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Abstract
In this study, the analysis of the changes of SARS-CoV-2 Orf3a protein during pandemic is reported.

Orf3a, a conserved protein in the Coronaviruses, is involved in virus replication and release. A
software workflow able to carry out a quick, systematic and repeatable screening of the SARS-CoV-
2 genome isolates to detect protein mutations, was utilized to scan 70,752 high-quality SARS-CoV-2
genomes available in GISAID databank at the end of August 2020. All ORF3a mutations in the virus
genomes were grouped according to the collection date interval and over the entire data set. The
considered intervals were start of collection-February, March, April, May, June, July and August
2020. The top five most frequent variants were examined within each collection interval. Overall,
seventeen variants have been isolated. Ten of the seventeen mutant sites occur within the
transmembrane (TM) domain of ORF3a and are in contact with the central pore or side tunnels. The
other variant sites are in different places of the Orf3a structure. Within the entire sample, the five
most frequent mutations are Vi3L, Q57H, Q57H+A99V, G196V and G252V. The same analysis
identified 28 sites identically conserved in all the genome isolates. These sites are possibly involved
in stabilization of monomer, dimer, tetramerization and interaction with other cellular components.
The results here reported can be helpful to understand virus biology and to design new therapeutic

strategies.
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1. Introduction

Coronavirus Disease (COVID-19) became almost suddenly, though not unexpectedly, a serious threat
to human health [1—3]. The etiological agent of the disease is the Severe Acute Respiratory Syndrome
CoV 2 (SARS-CoV-2), an enveloped positive-sense RNA coronavirus with genome size approximately
of 30,000 bases. Phylogenetic analysis has revealed that SARS-CoV-2 is distinct from SARS-CoV
(79% sequence similarity) that in 2002, caused an outbreak of atypical and severe, often lethal,
pneumonia in Guangdong province, China [4]. The coronaviruses are promiscuous and can be
hosted by several species. The SARS-CoV2 genome has about 96.2% and 91% sequence similarity
with bat SARS-related coronavirus (SARS-CoV RaTG13) and pangolin CoV respectively, suggesting
zoonotic origin of SARS-CoV2 [5]. Indeed, it is has been proposed that the current pandemic has
been ignited by a cross-species virus transmission from Pangolin and/or Bat to humans, at Wuhan,
China [2,6—8]. However, the debate about this issue is still going on among the scientific community.
Like many viruses, the CoV evolves and adapts to the host through accumulation of synonymous and
non-synonymous mutations [9] generated by several mechanisms including fidelity of RNA-
dependent-RNA-polymerase [10]. It is known that even single mutations in specific proteins can
change pathogenicity of these viruses [11,12].

In this context, it is useful to study the changes of the viral proteins of its proteome. Indeed,
modification of specific virus proteins considered promising targets may put at risk the efficacy of
drugs or vaccines. Moreover, study of the conserved/variable protein regions can provide structure-
function hints that may help to determine the function of yet uncharacterized proteins.

Here the attention has been focussed onto the protein ORF3a as it is deemed to be involved in critical
aspects of virus pathogenicity [13] and a three-dimensional structure has been recently made
available by means of cryo-electron microscopy (cryo-EM) experiments [14]. ORF3a possesses an N-
terminal, a transmembrane and a C-terminal domain folded as 8-strand B-barrel. ORF3a of both
SARS-CoV and SARS-CoV-2 have been described to contain different functional domains linked to

virulence, infectivity, and virus release [15].

In fact, ORF3a is a viroporin, an integral membrane protein able to function as an ion channel that
may promote virus release [15—17]. Moreover, this protein interacts with caveolin potentially
regulating different phase of viral cycle [18]. ORF3a presents also a TRAF3-binding motif that
activates the NLRP3 inflammasome and it is a potent stimulator of pro—IL-1f3 gene transcription
[19], and in animal models of SARS-CoV infection, genomic deletion of ORF3a reduced virus
replication [20]. Importantly, significant CD4* and CD8* T cell responses to SARS-CoV-2 in infected

individuals were directed against ORF3a [21].

