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INTRODUCTION

Alphaviruses are important human and animal pathogens responsible for many
outbreaks and epidemics in recent decades. The majority of alphaviruses use
insect vectors to spread between vertebrate hosts. The most common vector species
are Aedes and Culex mosquitoes, which are found on all continents except
Antarctica. The increasing geographical distribution of alphaviruses is supported
by growing intercontinental travel, trade, and climate change, which have led to
the vector mosquitoes inhabiting new areas. Together with urbanization, alpha-
viruses are increasingly converting from natural enzootic cycles to urban cycles,
resulting in urban epidemics and high attack rates.

One of the most medically important alphaviruses is chikungunya virus
(CHIKV), known as the source of large-scale epidemics in Africa, the Indian Ocean
islands, Southeast Asia, and the Americas. One of the main concerns regarding
CHIKYV is its ability to adapt to new vector species. This adaptation was the pri-
mary cause for the epidemic on Reunion Island in 2005-2006, where CHIKV
mainly spread by the Aedes albopictus mosquitoes instead of its usual Ae. aegypti
vector. Other alphaviruses of growing concern are the encephalitic New World
viruses, which are geographically confined to the American continent. These
viruses, for example, the Eastern equine encephalitic virus (EEEV), are usually
maintained in an enzootic cycle accompanied by rare spillover events to dead-end
hosts, such as humans and horses. However, in recent years, a growing number
of EEEV infections in humans have been recorded in the United States of
America. Furthermore, CHIKV and EEEV are only a fraction of the total number
of highly pathogenic alphaviruses that cause distress around the world. It is only
a matter of time as to when another alphavirus re-emerges, the ramifications of
which could be disastrous. For example, Mayaro virus (MAY V) has the potential
to become another major public health concern due to its increasing prevalence
in the Amazon rural region caused by changes in the ecosystem. In addition, while
the primary vector of MAY'V is the Haemagogus species, MAY'V is also spread
by Aedes mosquitoes, which are continuously inhabiting new areas acting as the
main cause of metropolitan outbreaks.

Whenever a virus outbreak occurs, three questions are inevitably raised. First,
which counteractive measures can be used to stop the virus from spreading?
Second, is there a vaccine to prevent illness? Third, are there any antivirals that
can be used to treat patients? Often, no vaccines or antivirals exist that would
allow for rapid and successful outbreak intervention. Developing vaccines and
antivirals, however, requires extensive knowledge about the viruses, especially
the key steps of their infection and transmission cycles. Performing such studies
can be arduous and time-consuming, hence, knowledge should be acquired before
an outbreak begins. Here, we performed extensive analysis on the properties of
the RNA replicase using several alphaviruses that together represent most of the
known diversity of alphaviruses. We evaluated the ability of the alphavirus repli-
cases to cross-utilize heterologous template RNAs and analyzed which determi-
nants are required by the alphavirus replicases to successfully replicate the
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template RNAs. In addition, we reconstructed the alphavirus replicases from two
functional components and performed an in-depth analysis on the compatibility
of heterologous combinations of these components. We assessed the possibility
of using template RNAs as biosensors for the detection of alphavirus infections
in human cells. Finally, we participated in a study that resulted in acquiring the
3D structures of catalytic subunits of the RNA-dependent RNA polymerases of
two medically important alphaviruses and performed functional analysis on these
enzymes using structure-guided mutagenesis.

These specific studies are highly important for acquiring comprehensive
information on the fundamental principles of RNA replication, while using alpha-
viruses from distinctively different origins. RNA replication is the center of exis-
tence of any virus with an RNA genome and directly or indirectly affects all other
properties of the virus. The knowledge obtained here helps to understand the
absolute requirements of alphavirus replicase formation and sheds light on how
replicases recognize genomic RNAs. Identifying the special features typical of
the individual alphaviruses accompanied by more general characteristics that
apply to many, or maybe all pathogenic alphaviruses, can help in generating novel
antiviral approaches as well as tools for the diagnosis and detection of multiple
alphaviruses.

11



1. REVIEW OF LITERATURE

1.1. Alphaviruses

Alphaviruses are emerging human and animal pathogens. The genus Alphavirus
is the sole member of the Togaviridae family and includes over 30 known virus
species (1). Alphaviruses infecting birds and mammals are divided into seven
antigenic complexes: Venezuelan equine encephalitis complex, Eastern equine
encephalitis complex, Western equine encephalitis complex, Barmah Forest
complex, Semliki Forest complex, Middelburg complex and Ndumu complex (1).
Mostly spread via an arthropod vector, alphaviruses can infect diverse organisms,
such as humans, birds, rodents, insects and fish. Infection by some alphaviruses
is limited strictly to mosquitoes (insect-specific viruses, [ISVs). The majority of
known alphaviruses use mosquitoes from the Aedes and Culex families to spread
between vertebrate hosts. The geographical distribution of alphaviruses is re-
stricted by their vector preference and host range. However, factors such as cli-
mate change contribute to expanding the areas with suitable proliferation condi-
tions for mosquito vectors. Additionally, increased travel and urbanization cause
alphaviruses to emerge in new areas (2). CHIKV, for example, mainly spread via
Aedes aegypti mosquitoes, was historically confined to regions such as sub-
Saharan Africa and Southeast Asia. After 32 years of dormancy, CHIKV re-
emerged in India in 2005 and gave rise to an outbreak in Southeast Asia (3). The
global expansion of CHIKV began with the virus spreading into the southwestern
Indian Ocean region in 2005, rapidly adapting to Aedes albopictus mosquitoes,
and was followed by the introduction of CHIKYV into Italy in 2006 via travelers
from the Indian Ocean islands and India (4—6) (Figure 1). While the first cases of
CHIKYV were confirmed in France in 2010, the local transmission of the virus via
Aedes albopictus mosquitoes was established in 2017 (7). Prior to 2013, CHIKV
was constrained to Africa, Asia, Europe and the Indian and Pacific Oceans. How-
ever, in late 2013, local transmission of CHIKV was also confirmed in the
Caribbean islands, which was followed by the virus spreading all across the
Americas (8, 9) (Figure 1).

Based on geographical distribution and symptoms they cause, arbovirus
members of the Alphavirus genus are divided into New World and Old World
alphaviruses (10). New World alphaviruses, also called encephalitic alphaviruses,
include Eastern equine encephalitis virus (EEEV), Western equine encephalitis
virus (WEEV) and Venezuelan equine encephalitis virus (VEEV). New World
alphaviruses are spread in North, Central and South America. The symptoms of
New World alphavirus infection manifest in an encephalitic phenotype by
causing various neurological diseases, such as encephalitis and meningitis (11).
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Ae. aegypti 3
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Both vectors ‘& [ ECsA lineage ~ I Asian lineage

Figure 1. Schematic representation of the global expansion of CHIKV. Numbers 1-11
indicate several regions with endemic CHIKV and/or outbreaks in the order of their
appearance. 1. Reunion; 2. Malay Archipelago; 3. Makonde/Tanzania; 4. Thailand;
5. Vietnam; 6. Southern Sudan; 7. Belize; 8. Curacao; 9. Saint Martin; 10. Puerto Rico; 11.
Jamaica. Arrows and years indicate the global spread of CHIKV. Figure originally from (9).

EEEV, endemic to the northwestern region of the United States, is usually main-
tained in an enzootic cycle between birds and Culiseta melanura mosquitoes in
forested swamp areas. However, abnormally humid and warm weather conditions
may lead to an increased number of spillover events via bridge vectors to dead-
end hosts, such as humans and horses (Figure 2). EEEV is subject to a growing
concern in the United States, as an increased number of EEEV infections in
humans have been reported in recent years. Most people infected with EEEV do
not develop any symptoms or only present febrile illness defined by fever,
myalgia and joint pain. In rare cases, however, EEEV infection can persist into
neurological diseases with an approximately 30% fatality rate (12). VEEV is
transmitted via Culex mosquitoes and remains in a constant enzootic cycle
between the vectors and small mammals. One of the largest human outbreaks of
VEEV originated in Colombia in 1962, affecting approximately 3,000 humans.
The outbreak expanded into Venezuela, where it caused over 23,000 human
cases, 960 of which included neurological symptoms (13). Additionally, in 1969,
an outbreak that originated from El Salvador and Guatemala spread over Central
America and Mexico and resulted in approximately 50,000 deaths in horses and
approximately 52,000 infected humans (13).
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EEEV end host

Figure 2. Schematic representation of a transmission cycle of EEEV. EEEV is amplified
and maintained in an enzootic cycle between Culiseta melanura mosquitoes and birds in
forested swamp areas. Unusually warm and humid weather may contribute to aberrancies
in mosquito populations, which can lead to spillover events to dead-end hosts such as
horses.

Old World alphaviruses, also called arthritogenic alphaviruses, are distributed in
Eurasia, Australasia, Africa and the Indian and Pacific islands. The only excep-
tion is MAYV which is classified as an Old World alphavirus but causes out-
breaks in the Americas (14). Upon infection, Old World alphaviruses can cause
febrile illness that is characterized by fever, myalgia and joint pain, with the
possibility of persisting into polyarthritis. Old World alphaviruses include, for
example, CHIKV, MAYYV, Semliki Forest virus (SFV), Barmah Forest virus
(BFV), o’nyong’nyong virus (ONNV), Ross River virus (RRV) and Sindbis virus
(SINV) (15). SINV, the type member of the genus Alphavirus, belongs to the
Western equine encephalitis antigenic complex. SINV is spread by Culex mos-
quitoes and has been found in Europe, Africa, Asia and Australia. SINV infection
in humans causes symptoms such as mild fever, rash and painful joints. Despite
the wide distribution of SINV, the disease caused by its infection mostly occurs
in Northern Europe, where SINV is reported to cause intermittent outbreaks (16).
Clinical cases have also been reported in South Africa. Currently, SINV is the
only alphavirus also found in Estonia, where the disease caused by the virus is
called Karelian fever. The same disease in neighboring countries has different
names: Ockelbo disease in Sweden and Pogosta disease in Finland. BFV and
RRYV are among the most common arboviruses in Australia (17). BFV is the sole
member of the Barmah Forest antigenic complex. The main antigenic complex
that includes important arthritogenic alphaviruses is the Semliki Forest antigenic
complex, including CHIKV, SFV, ONNV, RRV and MAY'V.

Currently, CHIKV is considered to be the most medically important alpha-
virus. Over 100,000 CHIKYV cases worldwide have already been recorded this
year alone as of March 2023 (18). CHIKV infection is almost always sympto-
matic, although rarely fatal. Symptoms of CHIKYV infection include fever, chills,
rash, muscle pain, fatigue, nausea and debilitating joint pain, which can be pro-
longed for months or even years (19). CHIKYV is usually maintained in an enzootic
cycle between mosquitoes and nonhuman primates. However, similar to other

14



arboviruses originating from enzootic cycles, it can be transmitted to humans via
spillover events (Figure 3). These spillovers can happen accidentally when a
mosquito vector, after biting an infected host followed by a period required for
virus dissemination (i.e., viral replication in the midgut of the vector, infection of
salivary glands and the release of progeny virions into saliva), feeds on a human.
While these events can trigger outbreaks, they are not the main reason for massive
outbreaks of CHIKYV infection. CHIKYV, similar to some other arboviruses, can
also be amplified in humans and spread by certain mosquito species, such as Aedes
aegypti and Ae. albopictus, to other people, bypassing the enzootic cycle entirely
and resulting in so-called urban epidemic transmission (Figure 3) (20). This is
possible due to the high potential of CHIKV to use humans as primary ampli-
fication hosts (i.e., to cause high-titer viremia) and the ability to infect the above-
mentioned anthropophilic mosquitos. The ramifications of the urban CHIKV
cycles have been painfully clear during recent outbreaks in Reunion and the
Caribbean islands. The constant increase in urbanization, globalization and areas
suitable for vector proliferation are likely to contribute to more frequent occur-
rences of CHIKV urban epidemics in the future.

[
- )
S | /
( &
\
| ’
e 1 n
P (
2 ﬂ | 1 ‘ Ly
8 \ il e [l
Occasional spillover ~
CHIKYV is primarily maintained in an events from animals to
enzootic cycle between mosquitoes humans might happen Virus amplification in humans will
and nonhuman primates progress into human-to-human

transmission in an urban environment

resulting in urban epidemic cycle
Figure 3. Different transmission cycles of CHIKV. CHIKYV is primarily maintained in an
enzootic cycle between mosquitoes and nonhuman primates. However, occasional
spillovers to humans might happen. This can result in the amplification of the virus in
humans with human—vector—human spreading potential. Interhuman transmission of
CHIKYV via Ae. aegypti or Ae. albopictus mosquitoes in an urban environment can progress
into an urban epidemic cycle of the virus.

Despite being classified as an Old World alphavirus, SFV is neurovirulent in
mice. Although it is known to infect humans, the infection is asymptomatic or
results only in a mild febrile illness (21). These properties have facilitated the use
of SFV as a model virus for studying alphavirus infection and as a tool for the
development of alphavirus-based bio- and gene technology systems. MAYYV is
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endemic in South America and remains an important arthralgia-causing virus.
MAYYV cases are most likely underreported due to the symptomatic similarities
with diseases caused by CHIKV and dengue virus (genus Flavivirus, family
Flaviviridae). The main vectors for MAYV are Haemagogus mosquitoes, how-
ever, under experimental conditions, MAY'V can also be transmitted by Ae. aegypti
(22). Thus, the number of MAY'V infections is likely to increase in the future
with the globally widening distribution of the Ae. aegypti and Ae. albopictus
vector mosquitoes (14). ONNV is the only known alphavirus that is transmitted
via night-feeding Anopheles mosquitos, such as Anopheles gambiae and Anopheles
funestus. It is suspected that the unique vector preference of ONNV is due to
some specific properties of the nsP3 protein of the virus (23). Apart from the
unique vector preferences, ONNV is very similar to CHIKV, and these two viruses
form a monophyletic group inside the SFV clade.

1.1.1. The alphavirus virion

The alphavirus virion is approximately 70 nm in diameter and is arranged in a
T=4 icosahedral symmetry. The virion comprises a nucleocapsid (NC) core,
a lipid bilayer of host origin, and 80 trimeric spikes forming the outermost layer
of the virion (24) (Figure 4). The NC core is formed of a single copy of genomic
RNA assembled into the NC structure by 240 molecules of capsid protein (CP).
Alphaviruses encode the glycoproteins E1 and E2, which form heterodimers that,
in turn, are organized into trimers, also referred to as spikes. The lipid bilayer
acquired during the budding of virions is penetrated by the transmembrane
domains of each glycoprotein (10).

Nucleocapsid ) ) Spike

Genomic RNA Lipid bilayer

Figure 4. Schematic representation of the alphavirus virion. The genomic RNA (blue) is
packed into a nucleocapsid (orange), which is surrounded by the lipid bilayer (yellow).
E1-E2 heterotrimers are organized into spike structures on the surface of the virion
(green).
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1.1.2. Organization of the alphavirus genome

The genome of alphaviruses comprises a single positive-strand RNA molecule
(Figure 5). The ssSRNA genome has a cap-0 structure in the 5’ terminus and a
poly(A) tail in the 3’ terminus. The alphavirus genome is approximately 12 kb in
length and contains two open reading frames (ORFs, Figure 5) (10). The first
OREF codes for precursor(s) of nonstructural proteins (nsPs), responsible for gene-
rating the alphavirus replication machinery. The second ORF codes for the pre-
cursor(s) of structural proteins, acting as building blocks for the assembly of new
virions. ORF1 is translated directly from the virus genome. In contrast, ORF2 is
translated from specific subgenomic (SG) RNA that is synthesized in infected
cells.

CSE2 CSE3
(51-_‘base _QSE) (SG__ promqter)
capo% nsPt | nsp2 [ nsP3 [ aspa | ¢ [Es| E2 [ek| E

CSE1

Figure 5. Schematic representation of the alphavirus genome. Explanations of the
designations used are provided in the text. See also Figure 9.

The genome includes three noncoding regions: a 5’ untranslated region (5° UTR)
preceding the first ORF, an intergenic region between the two ORFs and a 3’
UTR downstream of the second ORF. Noncoding regions of the alphavirus genome
include important RNA regulatory elements (25). Two conserved sequence ele-
ments (CSEs) are present in the 5’ region of the genome: CSE1 located in the 5°
UTR and a 51-base-long CSE2 located in the region coding for the N-terminal
region of nsP1 (26, 27). These elements include important Cis-regulatory se-
quences required for positive- and negative-strand RNA synthesis (28). Structural
analysis of the RNA secondary structures in the 5’ region of the CHIKV genomic
RNA via Selective 2’ Hydroxyl Acylation analyzed by Primer Extension (SHAPE)
method revealed seven stem—loop (SL) structures in the first 303 nucleotides of
the CHIKV genome (29) (Figure 6). The first two, named SL3 and SL47 after the
nucleotide from which the SL structure starts in the genomic RNA sequence, are
part of the 5 UTR. Disrupting SL47 results in reduced viral replication in both
human and mosquito cells. Five of the SL structures were mapped to the region
encoding the beginning of nsP1 and were named SL85, SL102, SL165, SL194
and SL246. SL165 and SL194 were confirmed to be included in CSE2. However,
SL47,SL85, SL102 and SL246 are not localized in the conserved region and have
not been described before (29). Analyzing the SL structures mapped downstream
of the start of nsP1 (AUG, residues 7779 of the CHIKV genome) revealed that
SL.85, SL.102, SL165 and SL194 carry an important host-specific role during
virus replication, as they are essential for replication in human cells but do not
have this effect in mosquito cells. In contrast, mutations in SL246 significantly
inhibited virus replication in mosquito cells but not in human cells (29).
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Figure 6. Structure of the 5 end of the CHIKV genome. SL — stem—loop structure;
SL numbers indicate from which nucleotide the SL structure starts in the genomic RNA
sequence. (PK) designates the potential pseudoknot structure. Figure is adapted from (29).

To continue, a 21-base-long CSE3 overlaps with the sequence encoding a few
C-terminal amino acid residues of nsP4. This region contains sequences crucial
for the synthesis of SG RNA, as the start site of SG RNA is located between
residues 19 and 20 of CSE3 (30). Thus, CSE3 is a part of the SG promoter of
alphaviruses. However, the functional SG promoter is somewhat longer than
CSE3. For SINV, the minimal required length for the SG promoter is 19 residues
located upstream and 5 residues located downstream from the start of the SG
RNA. More precisely, the SG RNA of SINV can be synthesized when the SG
promoter spans either from position —19 to +6 or from position —20 to +5 with
respect to the start of the SG RNA. Shorter sequences spanning from —19 to +4
or from —17 to +6 were unable to trigger SG RNA synthesis (31). An SG promoter
with minimal length is relatively weak, as its efficiency is approximately 3- to
6-fold lower than that of the SG promoter spanning from positions —98 to
+14 (32). Thus, contrary to a rather common statement that the SG promoter is in
the intergenic region of the alphavirus genome, most of the minimal SG promoter
sequence as well as the sequences needed for its full activity are located in the
region encoding the C-terminus of nsP4.

CSE4 is located in the 3° UTR immediately upstream of the poly(A) tail (33).
It is 19 bases long, and together with a minimum of 11 or 12 A bases, it forms the
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core promoter for negative-strand RNA synthesis (34). In contrast to CSEI,
which roughly corresponds to the entire 5° UTR, CSE4 is much shorter than the
3’ UTR. The nonconserved region of the alphavirus 3° UTR is nearly 1 kb in length
and tends to contain repeated sequence elements and duplications. Using CHIKV
infectious clones, it has been shown that introducing variations into this part of
the 3” UTR results in host-specific effects. If the repeated sequence elements found
in the 3° UTR are duplicated, virus replication is enhanced in mosquito cells.
Conversely, when the 3° UTR is truncated, replication is inhibited. Such variation
has no effects on virus replication in mammalian cells and does not affect CHIKV-
induced pathology (footpad swelling) in mouse models (35).

1.2. The infection cycle of alphaviruses

The majority of alphaviruses are arboviruses infecting both insect vectors and
vertebrate hosts. Hence, to perform replication, an alphavirus needs to be able to
use mechanisms existing in both of these hosts. As insects and vertebrates are
very different, it is not unexpected that some steps of alphavirus infection in
vertebrates and insects are different as well. Furthermore, the goals of the virus
are also different. In vertebrate cells, the virus needs to use robust replication,
which in in vivo conditions is a prerequisite for rapid development of high-titer
viremia. Robust replication is also required in mosquitoes, however, in this case,
the damage caused by the virus must be minimal, as infected mosquitoes need to
be able to fly and feed. Most studies on the alphavirus replication cycle have been
performed using vertebrate cells, and the information provided below mostly
originates from these studies.

1.2.1. Entry: the attachment and internalization
of alphavirus virions

The infection cycle of alphaviruses begins with virus particle binding to the host
cell via molecules present on the cellular surface (Figure 7). Binding of the cells
is mediated via glycoprotein spikes — trimeric E1 and E2 heterodimers — on the
surface of the virions (36). The ectodomain of the E2 glycoprotein is responsible
for binding to the host cell surface (37). E1 mediates the fusion of cellular and
viral membranes, however, evidence has suggested that E1 is also involved in
host cell binding (37-40). The entry of alphaviruses occurs via clathrin-mediated
endocytosis, which is followed by the fusion of viral and host membranes trig-
gered by low pH (41). Exposure to low pH causes the E2/E1 heterodimers to
disassociate, which leads to the formation of E1 homotrimers (40, 42, 43). These
conformational changes allow the nucleocapsid to enter the cytoplasm followed
by its disintegration and the release of genomic RNA.
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Figure 7. Infection cycle of the alphaviruses. Explanations are provided in the text.

The attachment of alphavirus virions to host cells occurs by binding various mole-
cules on the cell surface. Part of these molecules, here referred to as the attach-
ment factors, are relatively unspecific and include, for example, heparan sulfate,
C-type lectins and phosphatidylserines (44, 45). Heparan sulfates have been shown
to increase the replication of EEEV in the brain and promote neurovirulence in
mice. Moreover, disrupting heparan sulfate binding by the E2 protein of EEEV
decreases replication in lymphoid tissue and reduces the signs of febrile illness
(46). Heparan sulfates also promote neurovirulence of arthritogenic SINV in adult
mice (47). C-type lectins have been exploited by alphaviruses, as they usually act
as pattern recognition receptors (PRRs) as part of cellular defense mechanisms.
In, for example SINV, transfecting otherwise nonpermissive cells with genes
expressing C-type lectins allows for the infection of those cells with SINV (48).
T-cell immunoglobulin mucin (TIM) domain family proteins bind phos-
phatidylserines, and for various alphaviruses (and other enveloped viruses), phos-
phatidylserines have been shown to mediate the infection of cells that express
TIM (49).

