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1. INTRODUCTION

Viruses are noncellular parasites that can infect a huge variety of hosts, including
bacteria, algae, fungi, plants, insects, and vertebrates, including humans. The
main feature of viruses is their ability to adapt to the host cell environment and
change and use cellular resources to perform their own replication. Viruses are
classified based on their origin, hosts, and replication cycles. The current
taxonomy (March 2022) recognizes 6 realms, 10 kingdoms, 17 phyla, 2 sub-
phyla, 39 classes, 65 orders, 8 suborders, 233 families, 168 subfamilies, 2,606 ge-
nera, 84 subgenera, and 10,434 species of viruses (https://ictv.global/taxonomy).

Alphaviruses (realm Riboviria, kingdom Orthornavirae, phylum Kitrino-
viricota, class Alsuviricetes, order Martellivirales, family Togaviridae, genus
Alphavirus) are positive-strand RNA viruses. Most alphaviruses known to date
are arboviruses; they infect their vertebrate host via arthropod vectors (inverte-
brate host). Currently, alphaviruses are one of the major medical concerns world-
wide. The genus Alphavirusincludes important human pathogens such as chikun-
gunya virus (CHIKYV), o’nyong-nyong virus (ONNV), Ross River virus (RRV),
Sindbis virus (SINV) and Eastern equine encephalitis virus (EEEV). The largest
outbreaks have been reported for CHIKV infection, with more than 500,000
recorded cases (1). There are no antiviral drugs or licensed vaccines currently
available which protect against CHIKV or any other alphavirus infection. The
high pathogenicity of many alphaviruses and the lack of suitable research tools
hamper our understanding of the mechanisms involved in virus replication and
interactions with hosts and vectors.

The key to understanding the biology and pathogenesis of alphaviruses lies in
studying the viral genome replication process carried out by virus-encoded non-
structural (ns) proteins (nsPs), representing replicase subunits and involved in
every stage of RNA replication as well as in other processes crucial for virus
infection. Biological, biochemical, and biophysical studies have been applied to
reveal the functions of individual nsPs as well as their synergistic effects. Among
the alphaviral nsP proteins, nsP2 can be viewed as a central player and is therefore
extensively studied. nsP2 is a multifunctional protein with four enzymatic activi-
ties involved in the RNA replication process. In addition, it also plays an impor-
tant role in the modulation of antiviral response, development of cytopathic effect
(CPE), and virion formation (2, 3). Therefore, mutations introduced into nsP2
result in different effects on viral infection, from virus attenuation (including the
generation of a noncytotoxic phenotype) to the complete lack of RNA synthesis
and virus infectivity.

The aim of this work was to analyze the properties of components of the alpha-
virus RNA replicase. The focus was on nsP2 of CHIKV, SINV and RRV and on
the RNA replicase of the poorly studied EEEV. This work was intended to dis-
cover mechanisms underlying the ability of nsP2 to interfere with infection by
competing (superinfecting) virus and to analyze how the functions of nsP2 can
be altered by introducing the substitution(s) into the protein sequence. Our findings
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revealed new properties of the alphavirus nsP2 protein. Simultaneously, our
findings shed light on the formation of virus replicase as the result of sequential
processing of the replicase precursor (ns polyprotein) by the wild type (wt) and
modified nsP2 proteins of homologous and heterologous alphaviruses. In
addition, this work allowed us to map the substitutions in nsP2 that are involved
in the regulation of the IFN response. We also obtained novel information
regarding RNA replication of EEEV, including previously unnoted requirements
of replicase formation and template RNA recognition. These novel findings
enhance our understanding of the details of the alphaviral RNA replication
mechanisms and interactions between different alphaviruses infecting the same
cell. Thus, the current study contributes to the discovery of approaches for the
prevention of alphaviral infection.
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2. LITERATURE OVERVIEW

2.1. Alphaviruses

The family Togaviridae (order Martellivirales) represents a group of enveloped,
positive-strand RNA viruses. Currently, it contains a single genus: Alphavirus.
The genus Rubivirus, which until recently also belonged to the family Toga-
viridae, was removed to separate the family Matonaviridae (order Hepelivirales)
because based on the current taxonomy (and understanding of viral biology), it is
only very distantly related to alphaviruses. Currently, the viruses most closely
related to alphaviruses (also belonging to the order Martellivirales) are different
plant viruses from the families Bromoviridae, Closteroviridae, Virgaviridae,
Endornaviridae, Kitaviridae, and Mayoviridae. The genus Alphavirus includes
32 recognized virus species (ICTV, March 2022; https://ictv.global/taxonomy).
Most of these viruses are arboviruses, i.¢., they are transmitted between vertebrate
hosts (including humans) by arthropod vectors, often by Aedes albopictus and
Aedes aegypti mosquitos (4, 5). Based on the disease manifestations and geo-
graphical distribution, alphaviruses are divided into Old World and New World
alphaviruses. The Old World alphaviruses (e.g., CHIKV, ONNV, SINV, RRV,
Semliki Forest virus (SFV), etc.) mainly cause fever, polyarthralgia, myalgia,
rash, and headache, while New World alphaviruses (e.g., EEEV, Western equine
encephalitis virus (WEEV), and Venezuelan equine encephalitis virus (VEEV))
are mainly responsible for neurological syndromes (6, 7, 8). Based on the simi-
larity of the genome structure and antigenic cross-reactivity of viral structural
proteins, arthropod-transmitted alphaviruses are divided into 8 antigenic com-
plexes (serogroups): Barmah Forest, Eastern equine encephalitis, Middleburg,
Ndumu, Semliki Forest, Venezuelan equine encephalitis, Trocara and Western
equine encephalitis complexes. Based on the amino acid identities of their pro-
teins (42.1-67.1%) and specific ecological niches, the Alaskan harbor porpoise
alphavirus and the Southern elephant seal virus were proposed to be included as
members of a new antigenic complex named the Marine Mammal Virus Complex
(5, 9, 10). In addition, the genus Alphavirus also includes fish-infecting Salmon
pancreas disease virus as well as an increasing number of insect-specific viruses
(ISVs) lacking vertebrate hosts and capable of infecting only mosquitoes. Of
note, Eilat virus (EILV) was the first ISV belonging to the genus Alphavirus, and
several more have been recently discovered (11, 12).

For more than two decades, many outbreaks associated with alphaviruses such
as CHIKV, SINV, Mayaro virus (MAYV), and RRV have been recorded. It has
been established that changes in climate, demographic and social aspects affect
the distribution, ecology, and transmission of alphaviruses (13, 14). Currently,
the epidemiological situation has become more global due to the adaptation and
colonization of Aedes albopictus, one of the main alphaviral transmission vectors,
in the majority of Southern European countries (15). A high transmission rate of
alphaviruses can lead to the emergence of new, more virulent strains. For example,
evidence of increased virulence associated with changes in genome sequences
has been documented for the originally avirulent VEEV subtype ID (16).
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The natural life cycle of arboviruses consists of the infection of mosquitoes
and vertebrates (17). The transmission occurs in sylvatic (between mosquitos and
wild animals/birds), rural (between mosquitoes and domestic animals) and urban
(between mosquitos and humans) cycles. CHIKV was first isolated in 1952 in
Tanzania from a patient’s serum, but was not recognized as a pathogen of major
concern until the early 2000s. CHIKV has an evolutionary history of several
hundreds of years, and according to phylogenetic analysis, four major lineages of
CHIKYV can be identified: East/Central/South African (ECSA), West African,
Indian Ocean (IOL) and Asian (Figure 1). The ECSA lineage is, with respect to
its sequence and biological properties, very similar to the IOL (18), i.e., they belong
to the same genotype. It is known that the Asian lineage of CHIKYV is spreading
in an urban cycle, where the virus is mostly disseminated by Aedes aegypti, while
CHIKYV in Africa is typically circulating in the sylvatic cycle and is mostly
transmitted by Aedesfurcifer and Aedes africanus mosquitoes (19, 20). However,
under certain circumstances, this virus may also establish an urban cycle, a pheno-
menon that can lead to massive virus outbreaks. This ability makes CHIKV cur-
rently the most medically important member of the Alphavirus genus. Since 2004,
massive CHIKV outbreaks have been reported in Africa, parts of Asia, in the
Indian Ocean islands and, since 2013, in the Americas. It is assumed that such
outbreaks have also occurred in the past but were not recognized as CHIKV infec-
tions, probably due to the similarity of symptoms with dengue fever. The closest
relative of CHIKV is ONNV, which has high sequence similarity and very similar
antigenic properties and causes similar (albeit milder) symptoms. ONNV dis-
plays, however, major differences in transmission, as it cannot be transmitted by
Aedes mosquitoes; instead, it is transmitted by Anopheles (21, 22).

.

[ Current or previous local transmission of chikungunya virus

Figure 1. Worldwide distribution of CHIKYV (as of October 30, 2020). The countries and
territories where CHIKV outbreaks have been registered are marked in dark green
(https://www.cdc.gov/chikungunya/geo/index.html).
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To date, alphaviruses remain among the biggest threats for many tropical
regions, especially due to the efficient adaptation of new transmission vectors
(mosquito species), a phenomenon allowing the enhancement of virus spread and,
in some cases, the establishment of an urban transmission cycle. The risk of
diseases is also enhanced due to cocirculation with other arboviruses that use the
same transmission vectors and cause similar symptoms (for example, dengue virus
(DENYV), yellow fever virus (YFV), and Zika virus (ZIKV)). These factors affect
the efficiency of methods for the diagnosis and treatment of arbovirus infections
(23, 24, 25).

2.1.1. Alphavirus virion

The alphavirus virion (Figure 2) is approximately 70 nm in diameter and exhibits
icosahedral symmetry (T=4). It consists of genomic RNA, the lipid envelope and
two distinct protein layers. The inner structure of the virion, the nucleocapsid,
contains a single copy of genomic RNA enclosed in the capsid formed by
240 molecules of capsid protein (CP). The envelope is derived from the host cell
membrane and carries viral E1 and E2 glycoproteins, which are type 1 membrane-
spanning proteins and are arranged in the form of 80 spikes (26). Each spike
structure contains three E1/E2 heterodimers. E1/E2 proteins cover the surface of
the virion so tightly that the envelope is not exposed.

Lipid bilayer

Icosahedral
nucleocapsid

RNA genome

Figure 2. Schematic structure of alphavirus virion. The virion has T=4 symmetry and a
diameter of approximately 70 nm. The nucleocapsid core is surrounded by a lipid bilayer with
embedded glycoprotein spikes composed of trimers of E1/E2 heterodimers.

2.1.2. Alphavirus genome organization

Alphaviruses have a positive-strand RNA genome approximately 12 kb in length.
At the 5° end, their genomic (G) RNA has a type 0 (7-methyl-GpppA) cap and a
3’ poly(A) tail. G RNA (Figure 3) contains two open reading frames (ORFs)
flanked by untranslated regions (UTRs). The first ORF is translated from G RNA
and encodes a polyprotein named P1234 or two polyproteins (P123 and P1234)
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that are precursors of nsPs. The second ORF is translated from subgenomic (SG)

RNA that is synthesized during the infection; it encodes six structural proteins

that are also translated in the form of polyprotein precursors. The 5* and 3 UTRs

are located at the ends of the genome. Depending on the species, the length of the
alphavirus 5° UTR varies between 26—85 nt, while the 3’ UTR is longer, typically

87-723 nt in length (27, 28). The third UTR, also named the intergenic region, is

located between ORFs and typically has a length of approximately 50 nt. The

alphavirus genome contains four conserved Cis-acting sequence elements (CSEs)

which are crucial for viral RNA synthesis (29, 30):

1. CSE1 corresponds to the first 44 nt located at the 5’ end of the genome (31).
It contains (in the complementary orientation) the promoter for G RNA syn-
thesis. The stem—loop (SL) structure formed by CSE1 is known as one of the
determinants of virus pathogenicity due to its ability to mask the type 0 cap
structure of alphaviruses from sensors of the host cell and avoid blocking
genome translation by IFIT1 (interferon-induced protein with tetratricopep-
tide repeats 1) (32, 33).

2. CSE2 represents a 51 nt sequence located within the region encoding nsP1. It
forms two SL structures, sometimes referred to as SL3 and SL4. Recent stu-
dies indicate that CSE2 is not essential for RNA synthesis in mammalian cells
but affects RNA replication in mosquito cells. For instance, it has been shown
that in mosquito cells, the 51 nt CSE2 is able to increase the production of
viral positive- and negative-strand RNAs (34, 35, 36).

3. CSE3 is 24 nt in length and is located at the 3’ end of ORF1, sometimes in-
cluding a few nucleotides from the intergenic region, depending on the virus.
In complementary orientation, it represents a promoter for SG RNA transcrip-
tion (37). The efficiency of SG RNA synthesis initiation depends on the recog-
nition of the SG promoter sequence by viral and possibly host proteins. Muta-
tions introduced into the SG promoter sequence have been shown to inhibit
SG RNA synthesis and reduce CPE development in cell culture (38, 39).

4. CSE4is 19 nt in length and is located immediately upstream of the 3’ poly(A)
tail (40). CSE4 is a part of the promoter that initiates negative-strand RNA
synthesis; another part of this promoter is located at the 5’ end of the genome
(41). Three subregions in CSE4 were proposed: a 3’-distal region (—19 to —14),
a central region (—13 to —7), and a 3’-proximal region (-5 to —1). Of note is
that the residues at the —6 and —14 positions were considered as delineating
residues. Experimentally, it was shown that mutations in the 3’-distal region
of CSE4 of SINV did not prominently alter the efficiency of negative-strand
RNA synthesis (—19 to —14). The changes in negative-strand RNA synthesis
have been shown to be predominantly caused by mutations or/and deletions
in the central and 3’-proximal regions due to their involvement in the initiation
of this process. In addition to intact CSE4, 11 to 12 residues of poly(A) have
been shown to be required for efficient negative-strand RNA synthesis (42,
43, 44). It was recently discovered that CSE4 and poly(A) can form an RNA
pseudoknot that is similar to the human telomerase pseudoknot; mutations that
alter the stability of pseudoknot also diminish SINV replication (45).
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Packaging signal T i
(VEEV, SINY) Translational CSE4
o Opal CSE3  enchancer (19 nt)
e Pa-ckagmvg slglljll termination  (SG promoter;
CSEl Z (CHIKYV, RRV) codon 24 nt) -1 frameshift
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Figure 3. Alphavirus genome organization. Localization of conserved Cis-acting sequence
elements (CSE1-4) is shown in red. Other RNA structures (packaging signals, translational
enhancer and RSEs) that are not conserved among all alphaviruses are marked in black. The
localization of the —1 frameshift site in the 6K/TF region is indicated. Schematic is not to scale.

In addition to the SL at the 5* end of the CHIKV genome, several more SLs were
discovered in the region located in the 5’ end of the region encoding nsP1 and
named SL85, SL102, SL165, SL194, and SL246 (note that SL165 and SL194
correspond to the abovementioned SL3 and SL4 located in CSE2). Surprisingly,
silent mutations disturbing SL165 and SL194 reduced CHIKYV titers in human
but not in mosquito cells. Thus, it is possible that host-specific effects of muta-
tions in this region also depend on the virus or, perhaps, on the type of introduced
mutations (deletions versus synonymous changes). The precise function of these
RNA structures is under investigation, but presumably, they are involved in the
establishment of highly ordered RNA-RNA interactions in the viral genome
(32, 34).

The alphavirus genome contains other functional RNA structures that mediate
viral replication. Repeated sequence elements (RSE) approximately 40 to 60 nt
in length were identified in the 3° UTR. Presumably, the main function of RSE is
interaction with the host proteins that consequently determine the host specificity
of the virus (46, 47). Genomes of most alphaviruses contain the packaging signal
(PS) — RNA structures that ensure efficient packaging of G RNA into the virus
particles. It has been shown that the PS of VEEV and SINV is present within the
nsP1 coding sequence; however, it was proven that the functionality of PS does
not depend on its position in the genome. The PS of alphaviruses belonging to the
SFV clade was found within the nsP2 encoding sequence (48, 49). However, it
remains unclear what impact, if any, the PS exerts on virion formation, as a very
recent study revealed that this element is not required for SFV or CHIKYV virion
formation. Instead, multiple CP binding sites enriched in G RNA regions but not
present in SG RNA (i.e., found only in the 5 UTR and ORF1 region of G RNA)
were found to promote SFV replication and G RNA packaging (50).

