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Enveloped viruses such as Coronaviridae (CoV) enter the host cell by fusing the viral envelope directly with the
plasma membrane (PM) or with the membrane of the endosome. Replication of the CoV genome takes place in
membrane compartments formed by rearrangement of the endoplasmic reticulum (ER) membrane network.
Budding of these viruses occurs from the ER-Golgi intermediate compartment (ERGIC). The relationship between
proteins and various membranes is crucial for the replication cycle of CoVs. The role of transmembrane domains
(TMDs) and pre-transmembrane domains (pre-TMD) of viral proteins in this process is gaining more recognition.
Here we present a thorough analysis of physico-chemical parameters, such as accessible surface area (ASA),
average hydrophobicity (Hay), and contribution of specific amino acids in TMDs and pre-TMDs of single-span
membrane proteins of human viruses. We focus on unique properties of these elements in CoV and postulate
their role in adaptation to diverse host membranes and regulation of retention of membrane proteins during

replication.

1. Introduction

To replicate, viruses must enter the host cell and hijack the cellular
machinery. Enveloped viruses consist of a lipid membrane envelope,
which encloses their genome, and membrane proteins anchored to the
surface of the envelope. Some of these surface proteins are essential for
viral entry as they are the first to encounter the target cell membrane.
The viral genome is released in the host cell and is replicated and
translated to synthesize the viral proteome. The assembly of young vi-
rions occurs via budding, which can take place at any step between the
endoplasmic reticulum (ER), Golgi complex (Golgi), and plasma mem-
brane (PM), and a new envelope is acquired by pinching off of the host
cell membrane (Rheinemann and Sundquist, 2021).

The first step of viral entry is the attachment of the virion to the
surface of the host cell. This occurs through the noncovalent interaction
of viral fusion proteins and specific surface cell receptors. Fusion pro-
teins are anchored in the viral envelope through their transmembrane
domains (TMDs) and bind to cell receptors via receptor-binding domains
(RBDs). RBDs are located within the protein’s ectodomain, protruding
from the viral envelope to the outside of the viral particle. The second
step of the viral entry is membrane fusion. Fusion between viral and host
membranes is an essential step for envelope viruses to enter the cell.

* Corresponding author.

Membrane fusion may occur directly between the viral membrane and
the host cell PM (early entry) or after internalization via endocytosis, in
which the viral membrane fuses with the membrane of the endosome
(late entry) (Pempler, 2012). For the membrane fusion to take place,
fusion proteins must be activated. The activation requires proteolytic
cleavage of fusion protein precursors (PM fusion) or an additional sub-
sequent drop in pH (endosome fusion). Activation of these proteins re-
sults in conformational changes, which allow them to bring two
membranes closer together by insertion of a fusion peptide (FP) into the
membrane (White et al., 2008). FPs are formed when the preprotein
undergoes its proteolytic activation. The free energy released by this
conformational change is necessary to overcome the repulsive forces
between the membranes, which ends in their fusion.

Certain families of enveloped viruses such as Coronaviridae, or simply
coronaviruses (CoVs), can enter the host cell either by fusing directly
with the PM or via internalization and endocytosis. As enveloped vi-
ruses, CoV virions contain their positive-sense, single-strand RNA
genome in a membrane envelope, which harbors three to four structural
proteins: the spike protein (S), the matrix protein (M), the envelope
protein (E), and sometimes the hemagglutinin esterase (HE). These
membrane proteins first encounter the PM at the initiation of infection
and later during the replication cycle are translated and incorporated
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into the ER, endoplasmic reticulum-Golgi intermediate compartment
(ERGIC) and after budding, in the secretory pathway through the Golgi
(Welsch et al., 2007). Interestingly, the CoV genome replication takes
place in special membrane structures, which are induced via drastic
modification of host membrane architecture to act as platforms for
replication-transcription complexes (RTCs) and to shield newly syn-
thesized RNA genome from the cell’s immune mechanisms (reviewed in
V’kovski et al., 2021). The most common membrane-derived structures
formed by CoVs are double-membrane vesicles (DMVs). Additionally,
RNA synthesis benefits from the association with macromolecule-rich
membranes such as the intracellular membranes of ER and Golgi
(Zhang et al., 2020). Therefore, CoV membrane proteins interact with a
diverse array of membranes across the host cell.