The attachment factors alone are not enough to promote entry of the viral
particles into host cells. For this purpose, cellular receptors that interact with the
E2 glycoprotein in a highly specific manner are critical (44, 45). For a long time,
the specific receptors used by the alphaviruses remained unknown, and only re-
cently a number of these receptors have been identified. Natural resistance-
associated macrophage protein (NRAMP) is a divalent metal ion transporter that
has been identified as a receptor for SINV in Drosophila cells (AINRAMP) (50).
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NRAMP directly influences the entry of SINV into host cells, as viral RNA trans-
fected into Drosophila cells lacking ANRAMP is still able to promote successful
infection. NRAMP2, a vertebrate homolog of ANRAMP, mediates the binding
and entry of SINV into mammalian cells, and NRAMP2-deficient mouse cells
are nonresponsive to SINV infection (50). To continue, laminin receptors have
also been proposed as receptors for SINV infection (51). In addition to SINV,
laminin receptors are also thought to act as receptors for VEEV, as they appear
to enhance VEEV infection in both mosquito and human cells (52). Recently,
however, a specific receptor for VEEV, low density lipoprotein receptor class A
domain containing 3 (LDLRAD3), was discovered using a genome-wide
CRISPR/Cas9-based screen (53). In murine cells, the deletion of LDLRAD3
results in reduced infection by VEEV but not infection by EEEV or arthritogenic
alphaviruses. Additionally, VEEV infection of human tumor cell lines lacking
LDLRAD3 was shown to be unsuccessful, and ectopic expression of the receptor
resulted in a gain-of-function phenotype (53). Recently, a very low density lipo-
protein receptor (VLDLR) was shown to act as a receptor for SFV. Somewhat
surprisingly, the same molecule also acts as a receptor for EEEV and contributes
to the binding of SINV virions. The ligand-binding domains of VLDLR (and
those of closely related apolipoprotein E receptor 2) bind the dimers of E2 and
E1 glycoproteins of these viruses. This interaction is important, as ectopic expres-
sion of these proteins facilitates cellular attachment and internalization of virus-
like particles (VLPs) of these viruses. It was also demonstrated that the receptor
orthologs from mosquitoes can serve as functional alphavirus receptors, indi-
cating that the entry of these viruses into the cells of the vectors is similar to that
of the vertebrate cells (54). Interestingly, a more recent study demonstrated, that
VLDLR binds specifically the E1, more commonly known as the mediator of the
fusion of viral and cellular membranes, instead of the E2 (55).

To date, the most extensively studied receptor of alphaviruses is one that
mediates the binding of CHIKV, ONNV, MAYV and RRV. Originally, prohibitin
1 (PHB1) was suggested as a possible receptor for CHIKV, as silencing of the
PHBI1 gene results in a small decrease in CHIKYV infection, and PHB1 colocalizes
with the CHIKV E2 glycoprotein at the plasma membrane (56). However, genome-
wide CRISPR/Cas9-based screens identified Mxra8 as the main receptor for
CHIKV, ONNV, MAYYV and RRV (57). In NIH 3T3 and MEF cells, the knock-
out of Mxra8 either abolishes or reduces CHIKV infection, respectively. Trans-
complementation of Mxra8 expression restores CHIKV infection in NIH 3T3
cells. The impact of Mxra8 on the replication of CHIKV was also studied by
transfecting viral RNA into Mxra8 knockout cells (thus bypassing the attachment
and internalization steps). In these experiments, no negative effects on replication
were observed, suggesting that Mxra8 is important only for the binding and entry
of viral particles (57). Mutant mice expressing truncated and soluble variants of
Mzxra8, which cannot be expressed on the cell surface, showed reduced suscepti-
bility to CHIKV, MAYV, RRV and ONNYV infection. Conversely, a recombinant
variant of CHIKV unable to bind Mxra8 was shown to be attenuated in mice (58).
The crystal structure of Mxra8 has been resolved at 2.2 A, and structures have
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been built for Mxra8 bound to the CHIKV VLP at a 4-5 A resolution. Mxra8 binds
the E2/E1 dimers in a 1:1 ratio, with the total number of Mxra8 receptors con-
nected to the virion being up to 240. Interestingly, no significant conformational
changes were observed in the structure of Mxra8-bound CHIKV VLPs compared
to the unbound control VLPs (59).

1.2.2. Formation of the alphavirus RNA replicase
and RNA replication

The first ORF of the alphavirus genome encodes the nsP1-4 proteins, which are
responsible for the replication of the viral genome. Polyproteins P123 and P1234,
precursors of these proteins, are translated directly from genomic RNA. The reason
behind the translation of two polyproteins lies in an opal (UGA) stop codon in the
region coding for the C-terminal end of nsP3 (60). As a result, P1234 is translated
only in the case of a readthrough event, which has been shown to occur with an
efficacy of 10-20% (61, 62). The opal codon is present in the genomes of the
majority of alphaviruses. However, in some strains of SFV, ONNV and CHIKV,
this opal codon is substituted by a sense codon (10, 63, 64). A study was carried
out in pursuit of learning about the effects of replacing the UGA with an Arg
codon in CHIKV. Although the in vitro replication of the virus was not affected
by this switch, CHIKV-induced arthritis in mice was significantly reduced (65).
To continue, for ONNYV, the replacement of the Arg codon with an opal codon
increased the fitness of the virus for infecting Anopheles gambiae mosquitos but
reduced its infectivity in BHK21 and C6/36 Aedes albopictus (which is not a
vector for ONNV) cells (66). These data suggest that the sense codons in the place
of the opal stop codon might have a host-specific role during alphavirus infection.
P123 and P1234 have several important biological activities, however, they
alone are not capable of replicating viral RNA (67, 68). To acquire this ability,
P1234 needs to be processed in a strictly regulated and perfectly timed manner
first into processing intermediates and finally into mature nsPs (69) (Figure 8).
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Figure 8. Proteolytic processing of P1234. Explanations are in the text.
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The processing is performed by the nsP2 region of P1234 and begins with the
release of nsP4 via in cis cleavage of the processing site between nsP3 and nsP4
(62, 70). This results in the formation of an early replicase composed of P123 and
nsP4 and is responsible for synthesizing negative-strand RNAs (62, 71). The
early replicase uses the genomic RNA as a template for synthesizing negative-
strand RNAs that remain in a duplex with the genomic RNA forming double
stranded RNA (dsRNA) replication intermediates. It is believed that each early
replicase complex carries out a single synthesis event. This coincides with the
formation of a specific structure called a spherule. This spherule contains a single
dsRNA molecule and is attached to the plasma membrane of the cell. In alpha-
virus-infected cells, the number of spherules greatly exceeds the number of in-
coming virus genomes. The formation of additional spherules therefore requires
positive-strand RNA synthesis and their conversion into dSRNA molecules using
the above-described pathway (72). The synthesis of negative strands occurs only
during the first 3—4 h of infection and is not detected in later stages (73). Thus,
early in infection, most positive-strand genomes originating from incoming virions
or synthesized by replicase complexes enter RNA replication. Requirements for
negative-strand RNA synthesis are complex (Figure 9). It has been shown that
the deletions of one or several SL structures located in the 5’ region of the genomic
RNA of SINV affect the synthesis of negative-strand RNAs (28). In addition,
experiments conducted with SFV/SINV chimeric RNA templates and their
respective replicases demonstrated that the 5> UTR of the alphavirus genomic
RNA (CSE1) is an essential element in the promoters required for the initiation
of both negative- and positive-strand RNA synthesis. Furthermore, it was postu-
lated that a component of the replication machinery binds to the 5° end of the
positive-strand RNA prior to initiating negative-strand RNA synthesis at the 3’
end (28). In another study, the requirement of CSE4 for SINV negative-strand
RNA synthesis was confirmed: the deletion of CSE4 completely abolished
negative-strand RNA synthesis (34). The length of the poly(A) tail is also impor-
tant for the synthesis of negative-strand RNA (34): a SINV template RNA with a
poly(A) tail spanning in length from 25 to 34 adenylate residues can efficiently
be used for negative-strand RNA synthesis. However, the synthesis of negative
strands from a template with a poly(A) tail shorter than 20 residues is significantly
reduced. The minimum requirement for the successful initiation of negative-
strand RNA synthesis was found to be 11-12 A-residues immediately following
CSE4 (34). To continue, the production of SINV negative-strand RNAs is severely
hampered in the absence or replacement of a C residue at the —1 position (relative
to the poly(A)) at the 3’ end of the genomic RNA, suggesting the presence of a
negative-strand RNA initiation site (74). Coupled with the fact that the poly(A)
tail in alphavirus dsRNA is unpaired, alphavirus replicase is indicated to initiate
the synthesis of negative-strand RNAs at the last non-A residue in the 3’ end of
the virus genome, and contrary to some early reports, the alphavirus negative
strands lack the poly(U) sequence complementary to the poly(A) tail (75). It has
been debated which nsP(s) recognize and bind genomic positive-strand RNA
prior to the initiation of negative-strand RNA synthesis. A study by Thal and
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colleagues confirmed that nsP4 binds CSE4 (more precisely, the A—U rich region
within the CSE) when initiating negative-strand synthesis (76). However, as the
promoter of negative-strand RNA synthesis also includes the 5° UTR, it is unclear
whether nsP4 also recognizes this element. The importance of both ends of the
genomic RNA has also been demonstrated in the example of SFV, where the
requirements for negative-strand RNA synthesis were determined to be the 3’
UTR of the genomic RNA and the 5° region of the genome, including the
beginning of the nsP1 encoding sequence (77). These results suggest that both
UTRs are required for negative-strand RNA synthesis. Furthermore, the UTRs
most likely interact with each other to successfully initiate the production of
negative-strand RNAs (28, 34, 76, 77). Additionally, studies have suggested that
the interaction of nsP1 and nsP4 is also required for negative-strand RNA syn-
thesis. In SINV, a suppressor mutation nsP1-T349K was found to induce the
replication and production of new virions for viruses where the N-terminus of
nsP4 contained a nonaromatic residue (see 1.3.4). Interestingly, this mutation was
positioned immediately adjacent to the position of a temperature-sensitive
nsP1-A348T mutation, which causes a defect in negative-strand RNA synthesis
(78-80). These data emphasize the complex nature of negative-strand RNA
synthesis and the existence of multiple important interactions between the viral
RNA and replicase proteins of alphaviruses (and/or their precursors).
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Figure 9. Cis-elements and some critical activities required for formation of alphavirus
replicase and for RNA synthesis. Red dotted lines indicate possible interactions. Enzy-
matic activities other than the protease activity of nsP2 are not shown.

P123 is stable enough to allow the formation of an early replicase, binding of the
template RNA and initiation of negative-strand RNA synthesis. It is not clear how
P123 is stabilized and what signal triggers the following processing events.
However, the processing of the polyprotein continues with another cis cleavage:
nsP1 is cleaved from P123, and a nsP1 + P23 + nsP4 complex, sometimes called
an intermediate replicase, is formed. This replicase can synthesize both positive-
and negative-strand RNAs, however, it is extremely short-lived and therefore
unlikely capable of synthesizing any detectable amount of viral RNAs (71).
Instead, P23 is rapidly cleaved into nsP2 and nsP3 proteins. This is a trans
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cleavage (Figure 8) and switches the replication complex from negative- to
positive-sense RNA synthesis (71, 81). The replicase comprised of mature ns
proteins is referred to as the late replicase. This complex is stable and capable of
synthesizing multiple positive-strand RNAs. Full-length negative-strand RNA,
almost certainly in the form of dsRNA, acts as a template for the synthesis of both
genomic and SG RNAs (10). The latter occurs via the use of an internal SG
promoter, as described in 1.1.2. The promoter of SG RNA synthesis interacts
directly with nsP4, however, the presence of all nsPs is required for SG RNA
synthesis to occur (82). nsP4 additionally binds the genomic promoter located at
the 3° end of the negative strand. Interestingly, different regions of nsP4 are in-
volved in the binding of genomic and SG promoters (83).

Evidence suggests that the pathway described above is the sole pathway used
for the formation of functional replicase complexes. For example, expressing ns
proteins individually results in a lack of RNA replication, suggesting that poly-
proteins and their processing intermediates are crucial for effective viral RNA
replication (84). Cleavage-deficient mutants of SINV have been constructed to
study the impact of polyprotein processing on RNA replication. Using these tools,
an unprocessed P123 was shown to function as part of the RNA replicase and,
along with P34 (which is, based on contemporary knowledge, processed into
nsP3 and nsP4), is able to synthesize both positive- and negative-strand RNAs
(85). In addition, if the cleavage of nsP4 from P1234 is entirely blocked, the syn-
thesis of both positive- and negative-strand RNAs is abolished. This suggests that
cleavage of the 3/4 site, resulting in the release of nsP4, is the absolute require-
ment for RNA replication (85). The speed of processing the polyproteins plays
an additional role in RNA synthesis. Thus, an Asn614 to Asp substitution in the
nsP2 of SINV has been shown to enhance the proteolytic processing of the P123
polyprotein in a way that no P123 can be detected in an in vitro assay. Originally,
this mutation was reported to be completely lethal (86). However, more sensitive
analysis performed later revealed that the mutant virus is viable, although
severely attenuated (69). Despite the discrepancy, both studies confirmed that to
support replication, P123 needs to be relatively stable. In another study, the
Asn614 to Asp substitution was introduced into an uncleavable P123 construct
(81). Predictably, the mutation had a negative effect on the cleavable wild-type
(wt) P123 construct but showed no impact on the ability of the uncleavable P123
to participate in the synthesis of both positive- and negative-strand RNAs (81).
These findings suggest that the processing of ns polyproteins is highly regulated,
and the speed of processing plays an important role in the assembly of active
replication complexes. The same is true for the order of the processing events: if
P1234 is first cleaved at the 2/3 site, the resulting nsPs do not form a functional
replicase complex. This so-called late processing pathway is activated by the
accumulation of free nsP2 in infected cells and is involved in the cessation of
negative-strand RNA synthesis. This most likely also plays a role in the establish-
ment of superinfection exclusion, a phenomenon where the cell infected by an
alphavirus rapidly becomes refractory to infection with the same or similar alpha-
virus (87, 88). To conclude, the RNA replication of alphaviruses is a highly
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regulated and precise process that requires the presence of genomic RNA, poly-
proteins, processing intermediates and mature ns proteins (70, 71, 81, 84, 85).

The RCs of alphaviruses are assembled on the plasma membrane of infected
cells. Of all alphavirus-encoded replicase proteins, only the nsP1 protein has an
affinity toward membranes. Thus, it is plausible that the cleavage of the 1/2 site
is delayed to allow the transport of nsP2 and nsP3 to the plasma membrane, where
they can be incorporated into the RCs. If so, speeding up the processing can result
in the premature release of free nsP2 and nsP3 that are not able to reach the
plasma membrane and therefore be used for RC formation.

The replication of alphaviruses takes place in membranous invaginations
called spherules (89-91). These structures are located in large cytoplasmic
vacuoles that were first observed in WEEV- and SFV-infected chick embryo cells
and were designated type-1 cytopathic vacuoles (CPV-I) (89, 91, 92). All four
nsPs along with the newly synthesized viral RNAs are associated with CPV-Is
(90). As mentioned above, the spherule structures that host the RCs of alpha-
viruses are first formed on the plasma membrane (72, 93). The nsP1 of alpha-
viruses possesses high affinity toward negatively charged phospholipids, an
abundant component of the inner leaflet of the plasma membrane (94). The
membrane affinity of nsP1 and the formation of spherules on the plasma memb-
rane are common for all alphaviruses analyzed thus far. However, there are clear
differences in the subsequent events: for some alphaviruses, such as CHIKV, the
spherules stay on the plasma membrane, while for others, such as SFV, they be-
come internalized (95). The significance of spherule internalization is not obvious,
as inhibitors of this process do not affect the virus replication efficiency in cell
culture (72, 93). Nevertheless, it is a prominent effect and relatively well studied.
Time course experiments have shown that the RCs of SFV, which are formed at
the plasma membrane, are later scattered in small cytoplasmic vesicles and finally
localized in large perinuclear CPV-Is (93). The internalization of RCs is depen-
dent on class I PI3Ks (plasma membrane associated lipid kinases), while the
trafficking of the spherules is dependent on the cellular microtubule network. As
mentioned above, RCs cannot be formed when nsPs are expressed as separate
proteins (67, 81). The minimal requirement for the formation of spherule-like
structures is the expression of nsP4 together with either P123 or together with
nsP1 and an uncleavable P23. For efficient spherule formation, the presence of a
replication-competent template RNA is also needed. In the presence of such
RNA, nsP1, P23 and nsP4 can form active RCs that are able to synthesize negative-
and positive-strand RNA (96).

While it has been clear that the spherules contain the RNA replication com-
plexes, it has been unknown where exactly in the spherule the complex is posi-
tioned and how it is organized. Very recently, the molecular structure of the
CHIKV RC was determined at a high resolution (97, 98) (Figure 10). Cryo-
electron tomography confirmed that nsP1 acts as the base for the RC, anchoring
the entire protein complex to the membrane, and that the RCs contain a single
copy of the viral genome in the form of dsRNA (97). In another study, the core
of CHIKV RC was reconstituted from individually expressed recombinant
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proteins (98). As these studies are not only relevant for this thesis but also directly
connected to Publications II and IV, these findings are discussed in detail in the
Results and Discussion section. Briefly, a study by Tan and colleagues revealed
that in infected cells, RCs are located on the cytosolic side of the neck of the
spherule and consist of two structures: the membrane-bound replicase core and
the amorphous cytosolic ring structure. The replicase core consists of nsP1, nsP2
and nsP4: 12 subunits of nsP1 form a dodecameric ring structure with nsP4
docking into the central pore and nsP2 extending above nsP4 toward the cyto-
plasm from the ring structure (98).
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Figure 10. A. Subtomogram of the CHIKYV spherule; B. The RC core complex (nsP1 +
2 +4) fitted into the subtomogram. Figure is adapted from (98).

1.2.3. Expression of the structural proteins,
virion formation and release

Following the synthesis of SG RNA, a structural CP-E3-E2-6K-E1 polyprotein
is translated and subjected to co- and posttranslational processing (10). First, the
capsid protein (CP) is cleaved from the polyprotein and released into the cyto-
plasm (99). The CP contains a C-terminal chymotrypsin-like protease domain
performing this cleavage. Resulting from the cleavage, the enzymatic activity of
the protease domain of the CP is inactivated. In addition to the protease domain,
the CP also contains a disordered N-terminal domain (NTD). In VEEV, the
protease domain and the extreme N-terminal region of the NTD of the CP have
been shown to interact with the viral RNA and that this interaction is required for
nucleocapsid (NC) assembly (100, 101). During assembly, only full-length
genomic positive-sense RNAs, but not SG RNAs, become incorporated into the
NC. This suggests the existence of a signal that directs the encapsidation of the
viral RNA. Indeed, for SINV, the encapsidation signal has been mapped to the
region coding for nsP1 corresponding to the sequences that have been shown to
interact directly with the CP (102). Insertion of the packaging signal into SG
RNAs increases packaging of mutant SG RNAs into the NC, supporting the role
of this element as the encapsidation signal (103, 104). However, the localization
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of the packaging signal in nsP1 is not conserved among alphaviruses. Thus, for
viruses from the Semliki Forest complex, the packaging signal has been shown
to reside in nsP2. Furthermore, the packaging signal of viruses, such as SINV,
VEEV, EEEV and WEEV, was discovered to be recognized by the CPs of hetero-
logous viruses. For example, the CP of CHIKYV can utilize the packaging signal
of VEEV. However, the CP of VEEV is not able to use the packaging signal of
CHIKYV. These results indicate that the viruses of the Semliki Forest complex
have evolved in a way that ended in replacing the packaging signal in nsP1 with
that in nsP2 (105).

Following the release of the CP, the E3 region of the structural polyprotein
becomes exposed. E3 contains a signal sequence for transporting the polyprotein
into the ER. The processing of the remaining structural polyprotein continues in
the ER, where it is processed into the p62 polypeptide, a precursor for E2 and E3,
and the 6K peptide and E1 glycoprotein. In the host cell ER, the p62 polyprotein
and E1 interact to form heterodimers, which are then matured and organized into
trimeric spikes (106). The trimers of the p62-E1 heterodimers are subsequently
transported to the Golgi apparatus for glycosylation and are finally transported to
the plasma membrane. During this transport, p62 is processed in the trans-Golgi
network by furin-like cellular proteases, resulting in E2 remaining in a hetero-
dimer—trimer organization with E1 and E3 generally being released (10, 107).
The association of E1 with p62 rather than mature E2 until it reaches the surface
of the cell has been the subject of multiple studies. E1 protein mediates the fusion
of viral and cellular membranes and this fusion potential has been shown to
strongly depend on the cleavage of p62 into E2 and E3 (108). Furthermore, the
fusogenic properties of E1 are activated when exposed to low pH when this
protein is alone. The p62—E1 complexes have been found to possess stronger
resistance to acidic environments than the E2-E1 complexes (109, 110). This
suggests that E3 in p62 has a stabilizing effect on the activities of E1, preventing
premature formation of the fusogenic conformation. On the plasma membrane,
the NC cores interact with the spikes. The most important interaction, essential
for virus budding, takes place between the NC and the cytoplasmic domain of E2
(111). Mutating sequences in the cytoplasmic domain of E2 results in impaired
budding, and competitive peptides designed based on the sequence of this region
inhibit virion formation (112, 113).

6K is a transmembrane ion channel protein (viroporin). It is also incorporated
into virions in small amounts (114, 115). 6K colocalizes with E2 in the Golgi
apparatus and facilitates the formation of type-II cytopathic vacuoles (CPV-II).
6K is dispensable for viral entry and replication but is important for the transport
of viral glycoproteins to the plasma membrane (116) and viral particle budding
(117, 118). However, even for budding, the functions of 6K are not critical. Thus,
the partial deletion of the 6K-encoding region in SINV and the complete deletion
of the 6K region in salmonid alphavirus result in abnormal processing and
transportation of glycoproteins but do not prevent virion formation and release
(119, 120). The same has been observed for RRV and CHIKV (121, 122). Histori-
cally, 6K was suggested to be present in two forms: 4K, a partially acylated form,
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and 6K (114, 123). This, however, was overturned by the identification of a
frameshift protein TF, which is produced via a —1 ribosomal frameshift occurring
on a slippery consensus motif located in the coding sequences of 6K (124). This
frameshift resulting in TF, rather than 6K and E1 proteins, is conserved among
alphaviruses (125). The 6K and TF proteins possess an identical N-terminal trans-
membrane domain and a cysteine-rich cytoplasmic loop followed by their unique
C-terminal ends (124). The infection efficiency of a TF deletion mutant of SFV
was approximately 56% lower than that of wt SFV. SDS-PAGE analysis of
virions indicated that TF, rather than 6K, is being incorporated into new virions
(124). TF is thought to regulate the interferon response in murine models, as
6K-only mutants (lacking TF) of SINV and VEEV have an attenuated phenotype
in mice (126-128). In addition, two TF palmitoylation mutants either lacking
palmitoylation or being hyperpalmitoylated demonstrated that only palmitoylated
TF is incorporated into SINV virions (129).