Another Cis element has been detected in the region encoding CP of several
alphaviruses. This element, called the translational enhancer, is located down-
stream of the AUG codon of ORF2, and its presence increases the level of SG
RNA translation. It was shown that the enhancer is functional only in infected
cells, but not in cells transfected with in vitro synthesized SG RNAs (51, 52). Thus,
its function is not to increase translation per se but to allow synthesis of structural
proteins at the late stage of infection, when translation of cellular mRNAs is inhi-
bited by the virus. In addition to the translational enhancer, two more Cis-elements
that regulate the translation of viral proteins are present in alphavirus genomes.
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One of them serves to facilitate translational read-through of the opal terminator
codon often present at the end of the sequence encoding nsP3 (53), while the other
is located in the region encoding structural proteins and causes a —1 ribosomal
frameshift, resulting in the synthesis of the sixth structural protein of alphaviruses
named TF (transframe) (54).

2.2. Overview of alphavirus infection cycle

2.2.1. Binding and entry

Alphaviruses are famous for their ability to replicate in a wide range of inverte-
brate and vertebrate hosts, such as flies, mosquitos, fishes, birds, and mammals
(including humans); alphavirus RNA replication can occur even in the nematode
Caenorhabditis elegans. Thus, the main obstacle for alphavirus infection is not
the inability to synthesize viral RNAs but the ability of viruses to enter the cells,
spread within the organism and overcome host defenses. Arbovirus members of
the genus Alphavirus are capable of productive infection, at least in some inver-
tebrate vectors and vertebrate hosts, indicating that these viruses can bind to and
enter corresponding cells. Conversely, the presence of the variety of attachment
factors and receptors on the surface of the target cells explains the broad range of
species susceptible to alphavirus infection (55). Viruses use attachment factors
that contribute to their concentration on the host cell surface, ensuring more
efficient spread of infection, as well as factors that are directly required for entry
(virus receptors) (56, 57). A number of relatively nonspecific attachment factors
have been described. One of the most well-studied attachment factors is heparan
sulfate (HS), which belongs to the large glycosaminoglycan complex (GAGs). In
the presence of HS, the infectivity of alphaviruses in cell cultures increases. In
contrast, the in vivo virulence of alphaviruses that have an increased ability to bind
HS is often decreased, most likely due to poor release of virions and/or rapid
clearance of virions from the blood (58, 59, 60). Two other proteins — ATP synthase
subunit B present on the cell membrane and HSC70 (heat-shock protein 70) — can
also serve as attachment factors for CHIKV entry. HSC70 is involved in the un-
coating of clathrin-coated vesicles, a process that takes place during endocytosis
and therefore facilitates alphavirus entry into the host cell. The other factors
described to be favorable for attachment of alphavirus virions are prohibitin
(PHB), TIM-1 (T-cell immunoglobulin and mucin 1) and DC-SIGN (dendritic
cell-specific intercellular adhesion molecule-3-grabbing nonintegrin) (55, 61).
While attachment factors facilitate the “first contact” of the virus particle with
the host cells, it is the cellular receptor (or receptors) that specifically interacts
with viral E2 glycoprotein that allows specific binding of virions and their sub-
sequent internalization. Thus, the presence of the corresponding receptors on the
cell surface determines the susceptibility of the target cells to virus infection. The
identity of receptors used by alphaviruses is not yet fully known. There are several
reasons for this. First, alphaviruses may use different receptors for binding to
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mosquito and vertebrate cells. Second, alphaviruses can use multiple receptors so
that knockout of the main receptor (if known) does not completely block binding
and entry of the virus. Finally, different alphaviruses use different receptors. Over-
all, the picture is complicated, but several important pieces of this puzzle have
been recently revealed. Thus, one of the receptors for SINV is natural resistance-
associated macrophage protein (NRAMP) and its homolog in mosquitoes. The
main receptor for CHIKV, RRV, and MAYV is matrix remodeling-associated
protein 8 (Mxra8) (62, 63). According to recently published data, the very low-
density lipoprotein receptor (VLDLR) was considered and later tested as a
potential receptor for a few alphaviruses (SFV, EEEV, and SINV) (64, 65), and
LDLRAD?3 has been very recently identified as a receptor for VEEV (66, 67, 68).

From the alphavirus side, there is much less variation — components of the
glycoprotein spike of the virion fulfill both target cell binding and entry (memb-
rane fusion) functions. E2 glycoprotein is the receptor-binding molecule (anti-
receptor). It has three immunoglobulin-like domains (domains A, B and C), a
stem region (domain D) located close to the membrane, a transmembrane domain
and a C-terminal endodomain (33 aa) that is mainly responsible for the interaction
of E2 with CP, ensuring efficient virion formation and budding (69, 70, 71).
Domains A and B of CHIKV E2 have been shown to be involved in the recogni-
tion of Mxra8, the main cellular receptor for CHIKV and related alphaviruses.

Internalization of alphaviral particles occurs via clathrin-mediated endo-
cytosis (72, 73). The clathrin-coated vesicles are delivered to the early endosomes
of the host cells. The E1 glycoprotein contains a fusion peptide necessary for the
initiation of fusion with the host cell membrane. To liberate the fusion activity of
E1, which is blocked by its association with E2, conformational rearrangements
occur under low pH conditions in endosomes, leading to removal of E2 and
establishment of the homotrimeric form of E1 (74). E1 also has the ability to form
ion-permeable pores, which contribute to the fusion of the virus envelope with
the endosomal membrane of the host cells. This mechanism allows for the free
flow of K" ions between endosome and cytoplasm environments, which con-
tributes to the establishment of low-pH conditions necessary for disassembly of
the viral nucleocapsid (29). As all of these events are essential for virus entry but
detrimental for new virion formation and release, alphaviruses have a simple but
elegant mechanism to prevent these events at late stages of infection. Namely, at
these stages, E2 exists in the form of a p62 precursor (E3+E2) that forms hetero-
dimers with E1 (and these in turn form trimers). The E3 part of p62, as well as
individual E3 bound to E2, plays a major role in the stabilization of the E1-E2
dimer and prevents premature exposure of a fusion loop (75). Only after the
release of virions from the cell, E3 dissociates, whereupon the virus particle
becomes ready for infection of the next cell.

The disassembly of the nucleocapsid occurs due to the interaction of CP with
the 60S ribosomal subunit, resulting in the release of the RNA genome that is
subsequently used as mRNA for translation of the ns polyproteins (76, 77)
(Figure 4).
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Figure 4. Schematic overview of the alphavirus infection cycle. E2 recognizes the
receptor(s) on the cell surface, and bound virions are internalized by clathrin-mediated endo-
cytosis. Under acidic conditions, the viral envelope is fused with endosomal membranes; the
nucleocapsid is released to the cytoplasm, where uncoating of the RNA genome occurs. The
alphavirus genome serves as mRNA to produce the ns polyprotein P1234, which is sequentially
processed. The processing products first form early replicase complexes synthesizing
negative-strand RNA and then are converted to late replicase complexes synthesizing G and
SG RNAs. SG RNA is used as mRNA to translate structural proteins. Synthesis of CP occurs
in the cytoplasm. CP is released from structural polyproteins by its protease activity and inter-
acts with G RNAs, resulting in the formation of nucleocapsids. Precursors of glycoproteins
are synthesized by membrane-bound ribosomes in the ER, where they bind to membranes and
undergo initial processing. The processing products p62 (E3+E2) and E1 form dimers that are
transported to the Golgi apparatus, where the final processing event, the cleavage of p62
precursor, takes place. E1 and E2 heterodimers form trimeric spikes that are delivered to the
plasma membrane, where they interact with nucleocapsids. The release of newly formed
virions occurs by budding.
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2.2.2. Alphavirus RNA replication

Based on existing knowledge, all alphaviruses use a similar strategy of replicase
protein expression and RNA replication. Incoming G RNA serves as mRNA for
translation of precursors of nsPs; typically, two polyproteins — P123 and P1234 —
are synthesized. Synthesis of the prevalent (~90%) P123 occurs due to the
presence of the opal termination codon located at the end of the nsP3-encoding
region; synthesis of P1234 requires read-through of the terminator, and therefore,
its amount is significantly lower: only 10-20% from ns polyproteins (78, 79).
However, for some alphaviruses or their strains (CHIKV, SFV, and ONNV),
P1234 is the only translation product, as there is no opal termination codon in the
nsP3-encoding region (80). The presence or absence of the terminator codon has
relatively little impact on the alphavirus phenotype, and it is possible that both
variants with and without a terminator coexist in the pool of G RNAs of an alpha-
virus; the variants with a terminator may be dominant during propagation in
insect cells, while in mammalian hosts, the variants without a terminator have an
advantage. Similarly, the loss of terminator may be one of the adaptations for
accelerated virus growth in cell culture. The relatively low impact of different
levels of nsP4 production may be due to an additional mechanism reducing the
abundance of this replicase protein (see 2.3.4)

Individual nsPs of alphaviruses are generated by processing P123 and P1234
by protease activity located in the nsP2 region. Processing is well regulated, and
only one processing pathway is known to result in the formation of functional
replicase complexes (RCs). Therefore, during the first stage, the cleavage of
P1234 should occur at the site between nsP3 and nsP4 (hereafter referred to as
the 3/4 site; similar naming is used for other sites as well). This processing event
occurs in cis (although the 3/4 site is also cleavable in trans). The cleavage pro-
ducts P123 and nsP4 form a short-lived early replication complex that synthesizes
negative-strand RNA (81, 82); most likely, only one negative strand is syn-
thesized per G RNA molecule. As G RNA of alphaviruses serves both as a tem-
plate for synthesis of P1234 and a template for negative-strand RNA synthesis, it
is clear that at some stage before the start of negative-strand RNA synthesis, the
translation must be stopped. The mechanism by which this occurs, as well as the
mechanisms by which the template RNA is recognized by alphavirus replicase
proteins, are not well understood. Negative-strand RNA is not released as an
individual molecule; instead, double-stranded RNA (dsRNA, so-called repli-
cation intermediate (RI)) containing negative- and positive-strand RNAs is formed.
The synthesis of negative-strand RNA is associated with host-cell membranes,
but the exact architecture of these structures is poorly defined due to the short-
lived nature of early replicase (83). However, it is clear that RI is not exposed to
the host cell cytoplasm; instead, it is hidden in forming membranous vesicles (84).
The subsequent cis-cleavage of the 1/2 site is a delayed event that is probably
required to allow the formation of vesicles and the completion of RI synthesis.
This cleavage results in the formation of the nsP1+P23-+nsP4 complex (85, 86)
capable of synthesizing G and SG RNAs. However, its role in infection is unclear,
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as the final cleavage between nsP2 and nsP3 occurs almost immediately. Unlike
the previous two processing events, this is a trans cleavage that results in the
formation of a stable late replication complex consisting of all four individual
nsPs; this complex is unable to synthesize negative-strand RNA. Instead, it uses
the negative strand of RI to synthesize multiple G RNAs and SG RNAs (Figure 5).
The formation of replicase complexes occurs at early stages of infection (up to
3—6 h post-infection) and is altered, most likely because the accumulation of
mature nsP2 causes a switch in the P1234 processing pattern. Namely, at a later
stage of infection, free nsP2 present in infected cells cleaves P1234 (possibly
already during its synthesis) into P12 and P34 polyproteins that are not capable
of forming functional RCs (87).

5' cap 3' polyA

Genomic RNA
¥
Translation
v
P1234
| nsP1 I nsP2 | nsP3 m
P123
[Cwser [ wpz | w3 |

Early replication complex

Cis cleavage by nsP2 protease

| nsP1 | nsP2 | nsP3 m 3
Negative-sense RNA
Cis cleavage \b[,\ nsP2 protease \L Transcription
Subgenomic RNA
e [ w2 | wees | TN |
§' i e 3" olyA
Late replication complex e e B0A

Trans cleavage by nsP2 protease \L
‘l' Translation
(o] 0

[crles] k2 [ek] E1 |

nsP1 | [ nsP2

[cples] w2 [ v ]

Capsid autoprotease Signalase

[ e o]
y

E(IEN

Figure 5. Scheme of alphavirus protein expression. Translation products of G RNA (P1234
and P123 polyproteins) are cleaved into mature nsP1-4 by well-controlled processing events.
SG RNA is transcribed using the SG promoter on the negative-strand RNA. Translated struc-
tural polyproteins are processed into six individual structural proteins. Schematic is not to
scale.
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Cryo-immuno-electron microscopy analysis showed that processed nsPs and
nascent RNA template are packed in spherules: membranous bulb-like vesicles
with an approximate diameter of 50 nm. These structures have been shown to
serve as sites for RNA replication (88, 89). It was demonstrated that spherule
formation requires the presence of P123+nsP4 and RNA template and that the
actual size of the spherules directly depends on the length of the RNA template
(90, 91, 92, 93). Later, it was found that the minimal requirement for spherule-
like structure formation is the presence of nsP1, nsP4 and uncleaved P23 (93).
Very recently, the fine architecture of these complexes was revealed. It was found
that the core of the RNA replicase consists of 12 molecules of nsP1, one molecule
of nsP4 and one molecule of nsP2 placed at the neck of the spherule and forming
a membrane-bound ring structure. This structure is associated with another
cytoplasmic ring structure that most likely consists of nsP3 and host factors inter-
acting with nsP3 (94). The formation of spherules occurs at the plasma membrane
(95, 96). For some alphaviruses (such as SFV), these complexes are subsequently
internalized, forming replication organelles called type 1 cytopathic vacuoles
(CPVs) (95, 97, 98). CPVs are altered endosomal and lysosomal structures that
contain multiple spherules. Their formation occurs after the establishment of
early replication complexes and the beginning of negative-strand RNA synthesis
(99, 100).

2.2.3. Expression of structural proteins,
virion assembly and budding

Transcription using the SG promoter results in the production of SG RNA, a type
of mRNA for the translation of structural polyproteins (101, 102). This translation
is started in the cytoplasm by free ribosomes. After synthesis and autocatalytic
release of CP, the E3 peptide, which is responsible for translocation of the rest of
the structural polyprotein to the ER, becomes exposed. Translation is continued
on ER membranes, resulting in E3-E2-6K-E1 or, due to frameshift events,
E3-E2-TF polyproteins that are processed by cellular enzymes into p62 precursor
(E3+E2), 6K/TF, and E1 proteins (103, 104, 105). The interaction of p62 with E1
leads to the formation of heterodimers; three of these heterodimers are assembled
into immature spikes lacking fusion activity. Then, in the trans-Golgi network,
p62 is cleaved by cellular furin peptidase into E3 and E2 (106).

CP recognizes a specific packaging signal(s) in G RNA, resulting in the for-
mation of NC (107, 108). Presumably, the newly formed NC and mature spikes
are delivered to the cellular plasma membrane by type II cytopathic vacuoles
(CPV-II). At the plasma membrane, the cytoplasmic tail of the E2 and CP inter-
action leads to virion formation and release by budding (109, 110). Of note is that
the process of assembly and budding of alphaviral particles also depends on the
host cell type (in mosquito cells, budding occurs in internal membranes), tem-
perature and pH of the environment (111). Once virions are released from cells,
E3 dissociates from spikes (though for some alphaviruses, it remains associated
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with virions), activating the fusogenic potential of virions. The precise functions
of 6K and TF proteins in virion formation and release are not well understood;
deletion of this region reduces virus titers but does not inhibit replication, virion
formation or release. One of the studies proposed that 6K is involved in assembly
of the spikes and in interactions between E2 and CP, thus ensuring the correct
budding process (112, 113).

2.3. Nonstructural proteins of alphaviruses

2.3.1. nsP1

nsP1 (~60 kDa) is a multifunctional membrane-binding protein possessing
S-adenosyl-L-methionine (SAM)-dependent methyltransferase (MTase) and
m’GTP transferase (GTase) activities necessary for capping of viral positive-
strand RNAs (114, 115). It also serves as the membrane anchor of viral RNA
replicase. In the spherules, nsP1 is located in the neck region, forming a mono-
topic membrane-associated dodecameric ring structure (Figure 6) (116, 117).
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Figure 6. (A) Schematic representation of the nsP1 of CHIKYV. The conserved region
required for MTase and GTase activities (capping domain) and the region responsible for
palmitoylation and membrane binding are shown. (B) nsP1 forms membrane-bound ring-
like structures (PDB ID:6Z0V). The dodecameric ring structure of CHIKV nsP1 (depicted
on the left side) is represented as a molecular surface coloured by electrostatic potential (blue —
positive; red — negative); three regions (the crown, waist and skirt) are shown on the right side.
At the bottom, membrane-binding spikes are indicated with dashed lines.
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nsP1 has no transmembrane domain, and our understanding of the mode of its
interaction with the membrane has changed over time. Approximately 20 years
ago, it was found that nsP1 contains a sequence of approximately 20 aa in length
that, in the corresponding synthetic peptide, forms an amphipathic helix (118).
Furthermore, such a peptide can bind to membranes, and mutations in this region
of nsP1 are often detrimental to both the enzymatic activities of nsP1 and alpha-
virus RNA replication. However, while the importance of this region is well sup-
ported by experimental evidence, its role in membrane binding in the context of
full nsP1 remains uncertain, as it seems not to have contacts with the membrane
in the 3D structure of nsP1. The binding of nsP1 to membranes depends on their
cholesterol and phospholipid compositions. The interaction with phospholipids
has been shown to affect the MTase and GTase functions of nsP1. The membrane
binding affinity of SFV nsP1 is increased by palmitoylation of three cysteine
residues (*'*CCC*°) (119), and the contacts of these modified residues with the
cellular membrane are also observed in the 3D structure of the protein. However,
while nsP1 palmitoylation is universal for alphaviruses, its extent and importance
are not. SINV nsP1 has only one palmitoylated cysteine residue, and palmitoy-
lation is dispensable; in contrast, SFV lacking nsP1 palmitoylation survives only
by acquiring adaptive mutations in nsP1 (120). For some alphaviruses, such as
CHIKYV, the lack of nsP1 palmitoylation is fatal, as it completely abolishes the
activity of CHIKV RNA replicase. Palmitoylation of cysteine residues is also
necessary for membrane remodeling (formation of filopodia-like structures) by
nsP1 (121, 122). However, the exact role of remodeling of the host cell memb-
ranes in alphavirus replication is still not clear.

