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CHAPTER I: BACKGROUND AND LITERATURE REVIEW

Introduction

Positive-sense single stranded RNA ((+) ssRNA) viruses cause diseases of
humans, animals, plants, and invertebrates. Some examples of (+) ssSRNA viruses that
cause significant human disease are Chikungunya virus, Hepatitis C virus, MERS-
coronavirus, poliovirus, and West Nile virus. RNA viruses have the potential for rapid
adaptation and change (Cleri et al., 2010; WHO, 2014a). Among the (+) ssRNA viruses,
the coronaviruses (CoVs) in the order Nidovirales have unique capabilities for adaptation
and have caused severe disease in humans and animals with economic importance.
Currently, there are five circulating human coronaviruses that cause upper and lower
respiratory tract infections, including the ongoing outbreak of the novel human virus,
MERS-CoV (WHO, 2014a).

Coronaviruses share several common key features with other (+) ssSRNA viruses.
They replicate in the host cell cytoplasm, where their (+) ssSRNA message-sense genomes
are translated into one or more large polyproteins that are subsequently cleaved by viral
and/or cellular proteases into intermediate and mature functional proteins. (+) ssSRNA
viruses replicate in association with virus modified host membranes (Miller and Krijnse-
Locker, 2008). These viruses face multiple challenges when replicating in the cytoplasm
since host and viral factors required for replication need to be recruited and maintained at
the site of replication and the virus can be exposed to the host immune response. (+)
ssRNA viruses replicate via dSRNA intermediates, which if exposed to pattern

recognition receptors in the cytoplasm would result in cellular responses detrimental to



virus replication. One approach by which positive-sense RNA viruses circumvent these
challenges is by replicating on or within modified cytoplasmic membranes. Characterized
(+) ssRNA viruses induce two major forms of membrane modifications. The first type of
modification is the invagination of cytosolic membranes, with replication occurring
within the pocket that is connected to the cytoplasm via a pore. The second type of
membrane modifications are closed membrane structures including single and double
membrane vesicles and tubules using host cytosolic membranes (Miller and Krijnse-
Locker, 2008).

The membrane source has been identified for several virus-induced membrane
modifications. Rubella virus and semliki forest virus use late endosome/lysosome
membranes (Kujala et al., 2001; Magliano et al., 1998); Flock house viruses utilize the
outer mitochondrial membrane (Kopek et al., 2007); Hepatitis C virus, poliovirus, dengue
virus, West Nile virus and severe acute respiratory syndrome coronavirus (SARS-CoV)
use endoplasmic reticulum (ER) membranes (Belov et al., 2006; Gillespie et al., 2010;
Knoops et al., 2008a; Romero-Brey et al., 2012; Schneider et al., 2014; Welsch et al.,
2009); and Kunjin virus modifies Golgi complex membranes (Westaway et al., 1997).
The membrane modifications form the sites of viral replication and are required for
efficient viral replication and optimal virus yield. My work has focused on coronavirus-
induced membrane modifications, and the role of the CoV nonstructural protein 4 (nsp4)
in the formation and regulation of the coronavirus induced double membrane vesicles
(DMVs). When I began this work, it was known that nsp4 is required for viral replication
and that mutations within nsp4 alter virus replication, RNA synthesis and DMV

morphology (Gadlage et al., 2009; Sparks et al., 2007). It also had been reported that



specific mutations in nsp4 resulted in a novel temperature sensitive (ts) phenotype
associated with changes in protein and replication complex localization. However, the
determinants of nsp4 functions in DMV formation and stability had not been carefully
studied. This dissertation describes experiments that I have performed to demonstrate
that: 1) the nsp4-N258T mutant virus is not temperature-sensitive and has normal cellular
localization (Chapter II) contrary to reports in the literature; 2) amino acid residues E226
and E227 within nsp4 are important for nsp4 structure and/or function and viral
replication (Chapter III); 3) mutations across nsp4 alter DMV morphology and DMV
number. Loss of nsp4 glycosylation is associated with reduced viral fitness (Chapter IV);
4) nsp4 is glycosylated co-translationally and exists as previously unrecognized nsp4-5
and nsp4-5-6 precursors (Chapter V); and 5) residues within the transmembrane domain
of nsp3 are important for viral replication (Chapter VI). Finally, I have shown the
localization of the MERS-CoV replication complex proteins to perinuclear cytoplasmic
foci similar to that of SARS-CoV and MHV (Chapter VII).
Coronavirus Disease

Coronaviruses infect a broad range of hosts, from birds, to whales, to humans
(ICTV, 2013; Masters, 2006). There are coronaviruses that affect the farming industry by
causing disease in cows (Bovine CoV), pigs (porcine epidemic diarrhea virus, PEDV;
transmissible gastroenteritis virus, TGEV) and chickens (infectious bronchitis virus,
IBV). Currently there is an outbreak of PEDV in pigs in the U.S. that has high mortality
rates of 80-100% in piglets (Mole, 2013). Feline CoV causes mild disease in cats;
however, a spontaneous mutation in feline CoV leads to feline infectious peritonitis

(FIP), which results in high mortality (Borschensky and Reinacher, 2014; Vennema et al.,



1998). In humans, there are six known human coronaviruses that cause upper and lower
respiratory infections: severe acute respiratory syndrome coronavirus (SARS-CoV),
HCoV-HKUI1, HCoV-0OC43, HCoV-229E, HCoV-NL63, and Middle East respiratory
syndrome coronavirus (MERS-CoV). Recently, both SARS-CoV and MERS-CoV
emerged as zoonotic infections that cause significant disease.

In 2002, SARS-CoV emerged in the Guangdong province in China, causing acute
respiratory distress syndrome. It rapidly spread to 29 countries, infected approximately
8,000 individuals, and resulted in about 10% mortality (Cleri et al., 2010). Recently, a
SARS-CoV like virus was isolated from a Chinese horseshoe bat that shared 99.9%
sequence identity with SARS-CoV and uses the same receptor as SARS-CoV (Ge et al.,
2014). This demonstrates that SARS-like viruses are circulating in bats and have the
potential to cross into the human population and cause disease.

In 2012, MERS-CoV emerged in the Middle East and has spread to 21 countries
with the majority of cases in Saudi Arabia (WHO, 2014b). The virus is still circulating in
the Middle East and in December of 2014 there were 941 cases including 347 deaths
(WHO, 2014a). This virus is thought to be endemic in camels since at least 1992
(Alagaili et al., 2014) and is likely transmitted between humans and camels. It is
currently not clear how this is occurring but very high percentages of camels are
seropositive for MERS-CoV antibodies (Alagaili et al., 2014). In one case, virus was
isolated from a man who died of MERS and his camel who suffered from rhinorrhea. The
viruses isolated from the man and camel were identical (Azhar et al., 2014). This strongly
suggests that the virus is transmitted between camels and humans; however, there are

cases that have no clear connection to camels suggesting that the virus has multiple



sources for transmission into humans. There is also human-to-human spread with a high
rate of nosocomial infections. Currently, there are no vaccines or effective antivirals
against these viruses. The SARS-CoV and MERS-CoV outbreaks highlight the potential
of coronaviruses to emerge and cause disease in humans. They also highlight the need to
understand coronavirus replication so better targets for therapeutics can be developed.

Murine hepatitis virus (MHV) is a natural pathogen in mice and also used
extensively in laboratories as a BSL-2 model of coronavirus infection. Different strains of
MHYV cause different disease pathogenesis and infect the brain, liver, and lung (Weiss
and Leibowitz, 2011). The MHV reverse genetics system developed and used in our
laboratory is the MHV-AS509 strain and will subsequently be called WT MHV (Yount et
al., 2002). Neurovirulent strains of MHV cause encephalomyelitits with extensive
demyelination and hepatovirulent stains cause hepatitis. MHV-AS59 causes mild disease
that is both neurovirulent and hepatovirulent (Weiss and Leibowitz, 2011).

Coronavirus Genome Organization

The coronavirus genome is a positive-strand RNA molecule of 26 to 32 kb that
contains a 5° cap and 3’ poly-A tail (Masters, 2006). CoVs encode from 7-15 genes, open
reading frame (ORF) 1a/lab encodes the 16 replicase nonstructural proteins (nsps 1-16).
Downstream ORFs encode structural and accessory proteins (MHV shown in Figure I.1)
involved in virus structure, entry, virulence, and immune evasion. The structural proteins
include, spike (S), envelope (E), membrane (M), and nucleocapsid (N) (Figure 1.2).
ORF1a and ORF1b are connected by a minus one ribosomal frameshift allowing for
translation of the fusion polyprotein. The nsps are cleaved by 2-3 viral proteases, PLP1/2

within nsp3 or 3CLpro nsp5 (Masters, 2006).
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Figure I.1: MHV genome organization.
Schematic of the coronavirus genome with the 5’ cap and 3’ poly A tail. ORF la/b
encodes the nonstructural proteins (nsp1-16) that function in viral replication. The
downstream ORFs (ORF 2-7) encode the structural and accessory proteins. The nsps with
transmembrane domains are highlighted in green.
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Figure 1.2: Virion structure.
(A) Schematic of a coronavirus virion. The virion contains spike, membrane, and
envelope proteins on the surface, with RNA encapsidated by nucleocapsid on the interior.
(B) EM of a coronavirus showing spike proteins projecting from the surface (CDC,
Public Health Image Library).
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Figure 1.3: Coronavirus lifecycle.
(A) The virus attaches to the viral receptor and enters the cell by either receptor mediated
endocytosis or direct fusion to the plasma membrane (1). The genome is directly
translated into a large polyprotein containing the replicase proteins, the polyprotein is
cleaved to form mature proteins, replication complexes form and replication begins (2).
The genome and structural proteins are assembled into virions at the ER-GIC (3) and are
released in a non-lytic fashion via the secretory pathway (4). (B) EM of DMVs (*) and
convoluted membranes (CM). (C) EM showing the assembled virions (V) in the
cytoplasm and within a virion containing vesicle (arrow). (D) EM showing virions being
released from the cell. (B-D) Scale bars are 500 nm. Beachboard, unpublished.



Coronavirus lifecycle

The coronavirus lifecycle begins with the attachment of spike protein to the host
cell receptor and spike-mediated viral fusion with the host membrane. The receptors for
several coronaviruses have been identified: SARS-CoV uses angiotensin-converting
enzyme 2 (ACE2) (Li et al., 2003); MHV uses carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAMI1) (Hemmila et al., 2004); and MERS-CoV uses
dipeptidyl peptidase-4 (DPP4) (Raj et al., 2013). The virus enters the cell via either
receptor-mediated endocytosis or through direct fusion with the plasma membrane
(Hansen et al., 1998; Hofmann et al., 2004; Nomura et al., 2004; Simmons et al., 2004;
Sturman et al., 1990; Weismiller et al., 1990; Yang et al., 2004).
The details of viral replication once the genome is released into the cytoplasm have not
been clarified. However, I have generated a model for CoV-induced membrane
modifications based on what is known and predicted to occur. The model starts with the
genome binding to the ribosome and ORF1 is translated into polyprotein (pp)la and
pplab (Figure 1.3A). Work presented in Chapter V will demonstrate that the polyprotein
is inserted into the membrane co-translationally. Then pplab is processed into 16
nonstructural proteins (nsps1-16) (functions listed in Table 1.1) by up to three virally
encoded proteases, papain-like protease 1/2 (PLP1/2, nsp3) and 3C-like protease
(3CLpro, nsp5) (Baker et al., 1993; Y. Lu et al., 1995). Next, double membrane vesicles
are induced at the ER membranes by nsp3, nsp4, and nsp6 (Angelini et al., 2013). The
mechanism of DMV formation and the host proteins and processes required for their
formation remain unknown. Next, replication complexes form at membrane

modifications and viral replication begins with localization of viral nsps to both DM Vs



and CM (Bost et al., 2000; Brockway et al., 2003; Gosert et al., 2002; Knoops et al.,
2008b; Snijder et al., 2006; Sparks et al., 2007; van der Meer et al., 1999). A replication
complex is formed to generate genomic and subgenomic RNAs. The complex is likely
composed of the polymerase (nsp12), the helicase (nsp13), the primase (nsp8), ssRNA
binding proteins (nsp7 and nsp9), the 3°-5’exoribonuclease (nsp14) and nsp10 which
enhances the activity of nsp14 (Bonilla et al., 1994; Brayton et al., 1982; Brockway et al.,
2003; Deming et al., 2007; Dennis and Brian, 1982; Gorbalenya et al., 1989; Imbert et al.,
2006; Lee et al., 1991; Smith and Denison, 2013). In order to evade immune detection,
CoVs use nspl14 and nsp16 to cap the viral transcripts (Y. Chen et al., 2009; Decroly et
al., 2008). During genomic replication, minus sense RNA is synthesized, resulting in
dsRNA intermediates. Electron tomography has demonstrated that dsRNA is localized to
the interior of DMVs (Knoops et al., 2008a). Since the interior of the DMV is a closed
structure, it has been proposed that it acts as a depot for dSRNA but is not the site of viral
replication. The structural and accessory genes are generated through subgenomic RNA
synthesis using transcription-regulating sequences (Perlman and Netland, 2009). The
structural proteins and genomic RNA are transported to the ER-GIC where virion
assembly occurs and the lipid envelope is acquired. For MHV, virions are packaged into
large vesicles at the Golgi complex and secreted from the cell in a non-lytic fashion
(Figure 1.3C) (Klumperman et al., 1994). For some CoVs, the fusogenic spike protein is
transported to the plasma membrane during viral egress and induces the fusion of
infected cells with neighboring cell, forming multinucleated giant cells (syncytia). This

syncytia formation is a hallmark of MHV infection in tissue culture.
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Table 1.1:Function of CoV nonstructural proteins.

o 3 O W

10
11
12

13

14

15
16

Promotes host mRNA degradation; host cell

translation shutoff

Unknown

Protease, DMV formation, deubiquitination, ADP-

1”’-phosphatase

DMV formation

Cysteine protease
DMV formation
Involved in RNA synthesis

Primase, Involved in RNA synthesis

Involved in RNA synthesis
Involved in RNA synthesis
Unknown

RNA dependent RNA polymerase

Helicase

Exonuclease, N7 Methyltransferase

Endonuclease

2’-O-ribose methyltransferase

(Kamitani et al., 2006; Tanaka et
al., 2012)

(Angelini et al., 2013; Barretto et
al., 2005; Ratia et al., 2006;
Saikatendu et al., 2005)

(Angelini et al., 2013; Gadlage et
al., 2009)

(Y. Luetal., 1995)
(Angelini et al., 2013)
(Deming et al., 2007)

(Deming et al., 2007; Imbert et al.,
2006)

(Deming et al., 2007)
(Deming et al., 2007)

(Bonilla et al., 1994; Brayton et al.,
1982; Brockway et al., 2003;
Dennis and Brian, 1982;
Gorbalenya et al., 1989; Lee et al.,
1991)

(Ivanov et al., 2004b; Ivanov and
Ziebuhr, 2004; Seybert et al., 2000)

(Y. Chen et al., 2009; Eckerle et
al., 2007)

(Ivanov et al., 2004a)
(Decroly et al., 2008)

Coronaviruses induce ER membrane modifications to form DMVs and CM

Over the course of my graduate career, much has been learned about CoV-

induced membrane modifications. Initially, it was known that CoV induce the formation

of DMVs and convoluted membranes (Gosert et al., 2002; Knoops et al., 2008b). It was

also known that the nonstructural proteins tested colocalize by immunofluorescence at

perinuclear foci that were thought to be the membrane modifications (Bost et al., 2000;

Brockway et al., 2003; Gosert et al., 2002; Knoops et al., 2008b; Snijder et al., 2006;
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Ulasli et al., 2010; van der Meer et al., 1999). Several studies tried to determine the
membrane source of DMVs. Our lab used a fractionation approach to demonstrate that
MHYV nspl, nsp13, N and viral RNA fractionate with NADPH cytochrome C reductase
activity, a marker of ER membranes (Sims et al., 2000). The late endosome was
implicated as the membrane source of DM Vs because nsp8 and nsp12 co-localized with
lysosomal-associated membrane protein 2 (LAMP2) (van der Meer et al., 1999). Two
studies tested the requirement for the early secretory system and found that viral
replication is dependent on Golgi-specific brefeldin A-resistance guanine nucleotide
exchange factor 1 (GBF1)-mediated ADP-ribosylation factor 1 (Arfl) activation
(Verheije et al., 2008) and nsp3 co-localizes with the ER marker protein disulfide
isomerase (PDI), and an ER translocon, sec61a (Knoops et al., 2009).

The 3D structure of SARS-CoV DMVs has been determined by electron
tomography. In the study, Knoops et al. identified a reticulovesicular network that is
composed of DMVs, convoluted membranes and ER The DMVs are contiguous with the
CM and ER though their outer membrane (Figure 1.3 and Figure 1.4) (Knoops et al.,
2008b).. Additionally, they determined the subcellular localization of several nsps and
dsRNA by immunoEM. Nsp3, nsp5 and nsp8 localized to CM and nsp8 and dsRNA
localize to DMVs. The dsRNA specifically localized to the interior of the DM Vs.
Additional studies have identified that nsp2, nsp3, nsp4, nsp5, and nsp8 localize to both
the DMVs and CM, but nsp13 localizes to DMVs only (Snijder et al., 2006; Ulasli et al.,
2010). Based on these data, Knoops et al. hypothesized that the DM Vs are the site of
viral replication and CM are the site of polyprotein processing, allowing for spatial

separation of the two processes. However, the spatial separation would only occur at later
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Figure 1.4: Coronavirus-induced membrane modifications.
(A) 3D reconstruction of convoluted membranes and double membrane vesicles
generated by electron tomography (Knoops et al., 2008). DMV outer membrane is gold,
DMV inner membrane is purple and convoluted membranes are copper. (B) EM of
convoluted membranes (CM) surrounded by DM Vs (*). Scale is 500 nm.
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time points post infection since DM Vs form before CM, and polyprotein processing
occurs very early during infection (Ulasli et al., 2010). Next, to determine the temporal
formation of membrane modifications, Ulasli et al. performed an EM time course of
MHV-infected cells. This study identified several additional membrane modifications
including tubules that contain E protein, cubic membrane structures that contain S
protein, and large virion containing vesicles (Ulasli et al., 2010). This, in combination
with the recent report from the Denison lab that demonstrates that CoVs induce plasma
membrane modifications via macropinocytosis (Freeman et al., 2014b), highlight the
extent to which CoVs modify host membranes. The EM time course determined that
DMVs are present as early as 2 h p.i. Convoluted membranes form after DMVs and can
be visualized as early as 3 h p.i. Virions can be seen at 5 h p.i. and are visualized in large
vesicles at 6 h p.i. Tubules were visualized at 6 h p.i. and cubic membrane structures
were visualized at 9 h p.i. The EM time course was performed at an MOI of 100 PFU/cell
(Ulasli et al., 2010); therefore, the rare membrane modifications were more readily
visualized than at a lower MOI of 5 PFU/cell that I used for my experiments in chapter
IV. During my EM experiments, I was not able to visualize tubules or cubic membrane
structures (Chapter IV).

Recently, Megan Culler Freeman, a former graduate student in the Denison lab,
demonstrated that CoVs induce plasma membrane modification by inducing
macropinocytosis. Macropinocytosis begins between 4 and 6 h p.i. and continues
throughout infection. Macropinocytosis is initiated by spike protein directly or indirectly
signaling through EGFR at the cell surface (Freeman et al., 2014b). During this process,

large membrane protrusions occur at the plasma membrane that sample the extracellular
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milieu by internalizing these contents inside large vesicles. I have visualized large
cytoplasmic vesicle that are consistent in size with macropinosomes by EM.

