protein is shown with
phospholipids removed. The red mesh shows the density of Ca* ions at the luminal surface and extending into the pore entrance over a 200
ns simulation.

We also tested experimentally the effect of luminal Ca2* on the gating properties of EFL (Fig. 6). Under voltage-clamp conditions, using Na* as
the permeant ion, we found that increasing the luminal [Ca®"] to 50 uM had no significant effect on the gating properties of EFL (Dunn’s multiple
comparisons post-test, control vs. 50 uM CaCl, p=0.2907). In contrast, when the luminal [Ca?"] was raised to 100 uM, a significant increase in
the average mean current was consistently observed, indicating stabilization of the open state of the channel. Further elevations in the luminal
Ca?* concentration to 300-1000 uM increased channel activity in a dose-dependent manner. (Dunn's multiple comparisons post- tests were run
with the following p-value results, control vs. 100 yM CaClz = 0.0333, control vs. 300 uM CaCl. = 0.0153, control vs. 700 yM CaCl. = 0.0031,
control vs. 1 mM CaClz = 0.0974.) While the variability in channel activity at 1000 uM was too great to determine significance, the trend of
increased current at this concentration was also observed. Due to the fast and flickering nature of channel gating and the observation that
multiple channels gate in the bilayer, we are unable to make any comment on the dwell times of channel openings.

These findings confirm the results from our simulations and demonstrate that luminal Ca®" ions activate the E-protein channel. A potential
explanation could be that increasing local Ca?* concentration facilitates movement of the ions into the channel by mass action. Additionally, the
Ca? interacts with the Glu residues and in doing so, alters the conformation of E, thereby likely favoring channel opening and ion flow into and
through the channel.
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Fig 6: Ca?* regulation of EFL in a PE lipid membrane (A) Representative mean current noise analysis plot under bi-ionic conditions (210 mM
Na* cis: 210 mM Ca?* trans). To determine Er under these conditions, the mean current in pA over time is plotted as a function of voltage from
-4to 3mV in 1 mV steps with junction potential correction imposed (-6.2 mV to 1.4 mV). Erey was —5.54 £ 5.31 mV (sd) (n = 3). (B) Representative
current recordings of EFL with Na* as the permeant ion following subsequent addition of incremental concentrations of luminal (frans) Ca?".
Recording conditions are indicated above each trace. (C) Bar chart showing the combined data from n 2= 4 recordings. A dose-dependent
increase of channel activity with increased luminal Ca* is observed. Significance was tested by a Kruskal-Wallis one-way non-parametric
ANOVA (P ~ 0.0076) followed by Dunn's post-multiple comparisons test; p-values are as follows: control vs. 50 uM CaCl. = 0.2907, control vs.
100 uM CaClz = 0.0333, control vs. 300 yM CaClz = 0.0153, control vs. 700 uM CaClz = 0.0031, control vs. 1 mM CaCl. = 0.0974.

Functional studies of the isolated SARS-CoV-2 E transmembrane domain

To date, only the TM domain of SARS-CoV-2 E (ETM) has been structurally characterized (48). We therefore set out to determine if the TM
region is a functional substructure of the full-length E protein. Accordingly, we produced ETM, consisting of residues 8-38 of SARS-CoV-2 E
(Fig. S1), by solid-phase peptide synthesis (Fig. S8). This construct is analogous to the one characterized by solid state NMR spectroscopy by
the Hong lab (48). As with the EFL construct, we tested the functionality of ETM in in vitro voltage-clamp experiments. ETM was reconstituted
into the same CHAPS-containing buffer used with the EFL construct prior to measurements. We first examined whether ETM was inserted into
PE planar lipid bilayers under voltage-clamp conditions. Applying the same experimental conditions used to characterize EFL (410 mM NaCl in
the cis chamber and 210 mM NaCl in the trans chamber, Fig. 1B), we did not observe any channel-like activity for ETM in any of our experiments
(n =7) when the membrane was clamped in the range from -60 mV to +60 mV (Fig. S9). Whereas Wilson et al. (26) have demonstrated activity
for the SARS-CoV E TM domain along with Torres et al. (49) and Verdia-Baguenaa et al. (23), under our experimental conditions and voltage
range we do not observe activity for SARS-CoV-2 ETM domain alone. We note that pore activity has been reported for a SARS-CoV-2 ETM
construct in Xenopus oocytes using electrophysiology experiments (50). This difference in activity may be due to the presence of a wide range
of other proteins and channels in the oocyte membranes, which potentially interact with the E protein. Further experiments, involving a broader

spectrum of techniques, are required to resolve the discrepancy.