Analysis of Orf3a nucleotide and protein sequences can predict their ability to alter viral cycle and

therefore yields important insights into the biology of the virus.

In this study, a software workflow able to carry out a quick, systematic and repeatable screening of

the SARS-CoV-2 genome isolates to detect protein mutations was utilized to scan 70,752 high-quality
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SARS-CoV-2 genomes available in GISAID databank [16] at the end of August 2020. Our aim was to
identify Orf3a mutations over time and to assess the mutated amino acid residues identified as

critical for protein activity and to gauge the likely effect of the changes.

The results of the screening suggest that Orf3a is hit by many mutations but only a few of them are
observed with a frequency of at least 0.5%. Moreover, the same analysis pointed out the sites that
apparently never mutated during the period considered and that can play crucial functional and
structural roles. These indications help to prioritize experimental studies aimed at deciphering the

function of ORF3a and assess it as a potential therapeutic target.
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2. Materials and Methods

The Refseq ORF3a protein denoted by code YP_009724391 has been taken as the reference (wild
type) sequence. The collection of the ORF3a protein sequences coded by different SARS-CoV-2

genome isolates has been carried out using this workflow:

a. SARS-CoV-2 genome sequences have been downloaded as FASTA format from GISAID

repository at www.gisaid.org [22]. Since the quality of the deposited sequences is not uniform,

only complete sequences deposited with a high degree of coverage has been downloaded using
the filters provided by the GISAID server.

b. The file containing the genomic sequences has been converted into a BLAST-formatted database
with the “makeblastdb” tool [23].

c. The “tblastn” tool searches a protein sequence within a translated nucleotide sequence database.
The reference ORF3a sequence has been used as a query to retrieve the other ORF3a coding
sequences from the SARS-CoV-2 genomes. Incomplete sequences or sequences containing
ambiguous codons (resulting in undetermined residues) have been eliminated. This step relied
on the tools available in the EMBOSS suite [24] and on Linux bash shell scripts.

d. The clustering software “cd-hit” [25] has been applied to remove redundancies. Identical ORF3a
sequences have been clustered and one representative sequence has been designated by the
software. Each cluster contains all the sequences of one ORF3a variant. As a matter of fact, the
ORf3a sequences belonging to different clusters differ for at least one residue.

e. The representative ORF3a variants have been multiply aligned to the reference protein with the
program MAFFT [26].

f. A R script has been written within the Rstudio environment to scrutinize the multiple sequence
alignments and collecting mutation statistics and for graphical output. The R script utilized input

and output functions from the bio3d package [27].

Multiple sequence alignments display and editing relied on Jalview [28]. PyMOL and Chimera have
been used for structure display and analysis. PyYMOL plugin Caver 3.0.3 [29] has been utilized to
study tunnels inside the protein structure. DynaMut [30] and Duet [31] have been used to predict

the effect of point mutations on protein stability. Logos have been produced with the server WebLogo

[32].

3. Results

ORF3a mutations were recorded in virus genomes grouped according to the collection date interval
and over the entire data set. Intervals considered are indicated in Table 1: beginning of collection-

February, March, April, May, June, July and August 2020. The total number of selected genomes
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Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2020

was 70,752. In each time period, the number of all the different ORF3a variants has been reported.
Frequency is defined as the number of replicas of a single variant found in the data set considered.
For example, if the ORF3a variant 1 was found 100 times in 1000 genomes collected, its frequency is

0.1.
3.1 Mutant sites

Attention was focussed onto the most prevalent mutations: only the top five most frequent variants
have been considered within each collection interval. Overall, seventeen variants have been observed
fulfilling this criterion (Table 2). Most of the ORF3a variants possess a single point mutation while
four variants are distinguished by co-occurrence of two mutations, one of which is always Q—H in
position 57 of the reference ORF3a sequence. Only the variant Q57H has a frequency constantly high

in all the collection periods whereas the frequency of the other mutations fluctuates.