Host cell processes implicated in CoV-induced membrane modifications

Since DM Vs look very similar to autophagosomes morphologically, Erik
Prentice, a former graduate student in the Denison lab, tested the requirement of
autophagy for MHYV replication (pathway depicted in Figure 1.5). In DBT cells, nsp8 and
nucleocapsid but not membrane protein colocalize with light chain 3 (LC3). MHV-
infected cells have increased protein degradation during a long-lived protein degradation
assay that could not be inhibited by the addition of the autophagy inhibitor 3-
methyladenine. Next, APG5™ cells were tested for viral infection and DMV formation.
APG5 ™" cells infected with MHV exhibited an approximately 1000 to 5000-fold reduction
in viral yield and lacked DMVs. The APG5™ cells displayed large vesicles surrounded by
swollen ER membranes and structures with loosely approximated second membranes that
are similar to early autophagosomes (Prentice, 2003). Subsequently, it was determined
that MHV replicates indistinguishably in WT bone marrow derived macrophages (BMM)
and ATG5” BMMs (Zhao et al., 2007). This suggests that the requirement for
components of the autophagy pathway for MHV membrane modification may be cell
type-dependent.

Infectious bronchitis virus (IBV) nsp6 has been shown to induce autophagy
through an omegasome intermediate at the ER membrane (Cottam et al., 2011). In the
study, when vero cells were transiently transfected with IBV nsp6, LC3 relocalized to

punctate cytoplasmic foci, which was prevented when Atg5 was depleted. Double FY VE-
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Figure L.5: Pathways implicated in DMV formation.
(A) Schematic of autophagosome formation. (B) Schematic of autophagosome formation
through an omegasome intermediate. (C) Schematic of EDEMosome formation.
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containing protein 1 (DFCP1), a marker for omegasomes (pathway depicted in Figure
L.5), expression increased and localized to punctate foci. This demonstrated that nsp6-
induced autophagosomes form through an omegasome intermediate. IBV-nsp6 does not
get incorporated into the autophagosome, which later matures and fuses with the
lysosome. Lastly, MHV, SARS-CoV, and porcine reproductive and respiratory syndrome
virus (PRRSV)- nsp6 induced the relocalization LC3 into punctate foci (Cottam et al.,
2011). This data suggests that CoV nsp6 induces autophagosome formation.

Recently, Reggiori ef al. tested the requirements for autophagy. In the study, they
determined that Atg7 is not required for MHV replication or replication complex
formation in mouse embryonic fibroblasts (MEFs) (Reggiori et al., 2010). Atg7 is an E1-
like ubiquitin ligase, required during the phagophore elongation step, which contributes
to the conversion of LC3-I into LC3-II. Atg7”~ MEF cells still produced DMV. However,
the DM Vs do not appear to be closed and are shaped similar to a major sector (pacman).
Next, they demonstrated that LC3-I, but not LC3-II, colocalized with nsp2/3 at the
replication complex. The ER-associated degradation (ERAD) tuning pathway contains
LC3-I positive vesicles (pathway depicted in Figure 1.5). In order to test the requirement
of ERAD for DMV formation, both Hela cells and MEF cells were analyzed for
colocalization of two ERAD markers, ER degradation enhancer mannosidase alpha-like 1
(EDEM1) and osteosarcoma amplified 9 (OS9), with replication complexes. Both
EDEMI and OS9 colocalize with dsSRNA in MHV infected cells. Lastly, when LC3 was
depleted, viral replication was decreased by 80%. The authors conclude that MHV co-
opts the ERAD tuning pathway for DMV formation (Reggiori et al., 2010). The host cell

process(es) required for DMV formation remains a controversial topic within the field. It
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is unknown which process(es) are actually required and whether the same process(es) are
required for all CoVs.
Viral proteins required for membrane modifications

Until recently, it was not known which viral protein induced DMV formation.
Angelini ef al. demonstrated that SARS-CoV nsp3, nsp4, and nsp6 are necessary and
sufficient for DMV formation (Angelini et al., 2013). In these experiments, nsp3, nsp4
and nsp6 were over-expressed individually or in combinations. While each protein
individually altered host cytoplasmic membranes, all three proteins were required for
DMV formation. Nsp3 alone causes membrane proliferation; nsp6 alone induces single
membrane vesicles; nsp3 and nsp4 together have the capacity to pair membranes; and
nsp3, nsp4, and nsp6 together form DMVs (Angelini et al., 2013). The data suggests that
nsp6 mediates vesicle formation and interactions of nsp3 with nsp4 pairs membranes in
order to generate a double membrane vesicle.

Collectively, the data discussed above lead to a model for CoV replication
complex formation (Figure [.3A). I hypothesize that nsp3 and nsp4 interact across the
lipid bilayers of ER derived membranes and that nsp6 induces the vesicle formation to
form DMVs. During this processes, a membranous network is formed that contains
DMVs, convoluted membranes, and ER. It is unclear where on the DMV the replication
complexes form. However, a protease protection assay demonstrated that nsp2 is located
on the cytosolic side of the reticulovesicular network (Hagemeijer et al., 2010). Based on
protease protection assays, the predicted topology of nsp3, nsp4, and nsp6, and data

presented in Chapter V, replication likely occurs on the external surface of DM Vs.
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Recently, A/-Mulla et al. suggested that DM Vs are not important for viral fitness
(Al-Mulla et al., 2014). In the study, the authors analyzed a panel of temperature-
sensitive (ts) mutants for DMV size, total numbers, and fitness. The authors concluded
that there was no disadvantage to producing DMVs with smaller diameter or producing
fewer DM Vs (Al-Mulla et al., 2014). However, the authors did not test mutations in the
transmembrane domain of nsp3, nsp4, or nsp6. In Chapter IV, I confirmed their results
with mutations in nsp4 that alter the morphology and number of DM Vs.

Nonstructural protein 4

Nsp4 is an integral membrane protein. The MHV and SARS-CoV nsp4 contain
four predicted transmembrane domains (TM1-4) all of which span the ER membrane
(Oostra et al., 2008; 2007; Sparks et al., 2007) (Figure 1.6). Deletion of the MHV nsp4
coding sequence did not allow recovery of recombinant virus, suggesting that nsp4 is
required for viral replication (Sparks et al., 2007). Additionally, when nsp4 domain
deletion viruses were generated, TM4 and the C terminal 10 kDa of nsp4 were
dispensable for virus replication, but not TM1-3 (Sparks et al., 2007). Charge-to-alanine
mutagenesis identified residues within nsp4 that have variable effects on viral replication,
suggesting that some of these residues are critical for nsp4 structure, function, and/or
viral replication (Sparks et al., 2007).

Glycosylation of nsp4 is a conserved feature, although the location and number of
glycosylation sites varies among CoVs (Figure 1.7). MHV nsp4 contains two N-linked
glycosylation sites in nsp4 loop 1 (Figure 1.6). Both sites have been demonstrated to be
glycosylated in vitro and during infection (Clementz et al., 2008; Gadlage et al., 2009).

When the glycosylation sites were removed by introduction of asparagine-to-alanine
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substitutions, the viruses exhibited delayed replication kinetics and RNA synthesis, as
well as, aberrant DMV formation (Gadlage et al., 2009). This was the first evidence that
nsp4 may be critical for DMV formation.

Nonstructural proteins 3 and 6

Nsp3 is a large multifunctional protein, with at least four distinct domains: 1) an
acidic (Ac) domain which is enriched in glutamic acid residues, 2) the X domain with
ADP-1"’-phosphasatase activity, 3) one or two papain-like protease domains (PLP1 and
PLP2), and 4) a transmembrane domain that spans the membrane twice. Additionally
SARS-CoV nsp3 contains a SARS-specific unique domain. Interestingly, PLP2 has been
shown to also have deubiquitylation activity in both SARS-CoV and MHV (Barretto et
al., 2005; Lindner et al., 2005; Zheng et al., 2008).

The topology of nsp3 was determined. While nsp3 contains five predicted
transmembrane domains, only two span the membrane (Figure 1.6) (Oostra et al., 2008).
Nsp3 has been demonstrated to interact with several replicase proteins and nucleocapsid,
suggesting that it may act as a scaffolding protein that maintains the replication complex
at the membrane (Imbert et al., 2008).

Nsp6 is a transmembrane protein that contains seven predicted transmembrane
domains, six of which actually span the membrane (Figure 1.6) (Baliji et al., 2009; Oostra
et al., 2008). Additionally, nsp6 induces autophagosomes and single membrane vesicles
(Angelini et al., 2013; Cottam et al., 2011). K22, a small molecule inhibitor of
coronavirus replication, inhibit membrane modifications (Lundin et al., 2014). K22

resistance mutations were identified within nsp6 that resulted in aberrant DMV formation
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Figure 1.6: Topology of MHYV nsp3, nsp4, and nsp6.
Linear schematics (left) and topology (right) of nsp3, nsp4 and nsp6. Nsp3 is a large
multifunctional protein with multiple domains shown. The region boxed is the
transmembrane domain that is shown in the topology diagram below. Nsp3 contains five
predicted transmembrane domains and two span the membrane. Nsp4 contains 4
transmembrane domains that span the lipid bilayer. Additionally, nsp4 contains two
glycosylation sites within the large luminal loop. Nsp6 contains seven predicted
transmembrane domains and six span the membrane.
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similar to what is seen with the nsp4 glycosylation mutants (Gadlage et al., 2009; Lundin
etal., 2014). These data demonstrate that nsp6 is required for formation or maintenance
of DMVs. Interestingly K22 does not impact autophagosome formation suggesting that
the reduction in DM Vs is independent of autophagy.
Nonstructural Proteins 3, 4, and 6 induce membrane modifications

Equine arteritis virus (EAV), an arterivirus in the Nidovirus family, encodes two
membrane proteins (nsp2 and nsp3) that are homologous to CoV nsp3 and nsp4. When
nsp2 and nsp3 are co-expressed in cells, induce DM Vs similar to those produced during
infection (Snijder et al., 2001). This data provided the first suggestion that nsp3, nsp4,
and possibly nsp6
would be necessary and sufficient for coronavirus DMV formation. Historically, nsp3,
nsp4 and nsp6 have been difficult to express in bacteria and mammalian cells by our lab
and others (personal communication). However, two separate labs have now expressed
nsp3, nsp4, and nsp6 from MHV (de Haan lab) and SARS-CoV (Buchmeier lab).

Hagemeijer et al. expressed MHV nsp3C (C-terminus only), nsp4 and nsp6 and
analyzed the localization within cells (Hagemeijer et al., 2011). Individually, all three
proteins localize to the ER but upon co-expression, nsp3C and nsp4 interacted and
relocalized into distinct foci within the ER. The interaction of nsp3 and nsp4 is likely
occurring through the luminal loop of nsp3 and loop 1 of nsp4 (Hagemeijer et al., 2014).
Additionally, the study demonstrated that nsp4 interacts with nsp3C, nsp4, and nsp6 by
co-immunoprecipitation, protein complementation and yeast-2-hybrid (Hagemeijer et al.,

2011). Co-expression of nsp3C- and nsp4- paired ER membranes but did not form DMVs
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or convoluted membranes (Hagemeijer et al., 2014). As described above, SARS-CoV
nsp3, nsp4, and nsp6 are necessary for DMV formation (Angelini et al., 2013).
Summary

When I started this project, it was known that nsp3, nsp4, and nsp6 are
transmembrane proteins and the topology of each protein had been determined in vitro
(Baliji et al., 2009; Oostra et al., 2008; 2007). It was also known that nsp4 is
indispensible for viral replication (Sparks et al., 2007). A putative temperature sensitive
mutation was identified in nsp4 that was thought to mislocalize replication complexes to
the mitochondria (Clementz et al., 2008). Mutations in nsp4 were associated with several
replication phenotypes that range from WT-like to a 4 h delay in exponential replication
with a 1000-fold reduction in peak viral titer (Sparks et al., 2007). Nsp4 is N-linked
glycosylated at two sites within loop 1 of nsp4 (Clementz et al., 2008; Gadlage et al.,
2009; Oostra et al., 2008; 2007). Mutations that remove the glycosylation sites resulted in
aberrant DMV formation (Gadlage et al., 2009). In Chapter II, I sought to test the
mechanism of mis-localization of the replication complex to the mitochondria. I
demonstrated that the putative nsp4 ts mutation, N258T, is not ts and does not alter the
localization of the replication complex at either 30°C or 40°C. In Chapter III, I
demonstrated that position E226 of nsp4 is important for nsp4 function in viral
replication. In Chapter IV, I analyzed mutations within nsp4 for aberrant DMV formation
and tested whether DMV morphology and numbers alter virus fitness. I determined that
mutations across nsp4 alter DMV morphology and number. Additionally, I demonstrated
that loss of nsp4 glycosylation is associated with a fitness cost to the virus. These data

suggest that the structure of nsp4 is required for proper DMV formation and that the
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double membrane of the DMV is maintained by interactions between nsp4 and viral
and/or cellular proteins. In Chapter V, I determined that nsp4 is glycosylated as an nsp4-
10 polyprotein and identified two previously unknown polyprotein precursors, nsp4-5
and nsp4-5-6. In Chapter VI, I introduced charge-to-alanine substitutions into nsp3 and
identified mutations that result in delayed viral replication. In Chapter VII, I determined
the localization of MERS-CoV replicase proteins to perinuclear cytoplasmic foci. My
work contributes to the understanding of how DMVs are formed and their role in viral

fitness.
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CHAPTER II: MURINE HEPATITIS VIRUS NSP4 N258T MUTANTS ARE NOT

TEMPERATURE-SENSITIVE

Introduction

Coronaviruses, like other RNA viruses, induce modifications of cytoplasmic
membranes in order to form replication complexes, as sites of viral RNA synthesis.
Three of the coronavirus-encoded replicase non-structural proteins - nsp3, nsp4 and nsp6
- contain membrane-spanning domains and are thought to be essential for cytoplasmic
membrane modifications (Baliji et al., 2009; Imbert et al., 2008; Kanjanahaluethai et al.,
2007; Oostra et al., 2008). The topology of nsp4 in membranes has been described and
nsp4 has been shown to localize to replication complexes (Gadlage et al., 2009;
Hagemeijer et al., 2011; Oostra et al., 2007). Mutations in nsp4 of murine hepatitis virus
(MHV) decrease viral RNA synthesis and viral replication, and modification of
glycosylation sites within the first luminal loop of nsp4, alters the electron micrograph
morphology of virus-induced double membrane vesicles (DMVs) (Gadlage et al., 2009;
Sparks et al., 2007).

Sawicki et al. analyzed a known temperature sensitive mutant of MHV, Alb ts6,
by sequence and reversion analysis. They identified within the nsp4 coding region an
AAg494T-10-ACo404T nucleotide (nt) change resulting in an Asn258Thr (N258T)
substitution as the putative ts mutation (Sawicki et al., 2005; Sturman et al., 1987).
Clementz et al. engineered the N258T substitution in recombinant MHV using a two nt
change AATo494.9495-t0-ACAogs94.9495. The resulting virus, Alb ts6 icv, was reported to be
ts at 39.5°C, and to demonstrate altered distribution of nsp4 in the infected murine

delayed brain tumor cell, colocalizing with protein markers for the mitochondria. It was
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concluded that nsp4 and particularly residue N258 is important for membrane
localization (Clementz et al., 2008). Subsequently, Sparks ef al. sequenced an Alb ts6
isolate and found four non-synonymous mutations in the complete genome sequence that
did not include the previously reported N258T substitution, but instead identified a
Vall48Ala (V148A) substitution in nsp5 (3CLpro), which was ultimately confirmed by
reverse genetics and complete genome sequencing to be responsible for the ts phenotype
(Sparks et al., 2008). Xiaotao Lu, a coauthor on the publication associated with this
chapter (Appendix A) (Beachboard et al., 2013), generated the viruses used in this study
and all experiments presented in this chapter were performed by me.
Recovery of mutant viruses containing all N258T codon variants

We sought to reconcile these disparate results, using our established reverse
genetic system (Yount et al., 2002) to engineer N258Taca into the same WT-MHV-A59
isogenic background as reported by Clementz ef al. (Clementz et al., 2008). The
introduced mutations would require a two nt change for primary reversion to Asn (Figure
I1.1). The N258T aca virus was recovered at 30°C and two rounds of plaque purification
were performed prior to expansion and determination of the genome sequence from nt 10
to 31334 by the di-deoxy (Sanger) approach. The AAT to ACA change was confirmed
and no other changes from the cloned isogenic genome sequence were identified. In order
to measure temperature sensitivity, efficiency of plating (EOP) is calculated as the titer at
the non-permissive temperature (40°C) divided by the titer at the permissive temperature
(30°C). When WT and N258T ¢4 viruses were compared for EOP, N258T aca

demonstrated an EOP similar to WT, and without a ts phenotype (Figure II.1).
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The finding that N258TAca was not ts by EOP lead us to the questions: why our
engineered mutant virus was different than the one reported by Clementz et al.; whether
there were additional changes in their virus that lead to the observed phenotypes; and if
the phenotype was codon-specific. Therefore, we engineered viruses containing the Tacc,
Tacg and Tact codon variants. All three Thr258 codon variant viruses, N258Taca,
N258Tacc, and N258Tact, were recovered at 30°C. Sanger sequencing of the complete
nsp4 sequence confirmed the presence of the introduced mutations and no additional
mutations were identified.

N258T codon variant viruses exhibit defects in viral replication

All codon variant N258T viruses were tested for temperature-sensitivity by plaque
assay in murine DBT cells at the permissive (30°C) and non-permissive (40°C)
temperatures and EOP was calculated (Figure I1.1). Wild-type (WT) virus had an EOP of
0.79 demonstrating that there is no replication impairment at 40°C. As a ts control, the
EOP of nsp5 tsV148A, was performed in parallel and calculated to be 1.4 x10™
confirming the ts phenotype. All four codon variant viruses had WT-like EOPs (0.52 —
2.10) indicating that they are not impaired for replication at 40°C, inconsistent with a ts
phenotype (Figure I1.1). Because plaque replication and numbers are only a measure of
fitness and temperature sensitivity, we next compared replication kinetics of the mutant
viruses at 30°C. DBT cells were infected at an MOI of 0.1 PFU/cell and supernatant was
sampled at 0.6, 2, 4, 6, 8, 10, 12, 16, 24, and 28 h p.i. for plaque assay (Figure II.1). At
30°C, all four codon mutants had indistinguishable replication characteristics and
achieved peak titers similar to WT at 28 h p.i. However, between 8 and 24 h p.i., the

codon mutant viruses exhibited a lag in exponential replication with a 0.5 to 1 log
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Figure I1.1: Analysis of nsp4 N258T codon variant mutants of MHV.

(A) Proposed topology of MHV nsp4. Nsp4 has 4 membrane-spanning region (TM1 to 4,
black rectangles) and 3 loop regions (loop 1-3). Previously reported mutations in loop
one are indicated as the grey double-headed arrows (glycosylation sites) and the grey dot
(E226A/E227A) (Gadlage et al., 2010; Sparks et al., 2007). The N258T (AAT to ACX at
nt positions 9493 to 9495) substitution is shown as a black dot. (B) Titers were
determined by plaque assay in DBT-9 cells at 30°C and 40°C. EOP was calculated as the
titer at 40°C divided by the titer at 30°C. Titers represent the average titer of two
independent experiments. 'Codon variant previously reported by Clementz et
al.(Clementz et al., 2008), > Codon variant previously reported by Sawicki ef al. (Sawicki
et al., 2005). (C) DBT cells were infected at an MOI of 0.1 PFU/cell with the indicated
viruses and incubated at 30°C for 28 h and titers were determined by plaque assay. Error
bars represent the standard error of the mean of two independent plaque assays done in
duplicate. (D) DBT cells were infected at an MOI of 0.1 PFU/cell with the indicated
viruses and incubated at 30°C with a temperature shift to 40 °C at 6 h p.i. and titers were
determined by plaque assay. Error bars represent the standard error of the mean of two
independent plaque assays done in duplicate.