To extend our experimental observations, we next carried out MD simulations on isolated ETM domains in assembled pentameric form. In our
previous simulations, the full-length protein was found to be most stable and functional in an ERGIC-mimetic membrane and in solutions
containing Ca?" ions. We therefore used the same conditions for our simulations of the TM-constructs. The TM domains of the two published
E-protein NMR structures (PDB ID: 7K3G; (48) and PDB ID: 5X29 (residues 8-38), highlighted in blue in Figure 1a; (37)) were simulated. Both
were incorporated in ERGIC-mimetic membranes and subjected to MD simulations under voltage-clamp conditions, as above. In all replicates,

the closed dewetted conformation alone was observed. Pore formation did not occur, and no ion permeation was observed for either construct
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(Fig. S10). We detected a small degree of pore hydration in the ERGIC-mimetic membrane system. However, compared to the hydration levels
associated with a functional pore, it was much more limited and did not sustain ion permeation under voltage. In a POPC membrane, the pore
closed and dewetted instantly, demonstrating once again the sensitivity of the protein’s TM-region to the lipid composition of the surrounding
membrane. These findings agree with our results from the in vitro experiments with ETM, which indicated that the isolated TM domain does not
sustain ion channel current in planar lipid membranes. Taken together, our experimental and computational results suggest that the TM section
alone does not form a physiologically functional substructure of the SARS-CoV-2 E protein. TM domain (residues 8-38) constructs may therefore
not be suitable models with which to gain physiologically-relevant insights into the structure and function of SARS-CoV-2 E and for drug design

and discovery.

Conclusion

In this study we have shown that the E protein of SARS-CoV-2 forms a viroporin that is regulated by the luminal Ca* concentration, the presence
of electrochemical gradients, such as those existing across the membrane of the ERGIC subcellular compartment (the likely physiological
location of the E protein in the host cell), and the negatively charged phospholipids typical of ERGIC membranes. Notably, we demonstrate that
the E protein displays a luminal annulus to which Ca?* binds and in so doing stabilizes the open state of the pore. As a consequence, Ca?* ions
increase pore open times and, in turn, ionic current through the E channel. We show experimentally that increasing luminal Ca?* concentration
to 100 uM consistently increased channel activity, again suggesting that calcium is a key factor for stabilizing the open state of the channel.
Importantly, the range of luminal Ca®* concentrations that affects E protein gating (0.1—1 mM) falls within the expected range of luminal Ca?*
concentration in the ERGIC (51). We also reveal that SARS CoV-2 E is more selective for cations than anions but that it does not show a strong
discrimination between monovalent and divalent cations. The slight preference for monovalent cations seen matches previous reports on E
proteins (23, 25). Given its localization in the ERGIC membrane and the large Ca*" gradient that exists across the membrane of this Ca2*
storage compartment, we suggest a role for the SARS-CoV-2 E protein in mediating intracellular Ca?"* signaling events that are consistent with
previous reports on E from SARS-CoV (51). Our data suggests that Ca?* release through the SARS-CoV-2 E viral pore is strongly dependent
on the Ca?" load. Depletion of Ca®" stores below a threshold level or modulation of the cation binding site could terminate E protein mediated
calcium flux. This is important given the emerging role of intracellular Ca?* dysregulation during SARS-CoV-2 infection (52-55). Our findings
therefore indicate that the identified cation binding site could be a suitable target for the design of channel-inhibiting antivirals (56). Importantly,
the E protein displays the least sequence variability of all proteins encoded by the SARS-CoV-2 genome, and may therefore represent an
especially useful target in the face of the high mutation rate of the virus, which has rapidly given rise to increasingly infectious and vaccination-
escaping variants in recent months (14, 21). In addition, the similarity of SARS-CoV-2 E to other zoonotic coronaviruses is high. In the future,
these may cross the species barrier to humans. Therefore, drugs targeting the SARS-CoV-2 E channel may serve as a lead for broad-spectrum

coronavirus anti-virals.
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Materials and Methods