As described above, in infected mammalian cells, the NCs formed in the
cytosol and spike proteins matured and organized in the ER and Golgi apparatus
are assembled into virions at the plasma membrane. The release of virions occurs
by budding, and during this process, the lipid bilayer around the NC is acquired.
The lipid bilayer is penetrated by the transmembrane helix of each glycoprotein,
while the intracellular tails of E2 proteins are inserted into the hydrophobic
pockets of CP, generating vertical links connecting the NC and spikes (10,
130, 131).

1.3. Nonstructural proteins

1.3.1. nsP1

nsP1 is the alphaviral N7-guanine-methyltransferase (MTase) and guanylyltrans-
ferase (GTase) and thus possesses the activities that are required for adding cap-0
structures to viral positive-strand RNAs (132—-134). Capping of the viral RNAs
promotes the replication and translation of the genome. In addition, with the cap-0
structure in the 5’ terminus and the poly(A) sequence in the 3’ terminus, the viral
genome mimics eukaryotic mRNAs, which is important in bypassing cellular
defense mechanisms (10). Alphaviruses are capable of synthesizing cap-0 struc-
tures identical to cellular cap-0, albeit in an unconventional manner (133). First,
y-phosphate is hydrolyzed from nascent viral RNA, resulting in a diphosphate
RNA (this reaction is catalyzed by nsP2, see 1.3.2). Second, a GTP is methylated
at the N7 position using S-adenosyl-L-methionine as a donor. GTase then binds
N7-methyl-GTP, releasing pyrophosphate and forming m7-GMP. Finally, the
enzyme transfers m7-GMP to viral diphosphate RNA, generating a m7GpppN
cap-0 structure (133).

nsP1 is the only ns protein of alphaviruses with strong membrane binding pro-
perties. nsP1 is also posttranslationally palmitoylated. The palmitoylation site
consists of one (SINV) or three (SFV, CHIKV) Cys residues located in the
C-terminal part of nsP1 (135, 136). Palmitoylation is thought to be important in
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the membrane binding of nsP1. Thus, transiently expressed palmitoylation-
defective nsP1 of SFV has a reduced ability to bind membranes. However, at least
for nsP1 of SFV, the lack of palmitoylation does not abolish the enzymatic activi-
ties of the protein (136). The effects of palmitoylation in the context of different
alphaviruses have been studied by mutating the palmitoylation sequences in the
nsP1 of SFV, SINV and CHIKV. Somewhat surprisingly, these studies revealed
significant differences between these viruses. Palmitoylation-negative SINV and
SFV grew to high titers in BHK cells, however, the SFV mutant presented slightly
slower growth (137). In addition, the localization of the nonpalmitoylated nsP1s
of SFV and SINV was different compared to that of wt viruses: in addition to the
characteristic localization to membranes, the mutant nsP1 proteins were also
found to be distributed in the cytoplasm (137). A subsequent study, however,
revealed that SFV harboring mutations in the palmitoylation site of nsP1 was, in
fact, severely attenuated. The growth of this mutant, observed in a previous study,
was due to the accumulation of second-site mutations. These mutations did not
restore the palmitoylation of nsP1, instead, they restored the interaction of nsP1
with nsP4 that was disrupted by the mutations in the palmitoylation site (138). In
contrast to SFV and SINV, introducing mutations into the palmitoylation site of
nsP1 of CHIKV completely abolishes viral RNA replication and the infectivity
of the mutant genomes (139, 140). This phenotype is likely because the nsP1 of
CHIKYV targets cholesterol-rich plasma membrane microdomains. This localiza-
tion depends on palmitoylation and is crucial for the RNA replication of CHIKV
(141).

Recently, the structure of an active nsP1 complex of CHIKV was resolved at
a high resolution (142, 143). The nsP1 of CHIKV was shown to be inactive as a
monomer, only reaching its active form once assembled into oligomers. Active
nsP1 is assembled into a single dodecameric ring, approximately 19 nm in dia-
meter and 7 nm in height. The ring structure has a 7 nm wide opening in the center
and is divided into three areas: the crown, the waist and the membrane-binding
skirt. The crown area includes 12 capping domains of nsP1. The top of the crown,
approximately 14 nm wide, and the waist region, approximately 7 nm wide, are
positively charged. The inner part of the pore has a neutral charge, potentially
allowing RNA, nucleotides and small globular proteins, approximately 70-90 kDa
in size, to pass through (Figure 11). The membrane-binding skirt is organized into
spikes that are positively charged on the surface. The tips of the spikes remain
hydrophobic (142, 143). nsP1 folds into two domains: the MTase/ GTase catalytic
domain positioned at the crown region and the membrane association and oligo-
merization domain positioned at the waist and skirt regions. The availability of
the high-resolution 3D structure of active nsP1 of CHIKV has allowed for
detailed analysis of the structural bases and dynamics of alphavirus RNA
capping. The RNA capping reaction was found to be reversible, indicating that
nsP1 can also function as an RNA decapping enzyme. Analysis of the molecular
basis of RNA recognition by nsP1 revealed that the enzyme has clear specificity
for the RNA substrate: it strongly prefers RNAs harboring AU dinucleotides at
their 5° ends. This is a sequence present at the native 5’ ends of CHIKV positive-
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strand RNAs, thus, nsP1 can distinguish between viral and nonviral and positive-
and negative-strand RNAs. Consistently, it was observed that mutating the first
or second residue of the CHIKV genome strongly reduces or even abolishes the
replication of such mutant templates (144, 145).

Figure 11. Cryo-EM structure of nsP1 of CHIKV. (A) Ribbon representation of the nsP1
complex formed from the 12 subunits viewed from the cytosolic side; (B) surface
representation of the structure viewed from the cytosolic side; (C) lateral view of the nsP1
complex. Figure is adapted from (143).

nsP1 is important in the synthesis of negative-strand RNA, although its role in
this process remains unclear. A temperature-sensitive (ts) mutant of SINV named
ts11 contains a mutation in the nsP1 sequence. At nonpermissive temperatures,
this mutant is unable to replicate because of the lack of negative-strand RNA
synthesis. This phenotype is not caused by a defect in ns protein synthesis,
suggesting that nsP1 has a direct function in negative-strand RNA synthesis (79).
To continue, ts mutants of SFV (ts14 and ts10) containing mutations in nsP1 also
have impaired production of negative-strand RNAs. The mutations present in
ts14 and ts10 have also been shown to not affect other nsP1 activities, such as the
enzymatic activities required for capping, membrane binding and interactions
with other ns proteins (146, 147). These data suggest that these ts phenotypes are
due to defects in the formation of RCs and/or their functioning. Interestingly, the
analysis of ts10 and ts14 of SFV resulted in the hypothesis that nsP1 must interact
with nsP4 and nsP2 (146). More than a decade later, this was confirmed by struc-
tural analysis. During the formation of functionally active RCs, the interactions
between nsP1 and nsP4 are critical (98). It is possible that the interactions bet-
ween nsP1 and nsP4 in the RCs of the ts mutants are conformationally divergent
from those of wt viruses and thus do not permit the production of negative-strand
RNAs. A conserved Argl83 residue in the nsP4 of SINV has been shown to be
important in negative-strand RNA synthesis, as substitution with either Ser, Ala
or Lys results in a ts phenotype characterized by defective production of negative-
strand RNAs (148). However, the Argl83 to Ser mutant was found to recover,
and the ability to synthesize negative-strand RNAs at the nonpermissive tempera-
ture was regained when an Asn374 to His or Ile mutation was introduced into
nsP1 (149). This clearly indicates the presence of an interaction between these
sites in nsP1 and nsP4. In addition, a mutation in nsP1 allows for the replication
of SINV when containing a nonaromatic residue in place of a conserved Tyr at
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the N-terminus of nsP4 (in the absence of compensatory mutations, these mutant
viruses are defective, see Chapter 1.3.4.). Interestingly, this mutation (Thr349 to
Lys) is located adjacent to a mutation (Ala348 to Thr) present in the ts11 mutant
of SINV (79, 80). These findings further emphasize the importance of nsP1 in
negative-strand RNA synthesis as well as the importance of interactions between
nsP1 and nsP4.

1.3.2. nsP2

nsP2 is the largest ns protein of alphaviruses and possesses a wide array of impor-
tant functions. The N-terminal part of nsP2 is known to contain motifs required
for RNA helicase, NTPase and RNA triphosphatase activities, i.e., functions that
are required for the RNA replication and capping of viral positive-strand RNAs
(86, 150). The C-terminal part of nsP2 possesses proteolytic activity and is respon-
sible for ns polyprotein processing (Figure 12) (70). The N-terminal part consists
of three domains: the N-terminal domain (NTD) and two RecA-like RNA heli-
case superfamily 1 domains (151). A corresponding recombinant protein has been
shown to possess two enzymatic activities: NTPase activity and RNA triphos-
phatase activity (150, 152). Although the N-terminal part of nsP2 is also clearly
responsible for RNA helicase activity, this function can only be detected in the
context of a full-length nsP2, indicating functional cross-talk between different
parts of the protein (153). The C-terminal part of nsP2 folds into two domains:
the N-terminal protease domain, which contains the catalytic core of the enzyme,
and the C-terminal domain, which is similar to S-adenosyl-L-methionine methyl-
transferases (154). The protease active site of nsP2 of SINV contains Cys (C**")
and His (H**) residues, and mutating these residues results in the loss of protease
activity and consequently the loss of the ability of the replicase to produce viral
RNAs (86). Similarly, corresponding mutations in SFV and CHIKV (in both
cases C*"®A) render the ns polyprotein unprocessed, confirming that nsP2 is the
sole protease performing processing of the SFV polyprotein and that the protease
activity of nsP2 of CHIKYV is dependent on the catalytic Cys residue in the active
site of the protease (68, 155). The N- and C-terminal parts of nsP2 are connected
by a flexible linker that is crucial for the infectivity of alphaviruses (156).

nsP2 plays an important role in the replication of viral RNA. For instance, the
helicase activity of the nsP2 that unwinds the RNA duplexes in the 5’ to 3’ direc-
tion is needed to access the template RNA to synthesize new strands. Thus, nsP2
acts coordinately with nsP4 (RdRp), which also has 5’ to 3 activity. The helicase
part of nsP2 has been shown to bind RNA by forming stacking interactions.
Substituting the hydrophobic residues that mediate those interactions (Y161,
F164 and F287) has a negative impact on the RNA replication and infectivity of
CHIKYV (151). In addition, nsP2 also demonstrates RNA annealing activity (153).
Das and colleagues proposed a model in which nsP4 initiates the synthesis of
either genomic or SG RNA, which is then capped quickly after the initiation of
RNA synthesis. Capping requires nsP2 to be present, which positions nsP2 im-
mediately following nsP4. This might create a situation where nsP4 synthesizes
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anew RNA strain, and nsP4 is followed by nsP2, which separates the daughter and
parental strains via its RNA helicase activity and then anneals the parental strains
again into dsRNA intermediates (153).

Figure 12. Structural overview of the domains of nsP2. NTD — N-terminal domain, MTL —
methyltransferase-like domain. Figure is adapted from (156).

In addition to its multiple enzymatic activities and interactions with RNA, nsP2
is also a major factor involved in virus—host interactions, including suppression
of cellular responses unfavorable for alphavirus infection. The nsP2 of Old World
alphaviruses is important for downregulating cellular antiviral responses in
vertebrate cells as nsP2 mediates transcriptional shut-down of the cell and
induces cytopathic effects. In infected cells, nsP2 is found not only in the RCs
but also diffusely in the cytoplasm and nucleus. Approximately half of the nsP2
found in alphavirus-infected cells is located in the nucleus (157). Certain muta-
tions in nsP2 of SFV have been shown to keep the protein from moving from the
cytoplasm into the nucleus while also reducing the cytotoxicity of the virus (158).
Several mutations have been documented that result in a noncytotoxic phenotype
and persistent SINV infection in mammalian cells (159, 160). Interestingly, those
mutations localize at the interface of nsP2 and nsP3 of SINV (161). Unlike many
other viral proteases that act as suppressors of cellular transcription, nsP2 of
alphaviruses is not known to cleave any host transcription factors. In fact, the
ability of nsP2 to suppress cellular transcription is independent of its protease
activity. Instead, the nsP2s of several Old World alphaviruses have been shown
to be capable of shutting down host cell mRNA transcription by degrading the
catalytic subunit of DNA-dependent RNA polymerase (Rpbl) in vertebrate cells.
Most likely, all Old World alphaviruses directly induce the degradation of Rpb1,
while the nsP2s of New World alphaviruses, such as VEEV, do not give rise to
such effects (162). The nsP2 of alphaviruses is also involved in fighting cellular
defense mechanisms by regulating the interferon response in infected cells. For
example, an SFV mutant in which nuclear translocation is blocked induces a
significantly higher interferon response than wt SFV (163). The ability of nsP2
to interfere with the interferon response is also documented for CHIKV and, most
likely, is a general property of the nsP2 of Old World alphaviruses (164).
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1.3.3. nsP3

nsP3 remains the most enigmatic of all the ns proteins of alphaviruses. It consists
of three domains, the first being the N-terminal macrodomain, also referred to as
the X domain, which is conserved among the alphaviruses and also found in
rubella virus, hepatitis E virus, coronaviruses and eukaryotic organisms (165).
The second (central) domain of nsP3 is the zinc-binding domain that is unique to
alphaviruses, for this reason, it is referred to as the alphavirus unique domain
(AUD). The C-terminal domain is intrinsically disordered and highly variable both
in length and sequence and is therefore called the hypervariable domain (HVD).

nsP3 is crucial for alphavirus replication and is thought to be a part of the
RNA synthesis machinery. However, the recently resolved structure of the core
of the alphavirus RNA replicase revealed that, unlike the other nsPs, nsP3 is not
included in this complex (Figure 10). Instead, it is likely a major component of
the cytosolic ring structure (98). The ring structures are characteristic of active
RCs, confirming the role of nsP3 in alphavirus RNA replication. However, how
exactly nsP3 functions is not obvious. In addition, nsP3 interacts with several host
proteins that are also important for viral RNA synthesis (166).

Viral macrodomains are known to have both ADP-ribosylation and de-ADP-
ribosylation activities (167). ADP-ribosylation is a posttranslational modification
that is associated with gene regulation, protein expression, DNA damage repair
and stress response (168, 169). ADP-ribosylation is catalyzed by poly(ADPr)-
polymerases (PARPs), and it has been shown that the macrodomain of nsP3
shares structural similarities with a PARP domain (165). PARPs can be induced
by interferons, suggesting that ADP-ribosylation has a function in cellular anti-
viral mechanisms. Indeed, PARP10 and PARP12 have been shown to inhibit the
replication of CHIKV (170). Alphavirus nsP3 can bind free ADP-ribose (ADPr)
as well as poly(ADPr)s (165). The nsP3 of CHIKYV is also able to hydrolyze this
modification from mono-ADP-ribosylated proteins, and mutants lacking this
ability are unable to replicate in mammalian and mosquito cells (171). In addition,
mutations in the ADPr binding region of nsP3 of SINV result in impaired viral
replication in neurons (172). Accordingly, the effects caused by ADP-ribo-
sylation have been suggested to be countered by the de-ADP-ribosylation activity
of the viral macrodomains (173). Very recently, mono-ADP-ribosylation
(MARylation) mediated by PARP10 was shown to reduce the processing of ns
polyproteins. Reduced processing was also observed for mutant polyproteins
harboring enzymatically inactive macrodomains. These findings led to the identi-
fication of nsP2 as a substrate for MARylation. More precisely, the MAR hydro-
lase activity of the macrodomain was found to remove MARylation from nsP2,
reactivating its processing activities (170). These findings confirm that de-ADP-
ribosylation is a counteractive mechanism of the alphaviruses required for com-
bating the host cell’s antiviral measures. Coupled with an older finding showing
that the macrodomain is a crucial cofactor for the nsP2 needed for processing the
bond between nsP2 and nsP3 (174), this new information places the macrodomain
of nsP3 among the key factors required for alphavirus RC formation.
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The AUD of nsP3 contains four highly conserved Cys residues involved in
the binding of zinc ions. Site-directed mutagenesis revealed that each of these
residues is crucial for SINV replication (161). Mutations in the AUD of CHIKV
have presented both cell-type- and species-specific phenotypes, and it has been
suggested that the AUD is important in alphavirus replication and transcription
(175). However, it is still not known how AUD contributes to these activities.

The HVD of nsP3 is phosphorylated at Ser and Thr residues. This modi-
fication has been experimentally confirmed for the nsP3s of SINV, SFV, ONNV
and CHIKYV and is assumed to exist in the nsP3s of other alphaviruses as well
(176-178). While the phenomenon of phosphorylation is conserved, its signi-
ficance for different alphaviruses varies. For example, the substitution of all
potential phosphorylation sites in the nsP3 of CHIKYV results in the total abolition
of viral RNA synthesis and infectivity (178). However, in the case of SFV, a
similar modification has only a minute effect on virus replication in cell culture
(179). Perhaps the most important function of the HVD of nsP3 is to act as a
binding hub for cellular proteins (180). Multiple studies have shown that New
World and Old World alphaviruses have evolved to interact with different host
proteins. For example, the HVD of nsP3 of VEEV interacts with FXR protein
family members, while the HVD of nsP3 of SINV and CHIKV binds G3BP
protein family members (181). Interestingly, nsP3 of EEEV was shown to bind
both FXR and G3BP proteins (182). FXR and G3BP protein family members are
important for facilitating stress granule formation in cells. While counteracting
stress granule formation is likely favorable for alphavirus infection, this is not the
main reason why the interaction between the HVD and these proteins is needed
(183, 184). A number of alphaviruses are unable to induce RNA replication in
the absence of G3BPs or if their nsP3s contain mutations that prevent interaction
with G3BPs (181). This suggests a more direct involvement of G3BPs in RNA
replication, and indeed, in the absence of the G3BP/nsP3 interaction, the syn-
thesis of alphavirus negative-strand RNAs has been shown to be abolished or
attenuated (185). Interestingly, while the requirement for G3BPs (or FXR pro-
teins) is conserved among alphaviruses, the impact of lacking these host factors
on virus replication varies considerably. Thus, some Old World alphaviruses, such
as SINV, are relatively resistant to G3BP deletion, while others (such as CHIKV)
are very sensitive. Surprisingly, the high sensitivity is not caused by differences
in the HVD of nsP3. Instead, this sensitivity is connected to the presence of an
Arg residue in the P4 position (i.e., four residues upstream from the scissile bond)
of the 1/2 cleavage site (185). As this residue is clearly involved in the regulation
of ns polyprotein processing, this correlation again indicates a role of nsP3 in the
activation, formation and/or functioning of alphavirus RCs (69, 186). In addition
to the G3BPs and the FXR protein, the HVD interacts with a number of other
host proteins, including NAP1, several SH3 domain-containing proteins (such as
CD2AP) and FHL1. Knockout of the expression of any of these proteins typically
has a rather limited impact on alphavirus replication. However, to achieve a
detectable level of virus replication, the HVD needs to interact with at least one
of these proteins (180).
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1.3.4. nsP4

nsP4 is an RNA-dependent RNA polymerase (RdRp) and the most conserved ns
protein of the alphaviruses. The core catalytic domain of nsP4 is responsible for
de novo RNA synthesis and adding adenine residues to the 3’ end of an acceptor
RNA (187, 188). The nsP4 of alphaviruses is able to produce negative-strand RNAs
using positive-strand RNA as a template and positive-strand RNAs using negative-
strand RNA as a template even in the absence of other ns proteins (76). However,
on its own, nsP4 is very inefficient and, especially in the form of a recombinant
protein produced in bacteria, has very low processivity. Thus, the other nsPs are
clearly required for reasonably efficient RNA synthesis. The interaction of nsP4
with other nsPs has been suggested to occur via its N-terminal domain, which is
unique to alphaviruses. The C-terminal region of nsP4 is the RdARp domain and
includes the highly conserved GDD (Gly-Asp-Asp) motif characteristic of viral
RdRps (189).

nsP4s of all alphaviruses have a Tyr residue in their N-termini. This results
from the processing of the 3/4 site in which Tyr occupies the P1’ position (i.e., is
located immediately downstream of the scissile bond). According to the N-end
rule, Tyr is a destabilizing amino acid residue. Indeed, in rabbit reticulocyte lysates,
nsP4 of SINV has been shown to be degraded by the ubiquitin-dependent path-
way (190). Interestingly, the addition of a Met residue in the N-terminus of nsP4
results in a functionally compromised protein that, when expressed together with
P123, is only capable of synthesizing negative-strand RNAs (84). Therefore, to
study the requirements for the assembly of RCs, nsP4 fused with ubiquitin at its
N-terminus was used (ubiquitin fused to the N-terminus of a protein is rapidly
removed by cellular deubiquitinating enzymes). The ubi-nsP4 expression con-
struct was shown to produce nsP4 with an authentic N-terminal Tyr residue and,
when coexpressed with P123, was able to synthesize both positive- and negative-
strand RNAs (81). The N-terminal Tyr residue is also necessary for the activity
of nsP4 in the context of virus infection. Mutational analysis of SINV has re-
vealed that Tyr can only be replaced with His or with an aromatic amino acid
residue to preserve a near-wild-type growth and plaque phenotype (191). How-
ever, mutant viruses with nonaromatic N-terminal residues can function upon
adding AU, AUA or AUU to the 5’ terminus of the genome or when replacing the
third nucleotide of the genome (A) with a U (192). In addition, second-site
suppressor mutants mapped to nsP4 and nsP1 also allowed for the efficient
replication and production of progeny virions (albeit in a temperature-sensitive
manner), even if nsP4 starts with a nonaromatic residue (80). These findings sug-
gest that the aromatic residue in the N-terminus of nsP4 has an important func-
tion. Furthermore, the instability of nsP4 is not a problem for alphaviruses. Instead,
it is an essential property that is probably needed for removing the excess nsP4
and/or maintaining a close-to-optimal ratio of nsP4 to other ns proteins. This
assumption has been supported by showing that bortezomib, an inhibitor of
proteasomal degradation, acts as an inhibitor of CHIKV infection. In the cells
treated with this compound, nsP4 is stabilized, and the levels of nsP4 (and, to an
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extent, other ns proteins) are increased, resulting in the overproduction of viral
RNAs. These effects are not, however, favorable for the virus, as both the expres-
sion of structural proteins and the formation/release of CHIKV virions are
reduced upon bortezomib treatment (193).