29



decrease in viral titers during this phase, consistent with a stable replication defect and
likely decreased fitness compared with WT (Figure I1.1). We then tested replication
following a temperature shift from 30°C to 40°C at 6 h p.i., with supernatants sampled at
0.6,2,4,6,8,10, 12, and 16 h p.i. WT virus replication kinetics demonstrated an initial
decrease in titer immediately following the temperature shift, but recovered quickly, and
achieved peak titers by 12 h p.i. All four codon mutants replicated indistinguishably from
each other, and achieved WT-like peak titers at 16 h p.i. Similar to replication at 30°C,
between 8 and 16 h p.i., the codon mutants exhibited a lag in exponential replication and
decreased viral titers compared to WT (Figure II.1). These data demonstrate that while
the N258T substitution within nsp4 exhibited impairment in replication, it did not confer
temperature-sensitivity, contrary to what has been previously reported.
N258T nsp4 localizes to the replication complex

The N258Taca virus reported by Clementz ef al. was concluded to have altered
localization of nsp4 to mitochondrial membranes at 39.5°C (Clementz et al., 2008). To
determine the localization of our mutant nsp4 proteins, DBT cells were infected with
WT, N258Taca, N258Tacc, N258Tacg, and N258T act on glass coverslips at an MOI of
5 PFU/cell for 16 h at 30°C or for 7 h at 40°C (Figure II.2). Infected cells were then fixed
and permeabilized with methanol, immunostained with antibodies specific to nsp4 and
nsp8 or pyruvate dehydrogenase (PDH), a mitochondrial matrix protein. Cells were
imaged using a Zeiss LSM510 confocal microscope.

At both 30°C and 40°C, for WT and N258Tca, nsp4 and nsp8 extensively
colocalized to punctate perinuclear foci (Figure I1.2). In contrast, both WT and mutant

viruses display non-colocalization of nsp4 and PDH. Nsp4
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Figure I1.2: nsp4 N258T,., codon variant localizes to the replication complex.
(A)DBT-9 cells were infected at an MOI of 5 PFU/cell for 16 h at 30°C or 7 h at 40°C.
Cells were fixed in methanol, probed for nsp4 (red) and nsp8 (green) or PDH (green) and
imaged on a Zeiss LSM510 confocal microscope. Yellow pixels represent colocalization
of overlapping red and green pixels. The scale bar in the bottom right corner of merged
images represents 10um. (B) Pearson’s correlation coefficient was calculated for nsp4-
nsp8 or nsp4-PDH for both WT and N258Taca at 30°C and 40°C (n=5). Nsp4-nsp8
colocalization was significantly higher than nsp4-PDH (p < 0.002) as measured by
Student’s t test. Error bars represent standard deviation.

31



localized to punctate perinuclear foci, whereas PDH localized to foci dispersed
throughout the cytoplasm that were adjacent to but distinct from nsp4 foci. Within the
same fields of view, there were infected cells that had not formed syncytia as well as
syncytial cells and the pattern of colocalization were consistent between both sets of
infected cells as well as within a z-stack. In order to quantify colocalization, Pearson’s
correlation coefficient was calculated using the JACoP plugin for ImagelJ (Bolte and
Cordelieres, 2006; Schneider et al., 2014). To avoid bias, colocalization was quantified
for the entire field and the entire z-stack of five images per condition. At both 30°C and
40°C, WT and N258Taca nsp4 and nsp8 had Pearson’s correlation coefficients of
between 0.71 and 0.79, consistent with colocalization. Nsp4 and PDH displayed
Pearson’s correlation coefficients of 0.45 to 0.52 (p <.002) demonstrating non-
colocalization (Figure I1.2). These results demonstrate that the nsp4 N258T substitution
did not result in altered localization of nsp4 to the mitochondria at either 30°C or 40°C.
Discussion

Our results demonstrate that the nsp4 N258T substitution is not responsible for
either the ts phenotype, or for the altered localization of nsp4 to the mitochondria
reported by Clementz ef al. Although the nsp4 N258T codon variant viruses were not ts,
they displayed decreased titers and delayed replication, demonstrating that N258 or loop
1 of nsp4 is likely important for viral replication. Interestingly, this residue is highly
conserved among beta-coronaviruses, including bovine coronavirus, human coronavirus
OC43 and SARS-CoV as an aspartic acid, with MHV being the exception. The
conservation of this residue suggests that it may be important. Our lab has previously

reported two nsp4 mutant viruses, with mutations located in luminal loop 1. Nsp4
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contains two glycosylation sites at N176 and N237 (Figure II.1), that when substituted
with alanine, demonstrate delayed replication and decreased viral titers similar to those of
nsp4 N258T, as well as altered DMV formation (Gadlage et al., 2009). The nsp4
E226A/E227A mutant virus is debilitated for replication and viral RNA synthesis (Sparks
et al., 2007). Together, these mutations suggest that loop 1 of nsp4 is important for viral
replication, RNA synthesis, and the formation of DM Vs.

We are unable to explain the results reported by Clementz ef al. because the virus
was not available for direct comparison. However, our EOP results were confirmed by
the Baker lab (personal communication). The reverse genetics system uses seven cDNA
fragments that are ligated and used for transcription of genomic RNA that is then
electroporated into cells for virus recovery. There is the possibility that mutations arose
during amplification or transcription of the cloned fragments. Our lab and the Baker lab
have the same original source for the cDNA fragments. In order to account for changes
during amplification, we obtained all seven cDNA fragments from the Baker lab and
attempts to recover virus were unsuccessful. We sequenced the cDNA fragment
containing nsp4 and identified the N258Txca substitution, as well as a single nucleotide
deletion at nt 8582 that resulted in a possible stop codon (UGA at nt 8644 to 8646). The
virus reported by Clementz ef al. was difficult to recover (personal communication),
leading to the possibility of multiple adaptive changes. The virus was not available for
sequencing; therefore, we cannot test for additional mutations. The experiments in this
study were performed in MHV-AS59, and it is important to consider polymorphisms
within different strains of the virus when analyzing the importance of specific residues.

The results of our study strongly suggest that sequencing of the entire genome of mutant
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coronaviruses derived from the reverse genetics approach may be necessary. Several
studies have documented mutations that arise during the process of mutagenesis or
propagation of cDNA clones, as well as adaptive mutations that may occur in genes not
thought to have any relationship. We demonstrated that the original MHV infectious
clone had WT-like replication in culture, but was attenuated in vivo (Sperry et al., 2005).
Complete genome sequencing found mutations in other fragments that arose during
propagation of the clones that were confirmed to be responsible for the attenuating
phenotype. Hurst et al. showed that impairment in MHYV replication by mutations in the
nucleocapsid gene resulted in compensating second-site mutations in the replicase nsp3
protein (Hurst et al., 2010). Thus coronaviruses may have unexpected linked functions or
epistatic relationships that might be missed by partial sequencing. Fortunately, the cost
and time of genome sequencing is rapidly improving. Establishment and availability of
validated primer sets may allow for more rapid sequencing in a 96 well format or by deep
sequencing, further reducing cost and time associated with complete genome analysis,

and may identify novel and important new relationships among coronavirus proteins.
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CHAPTER III: REVERSION ANALYSIS OF MHV NSP4 E226A/E227A

Introduction

Positive-sense RNA viruses replicate on modified host cytosolic membranes
(Miller and Krijnse-Locker, 2008). Coronavirus non-structural proteins (nsps) 3, 4, and 6
induce rearrangement of ER membranes to form a network composed of double
membrane vesicles and convoluted membranes that remain contiguous with the ER
(Knoops et al., 2008b). These membrane modifications are the site of viral replication
(Miller and Krijnse-Locker, 2008). In addition to their role in membrane modifications, it
is thought that nsp3, nsp4, and nsp6 anchor the replication complex to the membrane.
Studies have tested interactions among the nsps by yeast-2-hybrid and mammalian-2-
hybrid and determined that nsp3 interacts with several nsps. The data suggests that nsp3
may act as a scaffolding protein (Brunn et al., 2007; Imbert et al., 2008; Pan et al., 2008).
Nsp4 has been demonstrated to form heterotypic interactions with nsp3 and nsp6, as well
as, homotypic interactions (Hagemeijer et al., 2011).

A previous study demonstrated that nsp4-E226A/E227A is severely debilitated
for viral replication, exhibiting a 1000-fold reduction in peak viral titers and a 4 h delay
in exponential replication when tested at an MOI of 0.01 (Sparks et al., 2007). We
hypothesized that this mutation disrupted critical interactions between nsp4 and another
viral protein that are required for efficient viral replication. In order to test this
hypothesis, I performed reversion analysis on the E226 A/E227A virus by passaging the
virus seven times and analyzing for the presence of additional mutations. Nelly Grigorian
assisted with the genome sequencing of the E226A/E227A PS5 virus. All other

experiments and data analysis were performed by me.
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Results
Passaging of the nsp4 E226A/E227A mutant virus

To test for compensatory mutations, E226A/E227A was blindly passaged in
murine delayed brain tumor cells seven times (P1 to P7) and the supernatant from each
passage was collected and used to infect cells for TRIzol RNA extraction. Each passage
was sequenced across nsp4 to determine whether the engineered mutation was
maintained. The mutation was maintained from P1 to P3. At P4, there was a mixed
population containing both the E226A/E227A and a primary psuedorevertant at position
226 (A226D) that resulted from a single nucleotide mutation (GCC to GAC). By PS5, the
A226D was fixed in the population and was retained in all further passages. For each
passage, titers were determined by plaque assay and plaque size was calculated (Figure
III.1). During the passage series, there was a trend of increased titer with each passage.
However, there was an approximately 2.5-fold increase in titers at P3 that corresponds to
and 3-fold increase in plaque size. At P5, there was an approximately 10-fold increase in
titer, which correlated to the fixation of the A226D substitution in the population.

Genome Sequencing of E226A/E227A PS5 virus identified four mutations

In order to determine whether any additional mutation(s) arose during the passage
series, the P5 virus population was sequenced across the genome. P5 was chosen based
on the increase in titer at this passage. Two rounds of plaque purification were performed
on the P5 virus and RNA was isolated in TRIzol. Subsequently, the genome was
sequenced as 15 overlapping amplicons. Sequencing of nt 12 — 31335 revealed three

mutations in addition to the A226D/A227: (nt changes are noted at the genomic location
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Figure II1.1: Passage of the E226A/E227A virus increased plaque size and titer.
(A) The total area of individual plaques was measure using ImageJ software. Each circle
represents a plaque that was measured and lines represent the mean with 95% confidence
intervals indicated. (B) Viral titer for each passage was determined by plaque assay.
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Figure I11.2: Genome sequencing of the PS5 virus and isolation of biological
revertants.

(A) The genome of the P5 virus was sequenced and 3 non-synonymous (green) and 1
synonymous (blue) mutations were identified. (B) Biological revertants were plaque
isolated, and amplified for viral stocks and sequencing. (C) Nomenclature of of the
biological revertants and which mutations they contain.
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and amino acid changes are listed by position within the protein) a G7737AT to A7737AT
mutation (D1677N) in nsp3, a Ajs026 TA to Cis026 TA mutation (I483L) in nsp12 and a
TGCrs080 to TGT2s080 mutation (C348C) in spike (Figure I11.2). To determine when the
mutations arose, the P1 to P4 viruses were sequenced across the nsp3, nsp12, and spike
and analyzed for the presence of the mutations. The G7737AT to A7737AT (D1677N, nsp3)
mutation arose during the first passage as a mixed population and became fixed in the
population at P5. The Ajs026TA to Cispa6 TA (14831, nsp12) mutation arose during P1 as a
mixed population and became fixed in the population at P3. The TGCxs030 to TGT2s080
(C348C, Spike) mutation arose during P5. This data suggests that the mutations within
nsp3 or nspl2 may account for the increase titer.
Isolation of biological revertants
In order to specifically test the contribution of the D1677N (nsp3) and 1483L
(nsp12) substitutions to the partial reversion phenotype (Figure II1.2B), I isolated
eachbiological revertant in the background of E226 A/E227A. Three plaques were
isolated from each passage of P1 to P3. I chose these passages to exclude the A226D
psuedoreversion. Plaques were expanded and sequenced across the region of nsp3, nsp4,
nspl2 and spike. Four viruses were isolated, including: the nsp3 D1677N reversion
(EE/AA+3), the nsp12 1483L (EE/AA+12) reversion, or both the nsp3 D1677N and the
nspl2 1483L (EE/AA+3/12) reversions in combination, and the nsp4 E226A/E227A
original substitution (Figure II11.2C).
Biological revertants replicate similar to E226A/E227A
To determine whether these mutations effect viral replication, murine DBT cells

were infected with WT, EE/AA, EE/AA+3, EE/AA+12 or EE/AA+3/12 at an MOI of 0.1
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Figure II1.3: Replication of the biological revertants.
DBT cells were infected with indicated plaque purified viruses at an MOI of 0.1 PFU/cell
(A) or 0.001 PFU/cell (B) for up to 48 h. Supernatants were sampled at times indicated
and titered by plaque assay. Error bars represent SEM of 3 replicates plated in duplicate.
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PFU/cell, supernatants were sampled over a 32 h time course, and titers were determined
by plaque assay (Figure ITI.3A). WT virus reached peak titers of about 1x10” PFU/ml at
16 h p.i. All mutant viruses exhibited an approximately 2 h delay in exponential
replication and achieved peak titers that were 10-fold decreased compared to WT. The
E226A/E227A plaque isolated virus exhibited increased peak titers compared to the viral
stock. These data support the conclusion that the additional mutations in nsp3 and nsp12
do not increase viral replication and may decrease viral replication when the population is
analyzed.

In order to determine whether the viruses exhibited altered replication during
multiple cycles of replication, DBT cells were infected with the indicated viruses at an
MOI of 0.001 PFU/cell, supernatants were sampled, and titered by plaque assay (Figure
II1.3B). WT virus started exponential replication between 4-8 h p.i. and plateaued from
12-16 h p.i., then finally achieved peak titers by 24 h p.i. Replication kinetics were
similar for each mutant, with delayed exponential replication. The viruses achieved peak
titers that were 10-fold decreased from WT between 36- 42 h p.i. It was also noted that
between 24-32 h p.i.; plaque size for all mutant viruses increased to WT-like size,
suggesting that there may have been additional mutations that arose late during infection.
However, plaques were not isolated for sequencing. Even at a low MOI, I was unable to
determine differences in viral replication. This confirms that these mutations do not alter
virus replication and suggests that the E226D psuedorevertant is responsible for the

increased titer.
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Figure II1.4: Competition of EE/AA+3 and EE/AA+3/12.
DBT cells were co-infected with the EE/AA+3 and EE/AA+3/12 at a total MOI of 0.1
PFU/cell at ratios of 1:10, 1:1 or 10:1. Viruses were passaged 5 times and sequenced
across the nsp12 region at P3 and P5. Relative frequency was determined by calculating
area under the peak of the residue on the electropherogram, A (EE/AA+3) or C
(EE/AA+3/12).
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EE/AA + 3 outcompetes EE/AA + 3/12

In order to test if there was an advantage to a double mutation (nsp3 + nsp12)
over the single mutation (nsp3), DBT cells were co-infected at a total MOI of 0.01
PFU/cell. Cells were infected at 1:1, 1:10 and 10:1 ratios (nsp3 only:nsp3/nsp12) and
passaged 5 times. At each passage, supernatants were collected for passaging and the cell
monolayers were harvested in TRIzol for RNA extraction. At passages 1, 3, and 5 the
region of nsp12 containing the mutation was amplified and sequenced. Peaks on the
electropherograms were analyzed to determine the ratio of nsp3 (ATA) only to
nsp3/nsp12 mutant (CTA) (Figure II1.4). When infected at a 1:10 or a 10:1 ratio, the
virus that was given the initial advantage outcompetes the other virus as expected.
However, for the 1:1 infection, the nsp3 only revertant progressively outcompetes the
double mutant and is 90% of the population at P5. This suggests that the nsp12 mutation
exhibits a neutral or negative impact on viral fitness.

The A226D/E227A virus exhibited a 10-fold increase in replication titers

Since the mutations in nsp3 and nsp12 had no apparent effect on viral replication,
I next characterized the P5 virus. In order to determine if the A226D pseudoreversion
was responsible for the increase in viral replication, I tested the P5 virus. DBT cells were
infected at an MOI of 1 PFU/cell with WT, P1 and P5 viruses. Supernatants were
collected over a 28 h time course. Titers were then determined by plaque assay (Figure
II1.5). WT virus began exponential replication between 6 and 8 h p.i. and achieved peak
titer at 16h p.i. The P1 virus began exponential replication between 8 and 12 h p.i. and
reached peak titers at 24 h p.i. The P1 peak titer were ~500-1000 fold decreased

compared to WT. The P5 virus maintains the replication delay exhibited by the P1 virus
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Figure IIL.5: Replication kinetics of the P1 and PS5 of the E226A/E227A.
DBT cells were infected with WT, P1 or P5 virus at an MOI of 0.1 PFU/ml. Supernatants
were sampled over 28 h and titered by plaque assay. Error bars represent the SEM of
three replicates plated in duplicate.
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Figure I11.6: Localization of nsp4.
DBT cells were infected with WT, P1 or P5 at an MOI of 0.1 PFU/cell. At 8 h p.i., cells
were fixed and permeablized with methanol, stained with antibodies where indicated, and
imaged by confocal microscopy. Scale bar represents 20 pm.
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Figure II1.7: Replication kinetics of E226D.
DBT cells were infected with WT or E226D at an MOI of 1 PFU/ml. Supernatants were
sampled over 24h and titered by plaque assay. Error bars represent the SEM of three
replicates plated in duplicate.
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and starts exponential replication between 8 and 12 h p.i. with peak titers at 24 h p.i.
However, the P5 virus had an intermediate peak titer that is 50-100 fold decreased
compared to WT but 10-fold increased compared to P1. These data suggest that the
A226D is responsible for the increased viral replication; however, we cannot rule out the
possibility of a synergistic effect of multiple mutations. In order to address this
possibility, I attempted to engineer the E226D/E227A substitution into the cloned
isogenic background; however, I was only able to recover E226D, the double mutant was
not recovered.
E226A/E227A nsp4 localizes to the replication complex

In order to determine whether the original substitution and the pseudorevertant
display altered localization of nsp4, DBT cells on glass coverslips were infected at an
MOI of 0.1 PFU/cell (Figure I11.6). At 10 h p.i., cells were fixed in methanol, stained
with antibodies specific to nsp4 and nsp8 and imaged using a Zeiss LSM510 confocal
microscope. For WT, E226A/E227A (P1) and E226D/E227A (P5) infected cells, nsp4
and nsp8 are localized to perinuclear foci and demonstrated extensive colocalization. The
signal appeared to be reduced in the E226A/E227A (P1) virus infected cells suggesting
that protein expression was decreased. The data suggests that these residues may be
critical for proper folding and expression of the protein or that the E226A/E227A nsp4
protein is rapidly degraded.

E226D exhibited delayed viral replication

We were unsuccessful at cloning the E226D/E227A substitutions; however, I was able
engineer several E226X substitutions into the MHV infectious clone (MHVic) B

fragment (Table III.1). Five substitutions were introduced but only the E226D virus was
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recovered. In order to analyze viral replication, DBT cells were infected with WT or
E226D viruses, supernatants were sampled over 24 h, and titers were determined by
plaque assay (Figure II1.7). WT began exponential replication between 6 and 8 h p.i. and
achieved peak titer at 12 h p.i. E226D exhibited a two-hour delay in exponential
replication and achieved WT-like titer at 16 h p.i. This suggested that even single
conservative changes within nsp4 can alter the timing of viral replication.

Table II1.1: E226X virus recovery.