Modification of the viral genome by adding a cap-0 (m7GpppA) structure at
the 5’ end is an important step in the alphavirus infection cycle necessary for
protection of the viral RNAs from degradation, for their efficient translation and
for avoiding host cell defense (123). The capping mechanism of alphaviruses
differs from the cellular mechanism and is performed in three steps. During the
first step, 5’ y-phosphate is removed from the RNA by the triphosphatase activity
of nsP2. In the next step, the MTase activity of nsP1 transfers a methyl group
from S-adenosyl methionine to GTP, resulting in the m’GTP structure. In the
third step, m’GTP is hydrolyzed by the GTase activity of nsP1 and forms the
m’GMP-nsP1 complex, after which m’GMP is transferred to the 5’ end of G or
SG RNA (124, 125). Capping domains similar to those in alphavirus nsP1 have
also been found in rubiviruses, hepeviruses and many plant viruses (126).
According to the newly reported results, a portion of alphavirus RNA does not
undergo capping, and as a result, both capped and noncapped RNAs are produced
and packaged into virions. Presumably, the noncapped RNAs are involved in the
activation of the type I interferon (IFN) response (127).
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2.3.2. nsP2

The largest alphavirus-encoded nsP2 protein (~90 kDa) has multiple functions.
The protein consists of several domains (Figure 7) that form two relatively inde-
pendent regions: the N-terminal region with RNA triphosphatase (RTPase) and
nucleotide triphosphatase (NTPase) activities and the C-terminal region con-
taining a papain-like cysteine protease domain and enzymatically nonfunctional
S-adenosyl-L-methionine-dependent RNA methyltransferase subdomain (128,
129). These regions are connected via a flexible linker (130), and the presence of
both of these regions is needed for the fourth enzymatic activity of nsP2: RNA
helicase activity (131) (Figure 7A, B).

The N-terminal helicase region of nsP2 belongs to helicase superfamily 1. The
alphaviral helicase consists of two RecA-like domains with canonical NTPase/
helicase motifs responsible for the binding and hydrolysis of NTPs (132, 133).
The N-terminal domain of nsP2 has a unique fold and binds RNA using stacking
interactions between aromatic amino acid residues and RNA nucleobases (133).
It has been demonstrated that the N-terminal part of nsP2 plays a crucial role in
causing the CPE in mammalian cells and affects the processing of the 2/3 site in
ns polyproteins (131). Unlike other viruses with a positive-strand RNA genome,
the alphavirus nsP2 helicase region represented by the first 470 N-terminal aa
does not possess the unwinding activity necessary for separation of the RNA
duplex or secondary RNA structures; the presence of the C-terminal protease part
of nsP2 is critical for this function. The functioning of the alphaviral helicase also
requires the presence of the full-length nsP4 protein (134, 135).

Another feature of alphaviral nsP2 is its NTPase/RTPase activity. The NTPase
activity was first described for nsP2 of SFV (134) and is most likely used to
generate energy essential for RNA helicase activity. The RTPase activity is, as
described above, responsible for removal of the y-phosphate from the 5’ end of
the RNA during the initial step of the capping reaction (136).

The C-terminal part of nsP2 is a papain-like cysteine protease crucial for the
sequential processing of P123 and P1234 polyproteins. The active site is formed
by a catalytic dyad containing conserved Cys and His residues (137, 138, 139).
Replacement of catalytic Cys with Ala resulted in complete abolishment of the
nsP2 protease activity. In the case of SINV, the Trp residue immediately following
the His residue is also needed for the correct functioning of nsP2 (140, 141). As
described above (see 2.2.2), the cleavage of P1234 by nsP2 occurs at three sites.
Cleavage of the 3/4 site activates the RNA polymerase function of nsP4 (96, 142).
Interestingly, for some alphaviruses, cleavage of the 3/4 site occurs only in the
early stage of infection (143), likely indicating that for these viruses, the protease
cleaving the 3/4 site is P123 or P23, but not an individual nsP2. The cleavage of
the 1/2 site occurs in Cis, and according to previous studies, processing of this site
is an important (though not strictly required) step for the initiation of positive-
strand RNA synthesis (144). The 2/3 site cleavage is carried out in trans, since
the C-terminal part of nsP2, and consequently the scissile peptide bond of the
2/3 site, is located too far away from the active site of the nsP2 protease to be
processed in a Cisreaction (145, 146).
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Figure 7. (A) Overview of the structural organization of the nsP2 of CHIKV. The
N-terminal part of nsP2 consists of the N-terminal domain (NTD), Stalk and 1B regions and
two RecA-like domains. It is responsible for NTPase and RTPase activities. The C-terminal
part of nsP2 contains protease and methyltransferase-like (MTL) domains, which are crucial
for proteolytic processing of alphavirus ns polyproteins. The N- and C-terminal parts of nsP2
are connected by a flexible linker region. (B) 3D structure of CHIKV nsP2. NTD, together
with Stalk and 1B domains, serves as a cover for the ssRNA-binding groove (adapted from
130). (C) Schematic representation of the cleavage site of the nsP2 protease. The amino
acid residues residing around the scissile bond of the CHIKV 3/4 cleavage site are shown, and
designations of cleavage site residues are according to Schechter and Berger nomenclature.

The processing of the 2/3 site can only be performed by full-length nsP2 with the
native N-terminus and requires the presence of the macrodomain of nsP3 in the
substrate; hence, it is considered to be driven by macromolecular assembly rather
than recognition of a short cleavage site sequence (146). As individual nsPs are not
capable of performing negative-strand RNA synthesis, the 2/3 site cleavage should
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represent a “point of no return” for functional RC formation (146). However, con-
tradictory to this, Dé and colleagues showed that temperature-sensitive mutations
in nsP4 and nsP2 may lead to the production of negative-strand RNAs at late
(stable) stage of replication (147). The reproducibility of existing data and elu-
cidation of how it fits within the current understanding of alphavirus replicase
structure and the RNA replication process remain unclear.

The mode of cleavage of each site in P1234 is determined by the properties of
the enzyme and those of the cleavage site. Thus, unlike other viruses expressing
replicase in the form of a polyprotein precursor, the type of cleavage (Cisor trans)
does not generally change during alphavirus infection, with the sole exception
being processing of the 3/4 site in P34, which becomes uncleavable during the
late stage of infection for some alphaviruses. Nevertheless, the accumulation of
nsP2 in infected cells has an impact on the processing pattern (143, 148): when
there is no or little nsP2, P1234 is processed first to P123 and nsP4 (pathway
leading to RC formation), while high levels of nsP2 favor the processing of P1234
into P12 and P34 (nonreplicative pathway). Thus, the presence and amount of
nsP2 affect RC formation. Coherently, mutations introduced in the sequences of
the 1/2 or the 2/3 sites alter the dynamics of P123 processing and replication
efficiency. Thus, substitution of conserved Gly534 (P2 residue of the 1/2 site of
CHIKV) to Val abolishes cleavage at the 1/2 site and has a prominent negative
effect on 2/3 site cleavage; Gly1332 (P2 residue of the 2/3 site) to Val substitution
abolishes 2/3 site cleavage (Figure 7C). These mutations have a negative impact
on virus replicase formation in mammalian cells and result in a temperature-
sensitive phenotype of the virus; however, in insect cells, such mutations boost
RNA replication (87, 93, 149). The effect observed in insect cells is due to
increased stability of P123 and P23 intermediates ensured by slower processing
of the precursors, thus leading to more efficient RC formation.

Overall, the facts mentioned above suggest that nsP2 protease and its inter-
action with cleavage sites in P1234 represent major determinants for efficient virus
replication (147). Therefore, it is not surprising that several studies have demon-
strated that nsP2 is an important virulence factor in alphavirus infection. How-
ever, this is not solely because of the role of nsP2 in alphavirus RNA replicase
formation. nsP2 does have additional nonenzymatic activities important for the
suppression of host cell transcription and antiviral responses. The cytotoxicity of
nsP2 of Old World alphaviruses is caused by its ability to translocate into the
nucleus of infected vertebrate cells, where it causes degradation of a catalytic
subunit of DNA-dependent RNA polymerase II (RPB1), leading to transcrip-
tional shutdown. Mutation of SINV nsP2 at position 726 (Pro726 to Gly) resulted
in reduced CPE in vertebrate cells, reduced virus replication and abolished inhi-
bition of JAK-STAT signaling (150, 151). Mutation introduced to the analogous
position of nsP2 of CHIKV (Pro718 to Ser or Gly) has similar, albeit less promi-
nent, effects on the virus — inhibition of the JAK-STAT signaling pathway was
significantly reduced, but the cytotoxic effect of virus infection was maintained
(152, 153). Mutations affecting aa residues 679-688 of nsP2 of SINV (or aa re-
sidues 670-680 of nsP2 of CHIKV) also resulted in a similar effect: corresponding

27



viruses could not cause RPB1 degradation and shut down host transcription.
Interestingly, in these cases, the viral replication efficiency was not reduced (154,
155). These observations show that nsP2, by its nature, is the key protein in the
development of CPE in vertebrate cells infected by Old World alphaviruses. More
detailed studies revealed that the inhibition of host cell transcription and trans-
lation by alphaviruses are separate events and that only the former is clearly
associated with the nsP2 protein (156).

2.3.3. nsP3

nsP3 (~60 kDa) is the least understood ns protein of alphaviruses. It is not a part
of the RNA replicase core and is probably not directly involved in alphaviral
RNA synthesis. However, it is still absolutely essential for viral RNA synthesis.
It also exhibits a large number of additional functions. Among other things, it has
been established that nsP3 contributes to the vector specificity of CHIKV and
ONNYV and increases SFV neurovirulence in mouse models (157, 158). In in-
fected cells, nsP3 exists in the form of different complexes. Some of these are
RCs; nsP3 is likely the main component of the amorphous cytoplasmic ring and
contributes to interactions between viral and host components. At the same time,
a fraction of nsP3 forms large cytoplasmic aggregates with unknown functions
(159, 160).

Structurally, nsP3 contains three domains: the N-terminal macro domain, the
alphavirus unique domain (AUD, also known as zinc binding domain, ZBD) and
the C-terminal hypervariable domain (HVD). According to the literature, macro
domains similar to those in nsP3 have been found in human proteins as well as in
proteins encoded by many RNA viruses (rubella virus, hepatitis E virus, corona-
viruses). Furthermore, the crystal structures of CHIKV and VEEV macro domains
were found to be similar to the domain found in the proteome of Escherichia coli
(161). Sequences of macro domains of alphaviruses are highly conserved.
Not surprisingly, known functions of the alphavirus macro domain are conserved
as well: it serves for binding of ADP-ribose and dephosphorylation of ADP-
ribose-1"-phosphate and removes ADP-ribose from mono-ADP-ribosylated
(MARylated) substrates. The latter activity can impede the host antiviral response.
Recent studies have revealed that mutations in the putative ADP-ribose binding
site decreased CHIKV nsP3 ADP-ribosyl hydrolase activity and resulted in virus
attenuation and inhibition of virus replication (162, 163). Another study demon-
strated that point mutation at position 68 in the active site of the macro domain
of SINV nsP3 prevented nsP3 phosphorylation and had a negative impact on
negative-strand RNA synthesis (164). In addition to the functions described
above, the macro domain is required for the cleavage of the 2/3 site by alphaviral
nsP2 (146) (Figure 8A, B).
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Figure 8. (A) Overview of the structural organization of nsP3 of CHIKV. Three domains
are displayed: a highly conserved macro domain, a zinc-binding domain (= alphavirus unique
domain) and an unstructured hypervariable domain. (B) 3D structure of the first two
domains of nsP3 of SINV. The schematic above shows the localization of the ns polyprotein
used for structural analysis. In the resolved precleavage structure (i.e., with the 2/3 site not
cleaved) of the nsP2 protease and nsP3 macro + zinc binding domain region, the scissile bond
is shown by an arrow. The zinc-binding domain was found to have tight contacts with the
protease region of nsP2 (adapted from 165). (C) Localization of the previously identified
binding sites for host cellular proteins in the HVD of CHIKV nsP3.

AUD occupies the central region of nsP3 and binds Zn*" ions due to the presence
of a coordination site containing four conserved Cys residues (165). Any inter-
ruptions of the integrity of this domain lead to defects in negative-strand RNA
production, processing of the ns polyprotein, RC formation and neurovirulence
in mice (166). Nevertheless, these functions were not attributed only to the ZBD.
Most likely, this indicates that the ZBD functions in synergy with both the macro
domain and HVD, but the specific mechanisms of their interactions remain unclear.
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HVD is located at the C-terminus of nsP3. As its name implies, this region is
highly variable both in length and sequence among different alphaviruses. Unlike
the first two domains of nsP3, the HVD is intrinsically disordered (167) — a pro-
perty common for domains of viral proteins involved in extensive interactions
with host-encoded proteins. The nsP3 HVD also has multiple phosphorylation
sites (mostly, if not exclusively, Ser and Thr residues) that allow the protein to
assume different phosphorylated states during infection (168, 169). Alterations in
phosphorylation status have been shown to exert different effects on the repli-
cation of alphaviruses. For SFV, removal of phosphorylation sites decreased virus
pathogenicity in mice but had minimal effects on RNA synthesis and virus growth
rate in vitro. At the same time, mutational analysis for VEEV showed that chan-
ges in the phosphorylation sites did not affect virus growth or RNA synthesis in
mammalian cells, but had a prominent negative impact on replication in mosquito
cell lines (170). In contrast, elimination of phosphorylation sites from the HVD
of CHIKYV is lethal for a virus (171), possibly because some important host pro-
teins can only bind to the phosphorylated sites in the HVD (172). HVD contains
a number of short linear interaction motifs that bind host proteins, including
amphiphysins (173), CD2AP and SH3KBP1 (164, 174), FHL1 (175, 176), and
NAPI1L1/NAP1LA4 (172). Thus, specific motifs in the nsP3 HVD serve as a central
location for interactions with the host proteins necessary for efficient infection.
However, while alphavirus replication requires interaction with at least one of
these components, none of them is absolutely essential for virus infectivity (177).
This is, however, not the case for G3BP1 and G3BP2 (or Rin in mosquitoes)
proteins bound by HVD of Old World alphaviruses or FXR proteins bound by
HVD of New World alphaviruses (178). These proteins are found in the cellular
stress granules, the main function of which is to assist the arrest of mRNA trans-
lation. Alphaviruses have “elaborated their own method” to overcome this block-
age: once nsP3 interacts with G3BPs, stress granules fail to form properly (179,
180). However, this is not the only — and not even the main —role of the nsP3:G3BP
interaction. It was demonstrated that lack of G3BP proteins in the cells blocks
replication of CHIKV (178, 181) but not VEEV; conversely, knockout of FXR
proteins has no impact on CHIKYV replication, but blocks that of VEEV (178). It
has been found that the ability of nsP3 to bind G3BPs is important for all Old
World alphaviruses and their strains, but to different extents; CHIKYV is especially
susceptible to G3BP depletion. The molecular basis of this is not yet fully
understood. However, it has been demonstrated that in the absence of G3BPs,
CHIKYV cannot initiate the synthesis of negative-strand RNAs (182). It is also
interesting that unlike other alphaviruses, the HVD of nsP3 of EEEV can bind
both G3BPs and FXR proteins, and depletion of either of these proteins does not
affect its replication (183) (Figure 8C). Taken together, it can be concluded that
HDV mediates various interactions with infected host cells, contributing to the role
of nsP3 as one of the most important factors in alphavirus pathogenesis (184, 185).

nsP3 also has functions unrelated to viral RNA replication. It has been shown
that in SINV-infected vertebrate cells, nsP3 (but not nsP2) is responsible for
shutdown of host cell translation (155). nsP3 is capable of activating the
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phosphatidylinositol-3-kinase-Akt-mTOR signaling pathway (186) to direct
proviral metabolic changes in infected cells (187). An interesting fact about nsP3
was discovered by Varjak and colleagues: they demonstrated that the C-terminal
region of SINV and SFV nsP3 contains a degradation signal and that an individual
nsP3 protein, released after processing, is degraded during the early replication
stages, while the same effect was not observed when nsP3 was expressed as a
part of P123. At the same time, several studies suggested that nsP3 of SFV is
involved in the stabilization of nsP4 (184, 188).