Historically, numerous efforts have been made to analyze the activities of
alphavirus nsP4s using recombinant proteins expressed in E. coli. However,
obtaining soluble recombinant nsP4 protein with an authentic Tyr residue in the
N-terminus has been extremely difficult due to the poor solubility of this protein
as well as its tendency to aggregate. Despite this, Tomar and colleagues managed
to express and purify the nsP4 of SINV via the removal of a portion of the
N-terminus of the protein. The obtained protein was used to reveal the terminal
adenylyl transferase activity of nsP4 (187). Rubach and colleagues were also able
to express and purify the full-length nsP4 of SINV via its expression in the form
of SUMO-nsP4 fusion protein. This full-length recombinant nsP4 of SINV was
able to induce the synthesis of negative-strand RNAs, however, its activity was
rather low (188). The recombinant nsP4 proteins of other alphaviruses have been
even harder to obtain. Repeated efforts have been made in our laboratory to obtain
soluble and enzymatically active nsP4s, which have consistently resulted in
failures. To the best of our knowledge, the results (or the lack of them) obtained
by other groups have been similar. The only alphavirus, aside from SINV, where
some success has been obtained is CHIKV. Researchers in Singapore expressed
and purified the core domain of the CHIKV nsP4 and demonstrated that in the
presence of certain detergents, the recombinant protein had minimal (only
slightly above background) primed template extension and terminal adenylyl
transferase activities (194). Naturally, difficulties in producing soluble and active
nsP4 have also hampered structural studies of this enzyme. However, finally, the
structures of the nsP4 of SINV and RRV became available in 2022 (Publication
IV). How this was achieved, what was discovered and how this information was
subsequently used are described in the Results and Discussion section.

1.4. The alphavirus trans-replication systems and
their use in the analysis of alphavirus RNA replication

Alphavirus-induced pathogenesis is a source of great concern around the globe,
as there are no licensed antivirals available. One of the main targets for novel
antivirals is RNA replication, a process unique to RNA viruses. However, to
effectively counteract alphavirus RNA replication, thorough knowledge about the
production, processing and properties of ns proteins, RC formation, requirements
of template RNAs, the impact of structural elements in viral RNAs and the roles
of host-derived factors on viral RNA synthesis is needed.

The genomic RNA of alphaviruses acts as an mRNA to produce ns proteins
and as a template RNA for the synthesis of negative-strand RNA. Thus, the
production of ns proteins and the replication of the genome are connected. This
connection works in several ways. On the one hand, genomic RNA cannot serve
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as mRNA for ns proteins and as template RNA for the synthesis of negative-
strand RNA at the same time. Thus, there must be a switch from translation to
replication. On the other hand, any defects in RNA replication inevitably result
in a reduction in the amount of synthesized ns proteins, which in turn has an
impact on RNA synthesis. Furthermore, studying the RNA replication of the
alphaviruses in the context of a virus infection presents additional challenges. For
example, mutations introduced into ns proteins are often reversed or compensated
for. In addition, alphaviruses of high medical importance are dangerous patho-
gens, and biosafety level 3 laboratories are required for studying these viruses,
complicating the research. These problems have been countered by generating
trans-replication systems, in which the replication of the viral minigenome
(template RNA) and the production of the ns proteins (replicase) are uncoupled.
This is possible thanks to the ability of the alphavirus replicase proteins to find,
bind and replicate suitable RNA templates. This transactivation activity of the
alphavirus replicase proteins becomes evident from the generation of efficiently
replicating defective interfering RNAs, a phenomenon that has been known for
half a century (195). The same ability of the alphavirus replicase has been used
for the generation of helper RNAs used for the packaging of alphavirus replicon
vectors more than three decades ago (196). Trans-replicases were developed more
recently. However, they also utilize the trans-activity of the alphavirus replicase
proteins.

Trans-replicases constructed for SFV, SINV, CHIKV and other alphaviruses
have been used to study the requirements of Cis-elements for RNA replication,
the importance of ns polyprotein processing for the efficiency of RNA replication
in both mammalian and mosquito cells, the formation of RCs and the require-
ments for various host factors (72, 77, 96, 140, 185, 186, 197—199). Although all
trans-replicases of alphaviruses rely on the same general principle, somewhat
different designs have been used, and therefore, systems with different properties
are available. Spuul and colleagues designed a trans-replication system for SFV,
in which the template RNA was produced using bacteriophage T7 RNA polyme-
rase and the replicase proteins were expressed from a separate plasmid. The tran-
scription of the plasmids was performed using T7 RNA polymerase, which created
noncapped transcripts. Poor translation of the noncapped RNAs is beneficial for
the template RNA (see below) but is not acceptable for RNA encoding replicase
proteins. Therefore, the translation of those transcripts was performed using the
internal ribosomal entry site of the encephalomyocarditis virus (EMCV IRES)
(198). The template RNA represented the genomic RNA of SFV, in which the
CSEs absolutely required for the replication of the genome were preserved while
the ORFs encoding the viral proteins were substituted with sequences encoding
marker proteins such as Renilla luciferase (Rluc) and fluorescent Tomato protein.

The original system relied on using transgenic cell lines permanently ex-
pressing the DNA-dependent RNA polymerase of bacteriophage T7. The T7
RNA polymerase-based trans-replication system is highly efficient due to the high
activity of T7 RNA polymerase. This system demonstrated high “boost values”,
i.e., the expression of markers in the presence of an active replicase was much
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higher than in the absence of the replicase or in the presence of a mutant replicase
lacking RdRp activity. This is because the template RNAs generated by the T7
RNA polymerase lack the 5’ cap structure and are therefore poorly translated,
resulting in a low background of marker expression. In contrast, positive-strand
RNAs (i.e., genomic and SG RNA) generated by the alphavirus replicase are
capped by the alphavirus capping machinery and therefore much more efficiently
translated. This system was shown to be a useful tool for quantifying the RNA
replication activities of different templates and for analyzing the impact of certain
replicase mutations on the activity of the alphavirus RNA replicase. The high
efficiency of the system made the detection of spherules harboring the RCs
relatively easy and allowed for the analysis of their morphology. This analysis
revealed that the size of the spherules is dependent on the length of the template
RNA provided (197). The T7 RNA polymerase-based SFV trans-replication
system was also utilized by Hellstrom and colleagues in a study in which they
focused on the requirements of Cis-acting elements in genomic RNA during
replication (77). The 5° UTR along with the beginning of the nsP1 coding region
and the end of the 3 UTR were shown to be required for effective synthesis of
negative-strand RNAs. These data are in good accordance with previously
reported data from a replicon-based analysis, where SINV/SFV chimeras were
used to study the requirement for Cis-acting elements in alphavirus RNA repli-
cation (28). As mentioned above, spherule structures were effectively formed in
the presence of a replication-competent template RNA accompanied by a repli-
case polyprotein expressed from a separate plasmid. The active spherule for-
mation allowed to address several questions regarding the basics of this process.
First, can the spherules also be formed from a template RNA and separately ex-
pressed components of the replicase? Second, is the template RNA expression
plasmid strictly needed? Third, must the replicase (or its nsP4 component) be
enzymatically active? None of these topics could be analyzed using mutant virus
genomes or replicons. However, the trans-replicase assay made such an analysis
possible. Using the trans-replicase of SFV, spherules were also found to be
formed when expressing either P123 and nsP4 or nsP1, uncleavable P23 and nsP4
instead of P1234. Spherule-like structures were observed in the absence of the
template RNA or in the absence of RdRp activity of nsP4 if the P123 or P23 used
in the assay contained a mutation preventing the processing of the 2/3 site (96).
Thus, spherules or spherule-like structures can be formed, albeit rather ineffi-
ciently, in the absence of RNA replication.

Although effective, a trans-replication system wherein the template RNA is
expressed using the T7 RNA polymerase also possesses a significant limitation:
the requirement for the presence of the bacteriophage T7 RNA polymerase. This
makes the system easy to use in transgenic cells expressing the bacteriophage T7
polymerase, however, for other cells, cotransfection with the T7 RNA poly-
merase expression plasmid is needed. This represents a problem for cells that are
difficult to transfect, as cotransfection with at least three plasmids may be chal-
lenging. Furthermore, if one aims to integrate the template RNA expressing
construct into the host genome (i.e., generate stable reporter cell lines), using the
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T7 promoter is a poor choice as the T7 RNA polymerase does not enter the
nucleus of the cell. Therefore, trans-replicase systems in which the transcription
of the replicase mRNA and the replication competent template RNA is performed
via a host cell’s DNA-dependent RNA polymerase would offer additional possi-
bilities. The first of such systems utilized the human cytomegalovirus immediate
early promoter (CMV promoter) for the transcription of both template RNA and
replicase mRNA. In this system, ns polyprotein mRNA and template RNA are
generated in the nucleus of the transfected cell using cellular RNA polymerase
I, which produces capped transcripts that are transported into the cytoplasm. This
system was first developed for SFV and used to study the host cell’s innate
immune response. Surprisingly, the replicase of SFV alone was found to be suf-
ficient to induce IFN-B expression. This was the first description that an alphavirus
can induce IFN- expression in a viral RNA replication-independent manner (75).

Next, a CMV promoter-based CHIKV trans-replicase was constructed. The
template RNA included all cis-acting elements required for the replication and
transcription of the viral genome, i.e., the 5> UTR followed by the first 231
nucleotides of the nsP1 encoding sequence, the long version of the SG promoter
(for maximal activity) and the last 110 nucleotides from the 3 UTR followed by
a poly(A) tail of 60 nucleotides. A firefly luciferase (Fluc) marker gene was posi-
tioned under the genomic promoter, and the changes in Fluc activities in the
presence of an active viral replicase were attributed to RNA replication (i.e., pro-
duction of full-length positive-strand copies of the template RNA, which corres-
pond to the genomic RNA) activities. The Gaussia luciferase (Gluc) marker was
positioned under the control of the SG promoter, and accordingly, the changes in
Gluc activities in the presence of the viral replicase represented transcription (i.e.,
production of SG RNA) activity (199). The new trans-replicase was compared to
its counterpart with the T7 promoter. For both systems, the production of Gluc in
the presence of an active CHIKYV replicase was highly effective. The transcription
boost (activity in the presence of an active replicase compared to the activity in
the presence of a polymerase-inactive replicase) exceeded 1000-fold. However,
due to the high background levels resulting from the translation of Fluc from the
capped transcripts generated by RNA polymerase 11, the replication boost (in-
crease in Fluc activity) for the CMV promoter-based system was very low (199).
Nevertheless, this CMV promoter-based trans-replicase system proved to be an
effective, sensitive and versatile system for studying the replication of CHIKV.
However, this system could not be used in mosquito cells. To overcome this
limitation, an Aedes aegypti polyubiquitine promoter-based CHIKV trans-repli-
case was constructed and utilized to study the effects of various mutations in ns
proteins in mosquito cells (186). As expected, mutations inhibiting the enzymatic
functions of the ns proteins abolished RNA replication in both mammalian and
mosquito cells, i.e., their impact was not host specific. In contrast, mutations
designed to inhibit ns polyprotein processing typically had positive effects on
RNA replication in mosquito cells while negatively impacting RNA replication
in mammalian cells. The increase in RNA replication in mosquito cells might
have resulted from a stabilizing effect of these mutations on the ns polyprotein
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processing intermediates (i.e., components of alphavirus early replicase), allowing
more time for the formation of RCs. This, however, does not explain why the
same mutations negatively affected CHIKV replication in mammalian cells (186).

Transcripts produced by RNA polymerase Il using CMV or polyubiquitinated
promoters are capped. However, as mentioned above, the capped full-length
(hereafter referred to as “genomic”) RNAs generated by cellular RNA poly-
merase Il are translated very effectively, causing a high background for Fluc
activity, and therefore, only a small boost is generated in the presence of active
replicase. Utt and colleagues proceeded to combat this restriction by generating
cellular RNA polymerase [-based trans-replication systems for CHIKV (Fi-
gure 13). In these systems, the DNA copy of the template RNA was positioned
under the control of a truncated RNA polymerase I promoter from Homo sapiens,
Aedes albopictus or Aedes aegypti (140).

Transcripts produced by RNA polymerase I are uncapped and thus poorly
translated in the cell, which greatly reduces the background levels of marker
protein expression. The novel RNA polymerase [-based CHIKV trans-replicase
system proved to be very effective, as it displayed high boosts in the activities of
both replication and transcription. The correlation of the Fluc and Gluc boost
values with actual positive-strand RNA synthesis was analyzed by detecting the
genomic and SG RNAs by northern blot analysis. This analysis revealed excellent
correlation between the boosts of marker activities and the abundance of
corresponding RNAs generated by the replicase (140). As the RNA polymerase
I-based CHIKYV trans-replication system proved to be highly effective, the span
of available systems was expanded significantly by generating similar trans-
replication systems for SINV, BFV, VEEV, SFV, ONNV, MAYV and RRV.
These systems were used to analyze the dependence of alphavirus replication on
G3BP proteins (185), and the results originating from this study are described
above (Section 1.3.3).
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Figure 13. Trans-replication assay based on the use of constructs harboring promoters for
cellular RNA polymerases. Cells are cotransfected with plasmids expressing alphavirus
replicase proteins and a replication-competent RNA template. The expression of mRNA
for the replicase proteins occurs in the nucleus from CMV (mammalian cells) or Aedes
aegypti polyubiquitine (mosquito cells) promoters using cellular RNA polymerase II. The
synthesized capped mRNAs are transported to the cytoplasm and translated. Expression
of the replication-competent template RNA occurs in the nucleus using RNA poly-
merase I (resulting in noncapped transcripts). These template RNAs contain the Cis-
elements required for replication and are recognized by the alphavirus replicase. The
replicase synthesizes negative-strand RNA and then starts producing capped full-length
template RNAs from which Marker 1 is produced and shorter SG RNAs from which
Marker 2 is produced. HSPoll and AlbPoll- truncated promoters for human and Aedes
albopictus RNA polymerase I, respectively; MmTer and AlbTer — terminators for mouse
and Aedes albopictus RNA polymerase I, respectively.
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2. AIMS OF THE STUDY

The general aim of this study was to find new and exciting information on alpha-
virus replication, to develop new tools and to obtain knowledge that promotes
scientific understanding while providing opportunities to put the acquired
information into practical use. Specifically, the aim was to provide novel detailed
information on the RNA replication of alphaviruses, how different components
involved in this process interact with each other and how these interactions may
shape alphavirus evolution.

Alphaviruses are abundant and medically important human pathogens. In-
creased travel, transport of goods and climate change favorable for mosquito
vectors make it simple to anticipate the increasing medical importance of alpha-
viruses. Furthermore, constant evolution and adaptation makes alphaviruses sus-
ceptible to inhabiting new regions. To date, tools for counteracting alphaviruses
remain very limited. Understanding the mechanisms behind the virus’s spread,
adaptations and pathogenicity as well as developing efficient antiviral strategies,
such as vaccines and antiviral drugs, require detailed knowledge on the molecular
biology of the viruses. In the world of RNA viruses, all viral properties are either
directly or indirectly linked to RNA replication. Thus, in the case of alphaviruses,
it is fitting to say that all roads lead to the replication of viral RNA, making it the
most important (and interesting) aspect of alphavirus biology to study.

Studies included in this thesis were focused on the following objectives:

1. Analyzing the interactions between the two main components of the alpha-
virus RNA replication: the replicating RNA and the nonstructural (poly)-
proteins (virus-encoded subunits of RNA replicase).

2. Analyzing the functional interactions between the RNA-dependent RNA
polymerase (RdRp) of the alphaviruses and other virus-encoded subunits of
the RNA replicase.

3. To perform a comprehensive analysis, the studies described in Objectives
1 and 2 were carried out using a panel of viruses that included representatives
of all major groups of alphaviruses.

4. Using the obtained knowledge to partake in an analysis of the structure of the
alphavirus RdRp and performing analysis on its activities using structure-
guided mutagenesis.

5. Developing a set of tools and methods for performing the abovementioned
research that are also applicable to a wide range of basic and applied studies.
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3. MATERIALS AND METHODS

The methods used in this study can be divided into several groups. First, standard
approaches in molecular biology and virology, such as DNA manipulation, cell
transfection, virus rescue, titrations, etc., which are provided in the corresponding
sections of Publications I, II, III and IV. Second, a significant part of this study
was dedicated to the development of original approaches allowing in-depth
analysis of the RNA replication of alphaviruses. These methods are considered
original results of the studies presented in this thesis and are, if needed, described
in the Results and Discussion section. Finally, there is a set of methods and
approaches developed in our laboratory and adjusted to the studies presented in
this thesis. These methods are overviewed in this section accompanied by a brief
rationale as to why these methods were selected together with descriptions of their
benefits and limitations.
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The trans-replication assay (Publications I, II, III and IV)

Principles of the trans-replication assay are explained in detail in Section 1.4. In
this study, the trans-replication system exploiting the template RNA expressed
by RNA polymerase I was used (Figure 13). The selection was based on the high
sensitivity of this system and the possibility of adapting the assays to a 96-well
plate format. As described in Section 1.4, the trans-replication assay used in this
study was based on the cotransfection of the cells with two basic components: a
plasmid expressing the replication competent template RNA and another plasmid
(or a set of plasmids) expressing the ns proteins and their precursors (Figure 14).

H;POH S HDlTVIZmTer
Template 5'UTR ﬂ Fluc }—Eeluc or ZsGreen |3' UTR}&D
cuv SV40Ter
1C replicase | [ nsP1 I nsP2 I nsP3 | nsP4
chv SV40Ter SV40Ter
2C replicase d:{ nsP1 | nsP2 | nsP3 :| + I m nsP4 D
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sorptens Il + | W + i EE

Figure 14. Schematic overview of the plasmids used to express components of the trans-
replication system. The expression cassette for the template RNA (top) consisting of the
following: HSPoll — a truncated promoter (residues —211 to —1) for human RNA
polymerase I; 5" UTR — the full length 5" UTR of an alphavirus; nsP1 N* — region
encoding the N-terminal 77 to 114 amino acid residues of nsP1, depending on the virus;
SG — SG promoter spanning (with respect to termination codon of nsP4) from position —
79 to the end of intergenic region; 3' UTR — truncated (last 110 residues) 3’ UTR of an
alphavirus; HDV RZ — antisense strand ribozyme of hepatitis delta virus; and MmTer —
a terminator for RNA polymerase I in mice. In the ns (poly)protein expression constructs,
the following components were used: CMV — the immediate early promoter of human
cytomegalovirus; LI — leader sequence of the herpes simplex virus thymidine kinase gene
with artificial intron; SV40Ter — simian virus 40 late polyadenylation region; and Ubi —
sequence encoding for human ubiquitin. The vector backbones are not shown, and
drawings are not to scale. 1C, 2C and 3C (C stands for component) replicases represent
replicase proteins expressed from either one, two or three separate expression constructs
(components), respectively.

Plasmids expressing the ns (poly)proteins contained the CMV promoter and were
used in human cells. Based on the promoter used and the expressed viral ns
(poly)proteins, the constructs were designated, for example, CMV-P1234-CHIKYV,
in which CMV refers to the promoter used, P1234 to the sequence encoding the
full-length ns polyprotein and CHIKYV to the virus from which the polyprotein
coding sequence originates. In the presence of fusions or mutations, appropriate
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specifications were incorporated into the name of the plasmid. In addition to the
plasmids expressing a single replicase precursor (full-length P1234 polyprotein,
also referred to as the one-component (1C) replicase), in Publications II, III and
IV, the alphavirus replicase was also expressed as a combination of two (P123 +
nsP4) or three (nsP1 + P23 + nsP4) ns (poly)protein expression plasmids, and these
combinations are referred to as the two-component (2C) and three-component
(3C) replicases, respectively (Figure 14).

Sequences corresponding to the template RNAs were positioned under the
control of the Homo sapiens RNA polymerase I (HSPoll) promoter. Notably, a
truncated promoter lacking the region located downstream of the transcription
initiation site was used. This truncation most likely reduces the activity of the
promoter used but is essential, as extra (nonviral) nucleotides in the 5° end of the
RNA transcripts can reduce or even eliminate the ability of the replicases to
replicate the template RNAs. Furthermore, alphaviruses have a strict requirement
for a native AU dinucleotide to be present at the 5° end of the replicating RNA
(144). The template RNAs included cis-elements from the viral genomes neces-
sary for RNA replication and transcription. These elements included the 5° UTR,
the sequences coding for the N-terminal region of nsP1 containing stem—loop
structures involved in RNA replication (Figure 6), the end of the nsP4-encoding
sequences together with the intergenic region comprising the SG promoter and
the truncated version (last 110 residues) of the 3> UTR with the poly(A) tail
having 69 residues. The length of the 3> UTR was selected because it has pre-
viously been shown to be sufficient for active RNA replication in mosquito and
mammalian cells. In addition, the template RNAs were designed to include
reporters instead of the native viral ORFs: Marker 1 (Fluc in all used templates)
substituting the ns region and Marker 2 (either Gluc or a fluorescent ZsGreen
protein) substituting the structural region of the genome. The template RNA ex-
pression plasmids were designated: for example, in HSPoll-FG-CHIKV, HSPoll
refers to the promoter used, FG refers to Fluc and Gluc reporters and CHIKV
refers to the virus from which the virus-specific elements originate.

The basic setup of the trans-replication assay is shown in Figure 15. Briefly,
plasmids expressing the template RNA and replicase proteins were cotransfected
into cells that were grown, depending on the experiment, on a 6, 12, 24, 48 or 96-
well cell culture plate. The cells were incubated either at 37 °C and 5% CO, for
16—18 hours or at 28 °C and 5% CO, for 48 hours (human cells transfected with
plasmids of EILV transreplicase). Following incubation, the cells were lysed,
and Fluc and Gluc activities were measured using the Dual Luciferase Reporter
Assay System (Promega). Alternatively, if the cells were transfected with a
plasmid expressing template RNA with the ZsGreen marker, the cells were
harvested and analyzed using flow cytometry (Figure 15).
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Figure 15. Experimental flow of the trans-replication assays. In the experiments where
the template encoded the Fluc and Gluc reporters, the activities of these markers were
measured using luminometers. In the experiments where the template contained the
ZsGreen marker expressed from the SG RNA, the percentage of ZsGreen-positive cells
and mean fluorescent intensity in these cells were determined using a cell sorter.

The transfection—infection assay (Publication III)

Transfection—infection assays were conducted to assess the potential of the
template RNAs to serve as reporters in detecting viral infection (Figure 16). Cells
were transfected with template RNA-encoding plasmids (no replicase-encoding
plasmids were used in these experiments) containing the ZsGreen marker under
the SG promoter to enable visual conformation of template activation by a rele-
vant virus. Transfected cells were incubated at 37 °C, and at 18 hours post-
transfection, the cells were infected with a relevant virus at an MOI of 10. At 24
hours post-infection (h.p.i.), the fluorescent reporter production was visually
observed. Alternatively, time-lapse images of infected cells were recorded using
an EVOS m7000 microscope (Thermo Fisher Scientific).
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Figure 16. Experimental flow of the transfection—infection assays.
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4. RESULTS AND DISCUSSION

This section summarizes data from Publications I-IV accompanied by some
unpublished results. It should be noted that the data collected in Publication
I were obtained prior to the PhD studies and were previously used in my MSc
thesis. However, information in Publication I provides essential background for
the rest of the studies included in this thesis and, most importantly, only together
these four publications form a logically connected story. For these reasons, the
data from Publication I are mostly used to explain the bases of other studies and
are discussed mostly with the aim of demonstrating how the data are connected
to the other publications and recent unpublished results.