Substitution Virus Recovered
E226D Yes
E226G No
E226L No
E226S No
E226W No

Summary and Future Directions

I concluded based on the above results that the mutations within nsp3 and nsp12
are not responsible for the increase in viral replication demonstrated by the
E226D/E227A (P5) virus. It is unclear based on these results what the role of these
mutations may be. However, it is possible that the mutations outside nsp4 function at the
quasispecies level and thus effects cannot be detected in the plaque isolates. We have
seen precedent for this type of effect with studies of an nsp3 PLP1 knock out virus that
produces dominant interfering particles. However, when clones were picked there was
loss of the dominant interfering particles (Xiaotao Lu, unpublished data), which may
have allowed for the increase in peak titer for the plaque isolated virus. Alternatively, the

mutations may have arisen as random mutations during passage.
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Together these data show that the E226 and E227 residues are critical for nsp4
structure/ function. Future studies should continue to passage the virus for subsequent
passages to determine if the E227A residue also pseudoreverts to E227D or if there are
additional mutations outside of nsp4 that allow for WT-like replication. Based on the data
presented in this chapter, I would anticipate that upon subsequent passaging the A227
will pseudorevert to an A227D and this will restore the peak viral titer. Several mutations
within nsp4 have been demonstrated to exhibit delayed exponential replication; therefore,
I would anticipate that the E227D mutations would also maintain the delayed exponential
replication. Based on data presented in Chapter IV, I would a anticipate that the E226D
mutant would produce aberrant DM Vs and produce less DMV than WT virus. I
hypothesize that mutations within nsp4 alter the structure and/or function of nsp4, leading
to a delay in DMV formation, and downstream replication. Further studies will need to be
performed in order to determine the cause of the delayed exponential replication.
Experiments described in this chapter were not further pursued because the virus
pseudoreverted, suggesting that the E226 and E227 residues important for the structure of

nsp4 and may not be useful for identifying mutations outside of nsp4.
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CHAPTER IV: MUTATIONS IN MURINE HEPATITIS VIRUS NSP4 ALTER VIRUS

FITNESS AND MEMBRANE MORPHOLOGY

Introduction

RNA viruses modify host cytoplasmic membranes during the formation of viral
replication complexes (Miller and Krijnse-Locker, 2008). Coronaviruses (CoVs) induce
substantial membrane rearrangements, including a reticulovesicular network composed of
two types of membrane modifications, double membrane vesicles (DMVs) and
convoluted membranes (CM). The reticulovesicular network is contiguous with the ER
membranes and is the site of viral RNA synthesis (Knoops et al., 2008a). CoV genomes,
which are 26-32kb, encode two replicase/transcriptase ORFS 1a and 1b which are
translated into the polyproteins 1a and 1ab incorporating nonstructural proteins 1-16
(nsps 1-16). The replicase polyproteins are cleaved by virus-encoded proteases within
nsp3 (PLP1/2) and nsp5 (3CLpro). All nsps tested to date colocalize by immunoelectron
microscopy to DMVs and/or CM and by immunofluorescence at probable sites of viral
RNA synthesis (Angelini et al., 2013; Bost et al., 2000; Brockway et al., 2003; Gadlage
et al., 2009; Gosert et al., 2002; Knoops et al., 2008a; Miller and Krijnse-Locker, 2008;
Snijder et al., 2006; Sparks et al., 2007; Ulasli et al., 2010; van der Meer et al., 1999).

Nonstructural proteins 3, 4, and 6 are integral membrane proteins. The topology
has been determined in vitro for both Severe Acute Respiratory Syndrome-CoV (SARS-
CoV) and murine hepatitis virus (MHV) (Clementz et al., 2008; Gosert et al., 2002;
Knoops et al., 2008a; Oostra et al., 2008). Nsp3, 4, and 6 contain two, four, and six
transmembrane domains, respectively (Baliji et al., 2009; Kanjanahaluethai et al., 2007;

Oostra et al., 2007; 2006). SARS-CoV nsp3, nsp4, and nsp6 are necessary and sufficient
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for double membrane vesicle formation. When expressed alone, nsp3 causes membrane
proliferation and the membranes accumulate into disordered membrane bodies that
appear as clustered membranes. Single expression of nsp6 induces single membrane
vesicles of unknown origin. When co-expressed, nsp3 and nsp4 together have the
capacity to pair membranes. All three proteins are required for formation of DMV
(Angelini et al., 2013). I hypothesize that interactions among these proteins mediate
membrane modifications. Hagemeijer ef al. demonstrated that MHV nsp4 forms
homotypic and heterotypic interactions with the transmembrane domain of nsp3 and nsp6
by immunoprecipitation and protein complementation assays (Hagemeijer et al., 2011).
The region of nsp4 that interacts with nsp3 and nsp6, as well as the regions of these
proteins required for membrane modifications, remain unknown.

Nsp4 contains four transmembrane domains and three loop regions. Loops 1 and
3 are ER-luminal, whereas loop 2 and the N- and C-termini are cytosolic (Oostra et al.,
2008; 2007). Nsp4 is predicted to be required for replication as demonstrated by the
inability to recover a virus with an nsp4 deletion (Sparks et al., 2007). Deletion of
transmembrane 4 (TM4) and truncation of the C-terminus of nsp4 allows recovery of
viable mutants. However, these viruses have altered viral replication and RNA synthesis
(Sparks et al., 2007). Additionally, charge-to-alanine mutagenesis of nsp4 identified viral
mutants having a range of replicative capacity, ranging from WT-like replication to
delayed exponential replication with 3 log;o reduction in peak viral titers (Sparks et al.,
2007).

The MHYV nsp4 protein is N-linked glycosylated at two asparagine residues (N176

and N237) within loop 1 as demonstrated by EndoH sensitivity (Clementz et al., 2008;
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Gadlage et al., 2009; Oostra et al., 2008). Glycosylation has many functions including
protein folding, sorting, and trafficking (Helenius and Aebi, 2004). SARS-CoV nsp4 also
has been demonstrated to be glycosylated in vitro at an atypical glycosylation site N;3;IC
(Oostra et al., 2008). All coronavirus nsp4 proteins tested to date contain at least one
predicted glycosylation site. However, the location and number of the glycosylation sites
varies (Figure 1.7). Our lab previously generated an MHV nsp4 mutant lacking both
glycosylation sites (N176A/N237A), referred to as DGM (double glycosylation mutant).
The DGM virus exhibited delayed exponential replication, a reduction in RNA synthesis,
and aberrant DMV (Gadlage et al., 2009). These observations suggested a direct link
between the capacity of the virus to induce stable DM Vs and virus fitness. However, the
relationship of DMV size and number to virus fitness has been questioned (Al-Mulla et
al., 2014). Since nsp4 is directly involved in DMV formation, we tested the role of DGM
and other mutations across nsp4 on the stability and number of DMVs. Additionally, we
determined the fitness of these viruses over multiple passages as compared to wildtype
and DGM. Our data demonstrate that mutations across nsp4 domains, in addition to
glycosylation mutants, result in alterations of DMV morphology and number, and that
loss of nsp4 glycosylation is clearly associated with fitness cost when directly competed.
Jordan Anderson-Daniels, a coauthor on the publication associated with this chapter
(Beachboard et al., 2014) (Appendix B), helped engineer Nx(S/T) mutations into the
MHYV B or C frag. Javier Galdon-Armero assisted with tunicamycin experiments. I

performed all other experiments and analyzed all the results.

52



Results
DGM-FFL replicates indistinguishably from DGM

First, I sought to determine if aberrant DMV's were the result of loss of nsp4
glycosylation or due to mutations within nsp4. I wanted to test whether chemical
inhibition of glycosylation would result in aberrant DMV formation. In order to test the
effects of tunicamycin on viral replication, a firefly luciferase (FFL) reporter virus was
engineered. Previously, a WT- FFL virus was generated with FFL fused to nsp2
(Freeman et al., 2014a). I generated the DGM virus in the background of WT-FFL
(Figure IV.1). The virus was engineered using the MHV reverse genetics system. The
FFL was inserted into the A fragment and the DGM mutations were introduced into nsp4
in the B fragment. The DGM-FFL virus was recovered and sequenced across FFL and
nsp4 to ensure no additional mutations arose during virus recovery. FFL was intact and
the DGM mutations were present. No additional mutations were identified in the two
regions amplified.

To ensure that the addition of FFL did not effect viral replication, DBT cells were
infected with WT, WT-FFL, DGM or DGM-FFL viruses at and MOI of 1 PFU/cell and
supernatants were sampled over a 24 h time course (Figure IV.1). Viral titer at each time
point was determined by plaque assay. WT and WT-FFL virus began exponential
replication between 6 and 8 h p.i. and achieved peak viral tier at 12 h p.i. DGM exhibited
a 2 h delay in exponential replication and achieved WT-like peak viral titer at 16 h p.i.
The DGM-FFL virus replicated indistinguishably from the DGM virus. These data

indicate that fusion of FFL to nsp2 had no effect on viral replication.
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Figure IV.1 : Replication and expression of DGM-FFL
(A) DBT cells were infected with indicated viruses at an MOI of 1 PFU/cell, supernatants
were sampled from 0-24h p.i., and titered by plaque assay. Error bars represent the SEM
of three replicates plated in duplicate. (B) DBT cells were infected with indicated viruses
at an MOI of 1 PFU/cell. At time points from 0-16 h p.i., cells were harvested in reporter
lysis buffer and luciferase activity was assessed. Error bars represent the SEM of 3
replicates. (C) DBT cells were infected with indicated viruses at an MOI of 10 PFU/ cell
for 4 h before starving in -Cys/-Met media supplemented with ActD. From 5-7 h p.i.,
cells were radiolabeled with [*>S]-Cys/-Met. nsp4 was immunoprecipitated and treated in
the presence or absence of EndoH, and resolved by SDS-PAGE.
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DGM-FFL produces luciferase with delayed kinetics compared to WT-FFL

To determine the luciferase production of the DGM-FFL virus, DBT cells were
infected with WT, WT-FFL or DGM-FFL viruses for 16 h and cells were harvested and
tested for luciferase activity (Figure IV.1). Luciferase activity could be detected as early
as 2 h p.i. and peaks at 8 h p.i. for WT-FFL virus. The DGM-FFL virus produces
luciferase with similar kinetics as WT-FFL but with a 2 h delay in peak luciferase
expression. This demonstrates that the DGM-FFL virus is a sensitive tool for evaluation
of viral replication.

DGM-FFL is not glycosylated

In order to demonstrate that the DGM-FFL nsp4 protein was not glycosylated,
DBT cells were infected with WT, WT-FFL, DGM and DGM-FFL at an MOI of 10
PFU/cell. Cells were then radiolabeled with [*°S]-Met/-Cys and lysates were
immunoprecipitated for nsp4. Samples were treated in the presence or absence of EndoH
before proteins were resolved by SDS-PAGE and imaged by autoradiography. WT and
WT-FFL nsp4 migrated at 44kDa in the absence of endoH and then exhibit a mobility
shift to 39kDa in the presence of endoH. Both DGM- and DGM-FFL nsp4 migrated at
39kDa in both the presence and absence of endoH, indicating that the nsp4 proteins are
not glycosylated.

Tunicamyecin is tolerated by DBT cells

To test cytotoxicity of tunicamycin, DBT cells were treated with concentrations of

tunicamycin that ranged from 0-1 pg/ml. Cells were then tested for viability using the

CellTiterGlo assay (Figure IV .2). Cell viability was normalized to untreated control cells.
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At least 80% of cells were viable for each concentration of tunicamycin tested. I conclude
that tunicamycin is not toxic to cells at the concentrations used for these studies.
Tunicamycin inhibits nsp4 glycosylation
To test whether tunicamycin effectively inhibited glycosylation at 0.1 to 1 pg/ml
concentrations, nsp4 glycosylation was analyzed (Figure IV.2). DBT cells were infected
with WT virus at an MOI of 10 PFU/cell, radiolabeled with [358]—Met/—Cys, and cell
lysates were harvested. Lysates were then immunoprecipitated with antibodies specific to
nsp4. As a positive control for loss of glycosylation, a WT sample was treated in the
presence or absence of EndoH. All samples were resolved by SDS-PAGE
electrophoresis. At 0.1 pg/ml of tunicamycin, there were bands indicative of 0, 1, and 2
glycans, suggesting that tunicamycin is partially effective at this concentration. At both
0.5 and 1 pg/ml, there was complete inhibition of nsp4 glycosylation. For all subsequent
experiments, 0.5pg/ml tunicamycin was used because this was the minimum effective
dose tested.
Tunicamycin inhibits viral replication
To test the effect of tunicamycin on viral replication, DBT cells were infected
with WT/WT-FFL or DGM/DGM-FFL viruses for 10 h and cells were harvested for
analysis of luciferase activity or RNA synthesis and supernatants were collected to
calculate titers (Figure IV.2). Luciferase activity was used to determine viral replication.
Both viruses exhibited decreased luciferase compared to DMSO controls. However, the
DGM-FFL virus was decreased compared to WT-FFL in the presence of tunicamycin. A
similar effect was demonstrated with RNA synthesis where the DGM exhibited further

decreased RNA synthesis compared to WT treated with tunicamycin. The data suggests
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Figure IV.2: Effects of tunicamycin on viral replication.
(A) DBT cells were treated with increasing concentrations of tunicamycin in DMSO. At
24h p.t., cells were harvested and tested for viability using the CellTiter Glo Assay. (B)
DBT cells were infected with WT virus at an MOI of 10 PFU/cell and treated with
tunicamycin (T) for 4h before starving in -Cys/-Met media supplemented with ActD, and
radiolabeled from 5-7h p.i. with [*>S]-Cys/-Met. As a control, nsp4 was
immunoprecipitated and treated in the presence or absence of Endo and bands were
resolved by SDS-PAGE. (C-E) Cells were infected with WT-FFL or DGM-FFL at an
MOI of 1 PFU/cell and treated with 0.5 pug/ml tunicamycin from 0-2 h p.i. At 10 hp.i.,
cells were harvested in reporter lysis buffer and analyzed for luminescence (C), harvested
in trizol for RNA extraction and qRT-PCR (D), or supernatants were collected and titered
by plaque assay (E).
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Figure IV.3: Engineering nsp4 mutants.
(A) Proposed topology of nsp4: nsp4 has 4 transmembrane regions (TM1-4, black
circles) and three loops (loop 1-3). Mutations in nsp4 tested in this study are shown on
the diagram. Red circles represent non-viable mutations, blue circles represent viable
viruses that were recovered in this study. The double-headed arrows represent native
glycosylation sites within MHV-nsp4. (B) nsp4 mutants were engineered with alternate
NXS/T sites (grey double-headed arrows) in the DGM background. The location of the
introduced NXS/T sequons (grey double-headed arrows) are shown. Virus nomenclature
is listed with the introduced NXS/T site shown below. * Indicates previously recovered
viruses (11, 19).
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Figure IV 4: Electron microscopic analysis of alternate Nx(S/T) sequon mutants.
(A-F) DBT cells were mock-infected (A) or infected with WT (B), DGM (C), DGM-
K85S (D), DGM-V129N/Q130I (E), DGM-N479S (F) or N479S (G) viruses at an MOI
of 5 PFU/cell for 8h before being fixed in 2% gluteraldehyde and processed for TEM.
Black arrowheads denote normal DM Vs, the white arrowheads represent aberrant DM Vs.
CM, convoluted membranes; N, nucleus; M, mitochondrion; E, endosome. Scale bar is
500 nm. (H) Normal and aberrant DM Vs were calculated for each virus. Percent of total
DMVs that are normal are shown in black and the percentage of DM Vs that are aberrant
is shown in grey. The total number of DM Vs analyzed is shown above each bar. (I) The
number of DM Vs per area of cytoplasm were calculated and shown on the graph. Each
circle represents and individual field and the bars show the mean + standard deviation.
The Kruskal-Wallis test was used to analyze for significant differences in number of
DMVs per area of cytoplasm. * (p =0.008) and ** (p < 0.0001) indicate statistical
difference compared to WT.
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Figure IV.5: Replication kinetics and glycosylation of alternate Nx(S/T) sequon
viruses.

(A) DBT cells were infected with indicated viruses at an MOI of 1 PFU/cell.
Supernatants were sampled form O to 16 h p.i. and titered by plaque assay. Error bars
represent the SEM of three replicates plated in duplicate. (B) DBT cells were infected
with indicated viruses at an MOI of 10 PFU/cell. At 4 h p.i., cells were starved in -Met/-
Cys DMEM and treated with ActD for 1 h before radiolabel with [°S]-Met/-Cys. At 7h
p-., lysates were harvested and immunoprecipitated with antibodies specific for nsp4 and
treated in the presence or absence of EndoH. Proteins were resolved by SDS-PAGE. n>2.

DGM-VQ/NI, DGM-V129N/Q130L.
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that tunicamycin has an independent effect on viral replication. It is possible that there
are cellular or other viral proteins that are required for replication that contain
glycosylation sites. Additionally, there was a significant impact on virus titer when cells
were treated with tunicamycin. The decrease in viral titer is consistent with the literature
that demonstrated that the spike protein requires glycosylation for function (Rottier et al.,
1981). These data suggest that the secreted virus is not infectious. Based on these results,
further EM experiments were not pursued because it would be difficult to distinguish the
effects of loss of nsp4 glycosylation from loss of glycosylation on other proteins required
for DMV formation and the defect in viral replication.

Mutations across nsp4 impair DMV morphology and numbers.

In order to test whether nsp4 glycosylation regulates proper DMV formation
independent of its position in the protein, we engineered mutations to introduce a
glycosylation sequon, Nx(S/T) at different locations in the nsp4-DGM (double
glycosylation mutant (N176A/N237A)) background (Figure IV.3). Two viruses were
engineered to insert predicted glycosylation sites from other coronaviruses;
V129N/Q1301 is the glycosylation sequon of SARS-CoV, and the sequon introduced by
N479S is present in both HCoV-OC43 and Bovine CoV (BoCV). All other mutations
were inserted near highly conserved asparagine, serine or threonine residues to introduce
the new Nx(S/T) sequons (Figure IV.3). Both strategies have successfully been used to
introduce glycosylation sites into other proteins (Chang et al., 1994; Hresko et al., 1994;
Popov et al., 1997; Vagin et al., 2005). We recovered three mutants in the DGM
background and one in the WT background; viruses that contain Nx(S/T) mutations from

other coronaviruses (DGM-V129N/Q130I and DGM-N479S), as well as one that was
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introduced after a conserved asparagine (DGM-K85S). Additionally, N479S was
recovered in the WT-nsp4 background. Recovered viruses were sequenced across nsp3
through nsp6 and found to contain no additional mutations. Recovery of all other
engineered genomes were attempted at least three times with no signs of virus-induced
CPE.

To determine whether the mutations that introduce potential alternate
glycosylation sequons restored proper DMV morphology, murine delayed brain tumor
(DBT) cells were infected with WT or nsp4 mutant viruses and analyzed for membrane
changes by TEM (Figure IV .4). Mock-infected cells exhibited regular cellular
architecture and normal organelles. WT-infected cells displayed swollen ER and Golgi,
as well as the presence of several virus-induced structures including DMVs, convoluted
membranes (CM), and vesicles containing newly-formed virions (Figure IV .4). The
DMVs in WT-infected cells have membranes containing two lipid bilayers in close
proximity to one another. Similarly, DGM-infected cells have swollen ER and Golgi but
the DM Vs are aberrant. Aberrant DM Vs in this study are defined as having inner
membranes that are separated, or collapsed away from the outer membrane. The degree
of inner membrane collapse varied. However, the majority of aberrant DM Vs inner
membranes were completely collapsed and appeared as an electron dense structure at one
side of the vesicle. This is in contrast to the DMV artifacts with spider web-like content
seen with standard EM of SARS-CoV infected cells (Snijder et al., 2006). All DMVs
considered normal in this study have both lipid-bilayers intact and contain no spider web-
like contents. Each of the viruses that contain engineered Nx(S/T) sequons exhibited

aberrant DM Vs similar to the DGM virus. The number of normal and aberrant DMV's
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was calculated for each virus. DGM-K85S- and DGM-V129N/Q130I-infected cells
produced increased numbers of aberrant DM Vs (88% and 78% respectively) compared to
DGM (67%) (Figure IV 4 and Table IV.1). Cells infected with DGM-N479S and N479S
produced fewer aberrant DM Vs (54% and 53% respectively) than DGM, but more
aberrant DM Vs than WT (37%). Next, the number of DMVs per area cytoplasm was
calculated to determine whether the differences in total number of DMV’ counted per
sample correspond to differences in total numbers of DMVs (Figure IV 4). DGM, DGM-
K85S and N479S had significantly decreased number of DMVs compared to WT (Figure
IV.4). The differences in total numbers of DMVs may be due to direct effects of

Table IV.1: Quantification of normal and aberrant DMVs.