2.3.4. nsP4

The nsP4 protein (~70 kDa) consists of the N-terminal domain (NTD) and the
C-terminal RNA-dependent RNA polymerase (RdRp) domain (Figure 9A). nsP4
is the first ns protein that is released from P1234 and performs the synthesis of
alphaviral RNAs as an RNA-dependent RNA polymerase (189). nsP4 contains
the active site motif GDD (Gly-Asp-Asp), which is highly conserved among viral
RNA polymerases. Its alteration to the GAA sequence (Gly-Ala-Ala) completely
inactivates the polymerase activity of nsP4 and abolishes viral RNA synthesis
(190). The analysis of the structure of nsP4 has been complicated due to the low
stability and poor solubility of recombinant nsP4. Only during 2022 were the
structures of the RARp domains of nsP4 of SINV and RRYV resolved. In general,
the structures of these two enzymes are similar to each other and to other viral
RdRps: characteristic right-hand folds were revealed (Figure 9B). There are also
specific features not observed in RdRps of other viruses: the thumb subdomain
of nsP4 shows poor structural homology with its counterparts from other RdRps,
and its C-terminal region is folded in a different orientation without B-sheet for-
mation. These structural differences, in contrast to the closest viral RdARp homo-
logs, present the alphavirus nsP4 as an a-helix-rich structure. In contrast to the
nsP4 of RRV (Figure 9), the nsP4 of SINV did not form the encircled right-hand
fold. This may, however, not be a real difference between these two enzymes, as
nsP4 of SINV formed dimers (probably as crystallization artifacts), while nsP4
of RRV did not. It was also observed that several regions of the RARp domain
were not visible in the crystal structure, that the NTD was intrinsically disordered,
and that the structure of nsP4 was highly dynamic in solution (191). These
features are consistent with the poor solubility and activity of an individual nsP4
and indicate that in infected cells, nsP4 must be stabilized, very likely through
interactions with other nsPs. The revealed structure of the core of the RNA
replicase (Figure 10) confirmed these assumptions: nsP4 is stable in complex
with nsP1 and nsP2, it has high enzymatic activity, and all of its regions, including
the NTD and C-terminal tail, appear to be folded. The position of nsP4 in the
replicase core is also highly logical — it occupies the central pore of the nsP1
dodecameric ring and interacts with the N-terminal domain of nsP2. In addition,
channels potentially used for the transport of substrates and RNA transcripts were
visible upon this interaction (94).
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Figure 9. Overview of the structural organization of the nsP4 of CHIKV. (A) nsP4
contains 2 domains. The N-terminal part is unique for alphaviruses. The C-terminal RdRp
domain contains a conserved GDD motif and is organized similarly to RdRps of other RNA
viruses. (B) 3D structure of the RARp region of nsP4 of RRV. The RdRp domain of nsP4
has a right-hand fold with fingers (index, middle, ring and pinky), palm and thumb sub-
domains. The index finger forms contacts with the thumb, resulting in a unique closed
conformation. Several regions (flex) appear to have dynamic folds and are not visible in the
X-ray structure. The N-terminal region of nsP4 (not shown) is also highly dynamic and, for
individual nsP4 proteins, appears to be intrinsically disordered (adapted from 191).

The amount of nsP4 in the infected cells is significantly lower than the amount
of the other nsPs (129, 192). First, this is a consequence of the presence of a
termination codon preceding the nsP4 coding region present in most alphaviruses.
Second, the N-terminal Tyr residue of nsP4, which is absolutely conserved in all
alphaviruses, is known as a destabilizing amino acid. According to the N-end
rule, the presence of a destabilizing residue leads to the proteasomal degradation
of individual nsP4. Incorporation of the protein into the RC makes it stable and
prevents its destruction (193); indeed, within the RNA replicase core structure,
the N-terminal residue of nsP4 is not exposed. Substitutions of the Tyr residue
with any other amino acid, except for other aromatic residues or His, resulted in
a lethal outcome for SINV or the appearance of second-site mutations and/or
reversions in the genome (194). Again, the structure of the RNA replicase core
and that of the nsP2 helicase domain provides a plausible explanation for this
phenomenon — alphavirus nsPs can interact with RNA and NTPs using stacking
interactions between aromatic amino acid residues and nucleobases. Taking into
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account the localization of the N-terminus of nsP4 in the RNA replicase core, it
seems that the aromatic group of Tyr (or other aromatic amino acids) is likely
used to establish a stacking interaction with GTP, the nucleotide used to prime
the synthesis of negative-strand RNA.

It was shown for SINV that nsP4 binds to both G and SG promoters. While an
individual nsP4 can recognize the G promoter, recognition of the SG promoter
occurs only synergistically with other nsPs. Li and Stollar demonstrated that
R331A and R332A substitutions in nsP4 abrogated SG RNA synthesis, specifi-
cally the binding of replicase proteins to the SG promoter, without having any
impact on G RNA synthesis. This indicates that recognition sites for binding of
nsP4 to G and SG promoters are different (195, 196). This also indicates that nsP4
has a specific — and perhaps a leading — role in template RNA recognition. This
assumption was supported by recent data. It was observed that the functional RCs
of alphaviruses can often be formed by using heterologous combinations of nsP4
and P123 expressed from separate plasmid constructs. For viruses belonging to
the SFV complex, it was observed that the heterologous combinations of P123
and nsP4 preferred template RNA that originated from the same virus as nsP4
(197). It was also observed that the compatibility of P123 and nsP4 was often
asymmetric; for example, P123 of SFV formed an active replicase with nsP4 of
SINV, while the complex formed by P123 of SINV and nsP4 of SFV had virtually
no replicase activity. Thus, interactions between P123 (and/or its processing pro-
ducts) and nsP4, which are essential to activate the RdRp activity of nsP4, are
likely complex. Some studies have also demonstrated that the intact N-terminal
region of nsP4 guarantees the recognition of the rearrangement of nsPs during
polyprotein processing events (switching from negative- to positive-strand RNA
synthesis) (198). Additionally, the N-terminus of nsP4 was shown to be essential
for the recognition of the promoter sequence at the 3” end of the RNA genome as
well as for interaction with other nsPs, especially with nsP1 (199, 200). All of
these data fit well with the recently revealed structure of the alphavirus RNA
replicase core (Figure 10).

In addition to RdRp activity, nsP4 also has terminal adenylyl transferase
(TATase) activity. This is required for the synthesis and/or repair of the poly(A)
sequence of alphavirus positive-strand RNAs (201, 202), an essential function as
negative-strand RNAs of alphaviruses lack poly(U) tails at the 5’ ends (203).
Truncated versions of nsP4 lacking 97 N-terminal aa (A97nsP4) have TATase
activity to catalyze the addition of adenosine residues to the 3” end of the RNA
in a template-independent manner. In the same experiments, A97nsP4 was unable
to synthesize negative-strand RNA, indicating the crucial role of the NTD of the
nsP4 protein in this process (191, 199). A very recent study also demonstrated
that the ability to add adenosine residues in a template-independent manner
depends on the presence of nsP2 (94).
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Figure 10. (A) Architecture of the alphavirus replicase complex in CHIKV-infected cells.
From left to right are shown examples of cryo-EM images of spherules, resolved structures of
the neck of the spherule and a structural view of two ring-like structures present in the neck
of the spherule (adapted from 94). (B) High-resolution structure of the alphavirus RNA
replicase core. The core consists of 12 subunits (A-L) of nsP1, one subunit of nsP4 located
in the pore of the nsP1 ring and one subunit of nsP2 interacting with nsP4 via its N-terminal
part. Note that in the replicase core, nsP4 is completely folded. The NTD of nsP4 folds
between the nsP1 ring and RdRp domain of nsP4, and the C-terminus of nsP4 localizes to the
spherule side of the complex (adapted from 94).

2.4. Alphavirus replicon vectors and marker viruses

Working with highly pathogenic viruses requires the use of high biosafety level
laboratories. In addition, experiments involving genome mutagenesis (such as
construction of chimeric viruses) also cause biosafety concerns. Scientifically
more important is that infectious viruses are not always the best model to be used:
the ability of a virus to spread in cell culture makes it difficult to focus on specific
stages of the infection cycle, and the ability of the virus to revert or generate
compensatory mutations complicates analysis of the mutant genomes. One way
to circumvent these obstacles is to use various subviral test systems. As one type
of these systems, alphavirus-based replicon vectors represent valuable tools for
investigating different aspects of viral infection. In addition, they also have
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potential for vaccine development and gene therapy applications. The ability to
replicate with a high rate, to infect various host cells and the possibility of gene-
rating high titer stocks of virus replicon particles (VRPs) are among the advan-
tages of these vectors (201, 202). At the same time, the utilization of any models
for conducting various studies faces intrinsic limitations, as these tools may not
be applicable in some in vitro and many in vivo experiments.

Alphavirus replicon vectors are self-replicating RNAs that lack the ability to
produce infectious virions. They contain all necessary components for RNA
replication — 5° and 3° UTRs, SG promoter(s), and ORFs for ns proteins. Additio-
nally, they may include ORF(s) for marker protein(s) but lack structural protein
coding sequences. Due to the presence of nsP2- and nsP3-encoding regions,
replicons of the Old World alphaviruses are cytotoxic to vertebrate cells — a pro-
perty that is advantageous for some (mostly basic) studies and problematic for
others (often applied). Introduction of the specific mutations was shown to be
successful to limit their cytotoxic effects. Most of the changes related to the con-
struction of noncytopathic replicons were made by introduction of the mutations
in nsP2, as this protein is responsible for shutting down cell transcription. As a
result, the replicons became noncytopathic, in turn leading to the establishment
of persistent infection in mammalian cells with or without changing the kinetics
of RNA replication (206). Currently, numerous studies have indicated that spe-
cific mutations in other nsPs (nsP1, nsP3 and nsP4) can also contribute to the
establishment of the noncytopathic properties of alphaviral replicons for vertebrate
cells (207).

In general, the process of constructing alphavirus replicons includes replace-
ment of the region encoding structural proteins with the sequence of a gene of
interest; in some cases, additional elements regulating the expression of foreign
genes (IRES, duplicated SG promoters, translational enhancer) are also used. Over-
all, once delivered to the cell, the alphavirus replicon mimics a virus genome
except that it is unable to form infectious progeny. The problem with such tools
is their delivery to the cells via transfection. Transfection may not be efficient for
some cell types (often invertebrate cells) and may damage other cells. For some
studies, such as analysis of virus entry and establishment of infection, transfection
is simply not acceptable, as its mechanism is completely different from natural
virion binding, entry and activation of the virus genome. Such obstacles can be
overcome by packaging replicon RNAs into VRPs. For this purpose, constructs
expressing the structural proteins CP and viral glycoproteins (together or sepa-
rately), termed “helper RNAs”, are delivered to highly susceptible and easily trans-
fectable cells (often BHK-21 cells) together with replicon RNA using the trans-
fection procedure (204, 208). Thus, after transfection, the replicon triggers not
only its own replication/transcription, but also replication of helper RNA(s) and
synthesis of corresponding SG RNAs. This ensures synthesis of structural pro-
teins and packaging of replicon RNA (but not helper RNAs, due to the lack of
packaging signal) into VRPs. Newly produced VRPs are released into the growth
medium in a way similar to alphavirus virion release (Figure 11). VRPs obtained
using this method resemble natural virions except for one important difference —
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they are capable only of a single round of infection, as new particles cannot be
formed in cells infected with VRPs. All of the approaches mentioned above ensure
the safety of the experiments (209, 210, 211). The advantage of using a replicon-
based system is the possibility of introducing one or several genes of interest and
studying different aspects of alphavirus replication in the context of a lack of cell-
to-cell spread of infection.
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Figure 11. An overview of the strategy used for packaging replicons (generation of VRPs).
In replicons, the structural protein region of the virus genome is replaced with the sequence
encoding the ZsGreen marker. In the helper constructs, most of the ns region has been deleted,
and the SG promoter is used to express SG RNAs encoding capsid proteins (CP) or envelope
glycoproteins (E). SP6 — promoter for RNA polymerase of bacteriophage SP6 used for in vitro
transcription. To package replicons into VRPs, cells are cotransfected with in vitro transcribed
capped RNAs corresponding to the replicon and helper constructs. The replicon RNA is used
as mRNA for translation of nsPs that form RCs, which performs replication of the replicon
and helper RNAs — synthesis of negative strands and then new full-length and SG RNAs form
the SG promoter. SG RNAs from the helper constructs encode CP and precursors of envelope
glycoproteins, while SG RNA from replicons expresses ZsGreen. In the last step, produced
structural proteins interact with newly synthesized replicon RNAs that are packed into VRPs
and released from transfected cells.
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Aside from replicons, alphavirus genomes carrying sequences encoding easily
detectable reporters are frequently used for the investigation of different aspects
of alphavirus infection. There are multiple ways to prepare these constructs, often
called marker viruses. The sequences encoding reporters can be inserted in the
part of the genome encoding ns or structural proteins, but are most often inserted
between these regions or downstream of the structural region. In these cases, the
use of duplicated SG promoters is necessary to ensure the expression of structural
proteins or the reporter (Figure 12). As always, there are certain limitations. The
marker(s) cannot be too large (or too numerous) due to the limited size of the
genome that can be packaged into icosahedral NCs. When markers are introduced
into the ns region of the genome, insertions can be performed only in certain
positions of nsP1, nsP2 or nsP3; otherwise, they cause instability of the viral
genome and a decrease in virulence or nonfunctionality in some cell lines (212).
In the case of the insertion of EGFP into nsP2 or nsP3, the expression of nsPs can
be tracked, and their subcellular localization depending on the stage of infection
can be monitored (213, 214). Most commonly, a duplicated version of the SG
promoter is used to control and enhance the expression of a foreign sequence such
as EGFP or any other marker gene (215). The practical use of marker viruses is
different from that of replicons, as marker viruses do not require helper RNAs
and are able to infect/spread in multiple cells at the same time. There are biosafety
concerns similar to those for natural viruses. One of the key problems with these
tools is their low (or modest) genetic stability — as insertion of markers reduces
the speed of viral RNA replication and efficiency of virion formation, these
reporter-harboring viruses cannot compete with viruses that have lost marker
(often by random deletion). Thus, once such viruses are formed (which invariably
occurs), they outcompete the marker virus within a few passages.
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Figure 12. Alphavirus genomes with inserted marker genes. (A) Alphavirus infectious
cDNA (icDNA) clone with a sequence encoding a fluorescent marker inserted into the region
encoding nsP3. (B) Alphavirus icDNA clones with sequences encoding fluorescent markers
inserted (upper) downstream of the native SG promoter or (lower) downstream of the dupli-
cated SG promoter placed after the structural region. (C) For the former design, a duplicated
SG promoter is used to express the viral structural proteins. SP6 — a promoter for RNA
polymerase of bacteriophage SP6 used for in vitro transcription; CMV — an immediate early
promoter for human cytomegalovirus used for transcription with cellular RNA polymerase 11
in the nucleus of transfected cells.
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In summary, replicon vectors and marker viruses have been applied to investigate
the functions related to different nsPs and the impacts of mutations on the virus
replication rate and/or replicase complex formation (168, 169). However, both
tools have intrinsic limitations, and technologies/approaches allowing improve-
ment of tools for studies of virus RNA replication and/or analysis of virus infec-
tion in vivo are still needed.