Simulation system setup

To systematically study the behavior and function of the SARS-CoV-2 E protein, the 3D structural model of SARS-CoV-2 E was embedded into
a lipid bilayer and solvated using CHARMM-GUI (57). The protein was adapted from PDB 5x29 (37) (SARS-CoV-2 E protein) by mutation of
the following residues according to the SARS-CoV-2 E sequence: Ala40Cys, Ala43Cys, Ala44Cys, Thr55Ser and Val56Phe. The cysteine
residues were palmitoylated using CHARMM-GUI; the palmitoyl chains were then manually adjusted to be accommodated within the lipid bilayer
with no clashing atomic contacts. Two systems were generated, one consisting of a membrane of pure POPC lipids. The second was composed
of an ERGIC-mimetic membrane, containing 50% POPC, 25% POPE, 10% POPI, 5% POPS and 10% cholesterol. For solvation, the TIP3 water
model was used and 150 mM NaCl or CaCl> were added using GROMACS 2021.1 (58). In simulations with calcium, an alternative multi-site
model for calcium was used, which was developed by Zhang et al. (59). The CHARMM36-mar2019 forcefield was used and the system was
subsequently minimized and equilibrated, prior to MD simulation, using the equilibration procedure supplied by the CHARMM-GUI

(www.charmm-gui.org) (57). In short, the systems were equilibrated in 1.85 ns, and the force constraints were gradually released over six

equilibration steps. During the following 200 ns equilibration simulations, the Nose-Hoover thermostat was used to maintain the temperature at
310 K (60). The Parrinello-Rahman barostat was used to maintain pressure semi-isotropically at 1 bar (61). Periodic boundary conditions were
used throughout each simulation. The particle-mesh Ewald method was used to model long-range electrostatic interactions, with a cut-off of 12
A (62). In order to constrain bonds with hydrogen atoms, the LINCS algorithm was used (63). In total, four systems were generated; system 1
and 2 with POPC and NaCl and CaCl: ions, respectively, and system 3 and 4 with an ERGIC-mimetic membrane and NaCl and CaCl: ions,
respectively. Each production simulation was 200 ns long, used the same approaches, and was repeated five times for each system. All

simulations were carried out with the simulation package GROMACS 2021.1 (www.gromacs.org) (58).

Molecular dynamics simulations and in silico electrophysiology

In order to develop a stable model of the E protein embedded in a membrane, 13 molecular dynamics simulations of 200 ns were performed.
The majority of these were of the protein in an ERGIC-mimetic membrane with either NaCl or CaCl: ions. All systems showed a fully hydrated
SARS-CoV-2 E pore prior to equilibration. However, most dewetted around the hydrophobic motif (Residues Phe23 and Phe26) during
equilibration. Subsequent MD simulations without a voltage caused the pores to collapse. Any systems which were simulated without a voltage
were unstable. The pore collapsed consistently within the first few nanoseconds of the MD simulation. Simulations with an applied voltage or a
transmembrane electrochemical gradient rewetted, and many exhibited open pores through to the end of the simulations or closed-open

transitions. In our simulations with voltage, we applied a constant membrane potential of 800 mV (64, 65).

The MD trajectories were analyzed using in-house Python scripts, Gromacs utilities and MDAnalysis (66). CHAP (67) was used to analyze the
pore structure and radii. Plots were generated with Python, using Matplotlib (68). lon permeation events were identified using an in-house
written python script, and verified visually, using VMD (69). The interactions between lipids and palmitoylated Cys-residues were analyzed using
in-house written Python scripts. The analyses were performed on five replicates of 200 ns simulations of each system with a 10 ps time-step.
The cation binding site near the glutamate (Glu8) residues were identified as follows. A time series of each permeating ion analogous to its
position along the pore axis was plotted. Furthermore, the PENSA Featurizer function (70) was used to determine the 3D density maxima of
the cations within 3.5 A of the glutamate residues. In order to calculate the ion occupancy probabilities of the cations at the predetermined
glutamate binding sites, Noccupied, the number of frames wherein an ion’s center of geometry is within 3.5 A of the center of geometry of the ion
coordinating binding site (in this case, the glutamate residues) was divided by Nirames, the total number of frames in the time window. The means
and standard errors of the ion occupancies were calculated from non-overlapping 50 ns time windows of the 200 ns simulations. By averaging
the amount of time an ion is located within the predetermined binding site, the ion residence time (t;) was calculated. The mean and standard