Virus Total DMVs Normal DMVs Aberrant DMV
(percentage)
WT 623 393 230 (37%)
DGM 198 65 133 (67%)
DGM-KS85S 344 40 304 (88%)
DGM-V1291/Q1301 577 126 451 (78%)
DGM- N479S 438 202 236 (54%)
K44A/D47A 308 101 207 (67%)
E226A/E227A 326 96 230 (71%)
N258T 412 128 284 (69%)
N479S 587 310 277 (53%)

mutations in nsp4 or may reflect differences in the degree of viral replication occurring.
These data demonstrate that inserting additional mutations within loop 1 of nsp4
exacerbates the aberrant DMV formation associated with the DGM phenotype.
Additionally, these data demonstrate that mutations within the C-terminus of nsp4 cause

aberrant DM Vs independent of mutations within loop 1.
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Nsp4 Nx(S/T) sequons do not complement defects in replication or nsp4

glycosylation.

Next we sought to determine whether the viruses with aberrant DMV's were
associated with altered replication kinetics. DBT cells were mock-infected or infected
with viruses at an MOI of 1 PFU/cell. At indicated times, supernatants were sampled and
titered by plaque assay (Figure IV.5). WT virus began exponential replication between 4-
6 h p.i. and achieved peak titer at 10 h p.i. The DGM virus replicated with delayed
kinetics, began exponential replication between 6-8 h p.i., and achieved WT-like peak
titer at 12 h p.i. N479S replicated indistinguishably from WT, and the DGM-K85S and
DGM-N479S viruses replicated indistinguishably from the parental DGM virus. The
DGM-V129N/Q130I mutant displayed delayed exponential replication and peak titer
compared with both WT and the parental DGM virus.

These data suggested that glycosylation at alternate residues did not complement
the replication delay of DGM. Alternatively, these nsp4 proteins were not glycosylated.
To determine the glycosylation status of the mutant nsp4 proteins, virus-infected cells
were radiolabeled, and the cell lysates were immunoprecipitated with antibodies specific
for nsp4 followed by treatment with EndoH to remove N-linked glycans (Figure IV.5).
WT nsp4 migrated at 44kDa in the absence of EndoH, and displayed a mobility shift to
39kDa following EndoH treatment, indicative of the removal of two glycans. The N176A
virus is glycosylated at one site (42kDa) and DGM lacks glycosylation and migrated at
39kDa. In contrast, all of the alternate Nx(S/T) mutant viruses in the DGM background
migrated at 39kDa regardless of EndoH treatment, indicating that the mutant nsp4

proteins were not glycosylated. The N479S nsp4 protein migrated at 44kDa in absence of
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Figure IV.6: RNA Synthesis of nsp4 Nx(S/T) mutants.
DBT cells were infected with indicated viruses at an MOI of 1 PFU/cell for 10 h. Cells
were then harvested in TRIzol and genomic RNA was extracted. Genomic RNA levels
were determined by qRT-PCR using primers specific to Orfla. RNA levels were
normalized using 2*“ to endogenous GAPDH expression. Mean values + S.E.M. are
shown, n=3. Values are not significantly different from WT using the Kruskal-Wallis
test.
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Figure IV.7: Immunofluorescence of nsp4 Nx(S/T) mutants.
DBT cells w were infected with indicated viruses at an MOI of 5 PFU/cell for 6.5 h. Cells
were then fixed in 100% methanol and stained with antibodies specific for nsp4 (red) and
nsp8 (green). Yellow pixels represent colocalization of red and green pixels. Scale bar
represents 20pm.
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EndoH and shifted to 39kDa in the presence of EndoH, suggesting that this nsp4 protein
is glycosylated at the native glycosylation sites only. While we can draw no conclusions
from inability to recover virus mutants, we did observe that all recovered viruses did not
confer glycosylation at the introduced sequon, whereas compared with a large number of
mutations that are tolerated in nsp4, several attempted new Nx(S/T) sequons in loop 1
could not be recovered after multiple attempts. The results led us to consider the
possibility that sequons capable of glycosylation may not be tolerated in loop 1.
Nsp4 Nx(S/T) mutants have WT-like RNA synthesis.

Since the differences in total DMV numbers demonstrated by EM may reflect overall
differences in viral replication, next we assessed the RNA synthesis capacity of these
viruses. DBT cells were infected at an MOI of 1 PFU/cell for 10 h. Total cellular RNA
was harvested in TRIzol and qRT-PCR performed to amplify nsp10 and GAPDH. All
viruses have RNA synthesis levels indistinguishable form WT (Figure IV.6). It is likely
that similar to replication kinetics, if time points were taken, there would have been a
delay in RNA synthesis. This data suggests that the viruses have no significant decrease
in viral replication at 10 h p.i. and that aberrant DMV are capable of supporting RNA
synthesis.

Nsp4 Nx(S/T) mutants localize to the replication complex.

In order to determine whether differences in total numbers of DMVs corresponds
to differences in replication complex formation and overall protein levels, DBT cells on
coverslips were infected with WT or the nsp4 Nx(S/T) viruses at an MOI of 5 PFU/cell
for 6.5 h (Figure IV.7). Cells were then fixed in methanol and stained with antibodies

specific to nsp4 and nsp8, a marker for the replication complex. In WT-infected cells,
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Figure IV .8: Replication and glycosylation of nsp4 mutants.
(A) Schematic of nsp4 showing the location of the nsp4 mutations. (B) DBT cells were
infected with indicated viruses at an MOI of 1 PFU/ml for 24 h. At indicated time points,
supernatants were sampled and titered by plaque assay. Error bars represent the SEM of
three replicates plated in duplicate. (C) DBT cells were infected with indicated viruses at
an MOI of 10 PFU/cell. Cells were starved with -Cys/-Met DMEM in presence of ActD
for 1h prior to radiolabel with [*°S]-Cys/-Met for 2h before lysates were harvested.
Lysates were immunoprecipitated with antibodies specific to nsp4 in the presence or
absence of EndoH and proteins were resolved by SDS-PAGE. n=2
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Figure IV.9: EM of nsp4 mutant-infected cells.
(A-F) DBT cells were mock infected (A) or infected with WT (B), DGM (C),
K44A/D47A (D), E226A/E227A (E), or N258T (F) viruses for 8 h before fixation in 2%
gluteraldehyde and processed for TEM. Black arrowheads are normal DMVs and white
arrowheads are aberrant DMVs. CM, convoluted membranes; N, nucleus; M;
mitochondrion. (G) Normal and aberrant DM Vs were calculated and shown as
percentage of total DMVs. Normal DMVs are shown in black and aberrant DM Vs are
shown in grey. The total number of DMVs analyzed is shown above the bar. (H) Total
number of DM Vs per area of cytoplasm was calculated. Circles represent the number of
DMVs per area of cytoplasm for a single field. Bars represent the mean + standard
deviation. The Kruskal-Wallis test was used to analyze for significant differences in
number of DM Vs per area of cytoplasm. * (p = 0.008) and ** (p <0.0001) indicate
statistical difference compared to WT.
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nsp4 and nsp8 colocalize at punctate perinuclear foci. All mutant nsp4 protein
extensively colocalize with nsp8 at perinuclear foci. This data demonstrates that the
Nx(S/T) mutant nsp4 proteins localize to the replication complex. Additionally, there is
no apparent correlation between aberrant DMV formation and the level of replication
complex formation or protein expression. Collectively, the RNA synthesis and
immunofluorescence data indicate that the difference in total numbers of DMVs does not
reflect overall replication or protein expression within these infected cells.

Substitutions in nsp4 loop1 alter replication kinetics and DMV morphology

independent from glycosylation status.

Having demonstrated that mutations in nsp4 loop 1 exacerbate aberrant DMV
morphology associated with the DGM phenotype, we tested whether any mutation in
nsp4 loop 1, independent of glycosylation potential, impacted replication and DMV
morphology/numbers. Nsp4 loop 1 mutants previously reported from our lab were tested
(Figure IV .8): K44A/D47A (VUIS11), E226A/E227A (VUJS17), and N258T
(Beachboard et al., 2013; Sparks et al., 2007). In contrast to WT MHV-AS59, all three
mutant viruses exhibited a range of replication defects. The N258T mutant was
minimally delayed but achieved WT-like titers. The K44A/D47A mutant showed an
increase in the delayed exponential replication and decreased peak titer. The
E226A/E227A mutant showed a significant delay but achieved WT like peak titer (Figure
IV.8). We then tested the glycosylation status of the mutant nsp4 proteins by radiolabel
and immunoprecipitation. All nsp4 loop 1 mutant nsp4 proteins migrated at 44kDa in
absence of EndoH and at 39kDa in the presence of EndoH. These results show that all

tested nsp4 loop 1 mutants are glycosylated at both native asparagine residues. Thus the
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Figure IV.10: Competition Assay of nsp4 mutants.
DBT cells were infected with indicated pairs of viruses at a total MOI of 0.1 PFU/cell at a
1:1 ratio. When cells were at least 50% involved in cytopathic effect, supernatants were
collected and cell monolayers were harvested in TRIzol. Supernatants were used for
subsequent passage for a total of three passages. Total RNA was extracted and nsp4
amplicons were generated by RT-PCR and sequenced. For residues of interest, area under
the peak was calculated using MacVector 13. Then the percentage of nucleotides of virus
A to virus B was calculated and plotted on the graph. Error bars represent SEM, n=2.
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observed replication defects were not due to changes in glycosylation status of the
protein. Finally, we examined the DMV morphology and numbers in mutant virus
infected cells (Figure IV.9 and Table IV.1). Similar to the N479S mutation alone, each of
the nsp4 mutant virus-infected cells produced aberrant DMVs. The percentage of aberrant
DMVs was calculated for each virus and was increased compared to WT. All of the loop
1 mutant viruses produced numbers of aberrant DM Vs similar to the DGM mutant.
Infection with K44A/D47A and E226A/E227A also resulted in significantly fewer DM Vs
than WT virus. In contrast, N258T produced similar number of DMVs to WT. Thus, our
results indicate that in addition to mutations that affect glycosylation of nsp4,
substitutions at other locations in nsp4 loop 1 result in altered DMV morphology.

Loss of nsp4 glycosylation results in decreased virus fitness.

We next tested the effect of nsp4 mutations on virus competitive fitness. In order
to test the fitness of nsp4 mutant viruses compared to WT or DGM, DBT cells were co-
infected at a ratio of 1:1 and passaged three times at 37°C (Figure IV.10A). The N258T
and N479S viruses competed equally with WT and were maintained ~50 percent of the
population. In contrast, viruses lacking glycosylation of nsp4 exhibited profoundly
decreased fitness compared to WT and were ~10 percent of the population at passage
three. We next competed DGM-K85S and DGM-N479S with DGM, to test the effects of
additional mutations within the DGM virus on fitness (Figure IV.10B). When K85S was
introduced into DGM-nsp4 loop 1 (DGM-K85S), virus fitness was further deceased
relative to DGM. However, DGM-N479S competed equally with DGM and each
remained approximately 50 percent of the population. The results suggest that the

decrease in fitness of DGM-N479S compared to WT is likely due to the DGM phenotype
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and that the N479S mutation does not alter virus fitness. Collectively these data
demonstrate that loss of nsp4 glycosylation is associated with a substantial decrease in
virus fitness that can then be further decreased by introduction of additional mutations
into the DGM-nsp4 loop 1.
Discussion

The role of host cytoplasmic membrane modifications in coronavirus replication
and fitness is a subject of increasing investigation and interest for understanding
replication, pathogenesis, and a target for broad-spectrum inhibition of coronavirus
infection. Recently, nsp3, nsp4, and nsp6 have been shown to mediate membrane
modifications during individual and co-expression in cells (Angelini et al., 2013). Recent
studies with a novel inhibitor have shown that drugs targeting coronavirus membrane
modifications are associated with profoundly impaired replication (Lundin et al., 2014).
Studies have shown that nsp4 is necessary for DMV formation and that mutations at nsp4
glycosylation sites result in aberrant DM Vs (Angelini et al., 2013; Gadlage et al., 2009).
In this study, I show that mutations across nsp4, independently or in combination with
mutations that abolish glycosylation, cause or exacerbate defects in DMV formation.
Further I show that loss of nsp4 glycosylation is associated with a substantial fitness cost.

Intact nsp4 is required for proper DMV morphology.

We previously reported that mutations in nsp4 loop 1 were important for efficient
RNA synthesis (Sparks et al., 2007). We also described glycosylation of nsp4 at N-linked
glycosylation sites in loop one and the negative effect on DMV formation by elimination
of these sites (Gadlage et al., 2009). Our current results indicate multiple residues and

domains within nsp4, including the C-terminal non-TM domain, impact DMV
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morphology, rather than glycosylation alone. In addition, mutations in other regions of
nsp4 loop 1 exacerbated changes in membrane structures of the DGM virus. Angelini et
al. demonstrated that when co-expressed, nsp3 and nsp4 have the capacity to pair
membranes (Angelini et al., 2013). Nsp3 and nsp4 likely interact across the DMV lipid
bilayer to hold both membranes in close proximity. In this model, any perturbation of the
nsp3-nsp4 interaction would result in separations of the inner and outer membranes. Our
present results support that it is possible to dysregulate nsp4 functions in DMV formation
by mutations at several locations in nsp4 loop 1, as well as, other locations including the
C-terminal 10 kDa region, that is not predicted to be luminal or transmembrane. Since
the mutation in the C-terminus induced aberrant DMV formation, this would suggest that
the nsp4 C-terminus also is involved in DMV formation or stability after formation. We
previously have demonstrated the nsp4 C-terminal 10 kDa portion of the protein is
dispensable for viral replication in culture (Sparks et al., 2007). The crystal structure of
the C-terminus of nsp4 for MHV A59 and Feline CoV have been determined and are
structurally conserved (Manolaridis et al., 2009; Xu et al., 2009). The N479S residue
maps to a surface exposed loop in the MHV A59 C-terminus crystal structure (Figure
IV.11). The DMV morphology phenotype was the same between N479S and DGM-
N479S, even though the viruses exhibit differences in replication kinetics (Figure IV .4
and Figure IV.5). This suggests that even mutations that do not effect viral replication can
alter DMV morphology and numbers. Our data, in combination with other studies

suggests that DMV presence and not morphology is critical for efficient viral replication

(Lundin et al., 2014; Prentice, 2003).

74



Figure IV.11: Structure of the MHV-nsp4 C-terminus.
The crystal structure of the c-terminus of MHV-nsp4 is shown (PDB:3VC8). N-terminal
portion of the protein is blue and the C-terminus is in red. Highlighted in pink is the N479
residue that is located in a surface exposed loop.
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Membrane modifications and virus fitness

All published studies to date are similar in demonstrating that disruption of
“normal” DMV formation is not necessarily lethal to virus replication, and likely
represents an evolutionarily optimized process for maximum organization of replication
components (Al-Mulla et al., 2014; Gadlage et al., 2009; Lundin et al., 2014; Prentice,
2003). However, the directly attributable role of DM Vs in virus replication and fitness
has recently been called into question by a study by Al-Mulla et al. which used
temperature-sensitive (ts) mutants in multiple replicase proteins to study the relationship
of DMV size and number to virus fitness (Al-Mulla et al., 2014). In our study, we tested
whether mutations within nsp4, one of the proteins directly involved in DMV formation
and stability, affect DMV morphology and viral fitness. Our results support the
conclusions of Al-Mulla ef al. by demonstrating that alterations in DMV morphology and
total numbers are not associated with a fitness cost compared to WT virus (WT versus
N258T or N479S; Figure IV.10). Previously we observed that mutation of the nsp4
glycosylation sites alter DMV morphology and the current study extends the result by
demonstrating that loss of nsp4 glycosylation is associated with a substantial fitness cost.
We cannot conclude that the decreased fitness is due to changes in DMV morphology or
numbers because mutations across nsp4 that do not alter virus fitness cause aberrant
DMVs and decreased numbers regardless of location.

The relationship DM Vs to viral replication remains complex. Multiple mutations
in nsp4, particularly loop 1, have significant affects on viral replication. Additionally, a
small molecule inhibitor was identified that prevents coronavirus DMV formation likely

by targeting nsp6 (Lundin et al., 2014). The inhibitor profoundly knocked down virus
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replication demonstrating that DM Vs are linked to virus replication. The mechanisms of
DMV formation and how the small molecule inhibits DMV formation remain unknown.
Understanding how viruses induce membrane modifications and form replication
complexes will help better design antivirals to target this process. This work emphasizes
the role of nsp4 loop 1 in the proper formation of DMV’ and identifies nsp4

glycosylation as putative targets for antiviral therapy.
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CHAPTER V: CORONAVIRUS NSP4 IS PRESENT AS NSP4-5 AND NSP4-NSP5-

NSP6 POLYPROTEIN INTERMEDIATES

Introduction

CoV genomes, which are 26-32kb in length, encode two replicase ORFS 1a and
1b which are translated into the polyproteins 1a and 1ab and incorporate nonstructural
proteins 1-16 (nsps 1-16) (Figure V.1). The replicase polyproteins are cleaved by virus-
encoded proteases within nsp3 (PLP1/2) and nsp5 (3CLpro). The nsp5 protease is
responsible for 11 cleavage events that liberate nsp4 through nsp16 (Y. Lu et al., 1995).
Biochemical studies have demonstrated that nspS requires dimerization for activity. To
form a mature dimer, nsp5 must be cleaved from the polyprotein (S. Chen et al., 2007;
Shi et al., 2008). Based on in vitro data, it is predicted that nsp5 autocleaves from the
polyprotein first (S. Chen et al., 2010), which would result in mature nsp4, nsp5, and
potential nsp6-nsp10/nsp16 precursors. Nsp5 exists as two known polyprotein precursors,
nsp4-10 (p150) and nsp7-10 (Deming et al., 2007; Kanjanahaluethai and Baker, 2001).

While preforming immunoprecipitation experiments described in Chapter 1V, 1
identified two bands, in addition to nsp4, that migrated differently in the presence of
EndoH. Experiments described in this chapter are aimed at the identification of the
68kDa and 88kDA bands as an nsp4-nsp5 and an nsp4-nsp5-nsp6 precursors,
respectively. I performed all experiments described in this chapter.

Results
Nsp4 is glycosylated in intermediate processed polyprotein precursors.
MHYV nsp4 exists in a nsp4-10 precursor (Kanjanahaluethai and Baker, 2001).