The ER, ERGIC, Golgi and PM are not uniformly thick due to a
different distribution of cholesterol and sphingolipids. This creates a
gradient spanning from thinner and cholesterol-poor intracellular
membrane compartments to thicker and cholesterol-rich PM (Bretscher
and Munro, 1993). This is evident in TMDs of single-span human
membrane proteins and their affinity to so-called lipid rafts. Lipid rafts
are fluctuating membrane microdomains, rich in cholesterol and
sphingomyelin, which have been implicated in important cell functions
such as signal transduction by harboring receptor and channel proteins
and association with cytoskeletal elements such as microtubules or actin
filaments (Simons and Ikonen, 1997; Allen et al., 2007; Coskun and Si-
mons, 2011). Moreover, they have been shown to play an important role
in viral entry and budding (Takeda et al., 2003). It has been demon-
strated that certain physico-chemical characteristics affect the associa-
tion of TMDs with lipid rafts: the surface area of TMDs, their
hydrophobicity, length, and palmitoylation (Lorent et al., 2017). TMDs
with a smaller surface, determined by their amino acid side chains,
preferentially associate with lipid rafts in PM while bulkier TMDs are
more likely to reside in thinner, cholesterol-poor, intracellular mem-
branes. This general principle, which governs the affinity of TMDs of
single-span human membrane proteins to lipid rafts and different
cellular membranes, begs the question of how physico-chemical prop-
erties of viral protein single-span TMDs differ between viral families and
whether there is any link between viral TMD properties and viral
biology.

There is a growing body of studies, which demonstrate that hydro-
phobic stretches of membrane proteins, which act as their TMD regions,
have a function beyond the passive anchor they are usually associated
with. A recent study has shown that TMD peptides can cause liposome
membrane fusion through the mechanism of lipid binding and lipid
splay (Scheidt et al., 2018). Studies have demonstrated that disruption
of native TMD sequences can have consequences for correct viral entry
(Broer et al.,, 2006) and budding (Arbely et al., 2004). An alanine
scanning insertion study has shown that Mouse Hepatitis Virus (MHV) E
protein TMD is crucial for correct viral assembly (Ye and Hogue, 2007).
In another study, it was demonstrated that insertion of alanine residues
in the predicted TMD of the SARS-CoV ORF7b protein resulted in the
shift in localization of the protein from the Golgi to the PM (Schaecher
et al., 2008).

We have previously looked into the physico-chemical characteristics
of TMD regions of influenza A virus (IAV) hemagglutinin (HA) according
to their subtypes and host organisms (Kubiszewski-Jakubiak and Worch,
2020). Our observations suggest that distinct differences in available
surface area (ASA), average hydrophobicity (H,y), and the hydrophobic
moment (pug) of HA TMDs could have an important effect on
protein-lipid interaction, HA oligomerization, and orientation. In that
study we also looked into the membrane proximal region or
pre-transmembrane domain region (pre-TMD) of IAV HA, which con-
nects the HA TMD with its ectodomain. It has been described as a flex-
ible juxtamembrane linker and it was shown to be involved in a tilt of up
to 52° of the HA TMD from the threefold axis of the HA ectodomain
(Benton et al., 2018). We hypothesized that due to significant differ-
ences in TMD ASA and H,, and pre-TMD py between H1 and H3
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subtypes, it could be involved in the formation of the heterosubtypic
immune response (Kubiszewski-Jakubiak and Worch, 2020). Similar
pre-TMD regions have been described for other envelope viruses such as
HIV-1, SARS-CoV and Ebola (Salzwedel et al., 1999; Howard et al.,
2008; Lee et al., 2017). They are often referred to as the membrane
proximal extended regions (MPERs) and although they differ in primary
amino acid sequence they are similarly flexible, enriched in aromatic
residues and contain cholesterol-binding motifs, all of which implicate
that these regions may have a functional role in viral entry, specifically
in the process of membrane fusion (Sainz et al., 2005; Apellaniz et al.,
2011).