error of t- were calculated in the same fashion as those for ion occupancies.

Production and purification of EFL

C43 (DE3) E. coli cells transformed with the EFL plasmid (32) were plated onto LB agar plates supplemented with ampicillin (Amp). Plates were
incubated at 37 °C for 16 h and yielded colonies. A single colony was added to a starter culture of 100 mL LB supplemented with Amp in a 250
mL conical flask before culturing for 16 h at 30 °C and 180 RPM. Hereafter, 10 mL of the starter culture was added to 1 L portions of Amp-
supplemented LB in 3 L baffled flasks and incubated at 37 °C and 220 RPM. Once the cultures had grown to an OD600 of 0.6-0.8, they were
induced with 1 mM IPTG. The induced culture was incubated at 37 °C and 220 RPM for 4 h before harvesting the cells by centrifugation at 6000

x g for 10 min at 4 °C. The resulting wet cell mass was flash-frozen in liquid N2 and stored at -70 °C.
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The cell pellet was thawed at room temperature (20-22 °C) and resuspended in 100 mL lysis buffer (20 mM TRIS-HCI pH 8.0, 500 mM NaCl)

supplemented with 50 pg lysozyme (SIGMA), and 50 ug DNase (SIGMA) per L culture. The resuspended cells were lysed using a probe
sonicator (Model HD2200, Probe KE76. Bandelin) at 60 % power, 5 s on/off for 5 x 2 min rounds with 2 min rest periods in between each
sonication round. Triton X-100 was added to the cell lysate to a final concentration of 2 % (v/v) before incubation with gentle rotation for 1 h at
room temperature. The cell lysate was then centrifuged at 20,000 x g for 30 min at 4 °C. The pelleted inclusion bodies were resuspended in
100 mL TBS (20 mM TRIS-HCI pH 7.8, 140 mM NaCl) supplemented with 10 mM B-mercaptoethanol (8-ME). Empigen (SIGMA) was added to
the suspension at a final concentration of 3 % (w/v). Solubilization was carried out for 18 h with stirring at room temperature. The next morning,

the solubilized inclusion body material was centrifuged at 40,000 x g for 30 min at 15 °C and the supernatant was used for subsequent steps.

Imidazole was added to the supernatant to a final concentration of 10 mM before incubation for 1 h at room temperature with 2 mL PureCube
Ni-NTA agarose resin (Cat #31105), pre-washed with 60 mL TBS supplemented with 0.3 % (w/v) Empigen, 10 mM B-ME, and 10 mM imidazole.
The suspension was loaded onto a gravity column. Once all the solubilized material had passed through and the resin had settled, the bound
protein was exchanged into CHAPS by washing with 50 mL 20 mM TRIS-HCI pH 7.8, 2 M NaCl, 1 % (w/v) CHAPS, 10 mM B-ME, and 10 mM
imidazole. The resin was washed with TBS supplemented with 1 % (w/v) CHAPS, 10 mM B-ME and 0.04-1 M imidazole. EFL eluted during all
imidazole washes with the bulk of the protein eluting at 100-500 mM imidazole. Protein eluting at 0.1 — 1 M imidazole was pooled and exchanged
into TBS supplemented with 1 % (w/v) CHAPS and 1 mM DTT on a PD10 column. The sample was then concentrated in a concentrator with a
10 kDa MWCO. Concentration was determined by a combination of absorbance measurements at 280 nm (extinction coefficient = 5,960 M-
".cm™, ProtParam) and Bradford assay. Sample homogeneity was investigated by analytical size exclusion chromatography on a Superose® 6

10/300 GL gel filtration column (GE Healthcare). Aliquots of purified EFL at 0.4 mg/mL were flash frozen in liquid nitrogen and stored at -70 °C.