Proteolytic cleavage between nsp4 and nsp5 has been proposed to be the first nsp5-
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mediated processing event, arguing that nsp4 exists only as an nsp4-10 precursor or
mature nsp4 (S. Chen et al., 2010; Kanjanahaluethai and Baker, 2001). Since nsp4 likely
interacts with nsp3 and nsp6, we sought to determine whether nsp4 is present in other
intermediate forms, and whether nsp4 is inserted in the ER lumen before, during, or after
processing from the polyprotein. To answer this question, we determined the
glycosylation state of nsp4 in cells infected with WT MHV-AS59 and with engineered
mutants lacking both the N176 and N237 glycosylation sites (referred to as Double
Glycosylation Mutants or DGM) (Gadlage et al., 2009) by the mobility shift associated
with loss of glycosylation following treatment with endoglycosidase H (EndoH) (Figure
V.2). As previously reported, mature WT nsp4 showed a large mobility shift when treated
with EndoH, consistent with the loss of two N-linked glycans (Gadlage et al., 2009). In
contrast, both EndoH-treated and -untreated DGM nsp4 migrated with a similar mobility,
suggesting no change in glycosylation status following EndoH treatment. In addition to
mature nsp4 and the nsp4-10 precursor, two previously unknown proteins were detected
by nsp4-specific antibodies (Figure V.2A). The first band that was identified shifted from
68kDa to 62kDa in the presence of EndoH in WT-infected cells. This band migrated at
62kDa for DGM-infected cell lysates in both the presence and absence of EndoH. Both
the lack of a mobility shift following EndoH treatment of the DGM lysates and the

apparent molecular weight of 68kDa
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Figure V.1: CoV genome organization and polyprotein processing.
Schematic of the MHV genome. The MHV genome contains seven genes. The replicase
gene encodes 16 nonstructural proteins that are translated into a large polyprotein that is
cleaved by the virally encoded proteases, nsp3 and nsp5. Below are the two known
polyprotein precursors, nsp4-10 and nsp7-10.
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suggested that this band was an nsp4-5 precursor. To test this, we immunoprecipitated
proteins with antibodies specific to nsp5 in the presence and absence of EndoH, resulting
in detection of both the 68 and 62kDa bands (Figure V.2B), confirming that the 68kDa
protein represents a previously unidentified nsp4-5 precursor protein. Additionally, nsp4-
and nsp5-specific antibodies detected a protein in WT-infected cells that migrated at 88
kDa but shifted to 81 kDa in the presence of EndoH, consistent with an nsp4-5-6
precursor. Though nsp6-specific antibodies were not available to directly test this, there is
no other possible combination of proteins containing both nsp4-5 that could account for
this protein size. Both nsp4- and nsp5-specific antibodies consistently detected a visible
mobility shift of the known 150 kDa nsp4-10 precursor band in WT-infected cells treated
with EndoH. In agreement with the inclusion of nsp4 in the nsp4-5 and nsp4-5-6
precursors, EndoH treatment of immunoprecipitated proteins following infection with
DGM did not result in a mobility shift. Collectively, these data demonstrate that nsp4 is
glycosylated as a polyprotein precursor and suggest that the nsp4-10 precursor is inserted
into ER lumen before polyprotein processing. These data also demonstrate that
subsequent processing results in both nsp4-5-6 and nsp4-5 intermediates, in addition to
mature nsp4. These results also differ from in vitro biochemical assays by showing that in
the context of virus infection, the cleavage at nsp4-5 cleavage site is not always the first
activity of nsp5 (S. Chen et al., 2010). Our results are the first to suggest that nspS may

be functioning as a precursor still linked to membrane inserted nsp4 and nsp6.
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Figure V.2.: CoV nsp4 exists as nsp4-5 and nsp4-5-6 precursors.
DBT cells were infected with indicated viruses at an MOI of 10 PFU/cell. At4 h p.i.,
cells were starved in -Met/-Cys DMEM and treated with ActD for 1 h before radiolabel
with [*>S]-Met/-Cys. At 7h p.i., lysates were harvested and immunoprecipitated with
antibodies specific for nsp4 (A) or nsp5 (B) in the presence or absence of EndoH.
Proteins were resolved by SDS-PAGE. n>2. The vertical line indicates where irrelevant
lanes were removed from the gel.
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HKU1 and OC43 nspS chimeras produces the nsp4-nspS and nsp4-nspS-nsp6
precursors
Previous studies by Chris Stobart, a former graduate student in the Denison lab,
demonstrated that HKU1 and OC43 nsp5 could be exchanged into the MHV background
virus instead of native MHV-nsp5. Those viruses, HS (MHV-HKU1-nsp5) and O5
(MHV-0OC43-nsp5) replicate similar to WT-MHV but have decrease competitive fitness
when compared to WT-MHYV (Stobart et al., 2013). To test whether these chimeric
viruses were capable of producing the nsp4-nsp5 and nsp4-nsp5-nsp6precursors, H5 and
05 were radiolabeled with [*°S]-met/-cys and immunoprecipitated with antibodies
specific for nsp4 (Figure V.2, last 4 lanes in A and last 2 lanes in B). When nsp4 was
immunoprecipitated, both the 68kDa and 88kDa bands were identified for both H5 and
O5. These bands shifted to a lower molecular weight in the presence of EndoH,
demonstrating that nsp4 glycosylation is intact. The antibody specific to MHV-nsp5 was
cross-reactive to the HKU1 nsp5 but not OC43 nsp5. As a result, I was unable to identify
precursors in the OS5 infected cells using the MHV nsp5 antibody. The MHV-nsp4
antibody did pull down the 68kDa precursor and the 88kDa precursor demonstrating the
H5 and OS5 proteases produce the same precursors as WT-MHV.
Discussion
Nsp4 intermediate precursors are inserted in membranes and glycosylated.
In our studies to analyze glycosylation mutants of nsp4 during replication, an

unexpected outcome was the detection of two, previously unknown nsp4 intermediate
precursors consistent with nsp4-nsp5 (nsp4-5) and nsp4-nsp5-nsp6 (nsp4-6). The use of

the glycosylation mutants and treatment with EndoH, along with immunoprecipitation by
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antibodies specific for nsp4 and nsp5, showed that in addition to previously identified
nsp4-10 (Kanjanahaluethai and Baker, 2001), nsp4 is detectable and glycosylated as a
precursor nsp4-5 and nsp4-5-6. EndoH treatment allowed for identification of these
precursors among a complicated pattern of immunoprecipitated proteins based on the
mobility shift. Glycosylation of these precursors, including nsp4-10 indicates that the
precursors are associated with the ER and that the nsp4 loop 1 is ER luminal. This is the
first virological data to confirm that the maturing polyprotein is inserted into membranes
cotranslationally. The results support the conclusion that nsp4 and nsp6 are inserted into
the ER or DMV membrane and nsp5, and nsp7-10 are cytoplasmic. The result does not
allow conclusions about whether this is occurring within or on the outside of DM Vs.
However, the early association of nsp4-10 would suggest the possibility of interactions of
the polyprotein with viral and cellular factors prior to formation and closure of DMVs.
Polyprotein processing order and timing

Our results also raise an interesting question regarding the order and timing of
processing of nsp4-10. The current model for nsp5-mediated cleavage, based on in vitro
studies, suggests that nsp5 autocleaves at the nsp4-5 cleavage site first. This cleavage
allows for dimerization of nsp5 which is required for subsequent cleavage events,
including the nsp5-nsp6 cleavage (S. Chen et al., 2010). This model suggests that nsp5
cleaves the nsp4-5 cleavage site first, the nsp5-6 cleavage site second, and then cleaves
subsequent sites. However, these studies were performed in vitro and not in the context of
a full-length polyprotein. Our identification of the nsp4-5 and nsp4-5-6 precursors
suggests that the order of cleavage may be different during infection. Our approach will

let us compare the pattern of processing with the timing of glycosylation to better
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understand how nsp5 functions during virus replication and possibly regulates protein

interactions involved in membrane modifications.
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CHAPTER VI: CHARGE-TO-ALANINE MUTAGENESIS OF MHV NSP3

Introduction

CoVs induce membrane modifications in order to establish replication complexes.
CoVs rearrange ER membranes to form a reticulovesicular network composed on double
membrane vesicles (DMVs) and convoluted membranes that are contiguous with the ER
through the outer membrane (Knoops et al., 2008a). The CoV genome encodes 16
replicase non-structural proteins (nsp1-16). Three of these proteins (nsp3, nsp4, and nsp6)
are integral membrane proteins (Baliji et al., 2009; Gosert et al., 2002; Oostra et al.,
2008; 2007; Sparks et al., 2007) are required for membrane rearrangements (Angelini et
al., 2013). Several studies have demonstrated that nsp4 is required for viral replication
and proper DMV formation (Gadlage et al., 2009; Sparks et al., 2007) (Chapter II, III,
IV). However, no study has analyzed mutations within nsp3 to identify residues critical
for DMV morphology. Nsp3 is a 210kDa multifunctional protein. It contains several
domains and activities including: papain-like protease domain(s), deubiquitinating
activity, ADP-ribose-1”-monophpsphatase activity, and a transmembrane domain
(Barretto et al., 2005; Ratia et al., 2006; Saikatendu et al., 2005). The topology of the
transmembrane domain has been determined in vitro and contains two regions that span
the membrane, forming one luminal loop with the N- and C-termini in the cytosol (Oostra
et al., 2007). The goal of the experiments in this chapter was to identify residues within
the nsp3 transmembrane domain critical for membrane modifications. Nicole Diggins
assisted in engineering the nsp3 mutations into the MHV B fragment. All virus

recoveries, experiments described, and data analyses were performed by me.
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Results
Nsp3 charge-to-alanine mutants exhibit delayed viral replication

Charged residues frequently mediate protein-protein interactions. Charge-to-
alanine mutagenesis of nsp4 identified residues within nsp4 that are important for viral
replication (Sparks et al., 2007) and DMV morphology (Beachboard et al., 2014). To
identify critical residues of nsp3 required for viral replication, the nsp3 transmembrane
domain sequence was analyzed for the presence of charged residues. Six charge-to-
alanine substitutions were introduced into the transmembrane domain region of nsp3
(Figure VI.1). Viruses were assembled using the MHYV reverse genetics system and
electroporated into baby hamster kidney (BHK) cells overlaid onto murine DBT cells.
Cells were monitored for cytopathic effect (syncytia formation) over at least 72 h. Five
viruses were recovered that contain mutations spanning the luminal loop and C-terminal
region of the transmembrane domain of nsp3. The virus that was unrecoverable was
attempted twice.

To determine the replication capacity of these mutant viruses, DBT cells were
infected at an MOI of 1 PFU/cell with the indicated viruses, supernatants were sampled
over 28 h, and titers were determined by plaque assay (Figure VI.2). WT virus began
exponential replication between 6 and 8 h p.i. and achieved peak viral titers at 12h p.i.
Each of the nsp3 mutants exhibited an approximate 2 h delay in exponential replication.
All viruses achieved peak viral titer at 16 h p.i. except D1507A which achieved peak
titers at 24 h p.i., approximately 12 later than WT. This delay in exponential replication is
a characteristic of several CoV mutants. Since nsp3 is involved in the induction of

membrane modifications required for replication complex formation, it is
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Figure VI.1: Nsp3 schematic and mutagenesis.

(A) Schematic of nsp3 with the domains labeled. The transmembrane domain of nsp3 is
zoomed with the predicted transmembranes shown in green. (B) Topology of nsp3
(Oostra et al., 2007) with the location of the nsp3 charge-to-alanine mutations shown in
yellow stars.
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Figure VI.2: Replication Kinetics of the nsp3 charge-to-alanine mutants.
DBT cells were infected with indicated viruses at an MOI of 1 PFU/cell. Supernatants
were sampled at indicated time points and titer was determined by plaque assay. Error
bars represent the SEM of three replicates plated in duplicate.
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Figure V1.3:Localization of nsp3.
DBT cells were infected with the indicated viruses at an MOI of 5 PFU/cells for § h.
Cells were fixed with MeOH and stained with antibodies specific to nsp3 and nsp8.
Yellow pixels in the merged images represent colocalization. Scale bar represents S0pm.



hypothesized that the delay in replication is due to delayed membrane modifications or
replication complex formation. However, additional experiments will need to be
performed to test this hypothesis.
Nsp3 mutants localize to the replication complex

To determine the localization of nsp3 in mutant virus-infected cells, DBT cells on
glass coverslips were mock infected or infected with WT, D1507A, R1552A, or R1609A
nsp3 viruses for 8 h at an MOI of 5 PFU/cell. Cells were then stained with antibodies
specific to nsp3 and nsp8 (a marker of the replication complex). Nsp3 and nsp8
extensively colocalize to cytosolic perinuclear foci in WT-infected cells (Figure VI.3).
Each of the nsp3 mutant viruses displayed extensive colocalization between nsp3 and
nsp8. These data suggest that nsp3 is appropriately localized to the replication complex.
Additionally, the level of expression of both nsp3 and nsp8 visually appear to be similar
between WT and mutant infected cells, suggesting that the expression of nsp3 at 8 h p.i.
is not altered.

Summary and Future Directions

These data demonstrate that charged residues of the transmembrane region of
nsp3 may be critical for timing of viral replication. Likely, mutations in nsp3 alter the
timing of DMV formation and subsequent RNA synthesis and virion release. However,
these mutations could effect other nsp3 functions through long-distance communication
networks. Our lab has identified a network of long-distance communication within the
nspS5 protease (Stobart et al., 2012). It would be necessary to test the effect of these
mutations on protease activity and ADP-ribose-1’-monophosphatase activity to determine

off-target effects of the mutations. The entire nsp3 protein is required to induce
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membrane modifications, suggesting that the N-terminal region of the protein is involved
and it is not just the transmembrane region. Since nsp3 is such a large protein and has
several enzymatic functions, it is possible that one of these upstream functions is critical
for interaction with host proteins that are required for DMV formation.

My work (Chapter IV) has demonstrated that mutation within nsp4 cause aberrant
DMV formation. Lundin et al. determined that mutations in nsp6 alter DMV morphology
(Lundin et al., 2014). It will be interesting to test these nsp3 mutant viruses and determine
whether mutations within the transmembrane domain region of nsp3 also alter total

number and morphology of DMVs.
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CHAPTER VII: VISUALIZING MERS-CORONAVIRUS

REPLICATION COMPLEXES

Introduction

In June 2012, Middle East respiratory syndrome coronavirus (MERS-CoV) was
isolated from a man with acute pneumonia and renal failure in Saudi Arabia (Zaki et al.,
2012). The number of MERS cases has increased to 835 with 301 deaths by October
2014 (WHO, 2014b). Most cases have occurred on the Arabian Peninsula, or are
associated with travel to the Middle East. MERS-CoV RNA has also been detected in
dromedary camels, Nycteris bats, Pipistrellus bats, and Taphozous bats (Annan et al.,
2013; Memish et al., 2013; Meyer et al., 2014; Reusken et al., 2013). Serological
evidence suggests that MERS-CoV has been circulating in camels since at least 1992
(Alagaili et al., 2014; Zaki et al., 2012). Person-person transmission of MERS-CoV has
also been confirmed, though at this time it is less communicable than Severe Acute
Respiratory Syndrome CoV (SARS-CoV). In addition, MERS-CoV has a higher case
fatality rate than that of SARS-CoV (WHO, 2014a). With two pandemics within a
decade, CoVs have proven their capacity to emerge as new human pathogens,
highlighting the necessity for understanding viral replication in order to design effective
therapeutics.

The MERS-CoV genome is organized similarly to all other CoV genomes (Figure
VIIL.1). The genome is approximately 30 kb with a 5° cap and 3’ poly A tail. The first two
thirds of the genome encodes the replicase gene, while the remainder encodes the
structural and accessory proteins (Scobey et al., 2013). Translation of the replicase gene

results in a large polyprotein that is proteolytically cleaved by two viral proteases, PLpro
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(nsp3) and 3CLpro (nsp5), to form 16 nonstructural proteins (nsp1-16) (Kilianski et al.,
2013). For other CoVs, like SARS-CoV and murine hepatitis virus (MHV), the replicase
proteins colocalize to punctate perinuclear foci that are associated with modified ER
membranes (Bost et al., 2000; Brockway et al., 2003; Gosert et al., 2002; Knoops et al.,
2008b; Snijder et al., 2006; Ulasli et al., 2010). MHV and SARS-CoV replication
complexes exclude most cellular markers but partially colocalize with the ER proteins
PDI and Sec61a (Knoops et al., 2009). The structural proteins localize to the ERGIC
where virus assembly occurs (Sims et al., 2000). It is not known whether MERS-CoV
replication complexes are similar to other CoV replication complexes.

The Denison lab generated antibodies that allow for testing of immune evasion,
viral inhibition and viral replication. Nspl has been shown to be involved in host mRNA
degradation, host translation shutoff, and inhibition of interferon signaling (Kamitani et
al., 2006; Narayanan et al., 2008; Wathelet et al., 2007; Ziist et al., 2007). Nsp5 is the
main viral protease that is responsible for 11 polyprotein cleavage events that are
required for the formation of mature proteins (X. Lu et al., 1996). Recently, nsp5 has
become a target for coronavirus inhibition (Agnihothram et al., 2014; Ghosh et al., 2008;
Kilianski et al., 2013). Nsp8 is a primase that has been extensively used as a marker for
the replication complex (Deming et al., 2007; Imbert et al., 2006). Nsp?9 is a single-
stranded RNA binding protein that is required for viral replication (Deming et al., 2007).

In this study, I sought to investigate the structure and formation of MERS-CoV
replication complexes. First, antibodies specific to MERS-CoV nspl, nspS5, nsp8 and
nsp9 were generated. The antibodies are specific for MERS-CoV antigen by

immunofluorescence. Further, the replicase proteins colocalize with one another at
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regions of the host cell cytoplasm that are enriched in ER membranes. Additionally, I
determined that the MERS-CoV nsp5 antibody cross-reacts with MHV antigen, the MHV
nsp10 antibody cross-reacts with MERS-CoV antigen, and the SARS-CoV nsp5 and nsp9
antibodies cross-react with MERS-CoV antigen. Because MERS-CoV has recently
emerged and has a high case fatality rate, it is important to better understand its
replication strategies such that they might be effectively targeted for therapeutic
intervention. Prior to the work described in this chapter, Clint Smih and Xiaotao Lu
generated MERS-CoV proteins, which were used to generate antibodies at Cocalico Inc.
Clint Smith and Michelle Becker performed all the MERS-CoV and SARS-CoV
infections and Megan Culler Freeman generated Figure VII.2. I performed all other
experiments and data analysis for this chapter.
Results
Detection of MERS-CoV replicase proteins by immunofluorescence.

In order to test the antibodies for use in immunofluorescence assays, WHO-Vero cells
on glass coverslips were mock infected or infected with MERS-CoV at an MOI of 1
PFU cell for 24h. Cells were then fixed in methanol and stained with pre-immune sera or
antibodies directed at nsp1, nsp5, nsp8, and nsp9 and imaged by widefield microscopy
(Figure VIIL.2). Widefield microscopy was used for these experiments such that the
background in the entire field could be discerned, instead of only the background within a
z-slice. Infected WHO-Vero cells stained with pre-immune sera or mock-infected cells
stained with immune sera demonstrated low-level, diffuse background fluorescence in all
cells. WHO-Vero cells infected with MERS-CoV and stained with antibodies directed

toward nspl, nsp5, nsp8, and nsp9 demonstrated a punctate cytoplasmic pattern
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Figure VII.1: MERS-CoV genome organization.
Genome organization of MERS-CoV. ORF1lab is translated into 16 nonstructural proteins
(nsp1-16). Proteins to which antibodies were generated are shown in grey.
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Figure VII.2: Specific labeling of MERS-CoV nsps.
WHO-Vero cells were mock-infected or infected with WT MERS-CoV at an MOI of 1
PFU/cell. At 24 h p.i. cells were fixed, stained with antibodies or pre-immune serum as
indicated (a-nspl, a-nsp5S, a-nsp8, or a-nsp9) and secondary antibodies labeled with
Alexa 546 and imaged by widefield microscopy. Nuclei are stained by DAPI. Scale bar
represents 20um. Images by Megan Culler Freeman.
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of localization that often formed a partial ring around the nucleus. Each of the antibodies
demonstrated very low background signal in contrast to the bright signal visualized in
infected cells. These data in combination with dot blots (Xiaotao Lu, unpublished)
demonstrate that the antibodies are specific to MERS-CoV proteins within infected cells.
MERS-CoV replication proteins localize foci proximal to ER membranes.
Having demonstrated that the localization of viral proteins was similar to MHV
and SARS-CoV, we next sought to determine whether MERS-CoV replicase proteins
colocalize with ER, Golgi, mitochondria or actin, co-immunostaining was performed
(Figure VII.3). First, in order to determine whether MERS-CoV replicase proteins
colocalize with ER markers, MERS-CoV infected cells on glass coverslips were co-
stained for each nsp and protein disulfide isomerase (PDI), an ER protein. All nsps
localized to regions of the cell that are in close proximity to ER membranes.
Additionally, both nsp8 and nsp9 demonstrate partial colocalization with PDI, similar to
SARS-CoV nsp3 (Knoops et al., 2009). Previous studies have demonstrated that some
nsps relocalize at late time points to the site of viral assembly (Bost et al., 2000), in order
to test whether MERS-CoV nsps localize to the Golgi, we tested co-localization of each

nsp with N-acetyl-D-glucosamine and sialic acid residues (WGA). Nsp foci were distinct

from the Golgi. These data demonstrate that at the time point tested, the replicase proteins
are distinct from the sites of virus assembly at the Golgi. Further testing will be need to
be performed in order to determine whether the replicase protein relocalize to the sites of
assembly and to confirm the ERGIC as the site of assembly.

