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Abstract

Viruses encode short transmembrane proteins that play vital roles in virus replication or virulence. These
viral miniproteins are often short less than 100 amino acids. Some of these proteins oligomerize in
membranes and form ion channels (viroporins). Viroporins are small proteins with at least one
amphipathic helix that constitutes its transmembrane domain, spanning lipid membranes. Viroporins
induced host responses are activation of inflammasome, apoptosis, and autophagy. Viroporins place an
important role in viral entry, uncoating, replication, assembly and release in the viral life cycle. Most of
the viral mini proteins were discovered by viral genome sequencing. The rational design of specific
antiviral drugs can also be formulated against the viral miniproteins which play a very integral role in the
viral lifecycle. Further scientific research strategies are required to counteract the immunobiology
mediated by the viral miniproteins and may also for discovering the mutants lacking viral miniproteins
attenuated vaccines.
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Introduction

Viruses codes for very short transmembrane proteins that play integral roles in virus
replication and virulence. These viral mini proteins are often 50-100 amino acids and not
homologous to cellular proteins, their open reading frames were often overlooked during the
initial annotation of viral genomes. Some of these viral mini proteins oligomerize in
membranes and form ion channel activity. Some other mini proteins bind to cellular
transmembrane proteins and modulate the activity, whereas still others have an unknown
mechanism of action. Miniproteins are not restricted to RNA or DNA viruses or a particular
viral genome replication strategy. Even though these viral encoded short transmembrane
proteins are called mini proteins but also play a very major and vital role in replication and
virulence of the virus. This present review focuses mainly on what the viral mini proteins can
induce pathophysiology to the host, host immune response against the mini proteins to evade
and antiviral strategies to inhibit the viral mini proteins.

Functions of miniproteins

Viral Miniproteins act as a Viroporins like activity. viroporins are small, hydrophobic trans-

membrane viral proteins that oligomerize to form hydrophilic pores in the host cell membranes

1

= The ion channel activity of viroporin causes disruption in the cellular ion homeostasis, in
particular the calcium ion. Fluctuation in the calcium level triggers the activation of the
host defensive programmed cell death pathways as well as the inflammasome, which in
turn are being subverted for the virus replication benefits (2,

= These proteins are crucial for the pathogenicity and replication of viruses as they aid in
various stages of the viral life cycle from genome uncoating to viral release.

= Several viroporins have also been shown to localize to the endoplasmic reticulum (ER)
and/or its associated membranous organelles. Replication of most RNA viruses is closely
linked to the ER and has been found to cause ER stress in the infected cells 1. On the
other hand, autophagy is an evolutionarily conserved “self-eating” mechanism that is also
observed in cells infected with RNA viruses.

= Both ER stress and autophagy are also known to modulate a wide variety of signaling
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pathways including pro-inflammatory and innate immune
response, thereby constituting a major aspect of host-
virus interactions 1,

= |t is possible to build artificial small transmembrane
proteins called traptamers. Traptamers modulate a variety
of biological processes 1,

Classification

Recent categorization places viroporins into two major classes
based on the number of transmembrane domain (TMD) that
are then further classified into A or B subclasses based on
their membrane topology. Single TMD viroporins in subclass
A have their N terminus facing the ER lumen while those in
subclass B have their C-terminal tails in the ER lumen. For
Class 1A and 1IB viroporins, both N- and C-terminus are
inside the ER lumen or the cytoplasmic matrix, respectively.
An additional third class of viroporins may be necessary as
viroporins with three-pass TMD have been proposed, such as
the non-structural protein 4 (NSP4) of rotavirus ! and 3a of
severe acute respiratory syndrome SARS-CoV [6l,

Structure

Recent advancement in technology such as the ability to
characterize protein structure using nuclear magnetic
resonance (NMR) spectroscopy, has successfully resolved the
structure of several viroporins. X-ray crystallographic images
can also be used to resolve the structure of viroporins
transmembrane domain. M2 of 1AV (Influenza Type A Virus)
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forms a tetrameric pore on the plasma membrane that adopts
different conformations as it conducts proton across the
membrane, whereas for p7 of HCV/( Hepatitis C virus), a
hexameric flower-shaped complex was revealed via single-
particle electron microscopy. P7 has also been found to exist
in heptameric form using transmission electron microscopy

and a model of how both forms could coexist was proposed
iy

Viroporins induced host response

During an active infection, a virus hijacks the host molecular
machinery and turns the host cell into a virus factory. When
the ion channel activity of viroporin is activated during viral
infection, perturbation of the host membrane permeability
occurs, leading to disruption of the cellular ion homeostasis
and subsequent cytopathic events. Many viroporins are
expressed as endoplasmic reticulum (ER) proteins and
remained localized to the ER during virus replication, while
others are partially localized to the mitochondria €. The ER
serves as the organelle for the cell’s calcium ions storage. The
expression of viral ion channels at the ER membrane causes
leakage of Ca2+ from the ER storage into the cytoplasm. It
can also trigger several defensive signaling pathways,
including apoptosis, autophagy, and inflammasome
formation, in an attempt to contain and eliminate the invader.
However, viruses have evolved to adapt and subvert these
defense mechanisms for their growth benefits [,