EFL was purified in FC16 detergent in a similar fashion. Following cell lysis and TRITON X-100 lysate treatment as described above, the
pelleted inclusion bodies were resuspended in 100 mL HBS (20 mM HEPES-NaOH pH 7.8, 500 mM NaCl) supplemented with 10 mM -
mercaptoethanol (B-ME). 1.2 g of FC16 solid (Cube Biotech (Cat #16038) was added to the suspension at a final concentration of 1.2 % (w/v).
Solubilization was carried out for 18 h with stirring at room temperature. Hereafter, the solubilized inclusion body material was centrifuged at
40,000 x g for 30 min at 15 °C and the supernatant was used for subsequent steps. Imidazole was added to the supernatant to a final
concentration of 10 mM before incubation for 1 h at room temperature with 2 mL PureCube Ni-NTA agarose resin (Cat #31105), pre-washed
with 60 mL HBS supplemented with 0.05 % (w/v) FC16, 10 mM B-ME, and 10 mM imidazole. The suspension was loaded onto a gravity column.
Once all the solubilized material had passed through and the resin had settled, washes with solutions containing 20 mM HEPES-NaOH pH 7.8,
2 M NaCl, 10 mM B-ME, 10 mM imidazole, and 1-0.125 % (w/v) FC16 were performed. The resin was then washed with HBS supplemented
with 0.05 % (w/v) FC16, 10 mM B-ME and 0.04-1 M imidazole. EFL eluted during all imidazole washes with the bulk of the protein eluting at
100-500 mM imidazole. Protein eluting at 0.1 — 1 M imidazole was pooled and concentrated to approximately 1 mL before loading onto a S200
16/60 column equilibrated with HBS supplemented with 0.05 % (w/v) FC16 and 1 mM DTT. Fractions eluting from 68 — 78 mL were pooled and
concentrated using a concentrator with a 100 kDa MWCO. Concentration was determined by a combination of absorbance measurements at
280 nm (extinction coefficient = 5,960 M".cm™', ProtParam) and Bradford assay. Aliquots of purified EFL at 20-30 mg/mL were flash frozen in

liquid nitrogen and stored at -70 °C.

Mass photometry (MP)

Samples were measured on a Refeyn OneMP mass photometer with a 10.8 x 2.9 um? (128 x 35 pixels) field of view. 500 nM EFL stocks in
CHAPS- or FC16-containing buffers were diluted into detergent-free buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT). The diluted
samples containing 25-50 nM protein were then applied onto microscopy slides that had been cleaned by consecutive sonication in Milli-Q
water, isopropanol, and Milli-Q water and standard mass photometry measurements (landing assays) were carried out in silicone gaskets

(3 mm x 1 mm, GBL103250, Grace Bio-Labs) and images were acquired for 60 s at 331 Hz.

Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS)

SEC-MALS experiments were performed at room temperature on an Akta Purifier equipped with a Superdex 200, GL 10/300 column (GE
Healthcare). Sample elution was monitored by using a multi-angle light scattering detector (miniDAWN TREOS, Wyatt) and a differential
refractive index detector (Optilab T-rEX, Wyatt). Filtered, degassed buffer (20 mM HEPES, 500 mM NaCl, 10 mM TCEP, 0.05 % (w/v) FC16
pH 7.8) was pumped at a constant flow rate of 0.5 mL/min. The samples (300 pL) contained 0.25 mM EFL and were centrifuged at 20,000 x g
at 4 °C for 15 min immediately prior to injection. The mass average molar mass across the elution peak was determined in ASTRA 6 software
(Wyatt Technology) using the triple-detector method with protein dn/dc, protein UV 280 nm extinction coefficient, FC16 dn/dc, and FC16 UV
280 nm extinction coefficient set to 0.185 mL/g, 0.62 mL/mg.cm, 0.1327 mL/g, and 0.0 mL/mg.cm, respectively.
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Solid-phase synthesis of the ETM peptide