4.1. The cross-utilization of template RNAs
by replicases of heterologous alphaviruses

The trans-replication system uncouples the replication of the template RNA
(a minigenome) from the synthesis of the ns proteins, which are the virus-
encoded subunits of the RNA replicase. Furthermore, expressing the template
RNAs and replicase proteins using separate expression constructs allows for the
analysis of heterologous template and replicase combinations based on a “mix
and match” approach. In this study, one of the topics of significant interest was
the utilization of template RNAs by replicases originating from the same virus
(hereafter referred to as matching replicases or combinations) as well as by repli-
cases from different alphaviruses (hereafter referred to as heterologous replicases
or combinations). In previous studies carried out in our laboratory, HSPoll-based
template RNA expression plasmids of eight different alphaviruses (SINV, BFV,
VEEV, CHIKV, ONNV, RRV, MAYV and SFV) were designed, and their
functionality was confirmed in human cells (140, 185). Here, we also designed
and constructed the HSPoll-based RNA template and the replicase precursor
(P1234) expression plasmids for the insect-specific EILV (Publication I) and an
encephalitic New World alphavirus EEEV (Publication III), generating a set of
10 alphavirus trans-replicases in total that were used in human cells. In Publi-
cations I and III, we aimed to determine whether alphavirus replicases are capable
of cross-utilizing heterologous template RNAs. The basic principle of the HSPoll-
based trans-replicase assay is explained in Section 1.4 and illustrated in Figure 13.
The basic setup of these experiments is explained in the Methods and illustrated
in Figure 15. Details of the experimental procedures are also available in the
corresponding sections of Publications I and III and are therefore not repeated
here.

Interestingly, in the first set of experiments, it was quickly observed that based
on the ability of the replicases to use each other’s template RNAs, the alpha-
viruses can be separated into two groups: first, the viruses belonging to the Semliki
Forest complex (CHIKV, ONNV, MAYV, RRV and SFV) and second, viruses
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that originate from various antigenic complexes outside the Semliki Forest com-
plex and were collectively referred to as the “outgroup” alphaviruses (SINV, BFV,
EILV, VEEV and EEEV). Interestingly, the trans-replicases of viruses from these
groups exhibited different properties in several different assays, i.e., this division
can also be applied to the studies described in Publications II and III. It may not,
however, reflect the true evolutionary connections between the “outgroup viruses”,
as the observed similarities of the trans-replicases of outgroup alphaviruses might
have collectively differed from the properties of the replicases of Semliki Forest
complex viruses. Thus, our data most likely indicate that the viruses from the
Semliki Forest complex stand out from other alphaviruses, i.e., they likely
acquired properties that are not present in other alphavirus groups. If so, the
situation is similar to what has also been observed for the genome packaging
signals: the location, nature and required signals of which are different in the SFV
clade compared to other viruses.

Prior to studying the cross-utilization of the template RNAs by various repli-
cases, a few pilot experiments had to be executed. First, we needed to determine
the most suitable time as an endpoint for the experiments, i.e., the incubation time
after which the cells should be either lysed (Fluc-Gluc templates) or collected
(Fluc-ZsGreen templates) for measuring the reporter signals (Figure 15). In a
previous study, the expression kinetics of CMV and T7 promoter-based CHIKV
trans-replicases were assessed (199). However, data characterizing the HSPoll-
based system and the trans-replicases of viruses other than CHIKV were missing.
Measuring the expression kinetics of the Gluc marker was performed by trans-
fecting HEK293T cells with all matching combinations of the template and
replicase expression constructs (EILV was excluded from this analysis). While
the replicases of different alphaviruses displayed some differences in activities,
the kinetics of marker accumulation were overall similar, excluding the need to
use different timepoints for different alphaviruses (Publication I, Figure 2A;
unpublished data). Based on the replication kinetics, a 16- to 18-hour posttrans-
fection endpoint was used for all transreplicase experiments performed in
HEK293T cells except for the trans-replicase of EILV. Furthermore, the high
similarity of the kinetics of reporter expression was an interesting finding on its
own, as the alphaviruses on which the trans-replicases were based have rather
different growth characteristics in cell culture. For example, a cell culture adapted
SINV grows much faster than an ONNYV strain based on a recent clinical isolate.

After selecting a suitable endpoint for the experiments in human cells, we
revealed that the matching combinations of the template RNA and replicase
expression constructs resulted in high boosts of Fluc (i.e., replication) and Gluc
(i.e., transcription) activities, with the exceptions of EILV and ONNV (Publi-
cation I, Figure 2B). No replication or transcription was observed for EILV at
37 °C, which is not entirely surprising, as EILV is an insect-specific virus, and
the cells and/or temperature used in this experiment were likely unsuitable for the
activity of its RNA replicase. Interestingly, at 28 °C, the replication and transcrip-
tion activities of EILV RNA replicase were clearly detectable, albeit at a lower
level compared to the other transreplicases (Publication I, Figure 2B). This
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indicates that EILV is highly sensitive to temperature, but its RNA replication
has no fundamental need for mosquito cells. The trans-replicase of VEEV demon-
strated an interesting phenotype: while a low replication efficiency was observed,
the transcription was highly active (Publication I, Figure 2B). Originally, this result
was assumed to be caused by the noncytotoxic nature of the VEEV replicase (nsP2
of the New World alphaviruses does not cause shutoff of the host cell’s tran-
scription). However, subsequent analysis of the trans-replicase of EEEV, another
New World alphavirus, revealed that it is highly active in human cells with tran-
scription activities surpassing those of all other trans-replicases (Publication I1I,
Figure 1B). Comparison of the replication activities of these two New World
alphaviruses revealed that the replication activity of the trans-replicase of EEEV
exceeded that of the trans-replicase of VEEV by approximately 120-fold (Publi-
cation III, Figure 1B). This difference is unlikely to have been caused by the dif-
ferences in the EEEV and VEEV ns proteins in the host cell. Furthermore, in
subsequent experiments performed using infectious viruses, VEEV was observed
to be rather inefficient in activating a replication-competent template RNA
(Publication III, Figure 7). The logical conclusion is that the low efficiency of the
RNA replication observed for the VEEV trans-replicase is not an artifact of the
system or a host cell-mediated effect but reflects an intrinsic property of the VEEV
replicase. Most likely, the reason resides in an unusually low (for an alphavirus)
ability of the VEEV replicase to recognize, bind and utilize the template RNAs
provided intrans. In subsequent studies (see Section 4.2.2.), the determinant within
the replicase of VEEV responsible for this effect was mapped.

Altogether, the preliminary experiments demonstrated that all the trans-repli-
cases are active in both replication and transcription in human cells and can be
used in the following cross-utilization experiments.

4.1.1. Alphavirus replicase proteins can utilize
heterologous template RNAs

Having confirmed that all 10 trans-replicases are active, we proceeded to study
the cross-utilization of the alphavirus template RNAs by heterologous replicases.
As we needed to test all template RNA expression constructs with every replicase
expression construct, including negative controls (inactive replicase instead of
the wt replicase) and biologically relevant repeats, we adapted the trans-replicase
assay to a 96-well format. The 96-well format trans-replicase assay provided us
with a tool where many combinations could be tested at once while reducing the
volume of plasmids, cells and reagents needed. Overall, testing the alphavirus RNA
templates and replicases in all possible combinations revealed that all alphavirus
replicases can replicate heterologous template RNAs at least to some extent (Publi-
cation I, Figures 4 and 5; Publication III, Figure 2). The only exception was the
template RNA corresponding to the salmonid alphavirus, which was not used by
any of the alphavirus replicases included in our study (data not shown). It was
hypothesized that either the salmonid alphavirus is too distant from other alpha-
viruses and/or that the assay conditions (temperature of 28 °C or 37 °C, human
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or mosquito cells) were unsuitable for the replication of this template RNA. In
retrospective, however, it seems more likely that there was a mistake in the design
of this template RNA. Namely, the sequences available in the database for the
salmonid alphavirus genome either lacked the 5’ region or were inconsistent
regarding the 5’ residues. Therefore, information from a previous publication
describing the infectious clone of the virus was used as a guideline, and the 5’
end of the salmonid alphavirus genome was deduced to be GAUAAAUC (119).
However, nsP1 was recently described as possessing a strong preference toward
the AU dinucleotide at the 5° end of template RNA, making it likely that the G
residue at the 5” end of our template RNA was an artificial addition (144). Appa-
rently, such an addition is tolerated in the infectious clone of the virus but not in
the template used in the transreplicase system. Thus, we cannot exclude that
even the salmonid alphavirus template RNA, if present in the correct form, could
be used by replicases of heterologous alphaviruses.

While the ability of the alphavirus replicases to use heterologous template
RNAs was universal, the efficiency regarding the use of the template RNAs dis-
played huge variation. The replicases of viruses belonging to the Semliki Forest
complex generally had the ability to use each other’s template RNAs, and the
efficiency of cross-utilization correlated well with the phylogenetic relationships
between those viruses. For example, CHIKV and ONNV, which are closely related,
used each other’s templates efficiently. At the same time, clear differences were
observed for less closely related viruses, such as RRV and CHIKV (Publication I,
Figures 4A—4C). Furthermore, the replicases of viruses belonging to the Semliki
Forest complex were also capable of utilizing the template RNAs of the outgroup
viruses (Publication I, Figures SA—5D; Publication III, Figure 2A). The SINV
template RNA was used especially efficiently (except by the replicase proteins of
ONNYV, VEEV and EILV; Publication I, Figure 5A).

None of the replicases of the outgroup viruses were able to use the template
RNAs of the Semliki Forest complex viruses effectively (Publication I, Figure
4A—4E, Publication III, Figure 2B). Interestingly, the use of the template RNAs
belonging to the outgroup viruses displayed a certain pattern (Publication I,
Figure 5SA-5D). Again, the SINV template RNA was efficiently used by most of
the replicases of the outgroup viruses except for the EILV and VEEV replicases
(Publication I, Figures 5A; Publication III, Figure 2B). The replication of the
template RNAs of VEEV and BFV was also similar to that of SINV (Publi-
cation I, compare Figures SA—5C). Notably, replication of the VEEV template
RNA by several heterologous replicases was more efficient than that observed
for the matching replicase, indicating that the low replication activity observed
for the trans-replicase of VEEV can indeed be attributed to the properties of its
replicase proteins (Publication I, Figure 5C; Publication III, Figure 2A and 2B).
The EEEV template RNA was generally replicated and transcribed effectively.
The only replicase that was not able to use the EEEV template RNA belonged to
EILV, and modest replication activities were also displayed by the VEEV and
ONNYV replicases (Publication III, Figure 2A). However, the VEEV and ONNV
replicases also displayed modest activities on their matching template RNAs
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(Publication III, Figure 1B). In addition, the EEEV template RNA was relatively
ineffectively used by the SINV replicase (Publication III, Figure 2A). This was
not surprising, as the SINV replicase demonstrated high boosts only for its
matching template RNA and that of EILV (Publication II, Figures 5A and 5D).
Thus, while the SINV template RNA was rather promiscuous, its replicase
proteins were quite selective. The EEEV replicase did not replicate the SINV
template RNA very effectively, however, it did generate a boost in transcription
similar to what was observed in the presence of the matching replicase (compare
Publication III, Figure 1B and Figure 2B). One of the most interesting template
RNAs was that of EILV. While it was poorly replicated by its matching replicase
(likely because of unfavorable conditions in human cells), its replication by the
SINV, BFV, MAYV and SFV replicases was very efficient (Publication I,
Figure 5D). The transcription of the EILV template was efficient by all the
replicases, with the exceptions of the New World alphaviruses (Publication II,
Figure 5D; Publication III, Figure 2B). Somewhat surprisingly, the transcription
activity of the matching replicase was also high. Overall, the utilization of the
EILV template RNA was similar to that of the SINV template RNA.

Taken together, the cross-utilization of the alphavirus template RNAs revealed
clear differences between the viruses from the Semliki Forest group and the out-
group viruses. The template RNAs of several outgroup viruses (SINV, EILV and
EEEV) had universal properties, meaning that they could be used by most of the
alphavirus replicases at least with moderate efficiency. In this study, the template
specificity/preference provided a topic for additional analysis. The promiscuous
properties of the SINV template RNA were beneficial for subsequent analysis of
the functional compatibility of replicase proteins derived from different alpha-
viruses. More generally, the cross-utilization of template RNAs by heterologous
alphavirus replicases provides insights into the evolution of alphaviruses. For
example, in cells that are coinfected with different alphaviruses, their replicase
proteins can cross-utilize each other’s template RNAs, which might provide a
pathway for the viruses to generate recombinant RNA genomes. These genomes,
in turn, can be used by the original or recombinant replicases of viruses involved
in the coinfection event. Altogether, the cross-utilization of the alphavirus RNA
genomes might present an important factor in the evolution of the alphaviruses.

4.1.2. Toward understanding the molecular bases of
the template specificity of alphavirus replicases -
from the point of view of the template RNA

Analysis of the cross-utilization of the alphavirus template RNAs indicated that
some alphavirus template RNAs are quite promiscuous, whereas others can only
be used by selected replicases. Furthermore, additional preferences were observed
for both groups. For viruses from the Semliki Forest complex, the template pre-
ferences were often reciprocal. For example, the CHIKV replicase used the RRV
template RNA less efficiently than its matching template RNA, and similarly, the
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RRYV replicase preferred its own template RNA over the CHIKV template (Publi-
cation I, Figure 4A and 4C). However, when both the Semliki Forest complex
and outgroup viruses were involved, the usage of template RNAs was often not
reciprocal. Furthermore, no clear correlation could be observed for the functional
combinations of template RNAs and replicases. For example, while the SINV,
EILV and EEEV template RNAs could be used by most of the heterologous repli-
cases, their own replicases displayed clear specificity toward their matching RNAs
and were rather inefficient in using heterologous template RNAs. Furthermore,
the SINV template RNA was efficiently used by the CHIKYV replicase, however,
the SINV replicase was almost unable to use the CHIKV template RNA (Publi-
cation I, Figures 4A and 5A). To continue, the SINV template RNA was effi-
ciently transcribed (and moderately replicated) by the EEEV replicase, while the
SINV replicase was very poor in both replication and transcription of the EEEV
template RNA (Publication III, Figures 2A and 2B). These nonreciprocal combi-
nations of heterologous template RNAs and replicases presented an opportunity
to study which region(s) of the alphavirus genome are responsible for the template
specificity.

To address this question, we first constructed a set of chimeric SINV and
CHIKYV template RNAs by swapping the regions corresponding to the 5> UTR
and the start of nsP1 (hereafter referred to as the 5’ region), the SG region and the
3> UTR (the 3’ region) of the viral genomes (Publication I, Figure 9A). Experi-
ments with the SINV and CHIKV chimeric templates revealed that the template
specificity of the SINV replicase is determined by the 5’ region and the SG region
of the genome (Publication I, Figure 9C). More detailed analysis confirmed that
the SINV replicase requires the presence of the first SL structure (SL3) in the
57 UTR of the SINV genome to achieve successful replication (Publication I,
Figure 10B). Next, we constructed similar chimeric templates by swapping the 5°
region, SG region and 3’ region of the SINV and EEEV template RNAs
(Figure 17A). The results obtained using this set of constructs were similar to
what we had seen with the SINV/CHIKYV chimeric templates, demonstrating that
the SINV replicase requires the 5° end of its genome for successful replication
(Figure 17B). The same trend was also observed for the EEEV replicase (Fi-
gure 17C). We had seen earlier that the EEEV replicase transcribed the SINV
template RNA very effectively, however, the replication boost was moderate at
best (Publication III, Figure 2B). As the transcription of the SINV template RNA
was initially effective by the EEEV replicase, we did not detect any prominent
effects on the transcription of the chimeric templates using the EEEV replicase.
However, for replication, the EEEV replicase clearly preferred its matching
template RNA, suggesting that the region responsible for this preference could be
mapped. Once again, the results of the corresponding experiment demonstrated
that the EEEV replicase requires the 5 region of its matching template RNA to
perform effective replication (Figure 17C).
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Figure 17. Analysis of the determinants of template preference of SINV and EEEV
replicases (unpublished data). A. Schematic presentation of swapped templates used in
the assay. B, C. Replication and transcription on the matching, heterologous and chimeric
templates by SINV (B) and EEEV (C) replicases. HEK293T cells grown on a 48-well
plate were cotransfected with 250 ng of template RNA and replicase expression plasmids.
For control cells the plasmid expressing active replicase (CMV-P1234) was substituted
with a corresponding CMV-P1234544 (polymerase inactive replicase) plasmid. Cells
were lysed at 18 hours posttransfection. Data represent the luciferase activity from CMV-
P1234 transfected cells normalized to the corresponding CMV-P123454A control cells.
Columns represent the means, and error bars represent the standard deviations of three
independent experiments.

The studies (Publications I and III) on template RNA cross-utilization increased
our understanding of the template RNA requirements for alphavirus replicase
proteins. Perhaps the most important finding in the context of this thesis (Publi-
cations II and III) was the universality of the SINV template. Our data indicate
that this is most likely because of the 5’ terminal region of the SINV template
RNA that is efficiently recognized by not only its matching replicase but also that
of CHIKYV and other alphaviruses. These data are in agreement with results from
a previous study that was performed using replicons and minigenomes of SINV
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and SFV (28). However, in both cases, one of the analyzed viruses (CHIKV or
SFV) belongs to the Semliki Forest complex, while SINV is an outgroup virus.
As the representatives of these two groups displayed several prominent diffe-
rences in the cross-utilization of template RNAs, it was not obvious if template
RNA preferences between the outgroup and the Semliki Forest complex viruses
are determined in the same way. Nevertheless, our analysis revealed that for SINV
and EEEV, which are both outgroup viruses, the region responsible for template
specificity lies in the 5° regions of their genomes (Figure 17). Finally, the analysis
performed using the swapped template RNAs of two viruses from the Semliki
Forest complex, CHIKV and RRV, also confirmed the leading role of the 5’ end
of the genome in template preference (Publication I, Figure 9D and 9E). Collec-
tively, these data strongly suggest that there must be a component(s) among the
replicase proteins of alphaviruses that specifically recognize the 5’ region of the
template RNAs to successfully launch RNA replication. In the next chapters, we
took advantage of the universality of the SINV template RNA and analyzed the
compatibility of replicase proteins of different alphaviruses and their role in
template RNA preference.

4.2. Two-component trans-replicases as tools
in the analysis of interactions between the components
of the alphavirus RNA replicase

During alphavirus infection, replicase proteins are produced by translating the
P1234 (or P123 and P1234) polyprotein directly from genomic RNA. Next, these
ns polyproteins undergo posttranslational (and possibly cotranslational) proteolytic
processing. The processing events are mandatory, as no functional alphavirus
replicase can be formed from separately expressed mature ns proteins. On the
other hand, full-length P1234 cannot perform RNA replication, as the minimal
requirement for the activation of replication is the cleavage of P1234, resulting
in the release of the nsP4 (RdRp) protein. It has been demonstrated that an active
RNA replicase can be formed from a mutant P1234 in which only the nsP4 com-
ponent is released (200). Furthermore, the SINV replicase can be effectively
formed by coexpressing the P123 and P34 polyproteins (84). The P34 polyprotein
is cleaved by the protease activity of P123 and results, again, in the release of nsP4.
These data imply that the alphavirus RNA replicase can be formed from sepa-
rately produced P123 and nsP4 components that interact with suitable template
RNA. However, the principles of this process have not been studied in detail.

In Publications I and III, we found that the determinants of the template RNA
specificity of the alphavirus replicases are located in the 5° region of their respec-
tive genomes (the first SL structure of the 5> UTR for SINV) (Publication I,
Figures 9 and 10; Figure 17). For effective replication, these sequences of the
template RNA need to be matched (and interact) with one or several replicase
proteins. Naturally, we questioned which part of the alphavirus replicase accounts
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for this template recognition. To address this question, we either needed to const-
ruct chimeric viruses, produce replicases via the expression of chimeric P1234
polyproteins or generate replicases from separately expressed heterologous repli-
case components. Obviously, the latter option is much less laborious and allows
for using a “mix and match” approach. Thus, we hypothesized that it would be
possible to split the alphavirus replicases into two or more functional components,
and such a system could be used in determining which of these components
recognizes the template RNA. Equally important, splitting P1234 also allows us
to analyze the functional compatibility of the replicase components originating
from different alphaviruses.

As the 3/4 cleavage, resulting in the release of the nsP4 RdRp, is the only
processing event absolutely required for the formation of the replication comp-
lexes, we decided to split the alphavirus P1234 into two: the P123 and the nsP4
components by expressing them from separate plasmids. The N-terminus of nsP4
corresponds to the conserved P1° tyrosine residue at the 3/4 cleavage site. Thus,
the mature nsP4 has a Tyr residue (and not a Met) at its N-terminus. Introducing
mutations to the N-terminus of nsP4 is known to compromise its activity and
trigger the generation of adaptative mutations in nsP4 and nsP1 (see Chapter
1.3.1.). Hence, using an nsP4 with a nonnative N-terminus in the analysis of the
compatibility of the replicase components and the template RNA was obviously
not acceptable. To preserve the biologically relevant N-terminus of the protein,
we expressed nsP4 in fusion with ubiquitin. Such expression plasmids were
designated CMV-ubi-nsP4. After translation of the ubi-nsP4 fusion protein,
ubiquitin is rapidly cleaved off, resulting in nsP4 with a natural N-terminus. The
constructs expressing the P123 components of the alphavirus replicases were
designated CMV-P123. The replicases expressed from two separate constructs,
CMV-P123 and CMV-ubi-nsP4, are hereafter referred to as the two-component
(2C) replicases (Figure 14) and were constructed for the same set of 10 alpha-
viruses covered in Chapter 4.1. (Publications I and III).