Availability of the three-dimensional structure of a large portion of the SARS-CoV-2 ORF3a protein,
enables mapping of the mutations onto the structure and formulation of considerations on possible

structural or functional effects.

Fig. 1 reports the ORF3a structure on which the positions of the most frequently observed mutations
are indicated. Ten of the seventeen mutant sites occur within the transmembrane (TM) domain of
ORF3a. Four of these variants contain the mutation Q57H paired with another amino acidic change
(A99V, S58N, Y264C, G172V). In two cases, the associated mutations are in the extracellular domain
(G172V and Y264C). The other seven mutations are found at the N-terminal intracellular portion or

in the extracellular f-barrel domain (Table 3 and Fig. 1).

As shown by cryo-EM, the ORF3a dimer is characterized by a central pore in the transmembrane
domain connected to six tunnels (three for each subunit) close to the barrel domain and that opens
into the cytosolic space (Supplementary Material Fig. 1). Through application of Caver 3.0.3,
the residues close to tunnels were identified. Among these, five mutant sites in the transmembrane
portion lay in a position lining the central pore or the tunnels connecting it to the cytosolic

compartment: L46F, A54S, Q57H, K75N and R126S (Table 3 and Fig. 1).

To test whether mutations at these sites may influence channel shape, the mutant sites of ORF3a
were modelled by Chimera 1.14. The impact of these mutations on the tunnel geometry delineated

by Caver 3.0.3 was visually assessed. No significant alteration of the shape of tunnels was detected.

However, the most frequent mutations observed from February to August (Table 2) related to the
tunnel, may influence other properties of the ORF3a. For example, Q57H is ubiquitous and is
consistently the most frequent ORF3a substitution described in the literature [33]. Although this site
is lining the transmembrane tunnel, no significant modification of the channel geometry could be

observed. This finding is coherent with the reported results of the site-directed mutagenesis
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experiments that demonstrated no alteration of the channel properties [14]. DynaMut attributes to

this mutation a stabilizing effect while Duet predicts a marginal destabilization.

Similarly, L46F is a relatively rare change isolated mainly in India in June 2020 that creates an
aromatic interaction at the end of the transmembrane helix 1 (TM1), already described as deleterious
by other authors [15]. The aromatic interaction between the two Phe aromatic rings, one from each
subunit, can stabilize the structure as predicted by DynaMut (Table 4) but may create a steric

constriction at the mouth of the central pore (Fig. 1).

A548S, at the inter-subunit interface TM1-TM3' (prime denotes the other subunit), is relatively rare
and it has been observed in the top five frequencies only in April and May isolates mostly in UK. It

lines the central transmembrane tunnel and appears to be destabilizing (Table 4).

The variant R126S emerged mainly in June and July isolates from South Africa. This mutation
removes a positive charge in proximity of the lower tunnel and may facilitate cation transit and/or
alter selectivity. This mutation is predicted to be destabilizing (Table 4). The substitution K75N
appears relatively frequent in August and was isolated exclusively in UK. It is potentially interesting
because occurs in proximity of the intersection of the tunnels connecting the transmembrane pore
to the extracellular environment. In this case also, removal of a positive charge can influence cation
transport and/or selectivity. This substitution is predicted to be destabilizing although not at the
level of R1268S.

The other mutations are in places not directly connected with tunnels. Considering the order of
temporal appearance of mutations during the pandemic, the double mutant Q57H+A99V has been
isolated mainly in European countries at the beginning of the pandemic and overall, it is one of the
five top variants observed over the entire period. The A9gV mutation is predicted to be only

marginally destabilizing (Table 4).