To elucidate the importance of membrane-associated regions of viral
proteins, we decided to conduct a thorough study of all available TMD
and pre-TMD sequences from single-span membrane proteins of known
human pathogenic viruses. We focused on various physico-chemical
parameters such as the accessible surface area (ASA), average hydro-
phobicity (Hay), as well as the contribution of particular amino acid
residues. We observed that CoV TMDs and pre-TMDs differ significantly
as compared to other studied viral families, therefore we decided to
focus our analysis on CoVs and discussed their unique properties in
relation to human proteins and CoV replication cycle.

2. Results and discussion

2.1. CoV TMDs have larger ASA and are more hydrophobic compared to
other viruses

We began by assembling a comprehensive set of sequences of TMDs
and pre-TMDs of single-span membrane proteins from viruses known to
infect humans. This included several enveloped viral families (Herpes-
viridae, Poxviridae, Retroviridae, Arenaviridae, Filoviridae, Hantavirus,
Nairoviridae, Orthomyxoviridae, Paramyxoviridae, Flaviviridae, Pneumo-
viridae, Rhabdoviridae, Coronaviridae, Flaviviridae, Metano Virus and
Togaviridae) as well as few non-enveloped viral families (Adenoviridae,
Papillomaviridae,  Reoviridae,  Caliciviridae,  Picornaviridae = and
Hepeviridae).

Since physico-chemical parameters of TMD regions have been shown
to influence their lipid interaction properties and affinity to lipid rafts,
we calculated the accessible surface area (ASA) and average hydro-
phobicity (H,y) of all TMD sequences in our dataset. We observed that on
average, TMDs of proteins belonging to the Coronaviridae (CoV) family
have a larger ASA value as compared to other viral families. The average
value of ASA for CoV TMDs was 700 + 44 A2 (mean =+ standard devia-
tion) while that for other families was 644 + 67 A2 (Fig. 1a). We also
observed that ASA for human proteins from the endoplasmic reticulum
(ER) (640 £+ 60 Az) and the Golgi (663 + 56 f\z) was higher than that for
the plasma membrane (PM) (585 + 37 Az), which was consistent with
observations by Lorent et al., 2017) (Lorent et al., 2017). It seems that
CoV TMD ASA has shifted towards higher values as compared to other
viruses as well as human proteins located in the ER, Golgi and PM. As
mentioned previously, bulkier TMDs preferentially locate in intracel-
lular membranes such as those of ER and Golgi. As CoVs bud from the
ERGIC (Ujike and Taguchi, 2015), TMDs of their membrane proteins
could have evolved larger surface areas to fit in these compartments.
Retention of viral membrane proteins in intracellular membranes is
crucial for the correct and efficient maturation of CoV viral particles. It is
hypothesized that viral proteins are retained by one of two mechanisms:
the “bilayer thickness model” or the “kin recognition model”. The first
one proposes that a shorter TMD would be retained in the ER and Golgi,
where the bilayer is thinner than the PM (Bretscher and Munro, 1993).
As mentioned above, the membrane thickness of different intracellular
membranes varies due to their cholesterol and sphingolipid composi-
tion. It is hypothesized that this could play a significant role in the
trafficking of membrane proteins. It is possible then, that due to the
lower cholesterol and sphingolipid content of ER and Golgi compart-
ments, as compared to the PM, CoV TMDs adapted to membranes, which
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Fig. 1. Coronaviridae (CoV) TMD have larger (a) ASA and (b) are more hydrophobic as compared to other viruses. Corresponding values for TMDs of human
membrane proteins in ER, Golgi and plasma membrane (PM) are shown in the lower panel. The values for Coronaviridae differ significantly from all others: (Wilcoxon
test) p-values < 0.001 in all cases, except for Coronaviridae and Golgi ASA (p < 0.02).
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Fig. 2. Coronaviridae (CoV) TMD have fewer (a) polar, (b) strongly polar and (c) charged amino acids as compared to other viruses. Corresponding values for human
TMDs of human membrane proteins in ER, Golgi and plasma membrane (PM) are shown in the lower panel. The values for Coronaviridae differ significantly from all
others: (Wilcoxon test) p-values < 0.001 in all cases, except for the numbers of charged amino acids in Coronaviridae and plasma membrane proteins (p = 0.56).