-1

=

Fig 1: Dual channel role of viroporins in host defense signaling pathway and viral replication

Apoptosis

Apoptosis is a genetically programmed cellular death
mechanism used by the host to eliminate damaged or
unwanted cells through the activation of the caspase cascade.
There are two main signaling pathways, the extrinsic or
receptor-mediated pathway, and the intrinsic or mitochondrial
pathway. Perturbation of the ER Ca2+ storage can also
activate an ER-specific apoptotic pathway that ultimately
leads to the activation of the common apoptosis effector
caspase, caspase-3 [l Viroporins from several viruses have
been shown to trigger apoptosis in a caspase-dependent
manner but the mechanism involved differs between each
virus. Expression of several viroporins from RNA viruses
including the 6K protein from Sindbis virus (SV; family
Togaviridae), M2 from influenza A virus (IAV; family
Orthomyxoviridae), and 2B and 3A from poliovirus (PV;
family Picornaviridae) can activate caspase-3 and lead to the
release of cytochrome-c from the mitochondria proving the
ability of these viroporins to activate the intrinsic

programmed cell death pathway [,

Autophagy

Autophagy occurs through the intracellular membrane
trafficking system by delivering damaged or unwanted
cellular material from the cytosol to the lysosome for
degradation, and thus can be referred to as “self-ecating”.
During autophagy, cellular components are sequestered into a
double-membrane vesicle termed an autophagosome, which
then fuses with a lysosome where degradation can occur.
Viruses have evolved to manipulate and interfere with
different stages of this destructive process to their benefit.

For instance, M2 from the influenza virus can inhibit the
fusion between autophagosome and lysosome independent of
its proton channel activity by interacting with the autophagy-
related protein, Atg6/Beclin-1 1%, By doing so, the
degradation of the autophagosomes is inhibited, leading to the
accumulation of these vesicles in the infected cells. Some
viral infections can induce autophagy-related vesicles’
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formation so they can be subverted to the viruses’ advantage.
For rotavirus infection, autophagy is induced when NSP4
permeabilizes the ER membrane and releases the calcium
storage into the cytoplasm. Further, it activates the calcium-
dependent autophagy pathway, which is then tricked into
transporting the viral proteins from the ER to the viroplasm
for replication and assembly ™. During SARS-CoV
infection, the virus has a profound impact on ER function and
hijacks the ER to process its structural and nonstructural
proteins. When the damage to the ER is severe, the unfolded
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protein response (UPR) triggers apoptosis. To combat that
SARS-CoV activates three key proximal sensors of the UPR,
activating transcription factor 6 (ATF6), inositol-requiring
enzyme 1 (IRE1), and PKR-like ER kinase (PERK), they are
resident transmembrane proteins of ER and it further governs
UPR signaling to activate different genes of encoding ER
chaperones, folding enzymes, and other proteins required for
protein folding, maturation, and degradation. SARS-CoV

mini proteins modulate the UPR to facilitate viral replication
[12]

i Disrupt Calcium homeostasis :

Y

v

ATF-6
IRE-1

v l

Increase cytosolic CaZ* XBP 1 JNK
Reduced ER luminal Ca?* Caspase 12
Y Y
i CaMKK- B : Chaperones Apoptosis
Y
i Autophagosome : Resolvation
Y
i Autophagy :

[CaMKK: Calcium/calmodulin dependent kinases kinase-p, ATF-6: activation of the transcriptional factor-6, IRE-
1: inositol-requiring enzyme 1, INK: c-Jun N-terminal kinase, XBP1: X-box protein 1]

Fig 2: Signaling pathway mechanism of viroporins induced ER stress

Inflammasomes

The antiviral innate immune response that is activated from
the host during ion flux is the complex termed the
“inflammasome.” An inflammasome is a caspase-activating
complex that upon induction results in caspase-1 activation
and pro-inflammatory cytokines secretion. One of the
inflammasome complexes that can be activated via
disturbances in intracellular ionic concentration in addition to
the pathogen-associated molecular patterns (PAMPS) is the
Nod-like receptor family, pyrin domain-containing 3
(NLRP3) inflammasome. Several respiratory viruses are
known to activate the NLRP3 inflammasome in the lung
during infection by causing disturbances to the cellular
potassium and calcium ion homeostasis via viroporins. 1AV is
the most common activator of the NLRP3 inflammasome, in
which it induces the maturation of caspase-1 via dsRNA and
altering the ionic concentration leads to the subsequent
secretion of the pro-inflammatory cytokine, such as I1L-1 (%,