The substitution G196V showed a peak frequency in March but, overall, it is among the top five more
frequent variants. It has been isolated all over the world. Its effect is predicted to be structurally
stabilizing (Table 4) which may explain its success. Mutation L108F was detected in July in UK
with a relatively high frequency. Substitution of a hydrophobic residue with an aromatic side chain
destabilize the interaction between TM3 and TM1' (Table 4). F207L replace an aromatic residue
with Leu at the interface with the lipid bilayer. Therefore, it can influence interaction with the
membrane. It is relatively rare since it has occurred in the top five frequencies only in July and it has
been isolated only in UK. The mutation is predicted to be destabilizing (Table 4). S58N at the inter-
subunit interface TM1-TM3' is present in a double mutant Q57H+S58N relatively frequent in August,
isolated primarily in Netherlands. The analyses conducted by DynaMut and DUET servers predicted
that S58N substitution reduces ORF3a stability (Table 4). The variant Q57H+G172V emerged in the
top five relative frequencies in the isolates collected exclusively in the USA in August. The

substitution G172V may contribute the stabilization of the B-barrel by increasing the hydrophobic
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interactions while decreasing local flexibility. Indeed, DynaMut and DUET predicts a stabilizing
effect of the mutation. T2231 emerged in the top five relative frequencies in the isolates collected in
August from UK. The mutation T2231 occurs in the loop connecting 37 to B8 and it is predicted to be
destabilizing (Table 4).

Four mutant sites are in N-terminal, loop or C-terminal portions for which no structural information
is reported in the coordinate set. Among these mutations, the variant G251V is consistently highly
frequent and has been isolated all over the world. Unfortunately, no structural consideration can be
drawn. By analogy with G172V, it may be speculated that this mutation stabilizes the B-barrel by
adding hydrophobic interaction.

3.2 Conserved sites

Scanning of the ORF3a variants indicates the sites that are identically conserved in the entire data
set considered. Twenty-eight positions, the 10% of ORF3a sequence, so far, are identically conserved
in all isolates. The positions are listed in Table 5 along with notations about the structural
environments and the possible roles. Four sites are in structural regions not visible by the cryo-EM
analysis and their spatial coordinates are not available. Twelve sites are in the transmembrane
domain and twelve in the B-sandwich cytosolic domain (Fig. 2). Four sites (L71, F79, L139 and Y141)
are involved in pore and tunnel stabilization (Table 5). Eight sites (Q80, L84, P138, F146, 1169,
L203, Y212, and L214) are involved in intra-monomer interactions that assure structural stability
and consistency (Fig. 2). Four conserved positions (Q116, T164, T170 and V228) are at the dimer
interface. In this case also it can be assumed that they are essential for dimer stability. Interestingly,
one of the conserved sites, K132, is close to the putative tetramerization surface suggesting that also
this residue may contribute to the tetramerization interface, as suggested by other authors [15].
Noteworthy is the conservation of Ci133 and Ci57. Residue Ci133 is the most important for
homodimerization and is conserved between different species [15]. The conservation of the two
residues strongly supports this observation and suggests that Ci57 also is essential for ORF3a
structural stability and function. Distance between the sulphur atoms of the two cysteine is 3.9 A that
is not compatible with the presence of a disulfide bridge. However, flexibility of the loop bearing C157
may allow, in certain circumstances, the formation of a bond. Other conserved sites are exposed at
different locations. E102 is exposed at the extracellular side. 1124 is exposed to the bilayer interface.
C200 is exposed to the intracellular compartment and may have, for its reactivity, a role in the
interaction with other cellular components. S209 and E226 are also exposed to the intracellular
compartment. Interestingly, the conserved Y141 and F146 belong to the Domain IV described by Issa

et al [15] that is deemed to be involved in interaction with caveolin.

A multiple sequence alignment of 66 homologous ORF3a (Supplementary Material Table 1 and
Supplementary Material Fig. 2) from other Coronavirus has been calculated to assess whether

the SARS-CoV-2 unmutated positions are conserved in other species. Results were outlined as a Logo
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(Fig. 3). Most of the residues are identically or virtually identically conserved: L84, E102, Q116,
K132, C133, P138, L139, Y141, F146, C157, T164, 170T, 212Y, L214, 248T, 1249. Seven positions
display conservative substitutions, namely conserve the physical-chemical characteristics of the site:
Q70, L71, F79, 1124, 1169, L203, E226. Five positions contain drastic substitutions: F28, C200, S209,
V228 and H243 (Fig. 3).