S. Kubiszewski-Jakubiak and R. Worch

are not lipid raft-rich and during trafficking would be excluded from
lipid rafts destined for the PM. Additionally, raft association correlates
with proteins of smaller ASA values (Lorent et al., 2017), which could
explain retention in ER and Golgi of these proteins.

Similarly, we observed that the average hydrophobicity (H,y, ac-
cording to GES scale) of CoV TMDs was significantly higher (2.5 + 0.2)
as compared to that of TMDs of proteins of other viral families (1.8 +
0.5) (Fig. 1b). The distribution of hydrophobicity was also different
between human proteins from different membrane systems (ER and
Golgi: 1.8 + 0.4, PM: 2.2 + 0.2) and again CoV TMD Hy, values were
higher than those of other viruses and human proteins. The ASA and H,y
values for particular viral families are shown in Supplementary Fig. 1. As
the H,y is dependent on the number of polar versus non-polar amino acid
residues within the TMD, to further analyze the detailed composition of
viral TMDs we divided the amino acids into three categories: polar,
strongly polar, and charged (Fig. 2, see Materials and Methods for
details).

We observed that CoV TMDs contain significantly fewer polar,
strongly polar, and charged amino acid residues as compared to TMDs of
other viruses. In more detail, in the analyzed TMD fragments of 21
amino acids, on average CoV contained fewer polar residues (1.9 £+ 1.1)
as compared to other viruses (3.6 &+ 2.0). In comparison to TMDs of
human membrane proteins, depending on the organelle: ER: 3.5 + 1.6,
Golgi: 3.7 £ 1.7 and PM: 0.6 + 1.2 (Fig. 2a). For strongly polar residues,
CoV TMDs contained on average 0.25 + 0.45, other viruses: 0.9 + 1.0,
whereas human proteins: 0.96 + 0.88 in ER, 1.1 + 1.1 in Golgi and 0.06
+ 0.28 in PM. Finally, charged residues were not found in CoV TMDs, in
contrast to other viruses (0.49 + 0.74). The average number of polar
residues in TMDs showed a substantial difference between organelles of
human cells: 0.44 + 0.72 in Golgi, 0.46 + 0.65 in ER and 0.03 + 0.18 in
plasma membrane. Probably this trend is related to avoiding unspecific,
electrostatically-driven, protein-protein interactions in the membrane
milieu.

2.2. Contribution of specific amino acid residues and dimerization motifs
in TMDs

Intrigued by differences in the content of polar, strongly polar, and
charged amino acid residues, we further analyzed the contribution of
specific amino acids in all TMDs (Table 1). We observed that 75.0% of
CoV TMDs contain cysteine residues (at least one per TMD) while for
other viruses it was only 40.0% (36.1% in ER and 51.0% in Golgi and
only 8.7% in PM for TMDs of human membrane proteins). Cysteine
residues of viral proteins are S-acylated, predominantly in the form of
palmitoylation and stearation (reviewed in (Veit, 2012):). Palmitoyla-
tion is a covalent fatty acid modification, which adds a 16-carbon, pal-
mitic acid chain to protein cysteines. It enhances protein affinity to the
membrane milieu and is known to be involved in virus assembly and
infection and has been proposed to have a trafficking function (Cham-
berlain and Shipston, 2015). Palmitoylated cysteine residues usually are
located in the cytoplasmic tail of the membrane protein or the vicinity or
inside of its predicted TMD. According to a recent review, many of CoV
membrane protein cysteine residues are either predicted to or have been
experimentally shown to be palmitoylated (Tanner and Alfieri, 2021).