Major viral miniproteins of RNA viruses

Influenza virus — M2 protein

Influenza viruses, enveloped viruses with segmented RNA
genomes, are of great medical importance. Influenza A virus
encodes the M2 protein (A/M2), a 97-amino-acid integral
membrane phosphoprotein with a single membrane-spanning
domain and a 54-amino-acid carboxy-terminus cytoplasmic

tail [, A tetramer of M2 exists in cell membranes and the
envelope of the virus particle, where it acts as a proton-
selective ion channel. The vast majority of these channel
inhibitors have been developed against the influenza A virus
M2 (IAV M2 or AM2), which is the first viroporin discovered
[15]

M2 proton channel activity is essential for influenza virus
replication. Internalization of the influenza virion deposits it
in the endosome, but virus uncoating and delivery of the viral
genome into the cytoplasm requires acidification of the
interior of the virion. Virion acidification is mediated by the
proton channel activity of the M2 tetramer, which conducts
protons from the endosomal lumen into the virion interior.
The ion channel is acid gated highly selective for H* ions (hot
voltage-gated) [,

Mutational analysis and biochemical studies identified the
crucial amino acids that mediate M2 channel activity,
including two polar amino acids on a single turn of the
transmembrane o-helix, histidine 37 and tryptophan 41 [6],
Replacing the histidine with any of several amino acids
allows M2 to transport Na* and K* as well as H*, showing that
histidine confers ion selectivity. The tryptophan appears to
play an important role in activating the channel in response to
low pH, by participating in a pH-dependent conformation
change [*71,

A/M2 is the target of the antiviral drug amantadine and
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rimantadine, which block virus uncoating by inhibiting the
proton channel activity of M2. Mutations in M2 can cause
amantadine resistance. Recent studies demonstrated that
amantadine binds inside the aqueous pore of the M2 tetramer
and inhibits proton channel activity by physically obstructing
ion flow leads to inhibition of uncoating 8 191,

Paramyxovirus - SH proteins

The Paramyxoviruses are enveloped RNA viruses, which
include important human pathogens such as mumps virus and
respiratory syncytial virus. Many paramyxoviruses encode a
short hydrophobic (SH) integral membrane virion protein
between 44 and 60 amino acids long. SH proteins are not
required for virus replication in cultured cells, but viruses
lacking the SH gene are attenuated in vivo 2%, Notably, the
SH proteins of respiratory syncytial virus and parainfluenza
virus 5 are interchangeable in vivo, despite marked sequence
differences 24,

Recent studies found out that particularly striking features of
mumps virus SH is a type | transmembrane protein, i.e., with
its carboxy-terminus in the cytoplasm, whereas SV5 SH
displays the opposite orientation. Paramyxoviruses lacking
the SH protein display enhanced cytopathic effect and
induction of apoptosis, suggesting that a major physiologic
role of the SH protein is the inhibition of apoptosis induced
by viral replication 2. Human metapneumoviruses lacking
the SH protein induce enhanced secretion of pro-
inflammatory mediators in the airway of infected mice as a
consequence of increased activation of the transcription factor
NF- kB 23,

Picorna virus - 2B

Poliovirus - 2B

Protein 2B is a -100 residues long nonstructural protein found
in enterovirus, eg, poliovirus. The single open reading frame
encodes a peptide chain divided into three regions, P1 to P3.
One of the non-structural proteins from the polypeptides in
the P2 region. Poliovirus -2B. Two TM domains, one is more
hydrophobic than the other and found to increase the
concentrations of free calcium in the cytosol. In poliovirus,
2B and 3A viroporins can inhibit the cellular protein secretion
pathway by disassembling the Golgi complex or by blocking
the ER-Golgi trafficking, which results in the accumulation
of membrane vesicles in the cytoplasm. By interfering with
the secretory pathway, poliovirus thwarts the host immune
response against viral infection by shutting off the nascent
MHC class | trafficking as well as down-regulating cytokine
release. It has been proposed to promote viral replication and
repression of the antiviral immune response of host cells 24,