4. Discussion

SARS-CoV2 is seriously threatening global health and it is claiming many lives. To effectively fight
this pathogen, it is important to understand its evolution and the mechanism of adaptation to the
host. This knowledge will also pave the way to face future epidemics of zoonotic origin. Proteins
coded by the virus genome are the effectors of biological function. Pathogenesis and host adaptation
depend in an intricate way on the changes accumulated by the virus proteins that may lose or acquire
function that alter SARS-CoV-2 properties. In this work we focused onto the ORF3a, a membrane
protein whose three-dimensional structure is available, involved in crucial steps of virus replication
and pathogenesis[18—21]. The genomes deposited in GISAID up to August 2020 were analysed to
record the ORF3a mutations within a space-temporal frame. Possible roles of non-synonymous
mutations on protein functional domains were determined. In general, this protein appears rather

conserved. Indeed, mutation rate is moderate in coronaviruses [34] .

Different SARS-Cov-2 isolates display mutations in all sites of the ORF3a sequence except for 28
positions found identically conserved in all samples considered (Table 3). The size of the data set
we utilized is large and the results we obtained can be considered robust and stable, unlikely to
change significantly soon. Moreover, to avoid inclusion of possible statistical noise, only the top five

most frequent substitutions were considered.

In general, the most frequent mutations found do not influence significantly the central pore
topography. Most of the seventeen mutations were isolated only in specific pandemic periods after
which their frequencies decreased. Considering the entire sample, the five most frequent mutations
are V13L, Q57H, Q57H+A99V, G196V and G252V. According to the predictions, G196V is stabilizing
the protein. By analogy, the mutations V13L and G252V, for which lack of spatial coordinates hinders
predictions, can have also a similar effect. The stabilization can explain the relative success of these
variants. Q57H is stabilizing according to DynaMut and slightly destabilizing from Duet calculations.
Its ubiquitous prevalence in the virus population suggests that the mutation confers the virus an
advantage which may also be connected to the stabilization of the central pore. The other mutations

are predicted to be destabilizing and tend to disappear from the virus isolate population.

However, two mutations (K75N and R126S) remove two basic and positively charged residues from
the proximity of the pore. Lack of positive charges may facilitate translocation of cations and/or alter

pore selectivity. The two mutations have emerged in July and August. Continuous monitoring of
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SARS-Cov-2 ORF3a evolution will indicate whether these changes can attribute the virus any

advantage and become frequent in the population as observed for the change Q57H.

The same analysis provided information on the ORF3a conserved sites. Conservation of a site is often
a strong marker of critical functional relevance [35]. In this study, only identically conserved
positions were considered. The position and the role of these sites is rather heterogeneous. They are
involved in pore, monomer and dimer stabilization and in tetramerization. Four conserved sites are
exposed to the intra- or extra-cellular environment. This pattern suggests possible and essential
interactions with other cellular components. This concept is reinforced by the analysis of the
conservation of the SARS-CoV-2 positions in homologous Orf3a sequences. E102 is exposed to the
extracellular surface. It can be speculated that it may be involved in recognition with host or virus
factors. Conservation of K132, C133, and C157 suggests that the dimerization and tetramerization
functions are an essential structural feature of ORF3a. Conservation of Y141 and F146 corroborate

their role in interaction with caveolin.

Interesting are also the ORF3a positions conserved in the SARS-CoV-2 isolates that are variable in
the other coronaviruses. For example, F28 seems to be unique to SARS-CoV-2. Likewise, C200 and
Ser209 exposed to the cytosolic side are conserved only in a few other SARS-CoV-2 from pangolin
or bats. This pattern points to functions specific to SARS-CoV-2 possibly connected to its peculiar

pathogenicity, contagiousness and ability to cross-species transmission.