The ETM peptide, corresponding to the TM domain of SARS-CoV-2 (residues 8-38), was produced by standard solid phase FMOC chemistry
on a Liberty Blue HT12 automated microwave peptide synthesizer. The peptide was cleaved from the resin by washing with a mixture 95/
2.5/2.5 % (by vol.) mixture of trifluoroacetic acid (TFA), N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), and water over 2.5 h.
Residual salts remaining after cleavage were removed by repeated suspension of the water-insoluble peptide solid in water. The peptide was
pelleted by centrifugation and lyophilized overnight. ETM mass analysis, performed with an Agilent 6460 Triple Quadrupole LC/MS, confirmed
the predicted peptide molecular weight to within 1 Da (Fig. S3A). ETM was reconstituted into TBS supplemented with 1 %(w/v) CHAPS and 1
mM DTT to 0.4 mg/mL by sonication for 30 min at 30 °C.

Planar Lipid Bilayer Formation and incorporation of SARS-CoV-2 E constructs

EFL and ETM were incorporated into bovine phosphatidylethanolamine (PE) (Avanti Polar Lipids, USA) lipid bilayers under voltage-clamp
conditions using previously described techniques (71). Briefly, planar lipid bilayers were formed across a 150 um diameter aperture in a Delrin
cuvette that separates the cis and the trans 1 mL compartments (see Fig. 1B for schematic). Protein samples were diluted 1:1 in 400 mM
sucrose, 5 mM HEPES, pH 7.2 with Tris-(hydroxymethyl) aminoethane (VWR Chemicals, Leuven Belgium; cat no. 103156X), hereafter known
as TRIS and approximately 0.15 - 0.3 ug (w) was added to the cis chamber. Incorporation was facilitated by constant stirring. Protein
incorporation was assessed by current fluctuations away from 0 mV. Following incorporation, solution in the cis chamber was exchanged 10
times to remove excess protein. The trans chamber was held at ground, and the cis chamber was voltage-clamped at various potentials relative
to ground. Bilayers with capacitances between 70 and 115 pF were used in all experiments and stability was checked periodically throughout
the experiment. The transmembrane current was recorded under voltage-clamp conditions using a BC-525C amplifier (Warner Instruments,
Harvard). Channel recordings were low-pass filtered at 10 kHz with a four-pole Bessel filter, digitized at 100 kHz using a National Instruments
acquisition interface (NIDAQ-MX, National Instruments, Austin, TX) and recorded on a computer hard drive using WinEDR software version
4.0.0 or later (John Dempster, University of Strathclyde, UK). Current fluctuations were recorded over time and subsequently filtered at either

200 or 800 Hz (-3 dB) using the low pass digital filter within WinEDR. All single channel analysis was carried out using WinEDR.

Where multiple channels had been incorporated into the bilayer the mean current was calculated using noise analysis. 800 Hz low pass filtered

recordings were utilized to find the mean current by plotting current fluctuations subdivided into N samples over time with the following equation:

LI
Imean = N

Where (i) is the i of N samples within the recording. Mean direct current was taken from recordings 230 s long and the calculated average

was then plotted as a function of voltage.

Predicted reversal potentials (Erv) of a given ion were calculated using the Nernst equation. The relative permeability of monovalent cations

was calculated using the Goldman-Hodgkin-Katz equation (72-74):

RT (PNa [Na*]oue + Po[Cl I )
F

Eyey = —
e Pya[Nat]im + P [Cl ] oue

where R is the ideal gas constant (8.314 Jmol ™), T is the temperature in Kelvin (293.15 K), and F is the Faraday constant (9.6485 x 10* C mol
"). The relative Ca?* to Na* permeability ratio (PCa*"/PNa*) was calculated using a previously described modified Fatt-Ginsborg equation (74-
77):

Y+ E. . F E. . F
Peby = enp (22 ) o (e (St ) +1)

where R, T, and F have their usual values and meanings and Erv is the experimentally determined reversal potential. X refers to ions in the
trans chamber and Y refers to ions in the cis chamber. [X] and [Y] refer to the concentrations of the ions. (Erev) is the zero current reversal
potential. The reversal potential was taken to be the voltage at which no current fluctuations were observed. Junction potentials were calculated

using Clampex software version 10.2 (Molecular Devices) and subtracted from the reversal potential obtained from each experiment.
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BioRender.com was utilized for schematics and infographics and is cited in figure legends where it was used. All statistics and quantitative
figures were run/generated in GraphPad Prism 9.0 or later. A one-way non-parametric ANOVA on ranks (Kruskal-Wallis test), with Dunn’s
multiple comparisons post-tests were run. Significance was determined if p<0.05. All error bars and the + symbol indicate standard deviation of

the mean (sd).