FMDV- 2B

Foot-and-mouth disease virus (FMDV), a single-stranded,
positive RNA virus with a genome of approximately 8,500
bases, belongs to the Aphthovirus genus of the Picornaviridae
family. Nonstructural protein 2B of foot-and-mouth disease
(FMD) virus (FMDV) is comprised of a small, hydrophobic,
154-amino-acid  protein.  Structure-function  analyses
demonstrated that FMDV 2B is an ion channel-forming
protein. 2B can insert itself into cellular membranes to form a
pore. This pore allows the passage of ions and small
molecules through the membrane. They also discovered for
the first time a virus with a pore-forming protein that contains
two independent functional pores. By making mutations in the
infectious clone of FMDV, they determined that mutations in
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either pore resulted in the non-viable virus. Alterations to any
of these structures interfered with pore channel activity and
the capacity of the protein to permeabilize the endoplasmic
reticulum (ER) to calcium and were lethal for virus
replication. Thus, FMDV-2B emerges as the first member of
the viroporin family containing two distinct pore domains.
This suggests that both pore-forming functions are
independently required during FMDV infection and further
stated as essential for the viral replication 2%,

BTV- NSP3

Bluetongue virus (BTV) is a member of the Orbivirus genus
within the Reoviridae family of segmented double-stranded
RNA viruses. Viroporins have been implicated in promoting
virus release from infected cells and in affecting cellular
functions including protein trafficking and membrane
permeability. Nonstructural protein 3 (NSP3) of bluetongue
virus has been shown previously to be important for the
efficient release of newly made virions from infected cells.
NS3 localizes to the Golgi apparatus and plasma membrane in
transfected cells and it can homo-oligomerize in transfected
cells. Usually, BTV is canonically released by cell lysis only
but it also exits non-lyrically. In infected cells, the BTV
nonstructural glycoprotein 3 (NSP3) is found to be associated
with host membranes and traffics from the endoplasmic
reticulum through the golgi apparatus to the plasma
membrane. This suggests a role for NSP3 in BTV particle
maturation and non-lytic egress. They demonstrated that
correct trafficking of the NSP3 protein is required for virus
maturation and release with the help of two polybasic motifs
(PMB1/PMB?2) 1281,

SARS - CoV- 3a, E and 8a

Severe acute respiratory syndrome coronavirus (SARS-CoV),
a member of the genus Betacoronavirus within the family
Coronaviridae, is an enveloped virus with a single-stranded
positive-sense RNA genome of approximately 30 kb in
length. The genome encodes four structural proteins, spike
(S), envelope (E), matrix (M) and nucleocapsid (N), and non-
structural proteins, along with a set of accessory proteins (3a,
3b, 6, 7a, 7b, 8a, 8b, and 9b) [#l. SARS-CoV is the etiological
agent of SARS %81, While many coronaviruses (CoVs) encode
two viroporins, severe acute respiratory syndrome CoV
(SARS-CoV) encodes three: proteins 3a, E, and 8a. They
showed that the full-length E and 3a proteins were required
for maximal SARS-CoV replication and virulence, whereas
viroporin 8a had only a minor impact on these activities. A
virus missing both the E and 3a proteins was not viable,
whereas the presence of either protein with a functional PDZ-
binding motif (PBM) restored virus viability. Collectively,
these results demonstrate key roles for the ion channel and
PBM domains in optimal virus replication and pathogenesis
and suggest that the viral viroporins and PBMs are suitable
targets for antiviral therapy and mutation in attenuated SARS-
CoV vaccines 2,

Conclusions

Most viral mini proteins were discovered by viral genome
sequencing. Many viruses encode small transmembrane
proteins, some shorter than 50 amino acids. Viral mini
proteins regulate many aspects of viral replication and cell
physiology. Viroporins, one class of mini proteins,
oligomerize and form ion channels. A striking feature of viral
mini proteins is the relatively flexible sequence requirements
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in the transmembrane domain. Viral mini proteins and
traptamers are having high specificity. Artificial small
transmembrane proteins that display a variety of biological
activities can be constructed and selected. Artificial small
transmembrane Proteins modeled on viral mini proteins called
Traptamer protein-Can alter cell behavior. Traptamers can
also be used to activate/dissect cellular pathways. Ribosome
profiling, which has identified novel translated ORFs in
cytomegalovirus, will also be useful for identifying new mini
proteins. Proteomic analysis of infected cells or purified
virions may be useful in future discovery. Future research
strategies may also overlook most of the nonstructural
proteins showing viroporins like activity of viral mini proteins
instead of looking only for the structural proteins of the virus.
Rational design of specific antiviral drugs can also be
formulated against the viral mini proteins which play a very
integral role in viral replication, pathogenesis, and viral
release. Further scientific research methodologies required to
counteract the immunobiology mediated by the viral mini
proteins and may also for discovering the mutants lacking
viral mini proteins attenuated vaccines.
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