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- Single-spanning SARS-CoV-2 envelope (E) protein topology is a major determinant of protein
quaternary structure and function.
- Charged residues distribution in E protein sequences from highly pathogenic human coronaviruses

(i.e., SARS-CoV, MERS-CoV and SARS-CoV-2) stabilize Ntyy-Cti, membrane topology.
- E protein sequence could have evolved to ensure a more robust membrane topology from MERS-
CoV to SARS-CoV and SARS-CoV-2.

In the past 20 years, the world has seen three human coronaviruses
responsible for severe disease outbreaks: the Severe Acute Respiratory
Syndrome (SARS-CoV) that emerged in 2002, the Middle East Respira-
tory Syndrome (MERS-CoV) in 2012 and recently the emergence of
SARS-CoV-2, which has spread around the world at an unprecedented
rate, causing a worldwide pandemic.

Coronaviruses’ genome includes four major structural proteins:
membrane (M), spike (S), nucleocapsid (N) and envelope (E). The
multifunctional E protein is the smallest of the structural proteins (be-
tween 8 and 12 kDa) and has the lowest copy number in the lipid en-
velope of mature virus particles [1]. The majority of the E protein pool
localizes to the endoplasmic reticulum Golgi intermediate compartment
(ERGIC) in the host cell where it participates in virus budding, assembly
and trafficking [2]. In addition to this structural role the E protein oli-
gomerizes to form pentameric ion channels similar to viroporins [3-5]
and possesses a C-terminal PDZ-binding motif that induce immunopa-
thology by overexpression of inflammatory cytokines [6]. These features
of E protein play a major role in the exacerbated immune response
causing the acute respiratory syndrome, the leading cause of death in
SARS-CoV and SARS-CoV-2 [7], and have been shown to be critical for
propagation of other human coronaviruses. The assembly of E protein
into the ER membrane in the correct orientation (topology) is critical for
its functions. In the evolution of membrane proteins it is not rare to
observe mutations leading to a more fixed orientation relative to the
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membrane.

SARS-CoV-2 E protein is a single-spanning membrane protein with a
skewed distribution of charged residues on both sides of the membrane.
There are only eight charged residues in the protein sequence, two
negatively charged residues N-terminal to the transmembrane (TM)
domain, and five positively plus one negatively charged residues in the
C-terminal domain (Fig. 1A). The observed Ntyu-Cti, topology [8] is in
good agreement with the ‘positive-inside’ rule [9].

Comparative sequence analysis of the E protein of SARS-CoV-2 and
the other six known human coronaviruses do not reveal any large ho-
mologous/identical regions [8]. Interestingly, sequence similarities are
significantly higher for the coronaviruses that usually cause severe
illness than for those that cause mild to moderate upper-respiratory tract
symptoms typical for common cold. SARS-CoV-2 E protein has the
highest similarity to SARS-CoV (94.74%) with only minor differences
(Fig. 1A), followed by MERS-CoV (36.00%) [8]. Nevertheless, regarding
topology determination, there is a common feature in all of them. There
is a positively charged residue strongly conserved and strategically
located proximal to the hydrophobic region C-terminal end (Supple-
mentary Fig. 1) in all seven human coronaviruses. It is worth mentioning
that this positively charged residue is an Arg (Arg38) in MERS-CoV,
SARS-CoV and SARS-CoV-2 (Fig. 1A), while in the other human coro-
naviruses is a Lys [8]. Interestingly, in the analysis of 81,818 E protein
sequences of SARS-CoV-2 globally available, no change was detected in
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this position [10]. Positively charged residues located near the cyto- In comparison to globular (water-soluble) proteins, topology pro-
plasmic end of hydrophobic segments in membrane proteins promote vides an extra dimension that membrane proteins can evolve. Topology
correct membrane insertion of TM helices. It has been determined that a can evolve, for example, by redistribution of charged residues on both
single Arg or Lys residue typically contributes approximately —0.5 kcal/ sides of the membrane. The alignment of MERS-CoV, SARS-CoV and
mol to the apparent free energy of membrane insertion when placed at SARS-CoV-2 E proteins unveils a tendency to accumulate a net positive
this location [11]. charge balance C-terminally to the TM domain (Fig. 1A), which

Fig. 1. A. Multi-alignment of amino acid sequences of the E protein from MERS-CoV (UniProt K9N5R3), SARS-CoV (UniProt P59637) and SARS-CoV-2 (UniProt
PODTC4). Predicted TM segments are highlighted in a yellow box. Negatively charged amino acids are shown in red with — symbol on top while the positive ones are
shown in blue with + symbol on top. Native predicted glycosylation acceptor sites are underlined. Conserved and relevant residues are marked with the number on
top (7, 8, 38 and 48). The net charge summation before and after the TM segment is shown encircled. The charge balance (charge balance at the region following the
TM segment minus charge balance at the region preceding the TM segment) is shown at the right side. Tree obtained with Clustal Omega (EMBL-EBI) using the
default parameters.

B. Schematic representations of E protein topology in the presence of the different mutations. Wild type residues 7, 8 and 38 are shown in an empty colored circle (red
for glutamic acids and blue for arginines) accompanied with — or + symbol depending on the charge of the residue. Point mutations are shown in red (negative) or
blue (positive) solid circles emphasizing the charge change. Glycosylation acceptor sites are indicated with white (non-glycosylated) or black (glycosylated) dots. In
MERS-CoV, Ct-tail containing the glycosylation site is represented with a black rectangle.