Table 1
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Perhaps due to bulkier and more hydrophobic TMDs, CoV membrane
proteins contain more cysteine residues, which can be palmitoylated to
increase the lipid raft association. This could act as a regulation mech-
anism for the retention in ER and Golgi versus loading into vesicles and
trafficking via the secretion pathway. Distribution of the number of
cysteine residues in CoV TMDs and other viruses is presented in Sup-
plementary Fig. 2.

Interestingly, only 25.0% of CoV TMDs contain glycine residues (at
least one per TMD), while for other viruses it is 69.3%, 72.2% for ER,
59.0% for Golgi and 95.1% for PM TMDs (Table 1). Majority of glycine
residues in CoV TMDs are present in the form of the GxxxG motif (Senes
et al., 2000) but none in the extended FxxGxxxG motif (Unterreitmeier
et al., 2007). It has been demonstrated that the GxxxG motif is uniquely
inserted in the SARS-CoV S protein TMD, and not present in other CoV
TMDs and it is important for trimerization of S protein monomers
(Arbely et al., 2006) however, disputed by work from Corver et al.,
2007) (Corver et al., 2007), who demonstrated that GxxxG is not
involved in trimerization and is not important for S protein-mediated
entry. In fact, according to Corver et al., 2007), the glycine residue
G1205 alone is important for the entry of the virus. Similarly, more than
56% of CoV TMDs contain W residues, some of which (~22%) are
organized in the WxxF oligomerization motif (Johnson et al., 2007).
Other motifs such as LIxxGVxxGVxxT, SxxSSxxT, and SxxxSSxxT were
not observed in our viral TMD dataset. This observation is in line with
the “kin recognition model” of retention of proteins, which states that
membrane proteins might form large homo- or heterooligomers within
the ER and Golgi membranes, which would prevent their transport into
vesicles for trafficking through the secretory pathway (Nilsson et al.,
1993, 1994).

Finally, we observed that a high percentage (93.8%) of CoV TMDs
contained phenylalanine (F) as compared to other viruses (81.3%), ER
(81.2%), Golgi (89.2%) and PM (28.3%). It has been proposed that Golgi
resident proteins contain TMDs with high F content (Lundbak et al.,
2003). The F residues contain large side chains, which could be ener-
getically unfavorable for membrane domains rich in cholesterol. That
could offer another explanation for how ER and Golgi TMD and CoV
TMD help the proteins to retain in the intracellular membranes.

2.3. The pre-TMD regions of CoV single-span proteins are enriched in
aromatic amino acids

The pre-TMD regions of envelope viruses have been shown to play a
role in membrane fusion and are considered the holy grail of immuni-
zation due to their conserved sequences as demonstrated for IAV HA2
(Kirkpatrick et al., 2018) and SARS-CoV-2 S2 subunits (Ng et al., 2021).
We looked into these regions (11 amino acid long fragments upstream of
the TMD) in single-pass viral proteins in our dataset and observed that
on average CoV pre-TMD regions contain significantly more aromatic
residues compared to other viral families (Fig. 5). Specifically, we
observed that 53.3% of CoV pre-TMDs contained at least one W residue
while for other viral families it was 21.0%. In case of F residues it was
53.3% in CoV and 29.7% for other viruses and for Y it was 73.3% and
35.6% for CoV and other viral families respectively (Table 2). Enrich-
ment of aromatic amino acids has been previously reported for pre-TMD