Next, in order to determine whether other organelle markers were excluded from

replication complexes, we analyzed colocalization of the nsps with mitochondria using
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Figure VII.3: MERS-CoV nsps localizes to regions of the cell enriched in ER
membranes.
WHO-Vero or Vero cells were infected with WT MERS-CoV at an MOI of 1 PFU/cell.
At 24 h p.i. cells were fixed, stained with antibodies as indicated and secondary
antibodies labeled with Alexa 546 or 488. Cells were imaged by confocal microscopy.
Scale bar represents 20um.
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the mitochondrial protein, pyruvate dehydrogenase (PDH). Nspl, nsp5, and nsp9 show
no colocalization with PDH (Figure VII.3). There was partial colocalization of nsp8 and
mitochondria but it was only at the periphery of distinct foci, suggesting that the two
compartments may be in close proximity (Figure VII.3). Additionally, to test for
colocalization with the actin cytoskeleton, F-actin was labeled with phallodin. All nsp
foci were distinct from actin cytoskeleton. Collectively, these data suggest that MERS-
CoV forms replication complexes that are similar to other beta-CoVs.

Replicase proteins colocalize at perinuclear foci.

Huh7 cells form robust infection and distinctive CPE, including syncytia
formation. Colocalization of replicase proteins was determined in both WHO-Vero and
Huh7 cells. WHO-Vero or Huh7 cells were infected with MERS-CoV at an MOI of 0.1
PFU/cell for 24h. Cells were then stained with antibodies specific to MERS-CoVnsp8
and nspl (Figure VII.4), nsp5 (Figure VILS5), or nsp9 (Figure VII.6). Representative
images of both single nuclei cells and syncytia (Huh7 cells only) are shown for each
antibody. Nspl, nsp5 and nsp9 extensively colocalize with nsp8 at perinuclear foci in
both cell types and in single nuclei and multiple nuclei cells (Figure VII.4, Figure VIL.5,
and Figure VII.6). The staining pattern looked similar to what is seen for MHV- or
SARS-CoV- infected cells (Angelini et al., 2013; Bost et al., 2000; Brockway et al.,
2003; Gadlage et al., 2009; Knoops et al., 2008b; Sparks et al., 2007; van der Meer et al.,
1999). This suggests that MERS-CoV replication complexes are formed similar to those

of SARS-CoV and MHV.
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WHO-Vero

Huh7

Figure VIIL.4: Colocalization of nsp1 and nsp8.
WHO-Vero or Huh& cells were infected with MERS-CoV at an MOI of 1 PFU/cell for
24 h before fixation in methanol. Cells were then stained with antibodies specific to viral
nspl (red) and nsp8 (green). Scale bar represents 20 um.
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Huh7

Figure VILS: Colocalization of nsp5 and nsp8.
WHO-Vero or Huh& cells were infected with MERS-CoV at an MOI of 1 PFU/cell for
24 h before fixation in methanol. Cells were then stained with antibodies specific to viral
nsp5 (red) and nsp8 (green). Scale bar represents 20 um.
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Figure VIL.6: Colocalization of nsp8 and nsp9.

WHO-Vero or Huh& cells were infected with MERS-CoV at an MOI of 1 PFU/cell for
24 h before fixation in methanol. Cells were then stained with antibodies specific to viral
nsp9 (red) and nsp8 (green). Scale bar represents 20 um.
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Figure VIL.7: Cross-reactivity of MERS-CoV, SARS-CoV, and MHYV antibodies.
(A) DBT cells were infected with MHV-GFP-nsp2 at an MOI of 5 PFU/cell for 7h. Cells
were then fixed in methanol and stained with MERS-CoV nsp5 antibodies. (B) WHO-
Vero cells were infected with MERS-CoV at an MOI of 1 PFU/cell for 24h, followed by
fixation in methanol. Cells were then stained with antibodies directed MERS-CoV nsp8
(green) to identify infected cells and MHV or SARS-CoV proteins (red).
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MERS nspS5 antibody is cross-reactive with MHYV nspS

Next we sought to test whether the antibodies generated were cross-reactive with
SARS-CoV or MHV proteins. DBT cells were infected with MHV-GFP (Freeman et al.,
2014a) at an MOI of 5 PFU/cell for 6 h. Cells were fixed in methanol and stained with
antibodies specific to MERS-CoV nspl, nsp5, nsp8, and nsp9. For MHV-infected cells,
the nsp1l, nsp8, and nsp9 antibodies demonstrated no cross-reactivity with MHV proteins
(data not shown). However, the MERS-CoV-nsp5 antibody did cross react with MHV
nspS (Figure VIIL.7). The signal detected with the MERS-CoV nsp5 antibody extensively
co-localized with GFP-nsp2 at the MHYV replication complex. The results demonstrated
that MHV nsp5 can be detected by the MERS-CoV antibody.
SARS-CoV and MHYV protein antibodies cross-react with MERS-CoV infected cells

There are several MERS-CoV proteins that cannot be visualized because of lack
of reagents. In order to determine whether MHV or SARS-CoV antibodies cross react
with MERS-CoV proteins, WHO-Vero cells were infected with MERS-CoV at an MOI
of 1 PFU/cell for 24 h before fixation in methanol. Cells were then stained with
antibodies specific to SARS-CoV nspl, nsp2, nsp3, nsp4, nsp5, nsp8, nsp9, or nsp10 and
to MHV nspl, nsp2, nsp3, nsp4, nsp5, nsp8, nsp9, nsp10, or nsp12. Additionally, to
identify MERS-CoV replication complexes, cells were stained with the MERS-CoV
guinea pig nsp8 antibody. The majority of the antibodies were not cross-reactive with
MERS-CoV infected cells (data not shown); however, the MHV nsp5 and SARS-CoV
nspS and nsp9 antibodies cross-reacted with MERS-CoV infected cells (Figure VIIL.7).

The signal from the MHV or SARS-CoV antibodies extensively colocalize with MERS-
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CoV nsp8 labeled replication complexes. This demonstrates that MHV and SARS-CoV
nsp5S and SARS-CoV nsp9 antibodies are cross-reactive with MERS-CoV proteins.
Discussion

MERS-CoV is an important infectious agent with severe consequences to human
health (WHO, 2014a). In this work, I have tested these antbodies to determine that they
are highly specific and robust for use in immunofluorescence studies. MERS-CoV nsps
localize to punctate perinuclear foci, as is seen for other coronaviruses. Each nsp tested
colocalizes with nsp8, a marker of the replication complex. The nsps localize to cytosolic
areas that are enriched in ER membranes, but do not coloclalize with markers for actin,
the Golgi network, or mitochondria. Additionally, we have identified cross-reactive
MERS-CoV, SARS-CoV and MHYV antibodies.

MERS-CoV replication complexes

Previous studies have determined that all nsps tested localize to the replication
complex by immunofluorescence for both SARS-CoV and MHV (Bost et al., 2000;
Brockway et al., 2003; Gosert et al., 2002; Knoops et al., 2008b; Prentice et al., 2004;
Snijder et al., 2006; Ulasli et al., 2010). It has also been determined that cellular proteins
are excluded from the coronavirus replication complex. Studies have demonstrated partial
co-localization with PDI, Sec61a, LC3-I, OS-9 and EDEM-1 (Knoops et al., 2009;
Reggiori et al., 2010). We determined that MERS-CoV formed similar replication
complexes. Nsp3, nsp5, and nsp9 colocalize with nsp8 at perinuclear cytoplasmic foci
that are in close proximity to ER membranes. Colocalization at the replication complex
was tested in two cell types, WHO-Vero cells and Huh7 cells. The viral proteins formed

perinuclear foci in both cells types, although there appeared to be an increase in number
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of foci in Huh7 cells. This difference likely indicates an increase in the amount of viral
replication in these cells.
Cross-reactive antibodies

With the emergence of a new pathogen, there are few tools and reagents to study
the pathogen. We tested cross-reactivity of the antibodies to see whether our MHV and
SARS-CoV reagents can be used for studying MERS-CoV. This will also test the
conservation of protein structure. We found that the SARS-CoV nsp5 antibody is cross-
reactive for MERS-CoV. Additionally, the MERS-CoV nsp5 antibody is cross-reactive
with MHV nsp5, although the MHV nsp5 antibody did not recognize MERS-CoV nspS5.
MERS-CoV nsp5 have about 50% amino acid identity with both MHV and SARS-CoV
nsp5. Therefore, the capacity of these nsp5 antibodies to cross-react suggests that the
antibodies are recognizing a conserved structural feature of the protein rather than
specific sequences. Additionally the SARS-CoV nsp9 antibody cross-reacted with
MERS-CoV but the MERS-CoV nsp9 antibody was not cross-reactive. This suggests that
the MERS-CoV antibody may be recognizing specific amino acids that are not conserved
across the viruses or is binding to a unique region of MERS-CoV nsp9. Importantly, I
identified an MHV antibody that recognizes a MERS-CoV protein for which we currently
do not have antibodies. The MHV nsp10 antibody was cross-reactive for MERS-CoV,
which allows for the use of the antibody for studying MERS-nsp10. Nsp10 has been
demonstrated to act as a cofactor for the nsp14 exonuclease and the nsp16 2°-O-
methyltransferase. Therefore, the antibody could be used in studies of MERS-CoV

replication fidelity.
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Significance and utility.
I have demonstrated in this work that the antibodies generated against MERS-
CoV nonstructural proteins are specific and robust. Antibodies generated in this study
will be valuable resources for studying MERS-CoV evasion of the host immune

response, testing the efficacy of nsp5 inhibitors, and evaluating viral replication.
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CHAPTER VIII: SUMMARY AND FUTURE DIRECTIONS

Introduction

When I began working in the Denison lab, several things were known about nsp4
and its role in DMV formation. First, nsp4 is an integral membrane protein and the
topology of both MHV nsp4 and SARS-CoV nsp4 had been determined in vitro (Baliji et
al., 2009; Oostra et al., 2008; 2007). Next, it had been demonstrated that nsp4 was
required for MHV replication (Sparks et al., 2007). Several nsp4 mutants had been
identified with a range of replication phenotypes, from WT-like to a four-hour delay in
exponential replication with a 1000-fold reduction in peak viral yield (Sparks et al.,
2007). Additionally, we had determined that nsp4 was N-linked glycosylated at two
residues within loop 1 of the protein. Viruses containing mutations that disrupted the
glycosylation sites within nsp4 produced aberrant DM Vs, where the inner membrane of
the DMV appeared to have collapsed (Gadlage et al., 2009).

There were several unanswered questions at the time I began my research: 1) On
which membrane do replication complexes form within the DMV?, 2) How do DMVs
form and which viral proteins mediate this process?, 3) Is the in vitro topology accurate
in the context of a DMV?, 4) Is aberrant DMV formation specifically due to loss of nsp4
glycosylation?, and 5) Are aberrant DM Vs associated with a fitness cost to the virus?

My work has contributed to the understanding of these questions. First, Chapter V
of this dissertation strongly suggests that replication complexes form on the outer
membrane of the DMV. I determined that nsp4 is inserted into the membrane as a
polyprotein. Since the N- and C-termini of the membrane proteins are cytosolic, the

remainder of the replicase proteins localize to the cytosolic surface of the DMV.
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Additionally, the majority of DM Vs in the nsp4 mutant-infected cells are aberrant.
However, the virus still ultimately achieves WT-like viral yield and RNA synthesis
levels, suggesting that the replication complexes are intact and that the DMVs are
functional. If replication occurred on the inner membrane of the DMV, it is unlikely that
that the aberrant DMV would be functional. Second, Angelini et al. demonstrated that
nsp3, nsp4, and nsp6 are required for membrane modifications (Angelini et al., 2013).
Third, while we have not fully tested the topology of nsp4 during virus infection, we
know that loop 1 is luminal, consistent with in vitro data, since it becomes glycosylated
during infection. Fourth, I have determined that mutations across nsp4 result in aberrant
DMV formation. Additionally, viruses containing mutations within nsp6 produce
aberrant DM Vs (Lundin et al., 2014). Finally, there is not a fitness cost associated with
aberrant DMV or decreased total DMVs. However, there is a fitness cost associated with
the loss of nsp4 glycosylation.

Several questions still remain about the role of nsp4 in membrane modifications.
What is the mechanism of DMV formation? What is the mechanism of aberrant DMV
formation? Can coronavirus membrane modifications be targeted in vivo using small
molecule inhibitors? Future studies described here propose experiments to address these
questions.

Future Directions
Mechanism of DMV formation

Virus-induced membrane modifications have been studied extensively for several

positive-sense RNA viruses. The structures of the membrane modifications have been

determined though EM and electron tomography. These methods have identified two
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major types of membrane modifications. First, there are modifications that form
invaginations of host cytoplasmic membranes and are connected to the cytoplasm
through a pore, e.g. Flock House Virus (Kopek et al., 2012), Infectious Bronchitis Virus
(Maier et al., 2013), Semiliki forest virus (Spuul et al., 2010). Second, there are
membrane modifications that form closed vesicles with single or double lipid bilayers,
e.g. SARS-CoV (Knoops et al., 2008b), Poliovirus (Belov et al., 2011), and Hepatitis C
Virus (Romero-Brey et al., 2012). The viral proteins required for membrane
modifications have been identified by overexpression of individual or combinations of
viral proteins in cells. These experiments identified that nsp3, nsp4, and nsp6 are required
for coronavirus DMV formation (Angelini et al., 2013), NS4B is required for Hepatitis C
virus membranous web formation (Egger et al., 2002), and proteins 2C and 2BC are
required for Poliovirus vesicle formation (Cho et al., 1994). For some viruses, lipid and
protein constituents of the replication organelles have been identified.
Phosphatidylinositol-4-phosphate is enriched in Coxsackievirus B3, Poliovirus, and
Hepatitis C virus replication organelles and binds the polymerase of all three viruses (Hsu
et al., 2010). Tomato bushy stunt tombusvirus utilizes several endosomal sorting
complexes required for transport (ESCRT) proteins for the formation of its replication
complex (Barajas et al., 2009). LC3-I is required for MHV replication complexes
(Reggiori et al., 2010). However, the mechanism of how the membrane modifications are
formed is not well understood. Experiments described below will elucidate the

mechanism of DMV formation.
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Which host proteins are required for DMV formation?

Several studies have tried to determine host factors and pathways involved
coronavirus DMV formation. Autophagy (Maier and Britton, 2012; Prentice, 2003),
ERAD tuning (Bernasconi et al., 2012; Reggiori et al., 2010; 2011) and the secretory
pathway (Knoops et al., 2009) have been implicated based on colocalization of proteins
from these pathways with nsps and testing the effects of loss of the protein on viral
replication and DMV formation. This is a topic of debate within the field because
multiple studies have found different results based on the virus and experimental
approach. In order to identify the host factors required for membrane modifications, it
would be necessary to determine the lipid and protein composition of the DMVs. Our lab
has previously isolated DM Vs though ball-bearing homogenization and differential
centrifugation with GFP- nsp3 and DiD labeled vesicles (Sunny Lee, unpublished data).
Preliminary mass spectrometry data identified several cellular proteins that localize to the
DMV. Proteins identified need to be validated for their requirement in DMV formation
by depletion of the proteins and testing for viral replication and DMV formation and then
complementing the protein back to determine if that restores DMV formation. Lipids can
also be identified within these purified vesicles. This data could then be used in an in
vitro assay to identify the mechanism of DMV formation.

How do nsp3, nsp4, and nsp6 induce DMV formation?

In order to test the mechanism of membrane modifications, one would need an in
vitro system with giant unilamellar vesicles. The proteins could then be incorporated into
the giant unilamellar vesicles and assessed for the capacity to induce membrane curvature

and form DMVs. The cellular protein(s) identified above could also be used in the in
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vitro system to determine if the proteins play a direct role in membrane curvature and
DMV formation.
Where do replication complexes form on DMVs?

Previous work has determined that nsp2 is located on the cytosolic surface by
membrane protection assays using digitonin and proteinase K (Hagemeijer et al., 2010).
In order to test the localization of the C-terminus of nsp4 and the N-terminus of GFP-
nsp3 (MG3 virus) (Freeman et al., 2014a), one could perform digitonin and proteinase K
treatments assays. I anticipate that nsp3 and nsp4 localize to both membranes of the
DMYV and that there would be protein signal when cells were treated with digitonin and
proteinase K.

ImmunoEM studies have been limited in the capacity to identify where within a
DMV the replication complex forms. Because of the fixation methods required for
immunolabeling, the DMVs appear as hollow structures (Ulasli et al., 2010). We have
been able to identify whether or not proteins localize to DMV, but not to which
membrane surface they localize. Aberrant DM Vs may allow the resolution to identify
whether nsps localize to the inner or outer membrane of a DMV. Because the separation
of the membranes, we should be able to identify which proteins localize to the outer
membrane of the DMV and which proteins localize to the inner membrane. I would
anticipate that the replication complex forms on the cytosolic side of the outer membrane.
Based on the predicted topology of nsp3, nsp4, and nsp6, all the remaining proteins
should localized to the cytosolic surface. Additionally, this would maintain access to the
ribosome for translation. It is likely that the replication machinery forms a tight complex

at the membrane to prevent protein diffusion into the cytoplasm.
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Models of Coronavirus Aberrant DMV Formation

Hagemeijer et al. demonstrated that MHV nsp4 is involved in homotypic
interactions and heterotypic interactions with nsp3C (the C-terminal portion of nsp3
including the transmembrane region) and nsp6 (Hagemeijer et al., 2011). They also
demonstrated that co-expression of nsp3C and nsp4 resulted in re-localization of these
proteins to punctate foci. Since it has been demonstrated that nsp3 and nsp4 pair
membranes, it is likely that nsp3C and nsp4 interact across two lipid bilayers to maintain
them in close proximity and cause the re-localization of the proteins upon co-expression.
Currently, it is not known which domains of nsp3, nsp4, and nsp6 are required for their
interactions. It is also not known whether nsp3, nsp4, and nsp6 need to be in their mature
cleaved form to induce-membrane modifications or if the polyprotein precursors are
capable of inducing membrane modifications. Overall, there is very little knowledge of
how membrane modifications are initiated. However, we can model what happens based
on end points that have been determined experimentally.

Based on the single and co-expression experiments with SARS-CoV nsp3, nsp4,
and nspb, it is likely that nsp6 initiates vesicle formation. Since nsp3 and nsp4 pair
membranes, it is likely that these proteins make an otherwise single membrane vesicle
into a double membrane vesicle. I have generated three models for how aberrant DM Vs
form (Figure VIII.1). First, nsp4 could be degraded and not available at the DMV for
interactions that maintain the two lipid bilayers in close proximity. In this model,
mutations within nsp4 would alter the confirmation of the protein in such a way that it
may activate the unfolded protein response or get degraded in some other manner.