2.5. Alphavirus trans-replicase system

Alphavirus G RNA serves as an mRNA for translation of replicase proteins and
as a template used by replicase formed by these proteins. Thus, the expression of
nsPs is tightly coupled with RNA replication (i.e., less replication produces fewer
nsPs, which in turn results in even less replication...). Accordingly, in the context
of alphavirus infection, the effect of mutation(s) in the nsPs on the RNA repli-
cation rate is difficult to evaluate. Furthermore, it is challenging or impossible to
differentiate between direct effects (changing the activity of RNA replicase) and
indirect effects (for example, those affecting host cell antiviral responses), as both
ultimately result in reduced RNA replication. This becomes even more complex
because mutations in some key proteins — such as nsP2 — can exert both direct
and indirect effects on viral infection. Finally, all systems, where virus nsPs are
produced from replicating RNA templates, have intrinsic problems related to
adaptations, reversions of the introduced mutations, pseudoreversions and/or
introduction of second-site compensatory mutations in the mutated genome or
replicon during the RNA replication process. Consequently, a method for esti-
mating alphaviral RNA replication/transcription levels without changes in the
production of replicase proteins would be highly appropriate for conducting basic
alphavirus studies.

Alphavirus replicase is highly active in trans— it is not restricted to use of its
own mRNA for subsequent replication; it can find and use any suitable RNA in
the cells. This property has been known for nearly 50 years, as passaging of
alphaviruses in cells gives rise to defective interfering particles (216). The RNAs
packaged in such particles cannot encode replicase; instead, they use replicase
synthesized by coinfecting normal virus. To do so, the defective genome should
contain only Cis-active sequences needed for RNA replication. The same property
of alphavirus replicase is used in replicon/helper RNA systems (Figure 11):
helper RNA does not encode for replicase proteins and uses nsPs produced by the
replicon RNA for its replication and transcription. These properties were used for
the development of alphavirus trans-replicase systems (Figure 13A) (190, 217),
allowing uncoupling of replicase protein expression and viral RNA synthesis.
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Figure 13. Transreplicase assay in mosquito cells. (A) Schematic representation of
plasmids used for the expression of P1234 of an alphavirus (Ubi-P1234) and replication-
competent template RNA encoding the Fluc (genomic) and Gluc (subgenomic) markers (Alb-
FGQG). Designations are the same as for Figure 1, Publication I. (B) Principle of the trans-
replicase assay. Cells are co-transfected with plasmids expressing mRNA encoding P1234
and a plasmid expressing RNA template. The RNA transcribed from the P1234 expression
plasmid cannot be replicated due to the lack of essential cis-sequences and serves only for
translation of replicase proteins. The plasmid containing the sequence of template RNA is
transcribed by RNA polymerase I; accordingly, a corresponding transcript lacks a 5° cap and
is poorly translated. When the template RNA is recognized by replicase proteins, RCs are
formed, and RNA replication is initiated. The latter results in the synthesis of multiple copies
of the capped full-length template RNAs used for the expression of Fluc (marker of replication
activity); in addition, capped SG RNAs used for the expression of Gluc (marker of tran-
scription activity) are synthesized. The activity of virus replicase is typically estimated by
comparison of Fluc and Gluc activities of the replicase under investigation and polymerase-
inactive replicase.
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The first trans-replication assay was elaborated for SFV (217, 218). Multiple
changes have been applied to improve the efficiency of the assay, such as codon
optimization of replicase-expressing sequences, selection and optimization of Cis-
active sequences included in constructs expressing template RNAs for these
replicases, and selection of suitable promoters for replicase and template RNA
synthesis (217). Many studies have shown that the efficiency of this system
depends on the choice of promoters and on the cell lines selected for experiments.
Several promoters have been tested: the T7 RNA promoter, which requires co-
expression of T7 TNA polymerase, the immediate early promoter of human
cytomegalovirus (CMV) for mammalian cells, the Aedes aegypti polyubiquitin
promoter (Ubi) for mosquito cells (149, 190) and, for template RNAs, promoters
of human, hamster or mosquito RNA polymerase I (219).

The general principle of the trans-replicase system is simple but elegant
(Figure 13B). The plasmid encoding the replicase proteins produces mRNA that
encodes the same proteins as viral G but lacks cis-acting elements crucial for
RNA replication, thus making it unable to replicate. On the other hand, a suitable
RNA template is transcribed from another plasmid delivered to the cell together
with the replicase-coding plasmid. This RNA template contains necessary Cis-
elements, which interact with nsP1-4 provided in trans (220). Once the replicase
proteins and the template RNA “find each other”, the synthesis of negative-strand
RNA is initiated, which in turn leads to spherule formation and subsequent ampli-
fication of template RNA (replication) and production of a truncated version of
SG RNA (transcription). This simple but robust system has been applied for the
investigation of RC formation and the dependence of spherule size on the length
of RNA templates, for the analysis of minimal requirements of the replication
competence of RNA templates, for tagging different replicase proteins and for
the study of the effects of mutations introduced into replicase proteins on viral
RNA synthesis in cell culture (92, 93, 190, 217).

G and SG RNA versions synthesized in a trans-replicase system can be detec-
ted and quantified directly using Northern blotting or RT—-qPCR. These methods
are, however, laborious and/or expensive. Therefore, the template RNA used in
the transreplicase system is designed to express easily detectable reporters
whose expression is increased (boosted) in the presence of replicase expressed
from the corresponding plasmid (Figure 13). In an ideal system, the background
level of reporters should be undetectable (no expression in the absence of active
replicase); in reality, this is not achievable. Therefore, to eliminate the background
activity generated by the reporters (typically, luciferases), a proper negative control
for the trans-replication assay is needed. For construction of the plasmid expres-
sing inactivated polymerase (negative control), the conserved GDD motif in the
active center of nsP4 was replaced with GAA. Another issue is to reduce the natural
background level of marker expression. This may not be necessary for a marker
placed under the SG promoter, as its expression from nonreplicating template
RNA is very low; corresponding activation requires template replication and SG
RNA synthesis. For the marker placed under the G promoter, it is more challenging,
as its expression can also occur from nonreplicating (cellular RNA polymerase
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generated) template RNAs. Indeed, numerous experiments have pointed out that
the increase in the expression of such markers in the presence of an active repli-
case is difficult or impossible to detect (149, 190). This has been circumvented
by the use of the promoters of T7 RNA polymerase or RNA polymerase I: corres-
ponding RNA polymerases produce uncapped transcripts that are poorly trans-
lated; in contrast, copies generated by a replicase (G RNAs) have a 5° cap and are
therefore more efficient mRNAs for reporter expression (Figure 13B). In general,
good results are obtained in mammalian cells; however, in mosquito cells, these
approaches are somewhat less efficient (190, 219, 220). Therefore, additional
approaches for reducing the background level of reporter expression and/or in-
creasing replicase-mediated G RNA synthesis are needed for these cells.

2.6. The phenomenon of superinfection exclusion during
alphavirus infection

Numerous studies have been dedicated to revealing the mechanisms of RNA
replication, virus—host interactions and changes induced in host cells during
alphavirus infection. Another aspect of alphavirus infection that has been studied
over decades is the specificity of the interaction between homologous or heterolo-
gous viruses. The results of these investigations revealed the existence of the
superinfection exclusion (SIE) phenomenon (221). SIE, also called homologous
interference, is a process by which the infection of a cell with the “first” virus
eliminates the ability of the next “incoming” (superinfecting) virus to establish
infection in the already-infected cell. SIE is a common phenomenon found in
many virus groups and families. Mechanisms causing SIE are diverse, from
removal of virus receptors from the surface of the infected cell to the direct
inhibition of gene expression and genome replication of a superinfecting virus.
For alphaviruses, SIE was described nearly 50 years ago (222). Despite the
numerous studies dedicated to the study of SIE caused by alphaviruses, its nature
is rather poorly understood, and available data are controversial. The reasons be-
hind the lack of exact knowledge include limited understanding of events occur-
ring during the very early stages of infection as well as the diversity of alpha-
viruses and their hosts (especially considering that SIE is established both in
infected vertebrate and invertebrate cells). What is known can be summarized as
follows. SIE is established very rapidly. Upon infection, the genome of the first
virus is translated and replicated, while the genome of the superinfecting virus is
translated, but RNA replication does not occur. The efficiency of SIE is both
time- and virus type-dependent. In early studies, Johnston et al. showed that
primary infection with SINV blocked the replication of the second (homologous)
virus within the first 15 minutes, and the maximum inhibition was achieved as early
as 60 minutes postinfection. Very similar results were obtained by Singh and
colleagues for SFV (223, 224). It was also observed that infection with SINV
caused SIE for homologous virus (SINV) infection; however, SINV-infected cells
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remained infectible and supported replication of EEEV, a heterologous alpha-
virus (225). A study performed using Aedes albopictus cells revealed that cells
infected with CHIKV, SINV or SFV maintained SIE against homologous virus
indefinitely. However, at the stage when persistent infection was established (at
8—10 days postinfection), the cells infected with CHIKV supported limited (10—
50-fold reduced) replication of heterologous alphaviruses, such as SINV. How-
ever, more detailed analysis showed that only 8-10% of cells in such cultures
were superinfected with SINV. This result indicated that SINV gained the ability
to replicate in a limited number of cells rather than the ability to replicate (albeit
poorly) in every cell in the culture (225). Another aspect that has been shown to
affect SIE is the multiplicity of infection (MOI). In the case of using a 10-fold
higher MOI for superinfecting SFV compared to the first virus, SIE was not
observed. Only when the interval between the first infection and superinfection
was increased to 3 hours was the superinfecting virus not capable of replicating
even when used at high MOI (224). This may indicate that SIE at early stages of
infection relies on different mechanisms compared to SIE at later stages of infec-
tion, i.e., alphaviruses can cause SIE using multiple mechanisms.

Considering the limited and controversial data, it is not surprising that the exact
mechanism of SIE in alphavirus infection is not clear. It has been hypothesized
that SIE may represent an outcome of competition for the receptors presented on
the host cell surface; however, there is little evidence supporting this theory.
Studies dedicated to the analysis of the mechanism(s) of SIE caused by alpha-
viruses revealed two common features: 1) SIE is mostly related to the blockage
of RNA replication and 2) it has a cell-intrinsic nature (223, 226, 227, 228). On
the other hand, experimental data for SFV showed that homologous interference
was caused by multiple factors and at different stages of infection, whereas it has
been shown for CHIKV that SIE does not truly depend on the activity of nsP2 or
any other nsPs (229). These observations lead to the conclusion that SIE involves
multiple mechanisms and may serve to reduce the possible recombination events
between two viral genotypes. Thus far, the hypothesis supported by the largest
amount of experimental data is that the establishment of SIE is caused by the
presence of nsP2 encoded by the first virus in the cytoplasm of infected cells.
After processing, nsP2 is released from polyprotein, but only a relatively small
fraction of it is included in the RNA replicase core, where nsP1 and nsP2 are
present with 12:1 stoichiometry (94). Thus, the bulk of nsP2 accumulates inside
the infected cells and is located partly in the cytoplasm, and partly in the nucleus
(152, 230). The “free” nsP2 found in the cytoplasm exhibits protease activity and
may be responsible for restricting superinfection with homologous or hetero-
logous viruses by performing cleavage of the P234 of the second virus at a
specific position (presumably the 2/3 site) or at a time which is not compatible
with the pathway leading to the formation of functional RCs. This mechanism
was found to be responsible for SIE in SINV infection and partially responsible
for SIE in SFV infection (225).
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3. AIMS OF THE STUDY

Previous studies have revealed the complexity and elegance of alphavirus repli-
cation strategies. However, despite the considerable amount of existing data, the
full diversity of the mechanisms and/or viral/host factor interactions involved in
alphavirus replication is far from being fully understood. Processing of ns poly-
protein is one of the key requirements for RNA replication that can influence the
outcomes of alphavirus infection at very different levels. The processing is
strictly regulated and depends on the alphavirus nsP2, a multifunctional enzyme
with RNA helicase, NTPase, triphosphatase and protease activities. In addition to
the aforementioned functions, nsP2 has been shown to be one of the determinants
necessary for proper binding of viral RNA to RCs and virions for modification of
the intracellular environment, including inhibition of the innate antiviral immune
response and host cell transcription. Multiple functions of nsP2 are connected
with each other, making the investigation of the precise roles of this protein in
the virus infection process very complicated.

To investigate the involvement of nsP2 in different poorly understood aspects
of alphavirus infection, the following aims were proposed:

1. To study the functional impacts of the presence of the WT or protease-inactive
form of nsP2 of CHIKV and SINV on the activities of RNA replicases of
homologous and heterologous alphaviruses in mosquito Aedes albopictus
cells and analyze the mechanism(s) of nsP2-mediated inhibition, formation
and functioning of alphavirus RCs (I).

2. To demonstrate the role of nsP2 and its protease activity in the development
of SIE during alphavirus infection using mosquito cells and a replicon vector
model (I).

3. To investigate the formation of the replicase complex of EEEV and the impact
of stoichiometry of its ns proteins on the activity of EEEV RNA replicase (II).

4. To analyze the role of nsP2 in RRV infection, including its involvement in the
shutdown of host cell protein synthesis (III).
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4. MATERIALS AND METHODS

A complete description of the materials and methods used for the accomplish-
ment of the experimental part of this study is available in the corresponding
sections of publications I, II and III. A brief overview and rationale behind the
choice of the methods used are provided below.

Construction of nsP2 expression plasmids (Publication I)

Sequences encoding 10 C-terminal amino acid residues of nsP1 and full-length
nsP2 of CHIKYV (isolate LR20060PY 1) or nsP2 of SINV (isolate Toto1101) were
optimized according to codon usage of Aedes aegypti, and the cryptic splicing
sites present in these sequences were also removed. This allows us to avoid the
expression of the aberrant forms of nsP2 (from transcripts spliced using cryptic
sites) that may have unpredictable effects on alphavirus replicase formation and
function. Corresponding synthetic DNAs were cloned between the Aedes aegypti
polyubiquitin promoter (one of the strongest promoters known for mosquitoes)
and the transcription terminator of the hsp70 gene from Drosophila melanogaster
in the pB-HRS5/IE1 plasmid. DsR also contains a cassette for the expression of
the red fluorescent protein dsRed. This marker is important for the detection of
transfected cells, as, in general, the transfection efficiency of mosquito cells is
relatively low, and using higher amounts of transfection reagents tends to damage
the cells. The obtained plasmids were used to generate expression constructs for
mutant versions of these proteins; changes in sequences encoding nsP2 proteins
were made using site-directed mutagenesis and subcloning procedures.

Analysis of nsP2 expression using Western blotting (Publication I)

Mosquito C6/36 cells grown in 6-well plates were transfected with 800 ng of
plasmid expressing nsP2 of CHIKV or nsP2 of SINV using Lipofectamine LTX
and the Plus Reagent. The reagents and transfection conditions were selected
based on the results of the preliminary tests that revealed this transfection reagent
to be reasonable, effective and harmless to mosquito cells. Cells were harvested
at 12, 18, 24, 36 and 48 h posttransfection, lysed with 1x Laemmli buffer and
boiled for 10 min. Proteins were separated by SDS-PAGE in 10% gels and
transferred to polyvinylidene difluoride membranes followed by staining with
primary anti-CHIKV nsP2 (raised against recombinant protein corresponding to
residues 1-470 of nsP2 of CHIKV) or anti-SINV nsP2 (raised against full-length
recombinant nsP2 of SINV) polyclonal antisera. Secondary antibodies were
conjugated to fluorescent infrared dyes, allowing detection of expressed proteins
using the LI-COR Odyssey Fc imaging system. In another experiment, C6/36
cells were transfected with plasmids expressing the mutant forms of nsP2 of
CHIKYV or SINV; transfection was performed, and samples were analyzed 48 h
posttransfection as described above.
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Trans-replicase assay (Publication I)

In this assay, the expression constructs of CHIKV P1234, its variants harboring
mutations blocking cleavage at the 1/2 site or at the 2/3 site and a plasmid
expressing P1234 harboring an inactivating mutation in the RNA polymerase
active site of nsP4 were used as tools to express CHIKV replicase proteins. A
plasmid for the expression of the replication-competent template RNA of CHIKV
containing Firefly luciferase (Fluc) and Gaussia luciferase (Gluc) markers also
harbored a promoter and terminator for Aedes albopictus RNA polymerase 1.
Briefly, in this construct, most of the ns region was substituted by the sequence
of Fluc, and all regions encoding structural proteins were replaced with those for
Gluc. The markers were used to allow easy and accurate measurement of the syn-
thesis of the full-length RNA (a template for Fluc expression) as well as the trun-
cated version of SG RNA (a template for Gluc expression) (Figure 13A). Thus,
in essence, the RNA transcribed from the template-expressing plasmid represents
a defective interfering RNA with very low translation of the Fluc marker (due to
lack of a 5° cap) and even lower expression of Gluc (due to lack of a 5* cap and
the region encoding Gluc being the second ORF in the RNA). At the same time,
the alphavirus replicase-generated RNAs are not only more abundant than
transcripts made by RNA polymerase I, but are also capped at the 5* ends, and in
the shorter transcript, ORF for Gluc is the first ORF in that RNA (Figure 13B).
Selection of this design was based on previous studies which revealed that such
constructs produce low background and high replicase-driven boost of marker
protein expression. The same principles were also used in replicase and template
expression plasmids of other alphaviruses.