Percentages of TMDs containing at least one amino acid (C, G, W) or a motif for Coronaviridae, other viruses and human single-span proteins in ER, Golgi and plasma

membrane (n - total number of proteins).

amino acids Motifs
n C G w F S GxxxG QxxS FxxGxxxG FxxS WxxF
Coronaviridae 16 75.0 25.0 56.3 93.8 56.3 18.8 0.0 0.0 12.5 12.5
other viruses 472 40.0 74.6 28.8 81.4 67.4 8.9 0.6 0.6 9.7 2.5
ER 479 36.1 72.2 45.9 81.2 70.8 9.2 0.6 1.9 7.9 4.2
Golgi 553 51.0 59.0 36.7 89.2 75.6 9.2 1.1 0.4 9.6 1.3
plasma membrane 6100 8.7 95.1 4.7 28.3 11.5 37.1 0.0 0.2 1.0 0.3
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Fig. 4. Physico-chemical parameters for TMDs of viruses budding by cellular exocytosis. (a) ASA of TMDs is larger for viruses budding by exocytosis (Wilcoxon test,
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Fig. 5. Coronaviridae (CoV) pre-TMD regions are enriched in aromatic residues as compared to other viruses. The panels show (a) all aromatic residues, (b) W, (c) Y
and (d) F. p-values (Wilcoxon test): (a) p < 0.05, (b) and (c) p < 0.001, (d) p < 0.08.

Table 2

Percentages of pre-TMDs containing at least one amino acid (C, G, W, F, S, Y) or a motif for Coronaviridae and for other viruses (n - total number of proteins).
preTMD N C G w F S Y GxxxG QxxS FxxGxxxG FxxS WxxF
Coronaviridae 15 6.7 100.0 53.3 53.3 13.3 73.3 0.0 0.0 0.0 0.0 0.0
other viruses 424 12.5 43.6 21.0 29.7 59.2 35.6 2.6 1.7 0.0 3.5 0.5

regions such as SARS-CoV MPER and it has been demonstrated that W
residues specifically play a role in maintaining the MPER structure
allowing it to form a quaternary structure with the internal fusion
peptide to aid membrane fusion (Liao et al., 2015). We also observed

that in all CoV pre-TMD regions in our dataset there is at least one G
residue present (Table 2). This could explain the flexibility of this region,
which was previously reported, and combined with aromatic enrich-
ment explain the mechanism of pre-TMD region involvement in the
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membrane fusion process. Interestingly, despite a high number of G, W
and F residues, we have not observed any of the mentioned dimerization
motifs present in CoV pre-TMD regions.

2.4. The role of TMD: active player versus passive hydrophobic zipper

It is becoming more evident that TMDs of viral membrane proteins
play a crucial role in viral replication cycles. Previously, we have hy-
pothesized that different physico-chemical properties of the TMD of IAV
HA of different HA subtypes can have an important role in the posi-
tioning of the ectodomain and thereby influence the immunogenicity of
HA protein (Kubiszewski-Jakubiak and Worch, 2020). The importance
of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) ORF7b
TMD was demonstrated for the retention in Golgi (Schaecher et al.,
2008). SARS-CoV ORF7b is a type III integral membrane protein. The
ORF7b chimera was generated by replacing the native TMD with the
21-residue TMD from the human endoprotease furin, which abolished
retention in the Golgi. A scanning alanine mutagenesis was performed
on the ORF7b TMD. The highest level of PM expression of the alanine
mutant (i.e. lowest retention in the Golgi) was observed for mutants in
the 13-15 and 19-22 section of the TMD segment, which contained all
non-polar and aromatic residues.