Systematic in-silico analysis of the evolution of SARS-CoV-2 genome and proteome is a powerful tool
to provide elements to understand virus biology and pathogenesis and to guide the design of specific
experiments or therapeutic strategies. The observations and the hypotheses here reported can be
experimentally tested, for example, by site-directed mutagenesis and other experimental protocols.
Moreover, the relative conservation of the ORF3a extra- and intracellular domains suggests possible

target for vaccine design.
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Table 1

Data set utilized

Time collection Total number of genomes No. of different ORF3a
interval variants

Start to Feb 2020 2257 68
March 21521 356
April 18316 436
May 8141 294
June 10769 356
Jul 6338 233

Aug 3410 158
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Table 2

Most frequent mutations observed in each time interval and in the entire data set and corresponding geographical location

Start-Feb March April May Jun Jul Aug All
Position Mutation
- Reference 75.9 56.4 59.4 55.1 69.1 75.0 57.8 60.2
L Vol 1.2 2.6 1,5 1.6
3 Ubiquitous UK UK, USA Ubiquitous
0.6
14 T-I Canada, UK
0.5
46 L—F India, USA
0.4 0.7
54 A—S UK UK
QoH 5.0 25.7 24.2 20.0 14.9 9.8 11.8 22.6
57 Ubiquitous Ubiquitous Ubiquitous Ubiquitous Ubiquitous Ubiquitous Ubiquitous Ubiquitous
57 Q—H 1.0 0.7 0.4
99 A-V Netherlands Ubiquitous Ubiquitous
57 Q—H 0.7 0.8 1.5
58 S—N Netherlands Netherlands Netherlands
57 Q—H 1.0
264 Y—C USA
57 Q—H 2.0
172 G-V USA
3.4
75 K—N UK
1.0
108 L—-F UK
0.9 1.6
126 R—S South Africa  South Africa
2.3 0.9
196 G-V Ubiquitous Ubiquitous
0.7
207 F—L UK
8.6
223 T—I UK
11.9 9.1 4.1 0.6 5.2
251 G-V Ubiquitous Ubiquitous UK Europe, USA Ubiquitous
0.5 0.9 1.4
257 N—§ Australia Australia Australia
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Table 3
ORF3a mutant sites
Position> Mutation Structural featuresP
13 V—L Not available
14 T—I Not available

Central pore lining. Aromatic interaction at the interface between TM1

46 L—F of the two subunits.
54" A—S Central pore lining Interface TM1-TM3 of the other subunit
. Q—H Intersection between central pore and lower tunnel. Interface TM1-
57 TM1 of the other subunit
57" Q—H . ,
99" ALV Loop connecting TM1 e TM2 on the extracellular side
57* Q-H Interface TM1-TM3 of the other subunit.
58 S—N
57" Q—H -
179 GV C-terminal side of B3.
57" Q—H . .
264 YO Position 264 not available
. KON Intersection among central pore and upper, lower, intersubunit
75 tunnels. Within TM2.
108" L—F Interface TM1-TM3
126" R—S Intersubunit tunnel lining; TM3
196 G-V Loop connecting 5 and 6. Exposed to the solvent
207 F—L Loop connecting 6 and (7. Exposed to the solvent
Loop connecting 37 and 8. Hydrophobic interaction with 8 of the

223 T—I .

other subunit
251 G-V Not available
257 N—S Not available

a) Asterisks mark mutations within the transmembrane domain
b) Not available indicate that the corresponding spatial coordinates are not available in the PDB file
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Table 4
Predicted effect of mutations on stability
AAG (kcal/mol)

Variants DynaMut? DUET2
L46F 0.874 -0.821
Q57H 0.429 -0.503
K75N -0.559 -0.186
AggV -0.269 -0.152
As54S -0.439 -2.112
S58N -0.176 -0.904
G172V 0.538 0.149
L108F -0.136 -1.153
R126S -2.024 -3.073
G196V 0.173 0.483
F207L -0.063 -0.34
T2231 -0.286 -0.117

a) Boldfaced numbers indicate stabilization
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Table 5