Our preferred format of trans-replication assays was based on the use of cells
grown in 96-well plates (approximately 35,000 cells/well): these conditions
limited the amounts of necessary (and expensive) transfection reagents and took
full advantage of the sensitivity of the measurement of luciferase activities. At
the same time, we observed that to obtain clear reads and reproducible results,
relatively large amounts of expression plasmids were needed: the transfection
mixture contained 440 ng of the P1234-encoding plasmid, 440 ng of plasmid
expressing the corresponding template and 440 ng of plasmid encoding nsP2 of
CHIKYV or SINV or the mutant version thereof. In experiments aiming for the
analysis of an effect of co-expression of SINV and CHIKV nsP2 on the RNA
replicase from heterologous alphavirus, the matching pairs of P1234 and template
RNA expression plasmids were used, and the amount of protease expression
plasmids was increased to 1,600 ng. Because high amounts of plasmids may
potentially negatively impact the cells, we mimicked the conditions used in
control experiments where the protease-expressing plasmid was substituted by
the same amount of irrelevant (“dummy”) plasmid DNA encoding only dsRed.
The transfected cells were harvested at 48 h posttransfection, and Fluc and Gluc
activities were measured (Figure 14). To allow statistical analysis and ensure
reproducibility of the results, all trans-replication experiments were performed
with at least three biological replicates.

45



Measurement of luciferase activity

ra agent
&
5 o2 Incubation - e -
S S — 48 h
s
Opti-MEM i i Measure Gaussia
signal
)

&
. Add Firefly  Measure Firefly  Ad
Cell lysis substrate | substrate
(to quench Fi

signal
irefly

Figure 14. Schema of experiments used for analysis of the effect of the expression of free
nsP2 on the activity of trans-replicases in C6/36 cells. Note that labels above the tube shown
to the left of the schematic indicate molecules expressed from plasmids used to transfect C6/36
cells.

Packaging of CHIKY replicons into virus replicon particles (Publication I)

Our laboratory has developed several systems for obtaining CHIKYV virus replicon
particles (VRPs). From those, a system based on the use of a single helper RNA
is the most efficient (resulting in the highest VRP yield). However, this system
suffers from the possibility of infectious virions arising due to copy-choice
recombination between replicons and helper RNAs. As such contamination was
unacceptable for this study, a two-helper system for CHIKV replicons (231) was
used (Figure 11). The plasmid pSP6-CHIKVRepl-ZsGreen was constructed by
cloning the sequence encoding the ZsGreen marker under the control of the SG
promoter in the CHIKV replicon vector; ZsGreen was chosen due its bright green
fluorescence, which is easy to detect and distinguish from the red fluorescence of
the dsRed marker expressed by nsP2-expression plasmids. pSP6-CHIKVRepl-
ZsGreen and helper plasmids were linearized, and DNA was purified and tran-
scribed in vitro using a mMESSAGE mMACHINE SP6 transcription kit. Then,
8 x 10° BHK-21 cells were transfected via electroporation with 1 ug of RNA tran-
scripts corresponding to the replicon and each helper RNA. Compared to the
standard protocol, these amounts are much lower: if the aim is to obtain maximal
yield of VRPs, up to 100 pg of RNA transcripts can be used. Here, however, a
lower amount of RNA was favored to reduce the possibility of nonhomologous
recombination between the delivered RNAs. The transfected cells were seeded
on a 60-mm plate. After incubation of the plates at 37 °C for 48 h, supernatants
containing VRPs were harvested and clarified by centrifugation. For determi-
nation of the titer, different dilutions of VRP stock were made in L-15 medium
and used for infection of C6/36 cells. Infected cells were incubated for 16 h at
28 °C and harvested, and the percentage of cells expressing ZsGreen was deter-
mined using flow cytometry. The aim was to determine the amount of VRPs
necessary to achieve infection of 30—40% cells. This value was selected because
the corresponding number of fluorescent cells can be accurately measured by
FACS, and most importantly, under these conditions, the majority of fluorescent
cells are infected by a single VRP. RNA replication is initiated by ns proteins
translated from a single replicon RNA delivered by VRP.
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Infection of transfected cells with VRPs and flow cytometry assay (Publi-
cation I)

C6/36 cells were grown on 12-well plates at a density of approximately 350,000
cells/well and transfected with 3 pg of plasmids expressing nsP2 of CHIKV,
SINV or their protease inactivated mutants and dsRed marker. The control cells
were transfected with the empty expression vector pB-HRS5/IE1.DsR expressing
only dsRed marker. At 48 h posttransfection (selected as a time with high-level
expression of nsP2 and dsRed), cells were infected with CHIKV VRPs at a
multiplicity of infection of approximately 0.2 VRP/cell and incubated for 16 h at
28 °C. Afterward, the medium was removed, and the cells were fixed by incu-
bation at room temperature in 10% formalin for 30 min. Cell analysis was per-
formed using an Attune NxT Acoustic Focusing Cytometer. For detection of the
ZsGreen fluorescence signal, a 488 nm laser with a 493—490 nm filter was used,
while detection of dsRed was performed using a 561-nm laser with a 612—-627 nm
filter. A scatter plot was used to determine the percentage of cells expressing
ZsGreen and/or dsRed in the prepared samples (Figure 15). For each sample,
30,000 events were recorded. The experiment was performed in triplicate and
repeated two times.

Infection with CHIKV VRPs
(at MOI 0.2)

OR OR

V &
E . % N \/ —

48h
Opti-MEM

Cell analysis by FACS

—
.\
-

{ { {
ZsGreen + DsRed + ZsGreen +/DsRed +

(nr(f[f):‘c?::l?lj n(‘)f:“ !'S.P.Z' ) || (replication, free nsP2)

Figure 15. Schema of the experiment used for analysis of the effect of the expression of
free nsP2 on the infection of C6/36 cells by CHIKV VRPs containing ZsGreen-expressing
replicons. Note that labels above the tube shown to the left of the schematic indicate molecules
expressed from the plasmids used to transfect C6/36 cells. The expression vector for free nsP2
also expresses dsRed. The efficacy of suppression of VRP infection was analyzed by measuring
the reduction in double-colored cells (expressing dsRed and ZsGreen markers) depending on
the presence of nsP2, its origin (CHIKV or SINV) and the presence or absence of its protease
activity.
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Design and use of three-component trans-replicase of Eastern equine en-
cephalitis virus (Publication II)

Basic constructs of the EEEV trans-replicase system (plasmids for expression of
P1234, its polymerase-dead version and suitable template RNA) were constructed
previously. Two-component EEEV trans-replicase consisting of the expression
vectors for EEEV P123 and nsP4 (expressed in the form of ubi-nsP4 to ensure
the critical N-terminal Tyr residue of nsP4) was constructed in our lab by Laura
Sandra Lello and was found to be highly active. However, for several alpha-
viruses (such as SINV and SFV), the P123 component can be further split between
two expression plasmids, one for nsP1 and another for P23. The latter should
have an N-terminal ubiquitin fusion to ensure the correct N-terminal residue of
nsP2, which is, depending on the virus, Gly or Ala (but never Met). There is also
an additional requirement — the P23 precursor must be uncleavable. The reason
for this is simple: if no measures are taken for stabilization of P23, then it is
almost instantly processed into nsP2 and nsP3 and fails to contribute to formation
of the functional RCs. There are two ways to stabilize P23 — this can be done
either by inactivation of protease activity of nsP2 or by making the site between
nsP2 and nsP3 uncleavable by introduction of a Gly to Val (or Gly to Ala) muta-
tion at the P2 position of the cleavage site. Here, we chose the former approach.
The EEEV nsP1 plasmid was prepared by using PCR and the CMV-P1234
template; as a result, the region encoding nsP2-nsP4 was removed. CMV-P243-
EEEV was generated by replacing the nsP1 region in CMV-P123-EEEV with a
region encoding ubiquitin; the Cys residue in the active site of nsP2 protease was
replaced with Ala using PCR-based mutagenesis and subcloning.

A trans-replicase assay was utilized to reveal the activities of the three-com-
ponent EEEV transreplicase and to determine the optimal ratio of the nsP4
expression plasmid to the nsP1 and P2“*3 expression plasmids. The efficiency of
the three-component system was analyzed based on analysis of luciferase marker
expression (encoded by the HSPoll-FG template plasmid) or based on a flow
cytometry assay (detection of ZsGreen encoded by the HSPoll-FZsG template
plasmid) (Figure 16).
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Figure 16. Schema of experiments used for analysis of the effect of the ratio of nsP1+P2¢43
components of RC to the nsP4 component using three-component EEEV trans-replicase.
Note that labels above the tube shown to the left of the schematic indicate molecules expressed
from plasmids used to transfect C6/36 cells; in some experiments, the plasmid used for the
expression of nsP4 was used at different concentrations. In experiments based on the use of
HSPolI-FG template RNA-encoding plasmids, the activities of trans-replicase were estimated
by measuring the activities of expressed Fluc and Gluc reporters. In experiments based on the
use of HSPolI-FZsG template RNA-encoding plasmids, the efficacy of functional replicase
formation was estimated by analysis of the percentage of ZsGreen-positive cells, and the
activity of trans-replicase-mediated transcription was measured by analysis of the mean fluo-
rescence intensity (MFI) in ZsGreen-positive cells.

Analysis of the shutdown of cellular translation in cells infected by RRV
T-48, its mutant variants and chimeras based upon it (Publication III)

Analysis of sequence RRV 2548, an isolate of RRV from Australian mosquitoes,
revealed several nonsynonymous differences compared to the prototype strain of
RRV, RRV T-48. Three mutations found in the region encoding nsP1, and four
mutations found in the region encoding nsP2 were introduced into the infectious
clone RRV T-48 using site-directed mutagenesis, resulting in 7 mutant viruses.
In addition, the chimeric viruses designated M12 and M34 were prepared by
replacing the nsP1/nsP2 or nsP3/nsP4 regions of RRV T-48 with corresponding
fragments of RRV 2548. The panel of these nine icDNA clones was prepared by
collaborators at Griffith University.

To analyze whether the introduced mutations and swaps affect the ability of
RRYV to cause cellular translation shutdown, we used metabolic labeling of pro-
teins in BHK-21 cells infected with [*>S]Met and [*°*S]Cys. This approach allows
us to measure the expression of host and virus proteins over a time course of
infection and provides much clearer images than an alternative approach based
on the use of puromycin and its detection using Western blotting. Briefly, cells
were infected with RRV T-48 and mutant variants at high MOI. At selected time
points (4, 8, 12, and 24 h postinfection), infected cells were starved for Met and
Cys for 30 min and labeled with 50 pCi[**S]Met and [**S]Cys for another 30 min.
Afterward, cells were lysed in SDS gel loading buffer, and labeled proteins were
separated using SDS—-PAGE followed by drying and autoradiography (Figure 17).
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Figure 17. Schema of the experiment used for the analysis of RRV-induced shutdown of
cellular protein synthesis and expression of viral structural proteins.
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Analysis of processing of RRV P1234 using in vitro translation (Publi-
cation I1II)

In vitro translation and radiolabeling were employed to evaluate the impacts of
the substitutions found in the nsP1/nsP2 region of RRV 2548 on P1234 proces-
sing. This approach was chosen because the antibodies against nsPs of RRV were
not available, i.e., the only way to detect and identify viral nsPs and their poly-
protein precursors was the synthesis of radiolabeled proteins and subsequent
analysis of their electrophoretic mobility. The speed of ns polyprotein processing
can be analyzed by measuring the ratio of the mature nsP2 to its precursor, P123
polyprotein (theoretically, P1234 could be used instead of P123, but due to very
rapid cleavage of the 3/4 site, the amount of P1234 tends to be very low, and the
corresponding band is difficult to detect). A panel of icDNAs including 7 RRV
point mutants and RRV T-48 (control) was used as a template. In vitro translation
was performed using the TnT-SP6-coupled rabbit reticulocyte system. The time
of translation was 45 minutes, followed by 5 minutes of treatment with cyclo-
heximide and 5 minutes of treatment with RNaseA. These times were chosen
based on previous experience with CHIKV and SFV ns polyproteins (149, 168),
as they are sufficient for translation of detectable amounts of viral ns polyproteins
and their partial, but incomplete, processing. The obtained images were
visualized with a Typhoon phosphorimager. The intensities of the P123 precursor
and mature nsP2 (unlike comigrating nsP1 and nsP3, nsP2 is larger and can
therefore be easily identified) bands were quantified using ImageQuant TL soft-
ware (Figure 18).
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Figure 18. Schema of the experiment used for analysis of processing of different variants of
RRY polyproteins.
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5. RESULTS AND DISCUSSION

5.1. Expression of individual nsP2 in
Aedes albopictus cells interferes with formation
and/or activity of RNA replicases of homologous

and heterologous alphaviruses (Publication I)

5.1.1. Expression of individual nsP2 of CHIKV or SINV inhibits
the activity of corresponding trans-replicases and reduces
the efficiency of infection by CHIKV VRPs

The formation of alphavirus RNA replicase occurs via sequential processing of
P1234 and P123 by protease activity residing in the nsP2 region. While the first
and the second cleavage occur in cis, the final cleavage — that of the 2/3 site —
occurs intrans (Figure 4). Thus, this cleavage can be performed by an individual
(free) nsP2 previously formed by processing of ns polyproteins of the virus or, in
the case of superinfection, processing of ns polyproteins of the first virus. The
existence of free nsP2 is an inevitable consequence of the stoichiometry of the
alphavirus RNA replicase core, which contains 12 subunits of nsP1 but only one
molecule of nsP2 (94). The presence of free nsP2 in infected cells was already
noted in many earlier studies that also revealed that a free form of nsP2 localizes
almost equally in the cytoplasm and nucleus of mammalian cells. Free nsP2 does
not participate directly in RNA replication; instead, it has numerous nonrepli-
cative functions generally related to the shutdown of host cell metabolism and
antiviral responses. It has also been presumed, but not directly proven, that free
nsP2 is one of the factors (or even the main one) responsible for the establishment
of SIE. In this study, we intended to examine in depth the role of free nsP2 as a
factor modulating the formation/activity of RNA replicases of homologous and
heterologous alphaviruses.

Theoretically, any free nsPs present in a cell may act either as an inhibitor or
activator for alphavirus RNA replicase. Inhibitory properties have been cohe-
rently described for an individual nsP3 (188), while the presence of excess nsP4
has been shown to activate the RNA replication of numerous alphaviruses (197).
Free nsP2 can also inhibit alphaviral RNA replication by different mechanisms.
Acceleration of P1234 processing and the activating pathway resulting in the
formation of P12 and P34 (as reviewed in Section 2.2.2) interferes with RC for-
mation. However, this is not the only option, as free nsP2 can also inhibit RNA
replicase formation by binding crucial host factors, triggering host cell shutdown
and/or altering cellular responses to virus infection. nsP2 of a heterologous alpha-
virus can also act as a dominant negative factor competing with homologous nsP2
for position in the RNA replicase core. The same may be the case for different
mutant variants of nsP2. Thus, there are multiple possibilities. Furthermore, the
potential mechanism of action of free nsP2 likely depends on virus species, as the
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nonreplicative functions of alphavirus nsPs are less conserved than replicative
ones. Finally, the effects of free nsP2 on alphavirus infection in vertebrate and
mosquito cells can also be different. Altogether, the universal answer to what
nsP2 does and how it functions (other than being a component of the RNA repli-
case core) in alphavirus-infected cells may not even exist.