To further investigate the potential importance of TMD ASA and H,,
parameters we performed the analysis of the WT ORF7b and two alanine
stretch mutants (Fig. 3) by calculating the ASA and the H,, and we
generated the Wenxiang diagrams of their TMDs. We observed that Hy,
values were slightly lower in the alanine stretch mutants (13-15: 2.7 and
19-22: 2.7) as compared to WT (2.9). Similarly, ASA was lower in the
13-15 mutant (694 10\2) and 19-22 mutant (660 f\z) as compared to the
WT ASA (730 Az). It shows that potentially a thinner TMD, with fewer
hydrophobic residues, is not as likely to be retained in the Golgi. Indeed,
an alanine scanning insertion mutagenesis of the TMD belonging to the
MHV E protein showed that disruption in the TMD can affect virus
growth (Schaecher et al., 2008). MHV E is a viroporin that plays a crucial
role in the viral replication of CoV. Insertion of an alanine residue into
the TMD helix causes all amino acid residues on its carboxy side to rotate
by approximately 100°. In this study, eight alanine insertion mutants
(designated as Ala 1-8) were constructed by positioning the residues at
various places across the hydrophobic domain. All alanine insertions
affected the virus growth as determined by the plaque assay but the most
severe phenotype was observed for Ala 3-6 mutants. The integrity of the
helix and possibly the positions of polar hydrophilic residues may be
functionally important as insertions caused decreased viral growth.

2.5. TMD ASA of viruses budding by cellular exocytosis is higher
compared to other viral families

The process of budding from ER, ERGIC, and Golgi, which takes place
during the maturation of enveloped viruses, implies that young viral
particles are exported by cellular exocytosis. Therefore, we decided to
check whether the TMD ASA of exocytotic viruses in our database is
different when compared to non-exocytotic viruses. Indeed we observed
that on average TMDs of proteins belonging to exocytotic human
pathogenic viruses had larger ASA values in comparison to non-
exocytotic pathogens (Fig. 4a). As CoVs are known to replicate in pre-
viously mentioned membrane structures, such as ER DMVs, and have
been shown to bud from ERGIC (Ujike and Taguchi, 2015), it seems
likely that their TMDs would have physico-chemical characteristics
adapted to these membranes.

As we have observed that both ASA and H,y are significantly higher
in CoV TMDs as compared with other human viral pathogens, we
wanted to see how these two parameters correlate. Therefore, we
checked the correlation between ASA and Hy, for individual viral fam-
ilies, which are known to exit the cell via exocytosis. Interestingly, we
observed that values for ASA versus H,y cluster for CoV and Flaviviridae
(Fig. 4b). TMDs of CoV membrane proteins have higher ASA values (700
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+ 44 /0\2) and are more hydrophobic (2.5 + 0.2) as compared to Flavi-
viridae (626 & 50 A% and 1.0 + 0.0, ASA and H,y, respectively). Both of
these families have been shown to bud from specialized membrane
structures; however, CoVs replicate in DMVs while Flaviviridae form ER
spherules for their genome replication. Moreover, CoV virions bud from
ERGIC while Flaviviridae from the ER (Ujike and Taguchi, 2015; Welsch
etal., 2009). Perhaps there is a very specific and discrete combination of
ASA and H,y of TMD segments, which allows CoVs to traffic and retain
their membrane proteins for precise assembly and budding from the
ERGIC compartment. The other viral family known to bud from ERGIC,
namely the Arteriviridae, was not included in our dataset as there are no
known human pathogens in this family according to the ViralZone
database.

Noticeably, there is no clear clustering of ASA vs H,, for other
exocytotic viral families such as Herpesviridae and Poxviridae. Both
families showed a wide spread of ASA and H,, parameters (Fig. 4c).
These viral families have been shown to bud from the Golgi and the
trans-Golgi network (TGN) respectively (Mettenleiter et al., 2006; Smith
and Law, 2004). Moreover, they do not employ modified host cell
membrane structures for genome replication. Instead, they replicate
their genome within the host cell nucleus (Herpesviridae) or viroplasm
(Poxviridae), which is a cytoplasmic inclusion compartment unrelated to
membranes. This could suggest that there is a functional link between
the ASA and H,y of viral membrane TMDs and the way viruses coordi-
nate the genome replication in modified membrane structures, assembly
of properly targeted membrane proteins, and budding within the com-
plex membrane network of the host cell. As for other exocytotic viral
families, our database contains only one entry for Reoviridae (on average
ASA = 631.5 12\2; Hay = 1.1) while there is no representation from
Bunyaviridae and Hepadnaviridae since there are no predicted membrane
proteins in those families.