Identically conserved positions in ORF3 sequence

Position? Residue FeaturesP

28 F Not available. Predicted to occur in a-helix.
70 Q N-terminal side of TM1; partly buried
- Lining of the lower tunnel. N-terminal side of TM1; buried. Interacts with
7 Y141 of the other chain
. F Mouth of upper tunnel. Within TM-1; exposed to the surface in contact
79 with the lipid bilayer
84 L TMz2; interaction with TM1 L52
102° E Exposed in a loop connecting TM2 and 3 on the extracellular side
116" Q Buried in TM3; interaction wuth TM1°
124" I TM3: exposed to the lipid bilayer
120" K C-term side of TM3; partly buried. Proximal to the tetramerization
3 interface
133" C C-terminal of TM3
138* P Short helix in the cytosolic domain. Packs against F146. Buried
139" L Upper tunnel. Partly buried; interacts with L127 of TM3
ur Y Lining the lower tunnel mouth. Partly buried; hydrophobic interaction with
4 L71in TM2. Interaction with caveolin.
146 F Buried in 1. Interacts with P138. Interaction with caveolin.
157 C Loop connecting 1 and 2. Buried.
164 T Loop connecting 2 and (33. Partly buried. Dimer interface.
169 I Buried in 3. Hydrophobic interaction with L147, 1167, Y184
170 T B3 at the interface with 3 of the other chain
200 C Exposed on the surface of the cytosolic domain in 6
203 L Buried in 6. Interacts with Y212
209 S Exposed to the surface of the cytosolic domain in 7
212 Y Buried in (7. Interacts with L203
214 L Partially buried in 37
226 E Exposed on the surface of the cytosolic domain

228 \Y% 38 at the interface with 38 of the other chain
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243 H Not available. Predicted in 3-sheet
248 T Not available. Predicted in (3-sheet
249 I Not available. Predicted in f-sheet

a) Asterisks mark residues of the transmembrane domain
b) Not available indicate that the corresponding spatial coordinates are not available in the PDB file
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Figure Legends

Figure 1

(A) ORF3a dimer represented as ribbon model. The two subunits are colored in orange and deep
teal. Variant sites are labelled and the corresponding side chains reported as grey sticks. Transparent
internal spheres indicate the transmembrane channel (yellow) and the tunnels connecting to the
extracellular environment (green). (B) is rotated approximately 90° along the y axis with respect to

(A).

Figure 2

ORF3a dimer represented as ribbon model. The two subunits are colored in orange and deep teal.
Conserved sites are labelled and the corresponding side chains are reported as violet sticks.
Transparent internal spheres indicate the transmembrane channel (yellow) and the tunnels
connecting to the extracellular environment (green). (A) trans-membrane domain; (B) extracellular

domain. The protein is oriented as in Figure 1A.

Figure 3

Logo representation of the conservation of SARS-CoV-2 identical sites among other ORF3a from
different Coronaviruses. X-axis numbering refers to the sequence positions in the ORF3a reference
protein. Pile height is proportional to the information content of the site while letter height indicates
frequency of the residue in the corresponding alignment column. Color indicate physical-chemical
properties. The Logo was built using the alignment reported in Supplementary Fig. 2 using the site
WebLogo.
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Figure 1
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Figure 2
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Supplementary Material Figure Legends

Figure 1
ORF3a dimer represented as ribbon model. The two subunits are colored in orange and deep teal.
Transparent internal spheres indicate the transmembrane channel (yellow) and the tunnels

connecting to the extracellular environment (green).

Figure 2
Multiple alignment among ORF3a sequences from different Coronaviruses listed in Supplementary
Table 1. Numbering refers to the SARS-CoV-2 reference sequence in the first row of the multiple

alignment. Colour scheme marks identical residues in each column.
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