To narrow the focus of the study and avoid problems caused by the high cyto-
toxicity of free nsP2 in mammalian cell lines, we selected Aedes albopictus
(C6/36) cells as an object to assess the impact of free nsP2 on alphavirus replicase
activity and the development of SIE-like conditions in the cells. These cells were
selected due to ease of handling and lack of a functional siRNA pathway. This
allowed us to detect the nsP2 protein-mediated effects that are not masked by
inhibitory effects caused by the production and activity of siRNAs. C6/36 cells
are also suitable for alphavirus transreplicases, and their variants harboring
mutations in processing sites of P1234 have high activities in C6/36 cells (149).
However, several aspects of work with mosquito cells pose challenges. Compared
to mammalian cells, they are far less studied, and tools suitable for working with
these cells are limited and generally of moderate/low efficiency. Among other
factors, transfection of C6/36 cells with plasmid DNAs is relatively inefficient —
usually no more than 50% are successfully transfected — and attempts to increase
transfection efficiency using different approaches and reagents typically result in
damage to the cells. The low transfection activity did not allow the use of the
simplest experimental schema: transfection of cells with the nsP2 expression
plasmid and subsequent infection with an alphavirus. In this case, more than 50%
of cells remain nontransfected, allowing the virus to replicate without any hind-
rance. Clearly, this would almost completely mask any inhibitory effect occurring
in successfully transfected cells: at most, twofold replication inhibition may be
obtained (i.e., complete inhibition in all cells successfully transfected with the
nsP2 expression plasmid, but fully active replication in cells that remained un-
transfected and did not express free nsP2). The most obvious way to solve this
problem is using stably transfected cell lines, but repeated attempts to obtain such
cells in our lab failed. Namely, transgenic cell lines were easy to obtain, but none
of them had detectable expression levels of nsP2 — most likely, it was silenced by
mosquito cells (the mechanism behind this inhibition was not studied in detail,
but it was assumed to be caused by the siRNA pathway). As a way out, a trans-
replication-based approach was pursued: two plasmids of the trans-replication
system (expressing template and P1234, respectively, Figure 13) were co-
transfected with a plasmid for the expression of free nsP2. In general, co-trans-
fection results in the codelivery of all three plasmids: cells are either transfected
with all three plasmids or with none of them. Furthermore, to keep the number of
cells that received only two transreplicase plasmids and no nsP2 expression
plasmid, the latter was used in molar excess. Another aspect favoring the use of
the trans-replicase-based approach relies on previous studies performed in our
lab. We have generated numerous state-of-the-art tools, including a combination
of P1234 and RNA template encoding plasmids, where transcription is driven by
Aedes aegypti polyubiquitin (Ubi) and Aedes albopictus RNA polymerase I
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(AlbPoll) promoters, respectively. These plasmids have been tested in mosquito
cells (111) and developed for numerous alphaviruses. The system is compatible
with plasmids expressing free nsP2 of CHIKV or SINV (WT or mutated versions)
(Publication I, Table I) that were prepared for this study. It should, however, be
noted that the use of a trans-replication system for this study was not without
problems — the nature of co-transfection dictates that the effector (nsP2) and its
target (replicase system) must be delivered to the cells simultaneously (sub-
sequent transfection would not ensure codelivery of plasmids). This contrasts
with the real SIE, where the viruses enter the cell consecutively. It can be assumed
that this limitation will likely reduce the efficiency of suppression of trans-repli-
case activity, as all proteins/RNAs are expressed at the same time, i.e., a pool of
free nsP2 does not form before the start of the expression of P1234. On the other
hand, a molar excess of the nsP2 expression plasmid could ensure a high level of
nsP2 expression that should partly or completely compensate for this effect. The
number of unknowns dictates the need for the use of adequate controls. In the
current study, nsP2 lacking protease activity (carrying a Cys to Ala mutation in
the protease active site) was used as a negative control in all assays. This allowed
us to estimate the “real” impacts of CHIKV and SINV nsP2 (WT or mutant
versions harboring different substitutions) on P1234 processing and, thus, RC
formation. In addition, the use of nsP2 lacking protease activity allowed for the
detection of potential protease-activity-independent inhibitory effects caused by
co-expression of free nsP2.

Once the assay conditions were optimized, the obtained results became highly
reproducible, and the experiments became rather straightforward. It was found
that individually expressed protease-inactive nsP2 of CHIKV did not signifi-
cantly decrease the replication of the template RNA of CHIKV in mosquito cells.
In contrast, the impact of co-expression of WT nsP2 of CHIKV was profound:
the replication/transcription activity of CHIKV RNA replicase was significantly
reduced (Publication I, Figure 2B). These findings clearly highlighted the im-
portance of the protease activity of nsP2 as one of the “key players” necessary for
the inhibition of CHIKV RNA replication under the experimental conditions
mimicking SIE. It has also been recently demonstrated that replacement of Glu515
of CHIKV nsP2 with the Val residue increases the protease activity of nsP2,
resulting in accelerated processing of P1234 at the 1/2 site and dramatic inhibition
of RNA replicase functioning (149). When this mutation was introduced into the
CHIKYV nsP2 expression construct and the plasmid was used in trans-replicase,
both replication and transcription activities were further (compared to co-expres-
sion of WT nsP2) reduced. On the one hand, this result seems to correspond with
the prediction. However, on the other hand, the increased activity of the mutant
nsP2 mostly causes acceleration of 1/2 site processing that (as in the experiments
performed in the previous study) occurs predominantly, if not exclusively, in cis.
This contrasts with the situation in our experiment, where co-expressed free nsP2
can cleave target(s) in P1234 only in trans. Thus, it was assumed that the observed
enhanced effect may be caused by factors other than increased protease activity.
To verify whether the more potent inhibitory effect of this mutant form of nsP2
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can indeed be attributed to its increased protease activity, an additional mutation
was added (Y A). Substitution of Tyr161 to Ala in the N-terminal region of nsP2,
which disrupts the helicase activity of nsP2 and abolishes RNA synthesis and
alphavirus replication (133), was added to nsP2 harboring a Glu515 to Val sub-
stitution. Experiments performed with this double mutant showed that its inhi-
bitory effects on replication/transcription rates of trans-replicase were more similar
to those of WT nsP2 and not to the nsP2 with Glu515 to Val substitution alone,
i.e., the additional inhibitory potential was lost. A substitution in the RNA heli-
case part of nsP2 is very unlikely to affect the protease activity of the enzyme, as
residue 161 is distant from the residues located very close to the N-terminus of
nsP2, which affects the protease activity of SFV nsP2 (145), or from residue 228,
which affects the processing of the ns polyprotein of SFV/CHIKV chimeras
(245). Thus, most likely, these data imply that the profound suppression of trans-
replicase activity observed in the presence of nsP2 with Glu515 to Val sub-
stitution alone was not due to accelerated cleavage of the 1/2 site (or 2/3 site) in
P1234. The elevated inhibitory potential of this nsP2 mutant form may be due to
the direct dominant effect on the CHIKV RNA replicase. Data from the experi-
ments performed using P1234 polyproteins harboring mutations in nsP2 cleavage
sites (see below, 5.1.2) are in line with this assumption.

The findings obtained using one alphavirus often do not apply to another,
especially if these viruses do not belong to the same complex of alphaviruses.
Our laboratory has a large collection of nsP2 and P1234 mutants of SFV. How-
ever, SFV belongs to the same complex as CHIKV and has very similar ns poly-
protein processing requirements. For these reasons, SINV, belonging to a dif-
ferent complex, was selected as a second model. The processing requirements of
SINV P1234 have not been studied in detail, but existing data suggest that they
must differ at least to some degree from those of CHIKV and SFV. Namely, at
the late stage of infection, SINV nsP2 cannot cleave the 3/4 site, resulting in the
accumulation of P34 in infected cells. In addition, mutation in nsP2 of SINV
resulting in increased speed of 1/2 site processing has been described (137). Despite
all differences between CHIKYV and SINV, it was found that the co-expression of
free nsP2 and trans-replicase of SINV resulted in an effect very similar to that
obtained for CHIKV. Expression of WT nsP2 of SINV prominently reduced the
activities of trans-replicase (Publication I, Figure 2C). Mutation increasing the
protease activity of nsP2 of SINV clearly increased this effect, while mutation in
the active site of nsP2 protease essentially abolished it.

We also attempted to analyze the potential impacts of mutations affecting the
cytotoxicity or subcellular localization of nsP2 on its ability to inhibit CHIKV
and SINV trans-replicases. It was found that these mutations result in rather minor
changes, and the impact of the mutations on inhibitory properties is very small (if
present at all). There are two mutually nonexclusive explanations for this. First,
neither of these properties (cytotoxicity or subcellular localization) are related to
the ability of nsP2 to induce SIE-like inhibition. This seems rather unlikely
because more prominent cytosolic localization of nsP2 should, in theory, favor
cleavage of newly translated P1234. Second, both of these phenomena have been
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described for mammalian cells and may not be relevant for mosquito cells. Indeed,
alphavirus infection and nsP2 expression are not toxic to these cells, and very
recent data from our collaborators (Reitmayer et al., submitted for publication)
revealed that in mosquito cells, nsP2 does not exhibit nuclear localization.

As mentioned above, one of the drawbacks of trans-replicase as a system for
mimicking SIE is the need for co-transfection of cells with the nsP2 expression
plasmid and plasmids of the trans-replicase system. Separation of these transfec-
tions in time will inevitably lead to an increased number of cells transfected only
with trans-replicase plasmids, and thus a reduction in the observed inhibitory
effects at the cell culture level. Analysis based on the use of single cells was not
available due to a lack of necessary equipment. In theory, cells not transfected
with nsP2 expression plasmids can be eliminated using cell sorting; however, this
process tends to damage cells and can significantly impact virus infection on its
own. Therefore, we selected an approach based on the use of a two-color system —
red for nsP2 expression and green for RNA replication. For trans-replication, this
approach is not suitable, as RNA replication is established in a rather small
fraction of transfected C6/36 cells (220), making the changes in the numbers of
cells positive for both markers (red+green) difficult to detect (due to the small
number of these cells). The more efficient — and likely also more biologically
relevant — system is based on transfection of cells with nsP2 expression plasmids
(or control plasmid) and subsequent infection of cells with VRPs containing
packaged replicon RNA that can establish one-cycle infection and expresses
green marker (in our case, ZsGreen). The use of a replicon allows the infection
of the desired fraction of transfected cells, and the reduction in the number of
double-marker-positive cells is easy to measure (Figure 16). In this setup, repli-
cons and corresponding VRPs are preferable to full viruses harboring marker
genes because the latter produce infectious progeny that will ultimately infect all
cells in culture and establish stable infection. The experiments performed with
CHIKV VRPs confirmed findings made by transreplicases (Publication I,
Figure 3). The magnitudes of the observed effects were different, most likely
because of the different designs of the experiment, but the trends were none-
theless the same. Transfection of cells with a plasmid expressing WT CHIKV
nsP2 prominently reduced their ability to become infected by CHIKV VRPs; the
effect was reduced but not eliminated when nsP2 harboring a mutation in the
protease active site was used. The expression of WT or protease-inactive nsP2 of
SINV had an almost identical and relatively mild impact on the ability of cells to
become infected by CHIKV VRPs. These data indicate that the inhibition was
independent of protease activity. However, at least under the conditions used, the
protease-activity-dependent effects of nsP2 of SINV could be too small to be
detected.

Taken together, the accumulated data showed that co-expression of the indi-
vidual (free) nsP2 plays a major role in suppression of viral RNA synthesis by
trans-replicase and alphavirus replicon vectors. The trans-replicase-based assay
was found to possess higher sensitivity. There were both protease-activity-depen-
dent and protease-activity-independent factors that resulted in suppression of
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replicase activities. The balance between these factors depended on the virus,
mutations introduced into nsP2, the type of assay used (trans-replicase or VRP
infection) and, to a degree, the conditions of the assay (including the number of
transfected cells and amounts of plasmids used for transfection). Considering the
findings obtained in the current study, we can presume that alteration of RC
formation and/or functioning by the co-expressed individual nsP2 is just one side
of a coin and that indirect effects of nsP2 expression may also have a certain
impact on alphavirus RNA synthesis.

5.1.2. Blocking of processing sites in P1234 reduces
or eliminates sensitivity of CHIKV trans-replicase
to co-expression of an individual nsP2 (Publication I)

To result in the formation of functional RNA replicase, the processing order of
the junctions in P1234 should be as follows: first 3/4, then 1/2 and finally the 2/3
site (142). The strict order and precise timing of processing events also means
that its disturbance, i.e., premature processing and/or altered processing order of
P1234 of superinfecting virus, could be the basis for SIE. The most plausible
explanation is that processing starts by trans-cleavage of the 2/3 site; this
cleavage is also influenced by processing of the 1/2 site, as the 2/3 site in P123 is
a less suitable substrate for nsP2 than the 2/3 site in P23. Hence, the role of ns
polyprotein processing in the establishment of SIE-like effects can be confirmed
by the use of ns polyprotein precursors made uncleavable at the 1/2 or 2/3 site by
replacement of the conserved P2 Gly residue with the Val residue. This approach
was also used in this study. However, it should be mentioned that such protease
site mutations exert a significant impact on the activity of CHIKV replicase in
mosquito cells. Thus, Bartholomeeusen et al. described that the Gly to Val muta-
tion at the P2 positions of 1/2 or 2/3 cleavage sites resulted in more efficient RNA
replication in mosquito cells; the impact of the mutation at the 2/3 site was more
profound than that of the 1/2 site mutation (149). This effect may, depending on
experimental conditions, enhance or diminish the impact resulting from co-
expression of nsP2. Indeed, if replication levels are increased 10-fold or more by
a processing site mutation, it may be more difficult for co-expressed nsP2 to
suppress such elevated activity. However, another possibility exists: achievement
of such high levels of RNA replication is likely demanding, and even relatively
minor disturbances in cells may reduce the efficiency of such high-level RNA
replication. Thus, the data obtained using transreplicases with processing-
deficient P123 regions must be interpreted with care.

Consistent with previous observations, the introduced cleavage site mutations
prominently boosted the expression of marker proteins encoded in template RNA.
The activation (compared to WT replicase) was smaller for P1GV234 (harboring
Gly534 to Val substitution that blocks cleavage of the 1/2 site) and more promi-
nent for P12GV34 (harboring Gly1332 to Val substitution that blocks cleavage
at the 2/3 site) (Publication I, Figure 2A). Importantly, it was observed that both
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P1GV234 and P12GV34 mutations diminished or eliminated the negative impact
of co-expression of WT nsP2 on the activities of CHIKV trans-replicase. The
inhibition in the case of the P1GV234 polyprotein was modest; in contrast, co-
expression of WT nsP2 had almost no effect on the activities of the trans
replicase using the P12GV34 polyprotein. In the latter case, the processing of
P1234 into P12 and P34 (normal products of the late nonreplicative processing
pathway) was prevented. Thus, these data indicate an important role of the 2/3
cleavage site in SIE. In the case of P1GV234, the cleavage of 2/3 site is possible
but, as its efficiency depends on the release of the N-terminus of P23 polyprotein
(prevented by Gly534Val substitution), the efficiency of such a cleavage is
reduced, which most likely represents the real reason for reduced sensitivity to
WT nsP2 expression. The role of the cleavage of the 1/2 site on its own is likely
minimal (if it exists at all), as this site is effectively cleavable in P12GV34. To
confirm this, we constructed and used a polyprotein containing both cleavage site
mutations (P1GV2GV34). It was found that the sensitivity of the corresponding
replicase to nsP2 co-expression resembled that of the P12GV34 replicase. Thus,
the premature cleavage of the 2/3 site (or, more precisely, processing that starts
from cleavage of the 2/3 site) is indeed a key event in the establishment of SIE-
like inhibition of replication by individual nsP2. Interestingly, while the impact
of co-expression of WT nsP2 on the replication activity of P1GV234- and
P12GV34-based trans-replicases was eliminated, some negative impact on tran-
scription activity remained. It is possible that co-expression of nsP2 could not
inhibit RNA replicase formation (most likely, the protein was unable to shut
down the synthesis of negative-strand RNA synthesis) but had some ability to
interfere with the synthesis of SG RNA. This is consistent with the observation
that nsP2 might be a factor affecting the ability of alphaviruses to synthesize SG
RNAs. This may be possible, as in contrast to the mature RNA replicase core
containing 1 subunit of nsP2, the immature (early) cores should contain more: 12
subunits in the case of P1GV234 and likely more than 1 for P12GV34. Therefore,
it seems plausible that free and individual nsP2 can interfere with P12/P123 or
P23 polyproteins present in these immature replicase complexes and affect their
ability to produce SG RNAs.

Most of the mutant forms of nsP2 had similar or reduced impacts on the
activities of processing-deficient trans-replicases. The exception is nsP2 carrying
the Glu515 to Val substitution, which had a significant negative influence on the
replication/transcription levels of P1GV234- and P12GV34-type transrepli-
cases, albeit clearly smaller compared to its effect on WT (P1234) trans-replicase.
Most likely, this indicates that the protease-activity-dependent effect of nsP2 with
Glu515 to Val substitution was lost (or reduced), while the protease-activity-inde-
pendent effect was preserved (Publication I, Figure 2B).