C. To determine the topology in vivo, HEK-293T cells were transfected with Ct tagged (c-myc) E protein variants. The E protein virus and the proper mutations are
indicated on top of each gel. Lanes with odd numbers are Endo H treated (+) and even numbers are mock treated (—). Samples were separated on SDS-PAGE (14%
polyacrylamide) and analyzed by Western blot using an anti-c-myc antibody (Sigma). Bands of non-glycosylated and glycosylated proteins are indicated by white and
black dots, respectively. The gels are representative of at least three independent experiments. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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correlates with the ‘positive-inside’ rule, but also suggests an increasing
robustness in the topology determination from MERS-CoV to SARS-CoV-
2. MERS-CoV E protein sequence contains one positively and one
negatively charged residues in the translocated N-terminus and four
positively charged residues plus three negatively charged residues in the
C-terminal cytosolic domain, giving a net charge balance of +1. In the
case of SARS-CoV, charge balance increases substantially with a net
charge of —2 in the N-terminal extra-membranous domain and +2 (4
positively plus 2 negatively charged residues) in the C-terminus, giving a
net charge balance of +4. In the case of SARS-CoV-2, this balance is
higher due to E69R substitution, giving a net charge balance of +6
(Fig. 1A).

The topology of the SARS-CoV-2 envelope protein was recently
proved to be Ntoy-Ctin in eukaryotic membranes [8]. To test the topo-
logical relevance of the conserved Arg38 residue we designed two
replacement mutants in which the positively charged residue was
mutated to aspartic or glutamic acid residues (R38D or R38E, respec-
tively). The topology was determined by monitoring glycosylation of the
consensus acceptor sites that the E protein has downstream of the TM
segment (Fig. 1A). Glycosylation at a single site increases the molecular
weight of the protein by ~2.5 kDa. In eukaryotic cells, proteins can only
be glycosylated in the lumen of the ER because the active site of oligo-
saccharyl transferase, the enzyme responsible for co-translational
glycosylation, is located there. To analyze protein topology in
mammalian cells, E protein variants tagged with c-myc epitope at the C-
terminus were transfected into HEK-293T cells. As shown in Fig. 1C,
neither R38E mutant (lanes 3 and 4) nor R38D mutant (lanes 5 and 6)
resulted on alteration of the original E protein topology (lanes 1 and 2).
The N-terminal translocation of these mutants was demonstrated by
engineering two highly efficient glycosylation sites, one at the N-ter-
minus and another one in a C-terminal tag (Supplementary Fig. 2).
Similarly, R38D mutation in SARS-CoV E protein displayed the same
glycosylation pattern as the wild-type equivalent (Fig. 1C, lanes 11-14).
The MERS-CoV E protein sequence does not contain natural glycosyla-
tion consensus acceptor sites (Fig. 1A). Therefore an optimized C-ter-
minal glycosylation tag was added to the C-terminal domain (Fig. 1B)
[12]. In this case, no glycosylation band was observed when the wild-
type protein was expressed (Fig. 1C, lanes 7 and 8). However, a higher
molecular weight band was detected when the R38D mutant was
expressed (lane 10). The nature of the higher molecular weight protein
species was confirmed by endoglycosidase H (EndoH) treatment (lane
9), a highly specific enzyme that cleaves oligosaccharides regardless of
their location. Thus, in the case of MERS-CoV E protein some inverted
molecules were observed when R38D mutant was expressed. This
replacement eliminates the positive charge balance at the C-terminal
domain. These data reveal that topological determinants have only a
limited effect on viral membrane protein topology as previously
observed for other viruses [13] and suggests that E protein in corona-
viruses could have evolved to ensure a more robust membrane topology.

Recent statistical studies have suggested that negatively charged
residue enrichment in the non-cytoplasmic regions can modulate
membrane protein topology [14]. To challenge the robustness of the
topology observed for E proteins, we decided to replace the negatively
charged residues found in the translocated N-termini in combination
with the designed R38D mutations. In the case of MERS-CoV E protein
there is only one negatively charged residue (Glu7) in the N-terminal
domain, while both SARS-CoV and SARS-CoV-2 E proteins have two
(Glu7 and Glu8, Fig. 1A). The combination mutant (E7K & R38D)
showed a stronger topology effect on MERS-CoV E protein, since this
protein was strongly glycosylated when expressed (Fig. 1C, lanes
15-18). SARS-CoV and SARS-CoV-2 E proteins with the combined mu-
tations (E7&8K & R38D) had only a small proportion of molecules with
the reversed topology, suggesting stronger topology determination
(Fig. 1C, lanes 19-26), especially if we take into account that the
observed effect is generated by a triple mutation. It should be mentioned
that the consensus glycosylation acceptor site at Asn48 is not expected to
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be modified even if situated luminally due to its close proximity to the
membrane [8].

In all three cases, the conserved Arg38 residue plays a limited role in
the topology determination. However, its relevance is likely ameliorated
with other topological determinants in human coronavirus E protein
sequences. Our results suggest that viral evolution has played an
important role in strengthening the E protein (Ntoy-Ct;j,) topology from
MERS-CoV to SARS coronaviruses. Probably, the R8E mutation present
in both SARS-CoVs compared with MERS-CoV is one of the factors
contributing to topology robustness, by converting the net charge of 0 at
N-terminal region of MERS-CoV into a —2 in both SARS-CoVs, in good
agreement with the “negative outside enrichment” rule suggested from
statistics derived from a large body of membrane protein sequences [14]
and observed in membrane protein structures [15]. At the same time, an
evolutionary tendency to accumulate positively charged residues in the
cytoplasmic C-terminal domain of these E proteins could be observed
(Fig. 1A), contributing to a multifactorial effect on membrane topology,
which allows quaternary protein structure formation [4,5] and plays an
essential role in viral infection and pathogenesis.
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