4.2.1. Separately expressed P123 and nsP4 components
form highly efficient RNA replicases

The functionality of the 2C replicases was first confirmed by comparing their
activities to those of the one-component replicases (1C). For this, HEK293T cells
were cotransfected with plasmids expressing the template RNA and either CMV-
P123 and CMV-ubi-nsP4 (2C replicase; in these experiments, the plasmids were
used in an equimolar ratio) or with the P1234 expression plasmids (1C replicase).
All 10 2C replicases were active, and, somewhat surprisingly, in most cases, their
activities exceeded those of the corresponding 1C replicases (Publication II,
Figure 2B; Publication III, Figure 3B). To confirm that the observed boost in Fluc
and Gluc reporter activities accurately represented the synthesis of the viral
RNAs, we purified the total RNA from the transfected cells and conducted a
northern blot analysis (Publication II, Figure 2C; Publication III, Figure SE). The
production of all viral RNAs remained below the detection limit for EILV,
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a finding that was in good accordance with the low boost value obtained from the
Fluc and Gluc signals (Publication II, compare Figures 2B and 2C). In addition,
the production of negative-strand RNAs remained below the detection limit
for the 2C ONNV, MAYYV, RRV and VEEV transreplicases (Publication II,
Figure 2C). Low levels of positive-strand genomic RNAs were detected for
VEEV, ONNV and MAYV, again in correlation with the modest boosts in Fluc
activities (Publication II, compare Figures 2B and 2C). It is also noteworthy that
in all cases, the synthesis of the viral RNAs by the 2C replicases was in good
accordance with the synthesis of viral RNAs by their 1C counterparts (compare
Publication I, Figure 2C and Publication II, Figure 2C). Thus, it was concluded
that boosts in reporter activities accurately reflect the synthesis of viral positive-
strand RNAs. As the measurement of Fluc and Gluc activities is much easier to
perform than a northern blot analysis, this method was used as the main approach
to analyze the replication and transcription activities in all subsequent experi-
ments. Furthermore, measuring the reporters’ activities also turned out to be more
informative, especially for the trans-replicases with low or modest activities that
were not sensitive enough to be revealed by northern blot analysis.

Based on the preliminary analysis of the activities of the 2C replicases, we
questioned why many of the 2C replicases displayed higher activities than their
corresponding 1C replicases. Evidently, one important difference between these
two systems is the production of nsP4. For 1C replicases, P1234 (source of nsP4)
is produced by readthrough of an opal stop codon at the end of the sequences
encoding nsP3. In our study, the stop codon was present in eight out of ten 1C
replicase plasmids, the two exceptions being the CHIKV and SFV P1234 plas-
mids. Accordingly, the amount of nsP4 produced in cells from P1234 is typically
only 10-20% of that of the other ns proteins. Obviously, the 2C replicase lacks
this internal downregulation of nsP4 production. Another factor that influences
the amount of nsP4 in alphavirus-infected cells is the instability of nsP4: unless
stabilized by interactions with other ns proteins, nsP4 is rapidly degraded by
proteasomes. The impact of this mechanism might also be different for the 1C
and 2C replicases, as the abovementioned interaction may be more efficient for
the former. Hence, we considered it necessary to analyze the impact of the
P123:nsP4 ratio using component titration experiments in which the P123 and
nsP4 expression plasmids were used at various ratios. For this analysis, we
selected the 2C replicases of SINV, BFV, VEEV, EILV, CHIKV (Publication II,
Figure 3), and EEEV (Publication III, Figures 3C—E), as these viruses belong to
different antigenic complexes. Including these viruses in the analysis allowed us
to obtain a broader picture, however, it also resulted in a technical limitation, as
for most of these viruses, antibodies recognizing the ns proteins are not available.
Therefore, we were unable to directly monitor the levels of these ns proteins in
the transfected cells, and the accuracy of the changes resulting from the different
ratios of the P123 and nsP4 components remains unknown.

For the nsP4 component titration experiments, we used nsP4:P123 expression
plasmids in ratios from 1:10 to 8:1 (Publication II, Figure 3A). The results
showed that the replication of alphaviruses is strongly dependent on the amount
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of nsP4. At a nsP4:P123 expression plasmid ratio of 1:10, the activities of CHIKV,
VEEYV and EILV replicases remained close to the detection limit, and the activi-
ties of the SINV and BFV replicases were only approximately 10-fold over the
background level (Publication II, Figure 3A). When the amount of nsP4 was
increased by changing the nsP4:P123 expression plasmid ratio from 1:10 to 8:1,
the replication activities improved approximately 10-100-fold. The impact of
increasing the amount of nsP4 was similar in transcription, albeit slightly less
pronounced (Publication II, Figure 3A). These results suggested that nsP4 is the
component that limits alphavirus RNA replicase activity and that excess nsP4
results in increased RNA replication. However, similar analysis performed using
the trans-replicase of EEEV revealed a somewhat different picture. Similar to the
aforementioned alphaviruses, increasing the EEEV nsP4:P123 expression plasmid
ratio from 1:10 to 1:1 improved replication (approximately 7-fold) and transcrip-
tion (approximately 3-fold) (Publication III, Figure 3C). However, increasing the
nsP4:P123 expression plasmid ratios from 1:1 to 8:1 resulted in a significant
decrease in the activities of the EEEV replicase (Publication III, Figure 3C), in
contrast to the replicases of CHIKV, SINV, BFV, EILV and VEEV (Publication
IL, Figure 3A). This indicates that for the EEEV replicase, there is an optimal ratio
of P123 to nsP4, exceeding which results in a reduction in replicase activity. We
confirmed this hypothesis by performing titration experiments with the EEEV
P123 component. In this experiment, increasing the P123:nsP4 expression plasmid
ratio from 1:10 to 1:1 was observed to have minimal or no effect on the activities
of the EEEV replicase (Publication III, Figure 3D). However, an additional
increase in the P123:nsP4 expression plasmid ratio from 1:1 to 8:1 resulted in a
drastic, approximately 370-fold decrease in replication and a 125-fold decrease
in transcription (Publication III, Figure 3D).

Naturally, we questioned if EEEV was an exception, and while this possibility
cannot be excluded, we favor an alternative explanation. Recently, a study revealed
that in the RNA replicase core, nsP1, nsP2 and nsP4 are present at a fixed 12:1:1
molar ratio (98). Most likely, the replication efficiency correlates with the number
of active replication complexes formed in the transfected cells. It is obvious that
an insufficient amount of nsP1, nsP2 or nsP4 hampers the formation of replication
complexes. It is also conceivable that a large excess of either nsP4 or P123
processing products can be harmful as well. Furthermore, in addition to optimal
amounts of P123 and nsP4, the components must also find and interact with each
other in a timely manner. This interaction depends not only on the amount of the
proteins but also on their stability (i.e., more stable proteins have more time to
interact with each other). As described in Chapter 1.3.4., nsP4 is a rather unstable
protein with the tendency to misfold and aggregate. It can be speculated that in
cells, the nsP4 proteins that are more stable conformationally have an extended
period of time to find the nsP1 and nsP2 proteins and interact with them, while
the less stable nsP4 proteins need to interact more rapidly to acquire an active
conformation and avoid degradation. Thus, nsP4 proteins could be more stable
for viruses that require an optimal ratio of nsP4 to P123 components, such as
EEEV. On the other hand, viruses with replication activities that are only
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increased (no negative effect observed) by excess nsP4 could have a less stable
nsP4 protein, such as all other viruses analyzed in the titration experiments. Taken
together, it is possible that an optimal nsP4:P123 ratio is required for all alpha-
viruses and for most of them, this ratio was not achieved in the experiments
described in Publication II.

Higher activities of the RNA replicase resulting from the increased amount of
nsP4 could be attributed to a larger number of cells in which replication is
initiated, to more efficient replication in such cells and to the combination of both
of these things. To differentiate between these possibilities, plasmids expressing
CHIKYV and EEEV template RNAs were modified. Namely, the sequence encoding
Gluc was replaced with a sequence encoding a fluorescent ZsGreen reporter. This
modification allowed us to perform flow cytometry analysis of the transfected
cells (Figure 15). To obtain more marker-positive cells required for this analysis,
we used a 24-well plate format instead of the standard 96-well format and the
LipoFectamine LTX and PLUS reagents (Thermo Fisher Scientific) as opposed
to the FuGENE reagent (Promega) used in previous experiments. To account for
differences that might result from the use of a modified template RNA and altered
experimental conditions, we first performed nsP4:P123 titration experiments with
the purpose of measuring replication (Fluc) activities using the new CHIKV-
Fluc-ZsGreen template. In this experiment, the replication of the CHIKV temp-
late RNA reached maximal levels at a nsP4:P123 expression plasmid ratio of 2:1,
remained at the same level of activity until a ratio of 4:1 and slightly decreased
at ratios of 6:1 and 8:1 (Publication II, Figure 3B). The replication efficiencies of
the templates harboring either Gluc or ZsGreen markers displayed slight dif-
ferences (compare Publication II Figures 3A and 3B), which may be caused by
several things. First, there is an unlikely option that the high levels of the ZsGreen
reporter were harmful to the cells. Second, the differences may result from techni-
cal differences in the second experimental setup, i.e., from the combination of
different template plasmids and the use of different (more efficient) transfection
reagents. This might seem as a relatively unimportant technical issue, but, if this
indeed is the case, it would align well with the differences observed in the EEEV
replicase titration experiment (which was also done using the LipoFectamine
instead of FUGENE versus the titration experiments for the replicases of other
alphaviruses). Taken together, all changes in the second experiment setup (with
the ZsGreen templates) were made with the aim of increasing the efficiency of
RNA replication. Thus, it is plausible, and even very likely, that by doing so, we
reached, and ultimately passed, the optimal nsP4:P123 ratio for the CHIKYV repli-
case that was not reached in other experiments described in Publication II. If so,
these findings support our hypothesis that viruses other than EEEV also have
optimal nsP4:P123 ratios. Flow cytometry analysis also revealed that the per-
centage of ZsGreen-positive cells increased when the nsP4:P123 expression
plasmid ratio was increased from 1:10 to 1:1, confirming that increasing the amount
of nsP4 results in a higher number of cells in which RNA replication is initiated.
However, from nsP4:P123 expression plasmid ratios of 1:1 to 8:1, the percentage
of ZsGreen-positive cells declined (Publication II, Figure 3B). Thus, either large
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volumes of plasmid DNA inhibited the transfection efficiency or/and the in-
creased amounts of nsP4 were toxic to the cells. More importantly, however, the
mean fluorescence intensity (MFI) was increased approximately 4.7-fold from
the nsP4:P123 expression plasmid ratio of 1:10 to the ratio of 2:1. This finding
confirms that the increased replication activities in the case of larger volumes of
nsP4 result from both a higher number of cells in which replication is initiated
and replication being more efficient in such cells. Interestingly, a slight decline
in MFI was observed at nsP4:P123 expression plasmid ratios of 6:1 and 8:1.
Although the effect was not statistically significant, it supports the above pre-
sented hypothesis, which is similar to that of the transreplicase of EEEV: the
activity of the CHIKV replicase (and, presumably, those of other alphaviruses)
reaches a maximal level at a certain nsP4:P123 ratio and declines at ratios
exceeding this level.

Analysis performed using plasmids expressing the EEEV template RNA and
2C replicase revealed identical trends. Again, the percentage of ZsGreen-positive
cells increased when the nsP4:P123 expression plasmid ratio was increased from
1:10 to 4:10. Increasing the amount of the nsP4 expression plasmid up to a ratio
of 1:1 had no further positive impact on the percentage of ZsGreen-positive cells.
At the same time, increasing the nsP4:P123 expression plasmid ratio from 2:1 to
8:1 resulted in a severe decline in both the percentage of ZsGreen-positive cells
and the MFI (Publication III, Figure 3E). Again, these data are consistent with
the hypothesis that the maximal activity of the EEEV replicase requires an
optimal nsP4:P123 ratio. We also transfected HEK293T cells with a constant
amount of the template RNA and nsP4 expression plasmids while varying the
amount of the P123 expression plasmid. We observed that the increase in the
P123:nsP4 expression plasmid ratio from 1:10 to 1:1 resulted in a slight increase
in the percentage of ZsGreen-positive cells while having minimal to no effect on
the MFI (Publication III, Figure 3E). However, again, increasing the P123:nsP4
expression plasmid ratio from 1:1 to 8:1 had a debilitating effect on the per-
centage of ZsGreen-positive cells and the MFI, similar to what we observed in
the experiment with the EEEV template RNA harboring the Gluc marker.

Altogether, the experiments performed with the 2C replicases and the ZsGreen-
expressing template RNAs demonstrated that changes in the activities of the
trans-replicases resulting from different nsP4:P123 ratios are causative of both
the number of cells in which the replication is initiated and the efficiency of the
RNA replication being higher in such cells. Finally, replicase component titration
experiments confirmed that the critical factor for alphavirus RNA replication
efficiency is the amount of nsP4 protein. However, it cannot be characterized as
the-more-the-better principle. Instead, the maximal efficiency of replicase complex
formation requires an optimal ratio of the P123 and nsP4 components.
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4.2.2. Many heterologous combinations of P123 and nsP4 components
can form a functional alphavirus RNA replicase

As described in the previous chapter, alphavirus RNA replicases can successfully
be reconstructed from matching P123 and nsP4 components. The high activities
of these 2C trans-replicases present a great opportunity for analyzing the com-
patibility of replicase proteins from different alphaviruses. Existing data obtained
using chimeric alphavirus genomes suggested that the combinations of replicase
proteins from closely related alphaviruses could be functional (23, 201). To
confirm whether functional heterologous replicases can be formed of components
originating from both closely and distantly related alphaviruses and to reveal the
rules behind the compatibility/incompatibility of those components, we aimed to
test the activities of all heterologous P123 and nsP4 combinations. However,
testing all combinations of the P123, nsP4 and template RNA constructs from ten
alphaviruses was technically impossible due to the large number of combinations.
To simplify the initial analysis, an advantage was taken from our previous finding
that the SINV template RNA is promiscuous and can be replicated by replicases
of most alphaviruses (Publication I, Figure 5A). Thus, it was decided to perform
component compatibility analysis in HEK293T cells using the SINV template
RNA (with the Fluc and Gluc markers). This approach, however, was not ideal,
as the replicases of some alphaviruses are less effective on the SINV template
RNA compared to their own RNA. This created the possibility that the activities
of some heterologous P123 and nsP4 combinations might be low specifically on
the template RNA of SINV, essentially creating false-negative results. Therefore,
some key findings were verified using template RNAs matching the P123 or nsP4
components used.

CHIKYV P123 was found to be compatible with all nsP4s except for that of BFV
(which was found to be active only with its matching P123). Interestingly, repli-
cases formed from the CHIKV P123 and the SFV or ONNV nsP4s were even
more active than the CHIKV 2C replicase (Publication II, Figure 4A). At the same
time, the replicase formed from ONNV P123 and CHIKV nsP4 had very low
activity (Publication II, Figure 4B). Furthermore, ONNV P123 was unable to
form active replicases with any of the nsP4s, including its matching nsP4. Partly,
this might have resulted from the fact that the SINV template RNA is not ideal
for the ONNV RNA replicase (Publication I, Figure 5SA). However, we had previ-
ously also observed that the ONNV 1C and 2C replicases have intrinsically low
activity even on the matching template RNA, making them one of the least active
trans-replicases studied here (Publication I, Figure 2B; Publication II, Figure 2B).
At the same time, it was observed that the ONNV nsP4 was able to form very
active replicases not only with the CHIKV P123 but also with the P123s of other
viruses belonging to the Semliki Forest complex (Publication II, Figures 4A—4D).
This clearly indicates that the low activity of the ONNV replicase is caused by its
P123 component.

To continue, SFV and RRV P123s were generally able to form active
replicases with all heterologous nsP4s other than that of BFV (Publication II,
Figures 4C and 4D). In addition, the boost in transcription was also very low by
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the replicase formed from the SFV P123 and the RRV nsP4 (Publication II,
Figure 4C). Interestingly, the MAYV P123 displayed limited capacity to form
active replicases with heterologous nsP4s, while the MAYV nsP4 formed very
active replicases with the CHIKV, RRV and SFV P123s (compare Publication II,
Figures 4A, 4C-E). Thus, the relatively low activity of the MAY'V replicase,
similar to ONNV, originates from its P123 component. However, the CHIKV,
SFV and RRV P123 components (i.e., viruses in which the 2C replicases were
highly active, Publication II, Figure 2B) were generally capable of forming active
replication complexes with heterologous nsP4 components. Thus, the low activi-
ties of some heterologous replicases consisting of the P123 and nsP4 components
of different Semliki Forest complex viruses mostly originated from intrinsically
poor activities associated with the ONNV and MAYV P123s.

The situation for the outgroup viruses turned out to be different and more
complex. BFV P123 formed active heterologous replicases with the nsP4 proteins
from EILV, VEEV, EEEV, MAYV, RRV and SFV and was poorly compatible
only with the CHIKV and ONNV nsP4s (Publication II, Figure 5A; Publi-
cation III, Figure 5D). In contrast, the P123 components of other outgroup viruses
demonstrated a high rate of incompatibility with heterologous nsP4s (Publi-
cation II, Figure 5B—5D). In the presence of the SINV template RNA, EILV P123
was incompatible with all nsP4s (Publication II, Figure 5B; Publication III,
Figure 5D). However, EILV nsP4 formed active replicases with several hetero-
logous P123s (Publication II, Figures 4A—4E and 5A). The same was observed
for VEEV, EEEV and SINV nsP4s. All these nsP4s could form active replicases
with the P123 of BFV and several viruses from the Semliki Forest complex
(Publication II, Figure 4A—4E, Figure 5A; Publication III, Figure 5D) but not with
the P123 components of other members of this subgroup (Publication II, Figure
5B-5D; Publication III, Figure 5D). The P123s of SINV, VEEV and EEEV
were highly selective and generally failed to form active replicases with any of
the other heterologous nsP4s (Publication II, Figures 5C-D; Publication III,
Figure 5B). We observed previously in Publication I that the VEEV replicase
presented low compatibility with the SINV template RNA (Publication I,
Figure 5A). Therefore, we questioned whether the incompatibility of VEEV P123
might be caused by using the SINV template RNA. To study this directly, the
VEEV P123 was tested together with matching pairs of template RNAs and nsP4s
from different viruses (Publication II, Figure 5E). Once again, only the matching
2C VEEV replicase displayed high replication and transcription activities. A
similar experiment performed using the SINV P123 produced almost identical
results (Publication II, Figure 5F). Thus, the incompatibility of the SINV and
VEEV P123 components with heterologous nsP4s was considered to be inde-
pendent of the template RNAs used. However, it should be mentioned that while
the SINV P123 was also tested together with its matching template RNA and all
heterologous nsP4s (Publication II, Figure 5D), such an experiment was not
performed for the VEEV P123. The analysis performed later using the EEEV
P123 suggested that this experiment might have been important. Namely, in the
presence of the SINV template RNA, the EEEV P123 behaved very similarly to
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that of VEEV P123 by displaying a limited ability to form active replicases with
heterologous nsP4s (Publication III, Figure 5B). However, in the presence of its
own template RNA, EEEV P123 formed active replicases not only with the
matching nsP4 and VEEV nsP4 but also with SINV, MAYV, SFV and RRV
nsP4s (Publication 111, Figure 5A). Thus, the ability of P123 of this outgroup virus
to form active heterologous replicases is, to an extent, dependent on the source of
template RNA. These data also suggest that EEEV P123 might have an important
role in the recognition of its template RNA.

4.2.3. The two-component trans-replicases consisting
of heterologous components accurately portray the characteristics
of corresponding chimeric viruses

Although trans-replicases are easy-to-use and sensitive tools, they are still arti-
ficial systems. Thus, we questioned whether the findings made using trans-repli-
cases are also reproduced in the context of virus infections. Previous studies from
our lab have revealed that this is indeed the case for mutations and insertions
introduced into ns proteins (140, 199). Similarly, our data on the cross-utilization
of the template RNAs (Publication I) are supported by previous findings made
using alphavirus replicons (28). Here, we wanted to analyze whether the same
applies to replicases containing the P123 and nsP4 components originating from
different alphaviruses. Constructing the chimeric viruses for all 10 alphaviruses
from our trans-replicase panel would have been impractical and, in some cases,
ethically questionable (due to the need for using chimeras of highly pathogenic
viruses). Therefore, we decided to limit this assay to two viruses, the P123 com-
ponents of which displayed contrasting properties in our previous experiments.
In the previous chapter, it was demonstrated that the SFV P123 can form active
RNA replicases with the SINV and CHIKV nsP4s (and with those of several other
viruses), while the replicases formed with the BFV and RRV nsP4s had rather
low activities (Publication II, Figure 4C). In contrast, SINV P123 only formed
active replicases with its matching nsP4 (Publication II, Figure 5D). Thus, we
wondered if the same can be observed in the context of viruses with chimeric
genomes.

The chimeras were constructed using the SFV and SINV icDNAs. Simply
replacing the sequences encoding the SINV and SFV nsP4 proteins with their
heterologous counterparts was, however, not possible, as this would have also
resulted in swapping the SG promoters: corresponding sequences are mostly
located in the region encoding the C-terminus of nsP4. As a solution, chimeric
genomes were constructed by eliminating the heterologous SG promoters from
the sequences of nsP4s via the introduction of synonymous mutations while pre-
serving the native SFV and SINV SG promoter sequences. To account for any
effects caused by this construction strategy, similar genomes were also construc-
ted using matching SFV and SINV nsP4 regions and were designated SFV-SFV4
and SINV-SINV4, respectively. The construction of chimeric virus genomes and
the design of subsequent experiments are also explained in Figure 18.
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Figure 18. Analyses of the SFV and SINV genomes harboring the nsP4 regions of dif-
ferent alphaviruses. A. Cloning strategy used to obtain a panel of chimeric SFV and SINV
genomes. B. Workflow of the chimeric virus rescue, propagation and infectivity experi-
ments.

Using the approaches described and displayed above, chimeric SFV genomes in
which the nsP4-encoding region was swapped with that of SINV, CHIKV, BFV
or RRV were constructed. An infectious center assay (ICA) performed in BHK-21
cells confirmed that the infectivity of SFV-SFV4 was similar to that of wt SFV6,
indicating that the developed design had no apparent flaws (Publication II,
Table 2). However, none of the other chimeras were capable of plaque formation
in the ICA. Nevertheless, development of cytopathic effects (CPEs) was observed
in BHK-21 cell cultures transfected with these icDNAs. Importantly, CPE
appeared earlier for the viruses harboring the CHIKV or SINV nsP4 and later for
the viruses harboring the BFV or RRV nsP4. These data correlate well with the
activities of corresponding heterologous trans-replicases. The replication of the
virus genomes was analyzed by detecting the expression of the nsP2 protein, and
virus rescue was confirmed by the detection of capsid protein by western blot
analysis. Notably, the rescue performed at 28 °C was also successful (Publi-
cation II, Figure 6B). However, only minimal to modest CPE was observed (Publi-
cation II, Table 2). The chimeras based on the SINV genome displayed somewhat
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different properties. The formation of plaques in the ICA was observed only for
wt SINV and the SINV-SINV4 control construct (Publication II, Table 2). These
two viruses were also the only viruses that could be rescued at 37 °C (Publi-
cation II, Figure 6B). Thus, similar to the trans-replicase assay (Publication II,
Figure 5D), the chimeric viruses also confirmed that the SINV P123 can only
form an active replicase with its matching nsP4. Interestingly, however, when the
transfected cells were incubated at 28 °C, strong CPE was observed for the
chimeras harboring BFV, EILV, CHIKV, ONNV or MAYV nsP4, and mild to
moderate CPE was also observed for viruses harboring RRV or VEEV nsP4. The
only construct for which the development of CPE was not detected was the
chimera with the SFV nsP4 (Publication II, Table 2). However, even for this one,
the infectious virus rescue was confirmed by western blot analysis (Publication I,
Figure 6B).