Overall, the obtained data revealed that blocking the 1/2 or 2/3 cleavage sites
in P1234 inhibited the ability of the co-expressed WT nsP2 to suppress trans-
replicase activity in a protease-activity-dependent manner. It has been confirmed
that the abolition of alphavirus RC assembly/activity directly depends on the ability
of co-expressed nsP2 to interfere with ns polyprotein processing in the trans-
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replicase assay, and presumably with that of superinfecting alphavirus. It is also
evident that the trans-processed 2/3 site is the main target for the protease activity
of nsP2, while the block of cleavage of the 1/2 site most likely functions by making
the 2/3 site in the same polyprotein less accessible for the protease activity of free
nsP2.

5.1.3. The impact of co-expression of individual nsP2 of CHIKV
or SINV on the activity of trans-replicases of
heterologous alphaviruses (Publication I)

The primary sequence of nsP2 shows many variations, especially when alpha-
viruses belonging to different complexes are compared. Thus, the aa identity
between CHIKV and SINV nsP2 is approximately 44%, while the similarity
between nsP2 of CHIKV and VEEYV is approximately 42%. At the same time, the
3D structures of nsP2 protease regions of VEEV, SINV and CHIKV are very
similar. Thus, despite the differences in the proteins’ primary sequences, they
retain similar functional properties necessary for polyprotein processing (235).
The “relationships” between the protease and cleavage sites in ns polyprotein are
very complex and cannot be described simply as a key fit to a lock. The highly
coordinated manner of ns polyprotein processing and its efficiency are difficult
to explain due to the dissimilar aa composition of the cleavage sites. Furthermore,
our data indicate that the key for SIE is recognition and processing of P1234 at
the 2/3 site by free nsP2. The 2/3 site is the only cleavage site in ns polyprotein
processing, which absolutely depends on the macromolecular mechanism of the
assembly of nsP2 with nsP3 (MD). It is also the only site not cleavable by the
nsP2 protease alone or by full-length nsP2 harboring extra aa residue(s); the
perfectly natural N-terminal part of the enzyme and macrodomain in the substrate
are strictly required (146). One can assume that such complex requirements make
cleavage of this site inefficient and/or that the cleavage cannot be performed by
heterologous nsP2. The reality is, however, the opposite: processing of the 2/3
site in the infected cells is very rapid, and there is clear evidence that the 2/3 site
in SFV ns polyprotein can be cleaved by nsP2 of SINV, but not the other way
around (146). Thus, cleavage of the 2/3 site is important for establishment of SIE,
and the site in P1234 of one alphavirus can, at least in some cases (though not
always), be processed by nsP2 of another alphavirus. Accordingly, one could
expect that expression of nsP2 of one alphavirus can restrict replication of hetero-
logous alphaviruses as well, albeit to different extent (it is important to note the
existence of protease-activity-independent inhibition). To verify whether this is
the case, we used co-expression of nsP2 (WT or protease inactive) of either
CHIKYV or SINV in C6/36 cells transfected with trans-replicases of alphaviruses
belonging to different complexes, namely, trans-replicases of SFV, RRV, MAYV,
EILV, VEEV and EEEV. We excluded trans-replicases of ONNV and BFV from
this study, as data from previous studies performed in our lab revealed that the
replicases of these viruses have low activity in Aedes albopictus cells (220).
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As expected, due to the smaller impact of the co-expression of an individual
nsP2 of CHIKYV or SINV on the trans-replicase of heterologous virus than homo-
logous virus, a larger amount of nsP2-expressing plasmids was used in these
experiments. As a consequence, a protease-activity-independent effect of nsP2
expression on the activity of CHIKV trans-replicase became clearly evident;
however, it was overshadowed by the effect caused by co-expression of WT nsP2
(Publication I, Figure 4A). Interestingly, co-expression of the protease-inactive
nsP2 of CHIKYV also inhibited replicases of other alphaviruses; the largest reduc-
tion of transcription activity was observed for trans-replicase of MAY'V, while
the smallest inhibition was observed for trans-replicases of SFV and insect-spe-
cific EILV. The extent of inhibitory effect showed little, if any, correlation with
the relationship between viruses: for example, SFV and MAYV are closely
related to CHIKV, while EILV is not. Thus, our data not only demonstrated that
such downregulation was not directly caused by the protease activity of nsP2, but
also that downregulation is unlikely to be attributed to an effect caused by altering
the stoichiometric ratio of the replicase subunits. More likely, the effect was
mediated by a cell or resulted from multiple factors. Data from similar experi-
ments performed using protease-inactive nsP2 of SINV support this hypothesis.
It was observed that co-expression of this protein had only a modest effect on the
transcriptional activity of transreplicases of heterologous alphaviruses; the
largest impact was, again, on trans-replicase of MAY'V, while trans-replicase of
CHIKYV was affected to the smallest extent (Publication I, Figure 4B). Such
effects are difficult to explain if one assumes that nsP2 of heterologous alphavirus
interferes directly with subunits of replicase of another virus. In this case, one
could expect to observe a correlation between an inhibitory effect and evo-
lutionary relationship between the involved viruses. In contrast, if the effect is
mediated by cells, one could expect that viruses will not be ranked by sequence
similarity, but rather by sensitivity to these cell-mediated effects. The highest
sensitivity of MAY'V to co-expression of the protease inactive nsP2 of CHIKV or
SINV seems to be in line with this hypothesis. It can also be speculated that a
profound effect caused by the nsP2 of CHIKV may occur because Aedes
mosquitoes are natural vectors for CHIKV, but not for SINV. Furthermore, the
high sensitivity of the trans-replicase of MAYV to the co-expression of hetero-
logous nsP2 may result because this virus is naturally transmitted by Hemagogus
mosquitoes and not well adapted to Aedes, making it more vulnerable. At the
moment, all of these ideas represent speculations that may or may not be correct.
What is certain is that a mechanism — or more likely mechanisms — behind nsP2
protease-activity-independent inhibition of alphavirus replication represents an
interesting topic for further studies.

As expected, the co-expression of WT nsP2 had, at least in the majority of cases,
a more prominent inhibitory effect on transreplicases of heterologous viruses.
Interestingly, again, the effects caused by nsP2 of CHIKV and SINV were not
identical. In general, the additive effect of the protease activity of CHIKV nsP2
was rather small, with the exception of the trans-replicases of CHIKV and SFV
(Publication I, Figure 4A). There are at least two plausible explanations for this.
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First, a very prominent protease-activity-independent effect makes the additional
inhibition (due to protease activity) more difficult to observe. Second, it is likely
that CHIKYV nsP2 is not efficient in trans-cleavage of 2/3 sites in ns polyproteins
of heterologous alphaviruses (SFV being the only exception). On the other hand,
WT nsP2 of SINV appeared to be a stronger inhibitor of trans-replicases of dif-
ferent alphaviruses, including that of insect-specific EILV (Publication I, Figure
4B). It is highly likely that this is an indicative feature of the ability of nsP2 of
SINV to process 2/3 sites in ns polyproteins of SFV (previously confirmed) and
other alphaviruses, including EILV. The plausible exceptions in this case are
VEEV and CHIKV: with respect to their trans-replicases, the WT nsP2 of SINV
was only a minimally more potent inhibitor than its protease-inactive form. For
VEEV, this may be explained by the evolutionary distance between these viruses
and/or the relatively low efficiency of VEEV transreplicase in Aedes cells,
making the detection of reduced activity more challenging. The data for CHIKV
are consistent with those obtained from previous experiments and seem to indi-
cate that SINV nsP2 either does not cleave the 2/3 site in CHIKV P1234 or that
this cleavage does not occur early enough/efficiently enough to affect the for-
mation of CHIKV replicase complexes. Again, these ideas require additional
verification. On the mechanistic site, the detection of products of P1234 pro-
cessing would be useful. More importantly, however, testing the biological rele-
vance of these findings using in vivo (live mosquito) models are necessary.

Taken together, the extent of inhibition of replication of homologous or
heterologous alphaviruses by nsP2 of CHIKV and SINV was significant, possibly
due to the significant differences in the protease activity toward different sub-
strates (sequences of processing sites and/or their presentation) and utilization of
different protease-activity-independent mechanisms. Co-expression of SINV with
nsP2 predominantly resulted in a protease-activity-dependent negative effect,
while the expression of nsP2 of CHIKV nsP2 was characterized mostly by causing
protease-activity-independent reduction of trans-replicase activity (Figure 19).
The ability of nsP2 of SINV to cause inhibition of multiple alphaviruses in a
protease-activity-dependent manner opens the possibility to exploit this for the
development of mosquitoes unable to become infected by or unable to transmit
multiple alphaviruses, a possibility currently under investigation in our laboratory
and by our collaborators. An individual nsP2 of CHIKYV is an equally potent inhi-
bitor of alphavirus RNA replication but is likely a less efficient tool for this
approach: much of the inhibition caused by the expression of this protein origi-
nates from the protease-activity-independent mechanism(s) and may be difficult,
if possible, to reproduce in living mosquitoes. Indeed, if the effect is at least partly
cell-mediated, it may result in excessive penalty costs for insects expressing
CHIKYV nsP2 at levels high enough to cause wide-spectrum resistance against
alphavirus infection.
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Figure 19. Schematic representation of the mechanisms of nsP2-mediated inhibition of
alphavirus replication. (A) Mechanism of the reduction in RNA replication due to the
protease activity of nsP2. Free nsP2 cleaves the P1234 replicase precursor expressed from the
genome of superinfecting virus or from mRNA transcribed from the trans-replicase plasmid
at the 2/3 site, resulting in P12 and P34 polyproteins. These as well as their cleavage products
(mature nsPs) are unable to form functional replicase complexes. Premature cleavage of P1234
at the 1/2 site is less likely, as this site is normally processed in cis. (B) Overview of the
possible mechanisms of protease-activity-independent suppression of alphaviral RNA repli-
case activity by free nsP2. nsP2 lacking protease activity can affect the functioning of the
replicase complex by binding essential host factors, triggering cellular antiviral responses,
modulating the stress response or causing general metabolic changes in cells, including shut-
down of transcription, by inducing the degradation of RNA polymerase II (in vertebrate cells).
In turn, these effects can reduce the activity of viral RNA replicase.
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5.2. Activity of Eastern equine encephalitis virus
RNA replicase depends on the molar ratio of
nsP1:P23:nsP4 components (Publication II)

New World alphaviruses differ from Old World alphaviruses not only in their geo-
graphical distribution but also by specificity of virus—host interaction, virulence
and distinct features of pathogenesis. EEEV is a medically important pathogen.
Its infection may lead to the development of life-threatening neurologic diseases
such as meningitis and/or encephalitis in humans (244). The factors contributing
to the different pathogenicity of Old World and New World alphaviruses (in-
cluding EEEV) remain largely unknown. However, as RNA replication is a cent-
ral event for the existence of any RNA virus, it is obvious that all biological pro-
perties of the virus (including pathogenesis) are directly or indirectly affected by
this process. For this reason, a study aiming to characterize the requirements for
EEEV RNA replicase formation, its characterization and the development of sys-
tems for its practical application (including a test system avoiding/ minimizing the
use of highly pathogenic EEEV) was performed in our laboratory. As in the studies
described in Publication I, we applied a trans-replicase system to study EEEV
RNA replication. Several versions of EEEV trans-replicase were developed, in-
cluding different templates (expressing luciferases or fluorescent marker proteins)
and different constructs for replicase polyproteins expressing either full P1234
(one-component replicase), P123 and nsP4 (two-component replicase), or nsP1,
uncleavable P23 and nsP4 (three-component replicase) (Publication I1, Figure 4).
These systems allow 1) validation of the functionality of “artificially” reassembled
RCs; 2) evaluation of the compatibility of heterologous templates with replicase
proteins of EEEV; 3) evaluation of the compatibility of EEEV replicase proteins
with those from heterologous alphaviruses; and 4) the use of two- or three-com-
ponent trans-replicases to analyze the impacts of different molar ratios of replicase
components (P123:nsP4 or nsP1:P23: nsP4) on the activity of EEEV RCs.
Previous studies have shown that the trans-replicase systems of alphaviruses
are generally highly active in mammalian cell lines (220). In the current study,
the same was confirmed for the trans-replicase of EEEV, which was found to be
among the most active systems developed in our laboratory. It has been previ-
ously described that the two-component trans-replicases of alphaviruses studied
thus far are highly active and that active replicases can also be formed using
heterologous combinations of P123 and nsP4 components (i.e., P123 from one
alphavirus and nsP4 from another alphavirus). However, the number of highly
efficient heterologous combinations is limited, and the formation of efficient
heterologous replicases is often not reciprocal. The replicase formed by P123 of
one virus and nsP4 from another alphavirus may be active, while the reverse
combination (nsP4 from the first virus and P123 from the second one) may have
no or very low activity (197). Again, it was found that the properties of P123 and
nsP4 of EEEV fit this pattern. In contrast to two-component trans-replicases, the
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three-component trans-replicases of alphaviruses have considerably lower activi-
ties, and for some viruses (such as RRV), no activity could be detected at all. Here,
we found that the three-component trans-replicase of EEEV has a very low ability
to synthesize full-length positive-strand RNAs (mRNAs for Fluc) but a decent
ability to synthesize SG RNAs (depending on the type of template used, these are
mRNAs for Gluc or ZsGreen; Publication II, Figure 4B, C, D). Thus, two- and
three-component trans-replicases of EEEV can be used to estimate the optimal
ratios of EEEV P123 (or nsP1+P23) to nsP4 components needed for active repli-
case formation.

It has previously been observed that the activities of two-component trans-repli-
cases of CHIKV, SINV, BFV, VEEV, and EILV all increase if the plasmid en-
coding nsP4 is used in molar excess compared to the plasmid expressing P123.
At high nsP4:P123 expression plasmid ratios, the activities either plateaued or
continued to increase. For CHIKV, it was also found that the increase was mostly
due to a stronger signal (i.e., more active replication) in cells positive for RNA
replication; the number of cells where replication was initiated did, however,
decline if the plasmid expressing nsP4 was provided in large excess (197). This
shows that an excess of nsP4 is not per se beneficial for alphavirus replication and
provides reasons for the methods these viruses use to downregulate nsP4 levels (use
of translational readthrough, degradation of the nsP4 using proteasomal pathway).
It also opens an interesting possibility — can nsP4 also be used as a factor for SIE?
Even if nsP4 does not have such a function in the case of natural viruses, maybe
it can be achieved artificially by overexpression of nsP4 or its mutant versions?
Such an approach can be a rather powerful method for the generation of broad-
spectrum resistance, as alphaviruses from different complexes can use nsP4
proteins from a large number of different alphaviruses to build functional repli-
cases (197). Thus, if nsP4 can be used, it can possibly also be misused. With this
possibility in mind, the following experiments were performed using EEEV trans-
replicases.

First, different ratios of plasmids expressing P123 and nsP4 of EEEV were
tested. In contrast to the previously studied alphaviruses, it was found that the 1:1
ratio of P123 to nsP4 expression plasmids resulted in the highest trans-replicase
activity (Publication II, Figure 3). The same was observed for the nsP1+P23 to
nsP4 expression plasmid ratio (Publication II, Figure 4C). These findings
seemingly contrast with those for other alphaviruses and could indicate that the
defined ratio of EEEV P123 (or nsP1+P23) to nsP4 is crucial for the high activity
of the two- or three-component trans-replication systems of EEEV. Second, using
a template expressing ZsGreen via SG RNA, it was found that this difference
from CHIKV (and presumably other alphaviruses) trans-replicase was due to
EEEV replicase activity in replication-positive cells. For CHIKV, higher amounts
of the nsP4 expression plasmid resulted in increased replication; for EEEV, the
same resulted in a reduction in replication. The number of cells where replication
was initiated also declined (Publication II, Fig. 3E, 4E), although the trans-
replicases of EEEV and CHIKV (197) were similar to each other.
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Taken together, our data indicate the existence of the optimal ratio of EEEV
P123 to nsP4. Due to the lack of corresponding antibodies, it was not possible to
determine the optimal ratio in trans-replicase-transfected cells in a manner
similar to that in EEEV-infected cells. It is also not clear if the different behavior
of EEEV (compared to other studied alphaviruses) represents a specific property
of the virus or whether it simply reflects higher stability of EEEV nsP4 in cells that
allows optimal (and subsequently nonoptimal) concentrations of nsP4 to be
reached in transfected cells with lower amounts of nsP4 expression plasmids. An
excess of nsP4 per se cannot increase or decrease the activity of RCs, as each of
them contains only one subunit of nsP4 (94). Thus, the number of RCs per cell
most likely varied. Indeed, if the nsP4 of EEEV is more stable than its
counterparts from other alphaviruses, it has more time to find and interact with
nsP1 (or P123) and likely also with template RNA, stabilize and form a platform
for assembly of functional RC. However, it is also clear that the excess EEEV
nsP4 in cells hampers the formation of RCs. There are multiple possibilities for
how this can happen — an exce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>