3. Conclusion

Evidently, TMD and pre-TMD regions of viral proteins have essential
functions in viral replication cycles. Our analysis of human pathogenic
viral membrane-associated segments has shown that CoV TMDs and pre-
TMDs have distinct features when compared to other viral families. We
demonstrated that CoV TMDs have a higher accessible surface area
(ASA) and higher average hydrophobicity (Hay), which might play an
important role in protein-lipid interactions and affinity to lipid rafts. We
observed that CoV TMDs amino acid sequences shifted towards dime-
rizing motifs as calculated by the contribution of G and W residues.
Moreover, CoV TMDs have a high number of large side chain-containing
phenylalanine residues as well as cysteine residues, which can be
potentially S-acylated, all of which could act as a retention/secretion
regulation mechanism. We postulate that CoV TMDs have acquired these
features to adapt to varying membrane milieu across the cell which fa-
cilitates efficient CoV replication, budding, and exocytosis.

4. Materials and methods
4.1. Source of sequences

We assembled the set of viral proteins based on ViralZone (https://vi
ralzone.expasy.org/) (Hulo et al., 2011) entries (human viruses, refer-
ence stains). In the case of polyproteins, the sequences were compared
with Uniprot (https://www.uniprot.org/) (Bateman et al., 2021)
PTM/Processing annotations and manually divided into sequences of
processed proteins (in total 39 entries). Their protein sequence frag-
ments resulting from cleavage were added manually to the dataset. The
sequences of human proteins were downloaded from UniProt. Organelle
location was obtained by adding a corresponding keyword to the query
(keyword: “Endoplasmic reticulum” or “Golgi apparatus” or “Cell mem-
brane™). Viral proteins were excluded by the keyword NOT host: "Homo
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sapiens (Human) [9606]".

4.2. Transmembrane region prediction

Reviewed sequences were downloaded in FASTA format and were
used as an input for TMD prediction using TMHMM 2.0 server. Single-
span membrane proteins were selected by PredHel = 1 notation in the
output for both viral and human datasets to exclude the multi-span
protein bias. To further confirm the presence of a single-span TMD we
have manually scanned all sequences and added Uniprot single-span
annotated proteins, which were missed. We applied the procedure of
TMD selection performed in other studies (Senes et al., 2000; Unter-
reitmeier et al., 2007). In short, the sequences predicted by the TMHMM
2.0 were extended by 5 amino acids from both ends, and the region of 21
amino acids of the highest hydrophobicity according to the GES scale
was assigned as TMD. Only 6.4% of the entries with predicted TMDs did
not have “transmembrane” annotation for the corresponding UniProt ID.
To avoid potential bias, the set was reduced to 40% homology (sepa-
rately for viral and human proteins). The pre-TMD regions were chosen
as an 11 amino acid fragment upstream of the predicted TMD while
fragments shorter than 11 amino acids were not included in the analysis.
For the TMDs of the normalized lengths average hydrophobicity (GES
scale) and accessible surface area (ASA) were calculated. The ASA values
for individual amino acids (a set of values for membranous regions of
membrane proteins) were taken from (Yuan et al., 2006). For the
composition analysis, we divided the amino acids into the following
categories, similarly to Worch at al. (Worch et al., 2010): polar (S, T, Y,
N, Q, H, R, K, D, E), strongly polar (for which S, T and Y were excluded)
and charged (R, K, D, E; H was treated as neutral). The analysis was
performed using home-written Python 3.7 scripts. Supplementary data 1
and Supplementary data 2 contain the records for viral and human
TMDs, respectively.
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