Taken together, the results obtained using the chimeric genomes clearly
correlated with the results of the trans-replicase assay. The fact that all chimeras
based on the SINV genome could be rescued at reduced temperature indicates
that the incompatibility of the SINV P123 with heterologous nsP4 components is
a temperature-dependent effect. It can be speculated that the interaction between
SINV nsP1 (and/or nsP2) and heterologous nsP4s is relatively weak, and at 37 °C,
the formation of a stable core structure of the RNA replicase is hampered. At
reduced temperatures, however, the interactions between these proteins are strong
enough to allow for the formation of functional replication complexes. Structural
studies using cryo-EM are required to reveal whether this is indeed the case.

4.2.4. Further splitting of the alphavirus replicase polyprotein
drastically reduces the efficiency of RNA replication and transcription

The two-component (2C) trans-replicases proved to be sensitive, efficient and
relevant tools for studying the compatibility of heterologous P123 and nsP4
components. To extend the analysis to the compatibility of the nsP1, nsP2 and nsP3
proteins, splitting of the P123 component would be needed. However, several
studies reviewed in the Literature section have demonstrated that individual nsP1,
nsP2, nsP3, and nsP4 cannot form a functional replicase. Furthermore, splitting
of P123 into P12 and nsP3 would result in a similar outcome. Thus, the only
option was to split P123 into nsP1 and P23 components. However, the P23
polyprotein is unstable and extremely short-lived. Therefore, we suspected that if
we supplied the cells with nsP1, P23 and nsP4 components, the outcome would
be similar to supplying the cells with four separate ns proteins. For these reasons,
we decided to follow a strategy previously described for SFV. For SFV, it has
been demonstrated that P123, in which the nsP2 protease is inactive (P1243), is
able to form active replication complexes in the presence of nsP4. In addition, the
formation of the spherules is preserved even when the SFV P1243 is split into
nsP1 and P23 (96). Thus, we considered that the formation of active replicases
from nsP1, P23 and nsP4 expressed from separate plasmids (Figure 14) should
also be possible for other alphaviruses and constructed three-component (3C)
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trans-replicases for SINV, RRV, CHIKV and EEEV. Analysis of their func-
tionality in HEK293T cells, however, failed to reveal high activities similar to
those reported for the SFV 3C replicase. Instead, the activities of the RRV 3C
replicase remained close to the detection limit (Publication II, data not shown), and
the SINV, CHIKV and EEEV 3C replicases had very low replication activities
and strongly reduced (compared to the 2C replicases) transcription activities
(Publication 11, Figure 7D; Publication III, Figure 4B).

As seen previously (Chapter 4.2.1.), the activities of the 2C replicases can be
drastically increased by optimizing the nsP4:P123 ratio (Publication II, Figure 3).
Therefore, the same approach was used for the 3C replicases. It was observed that
the activity of the 3C replicases also depends on the nsP4:(nsP1+P23) ratio.
The trend was similar to the 2C replicases, however, the 3C replicases failed to
achieve replication and transcription activities comparable with the levels
obtained from the 2C replicases (Publication II, data not shown; Publication III
Figures 4C and 4E). Flow cytometry analysis revealed that the low activities of
the 3C replicases were due to both a small percentage of the cells in which
replication was initiated, (ZsGreen-positive cells) and the low efficiency of RNA
replication (low MFI) in these cells (Publication 111, Figure 4D).

The activity of the 3C replicase may also depend on the nsP1:(P2“*3+nsP4)
ratio or the P2°*3:(nsP1+nsP4) ratio. In the core of the mature RNA replicase,
the nsP1:nsP2:nsP4 ratio is 12:1:1 (97, 98). Therefore, we attempted to improve
the activities of the 3C CHIKYV replicase by changing the nsP1:(P2““3+nsP4),
P243:(nsP1+nsP4) or nsP4:(nsP1+P2*3) ratios. These experiments revealed
that increasing the amounts of nsP1 and nsP4 had similar effects on the transcrip-
tion efficiency of CHIKV. Increasing the amount of nsP4 in the nsP1:P2“*3:nsP4
ratio from 10:10:2.5 to 1:1:2.5 also increased the transcription activity by
approximately 175-fold. Further increases in the amount of nsP4 resulted in a
debilitating effect on the transcription efficiency (Figure 19B). Increasing the
amount of nsP1 had a similar effect on transcriptional activity. Thus, changing
the nsP1:P2*3:nsP4 ratio in the expression plasmids from 1:10:10 to 2.5:1:1
increased the transcription activities approximately 875-fold. Again, increasing
the amount of nsP1 further resulted in a decrease in transcription efficiency
(Figure 19A). However, this decrease was more modest compared to what was
observed for the nsP4 component. This difference might be explained by the fact
that in the replication complexes, nsP1 is present in excess compared to the other
nsPs. Finally, increasing the amount of the P23 component by changing the
nsP1:P2“3:nsP4 ratio in the expression plasmids from 10:1:10 to 10:2.5:10
increased the transcription activities by approximately 69-fold. However, again,
the activities dropped drastically after reaching a ratio of 1:1:1 (Figure 19C). This
drop could, theoretically, be attributed to the cytotoxic properties of the nsP2
protein, however, no CPE in transfected cell cultures was observed visually.
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Figure 19. Impact of the different nsP1:P243:nsP4 ratios in the expression plasmids on
the transcription activity of the CHIKV 3C replicase (unpublished data). A. The amount
of nsP1 was changed by varying the nsP1:P2¢3:nsP4 ratio from 1:10:10 to 12:1:1;
B. The amount of nsP4 was changed by varying the nsP1:P2¢*3:nsP4 ratio from 10:10:1
to 1:1:10; C. The amount of P23 was changed by varying the nsP1:P2¢3:nsP4 ratio from
10:1:10 to 1:10:1. For each panel, the component indicated in red was used in different
amounts, while the amounts of the other two expression plasmids as well as the plasmid
expressing template RNA were kept constant. Experiments were performed and data were
analyzed as described for similar experiments in Publication III (Figure 4), however,
a 48-well plate format was used as explained in the legend of Figure 17.

The new 3C replicase titration experiments revealed, using CHIKV as an
example, that for each component, there is an optimal amount (relative to the
other two components) that ensures maximal transcription efficiency. However,
even if all three components were used in their optimal amounts, the transcription
activity remained relatively low compared to the 2C replicase, and the replication
efficiency was close to the background level. These properties eliminated the
possibility of using the 3C replicases in analyzing the functional compatibility of
the heterologous components. In addition, this result also triggered the question
of why 3C replicases behave so differently from 2C replicases. We showed that
high activities cannot be achieved by changing the ratios of the components of
the 3C replicases. Thus, there must be a molecular reason(s) for the low activity.
First, we previously observed that a replicase consisting of P12“*3 and nsP4
demonstrated lower activities than wt P123 and nsP4 (Publication II). Thus, we
wondered if the low activities might be caused by the lack of protease activity of
nsP2. We refuted this hypothesis by making an additional P23 construct in which
nsP2 regained its protease ability and harbored a short sequence from the end of
nsP1 in its N-terminus to delay the processing of the 2/3 site. However, this 3C
replicase demonstrated even lower activities (data not shown).

Another possibility is that there is nothing wrong with the functionalities of
our three replicase components per se. Instead, by expressing the components
separately, we might have compromised their localization in the transfected cells
and forced them into a nonfunctional “long distance relationship”. Mutations in
the 1/2 cleavage site have a strong negative impact on the activity of the trans-
replicase and the infectivity of the corresponding transcript (69). Thus, it is likely
that the nsP1 component of the 3C replicase localizes correctly to the plasma
membrane. In addition, our data using 2C replicases indicate that nsP1 can inter-
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act correctly with nsP4, which might occur at the plasma membrane or during the
transport of nsP1 to the membrane. However, the transport of the P2“*3 compo-
nent might be hampered without efficient interactions with nsP1.

As of now, we have obtained evidence supporting this hypothesis. First, we
discovered recently that a transiently expressed wt nsP1 can efficiently comple-
ment a nonfunctional P1234 harboring mutations in the MT/GT active sites (un-
published data). Thus, if the products of P1234 processing are located correctly,
then the individual nsP1 supplied separately can find these products. As a result,
wt nsP1 becomes incorporated into the functional replicase complexes. Second,
we added a membrane attachment signal (palmitoylation—myristylation peptide)
to the N-terminus of a construct expressing the P23 polyprotein (protease active)
preceded by a fusion of the C-terminal end of the nsP1 encoding sequences
(delnsP1-P23). This modification led to an approximately 10-fold increase in the
activity of the corresponding 3C replicase (unpublished data). Therefore, we hypo-
thesize that generating a construct in which the processing of P23 is slowed down
and harbors a membrane attachment signal might result in a more active 3C
replicase.

4.3. For EEEV and SINV, the P123 component
of the RNA replicase has a leading role in template
RNA recognition

We demonstrated previously (see Chapter 4.2.2.) that the P123 components of
the outgroup alphaviruses are generally poorly compatible with heterologous
nsP4s. These results were, however, mostly obtained using SINV template RNA.
While this template was an excellent tool for determining the compatible P123
and nsP4 combinations for viruses from the Semliki Forest complex, this might
not have been the case for the outgroup viruses. Therefore, it is possible that the
P123 components of several outgroup viruses were not incompatible with the
heterologous nsP4 components but with the SINV template RNA. Indeed,
experiments with the 2C replicases containing either the SINV or EEEV P123
indicated that, at least for these viruses, P123 might be involved in template RNA
recognition.

To study this directly, we tested the compatibility of EEEV P123 with all
heterologous nsP4 components first on the EEEV template RNA and then on the
SINV template RNA. On the EEEV template RNA, the matching 2C replicase
was highly active in both replication and transcription. The RNA replicase con-
sisting of EEEV P123 and VEEV nsP4 had similar or even higher activities (Publi-
cation III, Figure 5A). The activities were also high for heterologous replicases
consisting of EEEV P123 and SINV, MAYV, and SFV nsP4s. Somewhat lower
replication and transcription activities were observed for the combinations of
EEEV P123 and EILV, RRV, or ONNV nsP4s. In this experiment, the only nsP4
proteins that were poorly compatible with EEEV P123 were derived from
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CHIKYV and BFV (Publication III, Figure 5A). When the same experiment was
performed using the SINV template RNA, all heterologous replicases except for
EEEV P123 of and VEEV nsP4 displayed distinctively lower activities (Publi-
cation III, Figure 5B). Altogether, the data obtained from these experiments
showed that heterologous replicases containing the EEEV P123 are more active
with its matching RNA template.

To confirm the importance of P123 and to study the possible role of EEEV
nsP4 in the formation of active replicases, we performed a similar set of
experiments as described above by combining EEEV nsP4 with all heterologous
P123 components. This experiment revealed that although the boosts in Fluc and
Gluc activities were slightly higher for the EEEV template RNA, the source of
template RNA had very little impact on these 2C replicases (Publication III,
Figures 5C and 5D). The only exception was the 2C replicase consisting of SINV
P123 and EEEV nsP4. This combination was more efficient with the SINV
template RNA, suggesting that the SINV P123 might also have an important role
in template RNA recognition. Altogether, these results indicate that EEEV P123
plays a leading role in the recognition of the template RNA. In addition, data from
Publication II also demonstrated that the 2C replicases containing the SINV P123
were more active on its matching template RNA (Publication II, Figure 5D and
5F). Therefore, it can be concluded that for EEEV and SINV, the P123 compo-
nent has a leading role in template RNA recognition/utilization.

As of now, whether the findings made for EEEV and SINV also apply to other
alphaviruses cannot be deduced with full certainty. We have demonstrated with
the 2C replicases that VEEV P123 is highly incompatible with heterologous nsP4s
on the SINV template RNA (Publication II, Figure 5C). However, as already
noted before, the 2C replicases involving VEEV P123 were not tested on the
VEEV template RNA. In addition, there are many discrepancies between dif-
ferent alphaviruses. For example, the BFV P123 component formed active
heterologous replicases with different nsP4 components on the SINV template
RNA (Publication II, Figure 5A). This was also a general trend for the 2C
replicases containing the P123 components of Semliki Forest complex viruses
(Publication II, Figure 4). As we did not perform extensive experiments using the
matching templates for any of these viruses, the question of whether the match
between the P123 and template RNAs contributes to the activities of these 2C
replicases remains generally unanswered.

4.3.1. The SINV and EEEV P123 replicase components
are responsible for the recognition/utilization of the 5' region
of the template RNA

The EEEV replicase modestly replicates and efficiently transcribes the SINV
template RNA. At the same time, the SINV replicase shows low replication and
transcription activities on the EEEV template RNA (Publication III, Figures 2A
and 2B). Analysis performed using a set of SINV/EEEV chimeric templates
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revealed that the SINV and EEEV replicases require the presence of the 5’ regions
of their respective genomes to launch efficient RNA synthesis (Figures 17B and
17C). The 2C replicases containing heterologous combinations of the P123 and
nsP4 proteins of these viruses allowed us to extend this analysis. Thus, we decided
to study which component of each replicase is responsible for the preference (i.e.,
recognition and/or utilization) of the 5’ regions of their template RNAs.

The 2C replicase consisting of SINV P123 and EEEV nsP4 demonstrated low
replication activity, moderate transcription activity and a clear preference toward
the wt SINV template RNA (Publication III, Figure 5C and 5D). Consistently,
the Fluc activities obtained using the chimeric templates remained close to the
background level (Figure 20A). Therefore, no solid conclusion about the template
preference could be made based on these data. However, the transcription of the
chimeric templates was more efficient, and clear differences between the temp-
lates were observed. In all cases, the transcription signal was higher for the temp-
late RNAs harboring the 5’ regions of the SINV genome (Figure 20A). Some
importance of the SG promoter region was also detected in the transcription
activities. Although transcription depends largely on the use of the SG promoter,
replication of the template RNA appears to be an absolute prerequisite for SG
RNA synthesis. Thus, it is logical that out of all the chimeric templates, the temp-
late RNA containing both the 5 and SG regions (SSE) demonstrated the highest
activities for transcription. Taken together, our data suggest that SINV P123 most
likely recognizes and/or utilizes both the 5° and SG regions in the template RNA.

The same analysis was also performed using the reciprocal variant of this 2C
replicase, which further supported our previously stated conclusions. The high
activity of the 2C replicase consisting of the EEEV P123 and the SINV nsP4 also
allowed for analyzing the changes in Fluc activities (i.e., replication). The repli-
cation of the chimeric templates critically depended on the match between the
P123 component and the 5’ region of the template RNA (Figure 20B). Inte-
restingly, the ESS and EES template RNAs were better than the ESE template
RNA. This observation correlates well with the data obtained using the EEEV 1C
replicase (Figure 17C). This effect might be caused by the incompatibility of the
SG region of SINV with the 3’ region of EEEV. Similar trends were also revealed
for the transcription efficiencies: templates harboring the 5’ region of the EEEV
genome clearly outperformed templates where the region originated from the
SINV genome (Figure 20B). As suggested above, this likely reflects the fact that
more effective replication is a prerequisite for more efficient transcription. Thus,
the EEEV P123 component of the replicase has a leading role in the recognition/
utilization of the 5° region of the template RNA.
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Figure 20. Mapping the regions responsible for the template preferences using the 2C
replicases formed from EEEV and SINV P123 and nsP4 components (unpublished data).
The experiment was performed, and the data were analyzed and presented as described
for Figure 17 except that 2C replicases were used instead of 1C replicases. wt — wild-type
EEEV or SINV template RNA.

4.3.2. For viruses belonging to the Semliki Forest complex,
the nsP4 component has a leading role in the recognition/utilization
of the template RNAs

The analysis of the determinants responsible for the template RNA specificity
performed using the EEEV and SINV 2C replicases suffers from one important
drawback: the heterologous 2C replicase consisting of SINV P123 and EEEV
nsP4 had very low replication activity. Hence, in replication, the template prefe-
rence of this replicase cannot be directly analyzed (Figure 20A). This might not
be the sole pair of P123 and nsP4 components that works “unidirectionally”
(meaning that the combinations of P123 and nsP4 are not active reciprocally). An
ideal pair of viruses for the template specificity analysis would be one where the
activities of all four 2C replicases — two matching and two heterologous combi-
nations — are similar to each other. In this case, the differences in template RNA
replication and transcription could be solely attributed to the template RNA
preference of the replicase.

Thus, we decided that when analyzing the factors that are responsible for the
template RNA preference, two conditions should be met: 1) replicases of the
analyzed alphaviruses should recognize and use each other’s templates with
different efficiencies (the larger the difference, the better), and ii) the P123 of
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virus 1 should form an active replicase with the nsP4 of virus 2 and vice versa
(preferably, these heterologous combinations should have activities similar to the
homologous combinations). Based on a finding from Publication I that revealed
that the SINV template RNA is universal (or at least acceptable) for the replicases
of different alphaviruses, we proceeded by identifying which P123 and nsP4
combinations match the abovementioned requirements. The rationale of this
experiment is also described in Figure 21.
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Figure 21. Schematic representation of the workflow of “mix-and-match” experiments
resulting in the selection of viruses for which the determinants responsible for the temp-
late RNA preference were analyzed. In Publication I, heterologous combinations of
replicases and templates in which the replicase proteins of one virus had a clear preference
for their homologous template RNA were identified (not shown). It was also found that
SINV template RNA is relatively universal and can be used by 1C and 2C replicases of
different alphaviruses. Using SINV template RNA to screen for heterologous combi-
nations of P123 and nsP4 components uncovered combinations that are capable of forming
active replicase complexes in a reciprocal manner (i.e., both complexes had comparable
activity). Three suitable pairs, CHIKV and RRV, CHIKV and SFV, and MAYV and SFV,
were identified and used in the analysis of the template RNA preferences of these viruses.
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Somewhat unexpectedly, the analysis performed using the SINV template RNA
and the P123 and nsP4 components of ten different alphaviruses revealed that
pairs of replicases that work reciprocally are rare. In fact, no such pair was found
for alphaviruses belonging to different antigenic complexes. However, from the
Semliki Forest complex, three combinations of P123 and nsP4 expression plasmids,
largely corresponding to the criteria described above, were found: CHIKV P123,
RRYV nsP4 and vice versa, CHIKV P123, SFV nsP4 and vice versa, and (albeit
with some reservations) MAY'V P123, SFV nsP4 and vice versa (Figure 21).

On the SINV template RNA, the heterologous 2C replicases formed by the
CHIKYV and RRV P123 and nsP4 components were active reciprocally. However,
both of the replicases displayed lower activities than the matching 2C replicases.
The CHIKV template RNA was effectively used by its matching 2C replicase,
while for the RRV 2C replicase, the activities were significantly lower (Publi-
cation II, Figure 8A). The replicase consisting of CHIKV P123 and RRV nsP4
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could not replicate or transcribe the CHIKV template RNA effectively. In cont-
rast, the activities of the 2C replicase consisting of RRV P123 and CHIKV nsP4
were high. Combined, these results indicate that the CHIKV nsP4 has a leading
role in the recognition/utilization of both the genomic and SG promoters in the
CHIKYV template RNA. The analysis performed using the RRV template RNA
resulted in similar data: the 2C replicase formed from CHIKV P123 and RRV
nsP4 was significantly more active than the 2C replicase consisting of RRV P123
and CHIKYV nsP4. Similar results were observed for both replication and tran-
scription activities, again suggesting the leading role of the RRV nsP4 in the
recognition and use of the genomic and SG promoters of the matching template
RNA (Publication II, Figure 8A). Similar trends were also observed for the SFV
and CHIKYV replicase components (Publication II, Figure 8B) as well as for the
MAYYV and SFV replicase component (Publication II, Figure 8C). For the latter,
the leading role of the nsP4 component could only be confirmed for the re-
cognition and usage of the SG promoter. The problem was that the 2C replicase
of SFV is significantly more active than its counterpart from MAYV. This diffe-
rence was too prominent in the replication activities of the 2C replicases and
masked the possible effects resulting from the preference of the genomic pro-
moter (i.e., no matter what template was used, the 2C replicase of SFV was
always more active). However, for transcription, the template preference was
clearly determined by the nsP4 component (Publication II, Figure 8C). Altogether,
these results indicate that for the Semliki Forest complex virus replicases, the
nsP4 component has the leading role in recognizing/utilizing the SG promoter.
The results were less clear for the recognition/utilization of the genomic pro-
moter. However, it is very likely that the leading role in genomic promoter pre-
ference also belongs to the nsP4 component.

The most intriguing question resulting from our studies is whether Semliki
Forest complex viruses use a different mechanism for template RNA recognition
than other alphaviruses. At glance, the data seem to be very clear: for outgroup
viruses the template RNA preference associates with the P123 component and for
Semliki Forest complex viruses with the nsP4 protein. Indeed, it is possible that
different mechanisms are used. The same has also been described for nucleo-
capsid formation, in which case the localization of the packaging signal (and
possibly even its very nature) is different for outgroup and Semliki Forest complex
viruses. However, it is also possible that for all alphaviruses, the primary re-
cognition/utilization of the template RNA is determined by the P123 part of the
replicase, and the viruses from the Semliki Forest complex have simply acquired
an additional mechanism allowing them to differentiate between the template
RNAs of viruses belonging to the same complex. To verify whether this is the
case, one needs to perform experiments using heterologous 2C replicases con-
sisting of the P123 and nsP4 components of viruses belonging to different sero-
complexes. Unfortunately, these combinations always demonstrated unidirectional
compatibility, and such experiments were therefore not performed. Alternatively,
one could analyze the specificity of the interactions between template RNAs of
alphaviruses and their replicase components. Unfortunately, thus far, such studies
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have failed to produce any results, as in cell-free systems, the alphavirus replicase
proteins display no selectivity in their interactions with RNAs (our unpublished
data).

4.4. EEEV and CHIKV minigenomes represent tools that
can be used in molecular biotechnology

Alphavirus-specific Cis-elements in the template RNAs are recognized by their
matching as well as multiple heterologous replicases. This allows for the repli-
cation and transcription of the template RNA and thus the expression of the
reporters encoded by the template. A SINV minigenome, including a fluorescent
reporter under the control of the SG promoter, has been shown to be inducible by
viral infection (202). The activation of reporter expression, however, was
approximately 10-fold, a modest effect that most likely can be attributed to either
suboptimal design of the template RNA or to the low efficiency of the trans-
replicase system in mosquito cells, a property that we also noted (Publication I).
In contrast, a CHIKV minigenome identical to the template RNAs used in this
study was shown to be activated by viral infection. Furthermore, the activation
allowed for an approximately 30,000-fold boost in the expression of the reporter
gene from the SG promoter of the template RNA (140). As many template RNAs
developed in this study were highly active, we hypothesized that they could also
serve as detection tools — or at least as prototypes of such tools — for the infection
of unmodified wt alphaviruses.