In vitro solutions

For experiments where Na* is the permeant ion, the trans chamber contained 210 mM NaCl, 10 mM HEPES pH 7.2 and the cis chamber
contained 410 mM NaCl, 10 mM HEPES pH 7.2. For Ca?* permeation studies, the trans chamber contained 210 mM CaCl,, 10 mM HEPES pH
7.2 and the cis chamber contained 510 mM CaClz, 10 mM HEPES pH 7.2. For Na*:Ca?* permeability ratio experiments the cis and trans

chambers were perfused resulting in a concentration of 210 mM Na* in the cis chamber and 210 mM Ca?* in the trans chamber.

The pH of all solutions was measured at room temperature (20 °C) using a Hannah pH 211 microprocessor pH meter and pH electrode (Hannah
Instruments Ltd., UK). The free [Ca?*] of all Na* solutions was determined using a Ca?* electrode. An HI 4004 Calcium Half-Cell (HANNA, RI,
USA) and HI 4104 Calcium Combination Electrode (HANNA, RI, USA) were used on a HANNA pH 211 Microprocessor pH Meter as described
previously (69, 70). The free Ca®" concentration of the 210 mM NaCl, 10 mM HEPES, pH 7.2 solution was 3.873 + 0.711 (sd) uM (n = 4). The
1 M NaCl solution which was used to create the asymmetric gradient in the cis chamber was 21.043 + 0.463 (sd) uM (n = 3). The cis chamber
contained approximately 6.791 uM free Ca®* on average when Na* was the permeant ion and the trans chamber contained 3.873 uM free Ca?*

when Na*was the permeant ion.

All chemicals were AnalaR or the best equivalent grade from BDH (Poole, UK) or SigmaAldrich (Dorset, UK). All solutions were made in milliQ
ultrapure de-ionized water and those for use in bilayer experiments were filtered through a Millipore membrane filter (0.45-um pore). Any

chemicals or reagents originating from other sources are indicated in the methods

Ca?* activation experiments

To examine the effect of luminal Ca2* on the gating characteristics of the SARS-CoV-2 E protein, the EFL channel was incorporated into the
bilayer and Ca?" was sequentially added at concentrations of 0, 50, 100, 300, 700, 1000 uM to the trans chamber in the presence of a Na*
gradient. Changes to gating characteristics were monitored by recording the channel for 2 60 s at each trans Ca®" concentration. The bilayer
was voltage-clamped at +60 mV (approximately +63.1 mV with junction potential correction assuming Na* is the permeant ion) and Na* was
the permeant ion (410 mM NaCl cis: 210 mM NaCl trans). To determine the % current increase in picoamperes (pA), the following formula was

applied to normalize the raw continuous recordings: (B — A)/A, where B is the experimental condition and A is the control condition.

Elution buffer controls

Elution buffer contained 20 mM TRIS-HCI, 140 mM NaCl, 1 % (w/v) CHAPS, and 0.25 mM DTT, pH 7.5. Elution buffer was diluted 1:1 with a
sucrose solution. The sucrose solution contained 400 mM sucrose, 5 mM HEPES with pH adjusted to 7.2 with TRIS. Following formation of a
bilayer in 210 mM NaCl trans: 410 NacCl cis solutions an equivalent volume of elution buffer used in our protein incorporation studies was added
to the cis chamber. The cis chamber was stirred for a minimum of 10-15 mins while the membrane voltage was clamped between +120 or -120
mV after which a voltage ramp was applied by alternating the holding command from -60 to +60 mV (-56.9 mV to +63.1 mV with junction

potential correction imposed) in 10 mV steps. Each voltage was held for = 20 seconds.
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