The potential of using minigenomes as biosensors was evaluated using the
CHIKYV and EEEV template RNAs encoding the ZsGreen reporter. A set of
experiments performed by cotransfecting HEK293T cells confirmed that these
templates can be activated by replicase expression plasmids. Not surprisingly, the
matching combination of the EEEV template and replicase resulted in the largest
number of ZsGreen-positive cells (Publication III, Figure 6A). In addition, green
cells were also observed for the combination of the EEEV template and SFV
replicase. Importantly, ZsGreen expression was also activated in cells that were
first transfected with the EEEV template RNA expression plasmid and sub-
sequently infected with SFV (Publication III, Figure 6A). However, cells trans-
fected with the EEEV template RNA expression plasmid and subsequently in-
fected with Kunjin virus (genus Flavivirus) did not activate the production of the
ZsGreen marker. Thus, the EEEV template RNA can only be activated by alpha-
virus infection the replicases of which can cross-utilize the EEEV template.
Similar analysis was also performed with the CHIKV template RNA. Again, the
production of the ZsGreen reporter was apparent when cotransfecting the cells
with the template RNA and its matching replicase expression plasmids (Publi-
cation III, Figure 6B). Consistently, infecting the template-transfected cells with
CHIKY resulted in the production of the ZsGreen reporter, while SINV infection
did not induce reporter expression (Publication III, Figure 6B). This was exactly
the outcome that was expected based on the inability of the SINV replicase to use
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CHIKV template RNA (Publication I, Figure 4A). Taken together, the trans-
fection—infection experiments with plasmids expressing the CHIKV and EEEV
template RNAs revealed that these constructs serve as accurate and sensitive tools
for detecting SFV and CHIKYV infection. These, however, are both Old World
alphaviruses. We were curious to also assess the ability of several New World
alphaviruses to activate CHIKV and EEEV template RNAs. For biosafety reasons,
these experiments were performed in the BSL3 facilities of the Defense Science
and Technology Laboratory (Dstl, UK) by colleagues who have extensive expe-
rience in working with encephalitic New World alphaviruses. These experiments
revealed that EEEV, VEEV and WEEYV infections activate the ZsGreen reporter
in cells transfected with the expression construct of the EEEV template. Inte-
restingly, the EEEV RNA template was highly activated upon infection with
EEEV and WEEV and to a much lesser extent by VEEV (Publication III,
Figure 7A). Again, this is consistent with the data obtained in the cross-utilization
experiments using the EEEV and VEEV replicases (Publication III, Figure 2A).
Predictably, the CHIKV template RNA was used rather inefficiently (Publication
111, Figure 7B). However, the trend of EEEV and WEEV infection resulting in
higher expression of the ZsGreen reporter compared to VEEV infection remai-
ned. This is again well correlated with what we saw previously using the CHIKV
template RNA and VEEV and EEEV replicases (Publication I, Figure 4A;
Publication III, Figure 2B).

Taken together, these results indicate that the EEEV and CHIKV template
RNAs are good biosensors for detecting infections with matching alphaviruses as
well as infections with several related alphaviruses. The detection of virus in-
fection via expression of fluorescent ZsGreen protein was in perfect correlation
with the ability of the corresponding replicases to replicate and transcribe the used
template RNAs. Thus, these biosensors have an opportunity to significantly sim-
plify the characterization of these viruses in tissue culture. These biosensors could
be used for real-time virus enumeration and quantification while limiting the need
for virus manipulation. Perhaps more importantly, integration of such sensors into
the genomes of vertebrate hosts or insect vectors would result in transgenic ani-
mals allowing for monitoring alphavirus infections using noninvasive methods.
Such highly sensitive models would be especially useful for monitoring early
stages of virus infection when the amount of virus is low and in the chronic stages
of infection when virus replication, if it exists at all, is likely limited to a small
number of cells. However, it is also clear that the great performance of the mini-
genomes in in Vvitro settings does not necessarily mean that the same will occur
in in vivo models. There are several challenges one needs to overcome before
truly effective in vivo models can be obtained. This includes (but, unfortunately,
is not limited to) host and tissue specificity of alphaviruses, different replication
rates in different cell types, low numbers of cells in which the replication of the
minigenome is activated and possible adverse effects of the sensor (essentially
defective interfering RNA) on virus replication. Thus, there is a long way to go
before such advanced models can become available for studies of alphaviruses.
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4.5. nsP4 as the central part of the alphavirus
RNA replication machinery

It has long been well known that nsP4 is the catalytic subunit of the alphavirus
RNA replicase. However, as an individual protein, it is nearly nonfunctional.
Thus, nsP4 can be characterized as more of a team player than a solo artist, and
to reveal how it is organized and how it functions, one needs to understand the
context in which it performs its biological activities. Our studies (Publications I,
II and III) represent important steps toward this end. We have emphasized the
important roles of nsP4, whether regarding its role as the key factor in template
RNA preference, its role as the rate limiting factor of RNA replicase activity, or
the compatibility of nsP4 with other virus-encoded replicase subunits to define
the formation and efficiency of an active RNA replicase. Furthermore, these
studies revealed a number of small and seemingly unconnected details about the
properties and functioning of the nsP4 proteins of different alphaviruses. How-
ever, when all these were combined with the rest of the functional data, they
provided essential clues that ultimately allowed us to solve a long-standing prob-
lem: the crystallization of recombinant nsP4 and the determination of its 3D struc-
ture at high resolution. This achievement is important for understanding the bio-
logy of alphaviruses. In addition, this work provides rational bases for designing
compounds that target the activities of nsP4 and subsequently allowed for solving
the core structure of a functional alphavirus RNA replicase.

Over several decades, many attempts have been made to express an active
recombinant nsP4 protein. This has also been a topic of study carried out in our
research group since its establishment more than 20 years ago. The efforts of
researchers have been, however, hampered by the intrinsic properties of nsP4,
most notably the poor solubility of the recombinant proteins accompanied by
their tendency to aggregate. In hindsight, these properties did, in fact, accurately
reflect how nsP4 functions in cells and highlighted its need for interaction part-
ners. Originally, however, they were regarded as hard-to-overcome obstacles. Our
studies on the alphavirus RNA replicases revealed several facts that were helpful
for our collaborators at Nanyang Technological University (Singapore) in their
efforts to obtain soluble recombinant nsP4. Thus, the finding that the SINV nsP4
could form functional replicases with heterologous P123 components (Publi-
cation II, Figures 4 and 5) allowed for them to concentrate their efforts on this
protein, as it is easier to work with than most other nsP4 proteins. The finding
that RRV nsP4 can form functional replicases with CHIKV P123 allowed us to
switch focus from the nearly insoluble CHIKV nsP4 to a more manageable RRV
nsP4. Sure, on their own, these pieces of information would not have changed
much. However, in combination with the skills and dedication of the research
team of Dr Luo Dahai, they became important. Consequently, these studies
resulted in the crystal structures of the RdRp domains for both SINV and RRV
that were determined at 2.6 A and 1.9 A resolutions, respectively (Publication IV).
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The N-terminal domains of these proteins could not be crystallized and were
assumed (partly incorrectly) to be unfolded. The more conserved RdRp domains
did crystallize, however, their structures revealed the presence of several regions
that were not shown in the crystals. RRV RdRp was shown to be structurally very
dynamic and contain several disordered segments, while SINV RdRp showed
more order. More precisely, the crystal structure of RRV RdRp was missing a
total of 83 residues, while only 39 residues were missing from SINV RdRp. Both
RdRps demonstrated a right-hand fold characteristic of viral RdRps, with the
finger-palm-thumb domains spanning sequentially from the N- to C-terminus of
the protein (Figure 22; Publication IV, Figures 1B and 1C). The core catalytic
domains of RRV and SINV RdRps were shown to be structurally well conserved.
Nevertheless, some differences in the thumb and finger subdomains were identi-
fied: in the case of RRV RdRp, the fingertips extended from the fingers to the
thumb, forming an encircled ring structure, while for SINV RdRp, the index
fingertip remained detached from the core domain and extended over to the neigh-
boring RdRp, forming a dimeric structure. However, this dimeric form of SINV
RdRp was considered to be a crystal structure artifact, as alphavirus nsP4s are
known to be monomeric (a fact that was later confirmed by resolving the structure
of the RNA replicase core). The recombinant proteins corresponding to the RdRp
domain and full-length recombinant nsP4 proteins were shown to be enzymati-
cally active, although their activities were extremely low and very difficult to
detect.

MIDDLE

Figure 22. Crystal structures of the RdRp domains of RRV and SINV nsP4. Figure is
adapted from (Publication IV, Figure 1).
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The availability of the structures of the RRV and SINV nsP4 proteins resulted in
a number of questions, for example: are the flexible regions of the RdRps
essential for RNA replication (Publication IV, Supplemental Figure S8)? The
importance of the revealed structural elements was therefore analyzed using
structure-guided mutagenesis. As mentioned above, the enzymatic activities of
the recombinant nsP4 proteins were very low, and therefore, using the recombi-
nant proteins in such assays was impractical. On the other hand, introducing mu-
tations that potentially have a negative impact on the replication to the infectious
clones very likely would have resulted in the appearance of reversions or second-
site compensatory mutations. However, this is not the case for the trans-repli-
cation system, which is why we decided to study the effects of these mutations
using the SINV and RRV 2C trans-replicases. The mutations were introduced
into nsP4 expression constructs and tested by cotransfecting U20S cells with
plasmids expressing nsP4 (including the mutations), matching P123 and the
template RNA.

Overall, the results obtained for SINV and RRV were rather similar, which was
not surprising considering the similar structures of their nsP4 proteins (Publi-
cation IV, Figures 5B and 5C). Substituting Arg63 and Arg67 (both located in
the NTD of nsP4) with Ala residues was observed to have no significant effect on
the replication activity of the RRV RNA replicase. However, this substitution did
result in a minor but significant decrease in transcription (Publication IV,
Figure 5B). Corresponding mutations in the nsP4 of SINV resulted in similar
effects (Publication 1V, Figure 5C). Inserting a Strep-FLAG tag after residue 92
of RRV nsP4 had a debilitating effect on both the replication and transcription of
RRV. However, adding the same tag after residue 109 was tolerated better as the
activities of the transcription decreased but not to the same extent as with the
previous mutant. Thus, these results indicate that while the replacement of
charged residues with alanines in the NTD of RRV nsP4 is well tolerated, inserting
a Strep-FLAG tag results in impaired activities of the RRV replicase. Inserting a
Strep-FLAG tag after residues 91 and 108 in SINV nsP4 also resulted in
decreased replication and transcription activities, however, the decrease was less
prominent than in the case of RRV (Publication IV, compare Figures 5B and 5C).

To continue, the interaction between the index finger and thumb regions of
RRV nsP4 was tested by substituting the Cys125 residue with Val or Asp re-
sidues. Interestingly, while the RRV C125V mutant had replication and tran-
scription activities similar to those of the wt replicase, the C125D mutant was
characterized by an approximately 60-fold decrease in replication and an approxi-
mately 14-fold decrease in transcription (Publication IV, Figure 5B). Again, the
same mutations introduced to the SINV nsP4 resulted in similar effects, albeit the
decrease in replication and transcription observed for C124D (mutation that
corresponds to C125D in RRV nsP4) was less prominent (Publication IV,
Figure 5C). Next, the importance of the flexible loop structures mapped to residues
136-185 of RRV nsP4 and residues 135-184 of SINV nsP4 was studied by
replacing these regions with a Strep-FLAG tag. This substitution had a debili-
tating effect on the activities of both SINV and RRV replicases, indicating the
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importance of these regions in RNA replication (Publication IV, Figure 5B and
5C). The significance of this region in RRV was further confirmed by substituting
the highly conserved Asp143 and Asp150 residues with alanines, which resulted
in prominently decreased replication and transcription activities compared to the
wt replicase. In contrast, substituting the Asp146 and Asp153 residues of RRV
nsP4 with Ala residues had a more modest effect on the replication and tran-
scription activities. Once again, similar results were obtained for SINV, where
the respective Aspl42 and Asp149 mutations also resulted in a decrease in the
replicase activities, while the mutations of Asp145 and Asp152 to alanines had a
less prominent effect (Publication IV, Figure 5C). This information clearly sug-
gests that the flex region of the nsP4 protein plays a crucial role in the RNA
replication in RRV and SINV (Publication IV, Figure 5B and 5C). Indeed, data
that were subsequently obtained for the structure of the RNA replicase core
revealed that in the presence of nsP1, this region is fully folded (98).

A charged helix tip in the thumb subdomain of RRV nsP4 was predicted to
interact directly with RNA. The functional importance of this region was studied
by substituting Asp543 and Asp545 with Ala residues. This substitution resulted
in an approximately 25-fold decrease in replication and a 35-fold decrease in
transcription activities (Publication IV, Figure 5B). To continue, the substitution
of Arg546 and Arg548 residues with Ala also had a negative impact on replication
and transcription. Interestingly, the substitution of Asp542 and Asp544 with Ala
residues had only a minimal effect on the replication and transcription activities
of SINV RNA replicase (Publication IV, Figure 5C). Finally, the extreme C-ter-
minus of nsP4 (10 amino acid residues that remained unresolved in the crystal
structures) was removed by adding a stop codon after codon 601 (RRV) or 600
(SINV). For RRV, this mutation resulted in the total loss of the activity of the
RNA replicase, while some low-level transcription activity was detected for SINV
replicase. Similar results were observed when the C-terminal tail was substituted
by a Strep-FLAG tag. Collectively, these data indicated that the last 10 residues
in the C-terminus of nsP4 are essential for the replication in RRV and SINV
(Publication 1V, Figures 5B and 5C).

As seen from our data, the unfolded (or flexible) regions, not resolved in the
crystal structures of RdRps, are functionally highly important. The logical ex-
planation is that these regions must be involved in the interactions with other
components of the RNA replicase or, at the very least, stabilized and folded upon
such interactions. This was subsequently confirmed by the analysis of the RNA
replicase core structure, which was found to be a complex consisting of 12 mole-
cules of nsP1, one molecule of nsP2 and one molecule of nsP4 (98). In this
complex, the dynamically flexible nsP4 is stabilized by interactions with other
replicase proteins, primarily with nsP1, in such a way that all its regions (in-
cluding the N-terminal domain) display a clear fold (Figure 23; 98).
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Figure 23. Graphical overview of the structure of the alphavirus replication core. Letters
A to L represent each nsP1 subunit. Figure is adapted from (98).

The organization of the RNA replicase core is also highly logical and consistent
with the needs of viral RNA synthesis and capping. nsP4 is quite literally the
central part of the RNA replication of these viruses, as it occupies the central space
in the nsP1 ring and interacts with much of everything else, including nsP2 and
viral RNAs. Evidently, all elements of the RNA replicase core work in a coordi-
nated manner. Furthermore, to achieve full enzymatic activity, functional inter-
actions are required with elements located outside the RNA replicase core struc-
ture. The availability of these 3D structures and our 2C replicases generates pos-
sibilities to study the molecular bases of the compatibility and incompatibility of
nsP4 and other replicase components. However, these studies are rather complex,
as nsP1 and nsP4 form 10 contact surfaces that are different from each other.
Accordingly, mutations in nsP1 can affect different interaction surfaces in a
different manner. Altogether, the 2C replicases and mutant forms of P123 might
represent tools for studying the biogenesis of the RNA replicase core. This kind
of analysis is needed to shed light on the structure of an immature (early) replicase
that may or may not be organized in a manner similar to that of the mature (late)
replicase.
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5. SUMMARY

In the studies that are included in this thesis, I performed extensive analysis on
the RNA replication of 10 alphaviruses that differ in their geographical distri-
bution, host and vector range and symptoms. By their most basic properties, the
alphaviruses analyzed in these studies formed two clear groups, the viruses from
the Semliki Forest antigenic complex and outgroup viruses originating from
several other complexes. I have described the ability of the RNA replicases to
cross-utilize heterologous template RNAs and revealed that the replicases of
Semliki Forest group viruses can cross-utilize template RNAs of both Semliki
Forest group and outgroup viruses. In contrast, the template RNAs of Semliki
Forest group viruses were only used by the viral replicases belonging to the same
group. The replicases of outgroup viruses cross-utilized the heterologous temp-
lates of the outgroup viruses, however, were incapable of using the template
RNAs of the Semliki Forest group viruses. In contrast, the template RNAs of
outgroup viruses were widely used by replicases originating from several comp-
lexes. Using incompatible combinations of replicases and templates, I demon-
strated that for SINV and EEEV replicases, the 5” ends of their respective genomes
are required for successful RNA replication.

I also reconstructed the RNA replicases of 10 alphaviruses from two func-
tional components, P123 and nsP4, and demonstrated that such two-component
replicases are highly active. In addition, the rate-limiting component of the two-
component replicases was shown to be nsP4. Analysis of the requirements of the
formation of alphavirus replication complexes by studying the compatibility of
heterologous P123 and nsP4 components revealed that some replicases formed
of the heterologous components are highly active. Interestingly, the P123 com-
ponents of several alphaviruses were found to be highly specific toward matching
nsP4s and template RNAs and were not compatible with components originating
from different alphaviruses. Taking advantage of the split replicases and the
ability of the alphavirus replicases to cross-utilize heterologous templates, I de-
termined that the nsP4 component is a major determinant for the template RNA
preferences of the Semliki Forest group viruses. On the other hand, EEEV and
SINV P123 clearly had a leading role in template RNA specificity, suggesting
that alphaviruses from various complexes might possess different mechanisms
for recognizing template RNAs. I also demonstrated that the template RNA
expression constructs used here can be exploited as a novel type of sensor for
detecting alphavirus infections. It was found that the EEEV RNA template can
be effectively used for detecting the infection of several New World alphaviruses.
In addition, the CHIKV template was effectively used for detecting CHIKV
infection.

Finally, I participated in a study that ended a decades-long string of unsuc-
cessful attempts to resolve the 3D structure of the central part of the alphavirus
RNA replicase: the RNA-dependent RNA polymerase (nsP4 RdRp). Crystal
structures of these enzymes from SINV and RRV were determined, and the
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importance of some key structural elements was confirmed via structure-guided
mutagenesis.

All in all, I consider it highly important to conduct such comparative studies
on the RNA replication of alphaviruses of distinct origin. The functional analysis
of the properties of the RNA replicases performed here coupled with novel infor-
mation on the fundamental principles of alphavirus RNA replicase formation
provides insights into the possible recombination and evolution of alphaviruses.
It also provides tools and knowledge that can be used for the development of
advanced anti-alphavirus approaches.
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6. SUMMARY IN ESTONIAN

Alfaviiruste RNA replikaasi keerukas loomus
ning selle kasitlus

Selle viitekirja raames uurisin ma kiimne erineva alfaviiruse RNA replikatsiooni.
Uuringutesse kaasatud alfaviirused erinesid nii leviku, peremeesorganismide kui
ka vektorite poolest ning jagunesid omaduste poolest kaheks grupiks. Esimene
grupp koosnes viirustest, mis kuuluvad Semliki Forest viiruse (SFV) antigeen-
sesse kompleksi ning teise grupi moodustasid viirused, mis kuuluvad erine-
vatesse kompleksidesse SFV grupi viliselt. Alustuseks uurisin alfaviiruste RNA
replikaaside voimet replitseerida heteroloogseid RNA matriitse ning selgus, et
SFV gruppi kuuluvate viiruste replikaasid kasutavad efektiivselt kdiki uuringusse
kaasatud viiruste matriitse. SFV kompleksi RNA matriitse suutsid replitseerida
siiski ainult samasse kompleksi kuuluvate viiruste replikaasid. SFV kompleksi
véliste viiruste RNA matriitse suutsid kasutada replikaasid erinevatest komplek-
sidest, samas kui nende viiruste replikaasid ei olnud vdimalised replitseerima
SFV gruppi kuuluvate viiruste matriitse. Kasutades mittesobivaid matriitside ja
replikaaside kombinatsioone, néitasin, et SINVi and EEEVi replikaasid vajavad
matriits RNA replitseerimiseks enda genoomide 5’ otsa.

Jargnevalt rekonstrueerisin kiimne erineva alfaviiruse RNA replikaasid kahest
funktsionaalsest komponendist. Sellised replikaasid, mis moodustati eraldi eks-
presseeritud P123 ning nsP4 komponentidest olid véga aktiivsed. Ma néitasin, et
alfaviiruste RNA replikatsiooni efektiivsus sdltub nsP4 komponendi hulgast.
Kasutades P123 ning nsP4 komponente, mis parinevad erinevatelt alfaviirustelt,
nditasin, et aktiivseid alfaviiruste replikaase on véimalik moodustada heteroloog-
setest komponentidest. Lisaks tuvastasin, et monede viiruste P123 komponendid
on véga spetsiifilised enda homoloogse nsP4 suhtes ning ei moodusta aktiivseid
heteroloogseid replikaase mitte iihegi voora nsP4 komponendiga.

Kahest komponendist rekonstrueeritavad replikaasid vdimaldasid mul uurida,
milline komponent replikaasist tunneb dra RNA matriitsi ning méérab, kas seda
on voimalik replitseerida voi mitte. Ma nditasin, et SFV grupi viiruste jaoks on
kdige olulisem nsP4 komponent, samas kui EEEVi ning SINVi jaoks on méirav
hoopis P123 komponent. Sellest voib jareldada, et erinevad alfaviirused on are-
nenud kasutama matriitside dratundmisel erinevaid mehhanisme.

Lisaks néitasin, et uuringute kéigus konstrueeritud EEEVi ning CHIKVi mat-
riitse on vOimalik kasutada biosensoritena viirusnakkuste tuvastamiseks. EEEVi
RNA matriits aktiveerub kui rakke nakatada erinevate Uue Maailma viirustega
ning CHIK Vi RNA matriitsi aktiveerib edukalt CHIKV nakkus.

Ma osalesin uuringus, mille kdigus méadrati esmakordselt SINV ning RRV
viiruste RNA-sdltuva RNA poliimeraasi 3D struktuur ning analiiiisisin mitmete
struktuuriliselt oluliste elementide rolli RNA replikatsioonil.
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Sellised mitmekiilgsed uuringud, mis keskenduvad erinevate alfaviiruste RNA
replikatsiooni uurimisele on véga olulised. Kéesoleva viitekirja raames labiviidud
RNA replikaaside omaduste funktsionaalne analiiiis voimaldas koguda informat-
siooni RNA replikaaside moodustumise, vdimaliku rekombinatsiooni ning
iildisemalt alfaviiruste evolutsiooni kohta. Lisaks, t60s kogutud informatsiooni
ning loodud té6vahendeid on tulevikus voimalik kasutada uudsete alfaviiruste-
vastaste vahendite viljatootamiseks.
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