However, immunofluorescence and immunoprecipitation data (Figure IV.7 and
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Figure VIII.1: Models for aberrant DMV formation.
(A) Model for the formation of normal DMVs. The replicase polyprotein is translated by
the ribosome into a large polyprotein that is inserted into the membrane and subsequently
cleaved by viral proteases to form mature proteins. Nsp3, nsp4, and nsp6 induce the
formation of DM Vs with two lipid bilayers in close proximity and convoluted
membranes. (B) The process begins the as described in A; however, nsp4 is no longer
capable of interacting across the lipid bilayer to maintain them in close proximity. (C)
The process begins as in A except nsp4 is rapidly degraded. Loss of nsp4 results in
decreased or lack of interactions to maintain the bilayers in close proximity. (D) The
process begins as in A but inner bilayer proteins aggregate and collapse the inner
membrane.
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Figure IV.5) suggests that the protein expression is similar between the nsp4 mutants and
WT. The second model involves equal expression of nsp4, however, nsp4 is no longer
capable to mediate interactions with nsp3 or another host or viral protein to pair the two
membranes of the DMV, resulting in collapse. In this model, DMVs would be initiated,
but nsp4 would not interact across the lipid bilayer and maintain the membrane in close
proximity. A third possible mechanism is that the proteins within the inner membrane on
the DMV aggregate and collapse the membrane. DM Vs would initiate similar to WT
DMVs, likely with nsp4 interacting with all the appropriate partners to pair the
membranes of the DMV. Then once formed, the proteins within the inner membrane
interact amongst themselves, likely though the N- or C-termini for clustering and then via
loops to mediate collapse. It is also possible that these proposed models are acting in
concert, where the mutations alter the confirmation in a way that disrupts membrane-
pairing interactions and causes the protein to be degraded at a faster rate than normal and
then the remaining proteins interact through other regions of the protein causing
aggregation and membrane collapse. Additionally we cannot rule out the possibility that
mutations in nsp4 alter DMV maintenance rather than formation. Experiments described
below will test how aberrant DM Vs are formed.

Do mutant nsp4 protein interact with nsp3 or nsp6?

In order to test the model of whether mutations within nsp4 disrupt interactions
with nsp3, co-immunoprecipitations would need to be performed. This is difficult in
infected cells because the virus forms polyprotein precursors and numerous proteins are
pulled down by immunoprecipitation. Therefore, it would be best to test interactions in

vitro. In order to test for interactions, it is necessary to generate expression constructs of
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MHYV nsp3, nsp4, and nsp6. We have SARS-CoV nsp4 and nsp6 constructs that contain
C-terminal fusions to either HA or GFP in a modified pCAGGS plasmid (gift from Matt
Friedman) (Table VIII.1). Additionally, I received the SARS-CoV nsp3, nsp4, and nsp6
constructs from Michael Buchmeier’s lab (UC Irvine). The SARS-CoV nsp3 construct
has HA and biotin tags and nsp4 and nsp6 contain HA and FLAG tags. However, not all
the mutations I tested in MHV nsp4 were conserved in SARS-CoV; therefore, it is
necessary to test the mutations in the context of MHV. I have attempted to generate an
MHYV nsp4 construct. I used to constructs from Matt Friedman as a backbone, using
restriction enzymes to remove the insert and ligating in the MHV nsp4. I was able to
successfully engineer WT nsp4 and several mutant nsp4 proteins into the pPCAGGS
backbones with both GFP and HA (Table VIIL.2). However, I was never successful at
expressing these proteins. I tried at least two different transfection reagents
(lipofectamine and PEI) at several ratios of DNA: transfection reagent and over a time
course. This may be due to toxicity associated with the nsp4 protein. It would also be
important to clone the MHV nsp3 and nsp6 constructs in order to test the interactions.
The de Haan lab has contructs to express MHV nsp3 (c-terminal region), nsp4, and nsp6
using a recombinant Vaccinia virus encoding bacteriophage T7 RNA polymerase
expression system (Hagemeijer et al., 2011). It may be possible to acquire the expression
system from the de Haan lab; however, during my time in graduate school, they were
direct competitors. Additionally, the loop regions of nsp3, nsp4 and nsp6 could be tested
for interactions if the whole protein cannot be expressed.

Based on the EM quantification, it would be most interesting to test WT vs. WT,

WT vs. DGM-K85S, and DGM- K858 vs. DGM- K85S for homotypic interactions.

118



Specifically, I would test DGM- K85S because this mutant produced almost 90%
aberrant DMVs. Angelini et al. demonstrated that nsp3 and nsp4 pair membranes and
Hagemeijer ef al. demonstrated that coexpression of nsp3 and nsp4 results in their
relocization to foci suggesting interactions. Therefore, I would test whether the co-

expression of nsp3 with WT versus mutant nsp4 maintain the capacity to relocalize

Table VIII.1: Expression constructs for nsp3, nsp4, and nsp6.

Expression construct Virus background Source Expression*
pCAGGS-nsp4-HA SARS-CoV Frieman Yes
pCAGGS-nsp4-GFP SARS-CoV Frieman Yes
pCAGGS-nsp6-HA SARS-CoV Frieman Yes
pCAGGS-nsp6-GFP SARS-CoV Frieman Yes
pCAGGS-nsp3-biotin-HA SARS-CoV Buchmeier No
pCAGGS-nsp4-HA-FLAG SARS-CoV Buchmeier Yes
pCAGGS-nsp6-HA-FLAG SARS-CoV Buchmeier Yes

*In my hands.

Table VIII.2: MHYV nsp4 expression constructs.

Expression construct Tags
pCAGGS-MHV-nsp4 HA, GFP
pCAGGS-MHV-nsp4-DGM HA, GFP
pCAGGS-MHV-nsp4-E226A/E227A HA, GFP
pCAGGS-MHV-nsp4-DGM-K85S HA, GFP
pCAGGS-MHV-nsp4-DGM-N479S HA
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nsp3 and nsp4 into foci. If the mutant protein no longer relocalized with nsp3, it would
suggest that the two proteins could no longer interact and pair membranes. Cells co-
transfected with either mutant nsp4 and WT nsp3 or mutant nsp4 with WT nsp6 could be
harvested and tested for protein interactions by co-IP. I anticipate that the mutant nsp4
proteins will not interact with WT nsp3 and WT nsp6 or have reduced interactions.
Are Aberrant DMV functional?

Future studies will need to determine whether aberrant DM Vs are functional. My
RNA synthesis (Figure IV.6) and viral yield (Figure IV.5 and Figure IV.8) data suggest
that aberrant DM Vs are functional although this is indirect evidence. It is likely that the
aberrant DM Vs are functional since the DGM-K85S virus only produces 12% normal
DMVs and ultimately achieves WT-like titer. One could use Click-it technology with 5-
ethynyl uridine (EU) to directly label newly synthesized RNA. EU is incorporated into
the newly synthesized RNA and can then be detected using Click chemistry and azide-
derivitized fluorophores. Infected cells can then be immunostained for EU and nsp4, to
determine if all the nsp4 positive foci produce RNA. The de Haan lab has successfully
labeled MHV RNA using this system. They also tested colocalization of EU labeled RNA
with dsRNA, BrdU and several nsps to demonstrate that newly synthesized RNA are
labeled (Hagemeijer, 2012). If the nsp4 foci colocalize with EU labeling, it would suggest
that nsp4 positive vesicles produce viral RNA. Since recent reports have demonstrated
that membrane modifications can be antiviral targets, understanding how much
membrane derangement is required to prevent efficient viral replication will inform

inhibitor design.

120



Do nsp3 mutants produce aberrant DMVs?

A recent report has identified that two mutations within HCoV-229E-nsp6 result
in aberrant DM Vs similar to the ones we reported (Gadlage et al., 2009; Lundin et al.,
2014). This demonstrates that altering nsp4 or nsp6 results in aberrant DMVs. 1t is likely
that mutations within nsp3 also cause aberrant DMV formation. In Chapter VI of this
dissertation, I generated several nsp3 charge-to-alanine mutations within the
transmembrane region that could be tested for aberrant DMV formation. It has been
demonstrated that the entire nsp3 protein is required for DMV formation and that N-
terminal truncated forms of nsp3 cannot form DMVs (Angelini et al., 2013; Hagemeijer
et al., 2014). Therefore, it would be interesting to test mutations outside of the
transmembrane domain that do not impact the other functions of nsp3 for DMV
morphology. I would anticipate that mutations within N-terminal region and the
transmembrane domain of nsp3 would result in aberrant DMV formation.

Targeting membrane modifications for therapeutics

Recently, virus-induced membrane modifications have become targets for small
molecule inhibition. In the Hepatitis C virus field, this has been studied extensively and
daclatasvir is the lead compound. Studies have demonstrated that daclatasvir targets
NSS5A, a viral phosphoprotein that is necessary for membranous web formation (Lee et
al.,2011). The inhibitors block the hyperphosorylation of NS5A and disrupt the NS5A-
PI4KIIIo complex that is required for maintaining the appropriate concentrations of PI4P
and cholesterol within the membranous web (replication complex) (Reghellin et al.,
2014). In untreated cells, NS5A localizes to cytoplasmic foci that are scattered

throughout the cytoplasm. It is thought that NS5A inhibitors work by sequestering NS5A
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to lipid droplets or another location within the cytoplasm and preventing replication
complex formation (Reghellin et al., 2014; Targett-Adams et al., 2011).

A small molecule inhibitor (K22) was identified that targets coronavirus
membrane modifications. K22 reduced HCoV-229E replication 10,000-fold and when
EM was performed, there were no DMVs (Lundin et al., 2014). Additionally, K22
inhibited MHV, FCoV, SARS-CoV, IBV, and MERS-CoV by 2-5 log,, reductions, with
the greatest activity against MERS-CoV, FCoV and IBV. Resistance mutations in nsp6
produced aberrant DMV that decrease viral fitness. It would be important to test for
additional compounds that target CoV membrane modifications and test K22 in vivo.
Can membrane modifications be targeted in vivo?

Since K22 effectively inhibited SARS-CoV, it would be interesting to test for
efficacy in mice. There is a mouse-adapted SARS-CoV strain that has been used
extensively by the Baric lab (Day et al., 2009). Mice would be infected with the virus and
treated with K22 or vehicle control and monitored for weight loss as a correlate of
disease and then viral titers in the lung determined. I would anticipate that mice treated
with K22 would not show signs of weight loss and would have minimal replication
within the lung, resulting in decreased lung titers. It is possible that the virus will develop
resistance to the compound and may replicate; therefore, it would be necessary to
sequence the genomes or minimally the transmembrane proteins of virus isolated from
the lungs of K22 infected mice.

Are resistance mutants attenuated in vivo?
NspS5 is one of the main targets for coronavirus inhibition by small molecules.

Dang et al. reported resistance mutations to CE-5, a chloropyridyl ester that targets the
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nsp5 active site (Deng et al., 2014). When the resistance mutations were reengineered
into the isogenic background, the virus was attenuated in vivo. It would be interesting to
test the K22 resistance mutants in vivo for resistance and attenuation. I hypothesize that
the virus would be attenuated because it produces aberrant DMVs.
Significance and application of research

The recent emergence of two novel zoonotic CoVs highlights potential for CoVs
to emerge into the human population and cause significant disease. Currently there are no
known therapeutics or vaccines for coronaviruses. It is necessary to further understand
the determinants of viral replication in order to design therapeutics and vaccine
candidates. Recently, it has been demonstrated that small molecule compounds that block
membrane modifications inhibit both CoVs and Hepatitis C virus (Guedj et al., 2013; Lee
etal.,2011; Lundin et al., 2014; Targett-Adams et al., 2011). My work has contributed to
the understanding of how CoV membrane modifications can be altered and demonstrates
that inner membrane collapse is not enough to alter virus fitness. Small molecules will
need to be identified that alter the morphology of both membranes of the DMVs.
Additionally, it has not yet been tested how broadly reactive the membrane modification
inhibitors are against various viral families. Several viruses, including coronaviruses, use
ER membranes to form DMVs. The question remains if viruses use the same membrane
source to form similar membranous structures, would the same inhibitors be effective
against both viruses? Therefore, understanding how viruses induce membrane

modifications may lead to the design of broadly reactive antivirals.
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CHAPTER IX: MATERIALS AND METHODS

WT virus, cells and antibodies

Recombinant MHV A59 (GenBank accession number AY910861) virus was used
as a WT control viruses for all experiments. DGM, VUJS11 (K44A/D47A), VUJS17
(E226A/E227A) and N258T were previously described (Beachboard et al., 2013;
Gadlage et al., 2009; Sparks et al., 2007). Delayed brain tumor (DBT) cells and baby
hamster kidney (BHK) cells were grown in Dulbecco’s modified Eagle medium (DMEM;
Gibco) supplemented with 10% fetal bovine serum, 1% HEPES, 1%
penicillin/streptomycin and 0.1% Amphotericin B (complete DMEM). Media for the
BHK-MHYV receptor (MHVR) cells was supplemented with G418 (Mediatech) at
0.8mg/ml to maintain selection of MHVR. Rabbit polyclonal antibodies were used for
biochemical studies and immunofluorescence directed at the viral proteins, nsp3 (VU164)
(Graham et al., 2005), nsp4 (VU158) (Sparks et al., 2007), and nsp8 (VU123) (Bost et al.,
2001).

Mutagenesis

In order to introduce substitutions into nsp3 or nsp4, the MHYV reverse genetics
system was used. Briefly, the MHV genome is divided into seven plasmids, the
transmembrane domain of nsp3 is in pCR-XL-pSMART B and nsp4 spans two of these
plasmids (pCR-XL-pSMART B and pCR-XL-pSMART C). Nucleotides 8721 to 9555 of
the MHV-AS59 clone are located in fragment B, and nucleotides 9556-10208 are in
fragment C. Substitutions were introduced into the B or C fragment by PCR mutagenesis
using Quick Change (Stratagene), and the primers listed in (Table IX.1, Table IX.2, and

Table IX.3).
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Table IX.1: Mutagenesis primers for nsp4 E226X.

Primer name Sequence Template Purpose

E226D sense GGTTTATGTGACGAGGCCGAGG B Mutagenesis for E226D
E226D antisense CCTCGGCGTCCTCACATAAACC B Mutagenesis for E226D
E226G sense GGTTTATGTGGTGAGGCCGAGG B Mutagenesis for E226G
E226G antisense CCTCGGCCTCCCAACATAAACC B Mutagenesis for E226G
E226S sense GGTTTATGTTCCGAGGCCGAGG B Mutagenesis for E226S
E226S antisense CCTCGGCCTCGGAACATAAACC B Mutagenesis for E226S
E226V sense GGTTTATGTGTCGAGGCCGAGG B Mutagenesis for E226V
E226V antisense CCTCGGCCTCCAGACATAAACC B Mutagenesis for E226V

E226V mutagenesis resulted in the E226L substitution. E226G mutagenesis resulted in E226G and E226W.
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Table IX.2: Mutagenesis primers for Nx(S/T) mutants

Primer Name

Sequence

Purpose

K88S sense
K88S antisense
V129N sense
V129N antisense
Q1301 sense
Q130I antisense
C133N sense
C133N antisense
L155N sense
L155N antisense
V214N sense
V214N antisense
E355N sense
E355N antisense
N479S sense
N479S antisense

5'-CCGCAACTCTTTCGCTTGTCCTG-3'
5'-CAGGACAAGCGGAAGAGTTGCGG-3'
5'-CTACTGATAGCAACCAGTGTTACACGC-3'
5'-GCGTGTAACACTGGTTGCTATCAGTAG-3'
5'-CTACTGATAGCAACATATGTTACACGC-3'
5'-GCGTGTAACATATGTTGCTATCAGTAG-3'
5'-GATAGCGTGCAGAACTACACGCCAC-3'
5'-GTGGCGTGTAGTTCTGCACGCTAG-3'
5'-GTTGTCATCCAACTGTACTATGC-3'
5'-GCATAGTACAGTTGGATGACAAC-3'
5'-GTGCGTGTTAACCGCACTCGC-3'
5'-GCGAGTGCGGTTAACACGCAC-3'
5'-CAACACTTATATTCGAAGGG-3'
5'-CCCTTCGAATATAAGTGTTG-3'
5'-CATAATAATGGTTCCGATGTTCTC-3'
5'-GAGAACATCGGAACCATTATTATG-3'

Mutagenesis for NggSS
Mutagenesis for NggSS
Mutagenesis for N1,0QC
Mutagenesis for N1,0QC
Mutagenesis for N,IC
Mutagenesis for N,IC
Mutagenesis for N33 YT
Mutagenesis for N33 YT
Mutagenesis for N15sCT
Mutagenesis for N15sCT
Mutagenesis for N, s RT
Mutagenesis for N, s RT
Mutagenesis for N3ssIS
Mutagenesis for N3ssIS
Mutagenesis for N477GS
Mutagenesis for N477GS

Bold letters denote nucleotides used to introduce mutations and underlined letters denote amino

acid changes.
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Table IX.3: Mutagenesis primers for the nsp3 charge-to-alanine mutants.

Primer name

Sequence

Purpose

D1507A sense
D1507A antisense
E1528A sense
E1528A antisense
R1552A sense
R1552A antisense
DI1557A sense
DI1557A antisense
E1567A sense
E1567A antisense
R1609A sense
R1609A antisense

CCATCTGTGCGTTCTACCAG
CTGGTAGAACGCACAGATGG
GGTATGTGCCCTATGCTTCTC
GAGAAGCATAGGGCACATACC
GTAGATGCCCGTTTGTCCTTTG
CAAAGGACAAACGGGCATCTAC
GTTTGTCCTTTGCGTATATTAG
CTAATATACGCAAAGGACAAACG
GTAGTTGCCCTTGTAATCGG
CCGATTACAAGGGCAACTAC
GGAGTGCTGCCTTGTTTGTG
CACAAACAAGGCAGCACTCC

Mutagenesis for D1507A
Mutagenesis for D1507A
Mutagenesis for E1528A
Mutagenesis for E1528A
Mutagenesis for R1552A
Mutagenesis for R1552A
Mutagenesis for D1557A
Mutagenesis for D1557A
Mutagenesis for EI567A
Mutagenesis for E1567A
Mutagenesis for R1609A
Mutagenesis for R1609A

Bold is the codon change.

127



Changes to the manufacturer’s protocol include the use of PFU turbo and the following
PCR conditions: initial denaturation at 95°C for 2 min, followed by 16 cycles of
denaturation at 95°C for 30 sec, annealing at temperatures dependent on the primers for 1
min, and extension for 10 min at 72°C. All B and C fragment plasmids containing
mutations in nsp3 or nsp4 were sequenced to ensure that PCR amplification did not
introduce additional changes in the coding region.
Virus Recovery

Viruses containing the nsp3 or nsp4 mutations were generated using the reverse
genetics system for MHV-AS59 described by Yount ez al. (Yount et al., 2002) and
modified by Denison et al. (Denison et al., 2004) and Sparks ef al. (Sparks et al., 2007)
(Figure IX.1). The DGM-FFL virus was generated using fragments A and B from
previously published viruses, WT-FFL (Freeman et al., 2014a) and DGM (Gadlage et al.,
2009). Briefly, the MHV-A59 genome is divided into seven cDNA fragments, which
were digested using the appropriate restriction enzymes. These digested fragments were
then ligated at 16 °C overnight before the DNA was purified, in vitro transcribed and
electroporated into BHK-MHVR cells along with N gene transcripts. Electroporated cells
were co-cultured with DBT cells and incubated at 37 °C until cytopathic effects were
seen. The cytopathic effect see in MHV-infected cells is the formation of multinucleated
giant cells (syncytia formation). The virus produced from electroporated cells (passage 0
[PO]) was passaged onto uninfected DBT cells to generate a P1 stock virus that was used
for all experiments. The PO virus was sequenced across the nsp3 transmembrane domain,

FFL, or nsp4 gene to ensure that no additional mutations were present. If the in vitro
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Figure IX.1: MHYV reverse genetics system.
The RNA genome (1) is divided into seven cDNA fragments (2). To engineer mutant
viruses, the mutation (star) is introduced into the corresponding fragment. CDNA
fragments are digested with specific restriction enzymes (3) and ligated together (4). The
ligation product is then in vitro transcribed (5) and electroporated into permissive cells.

Virus can be harvested from the supernatant between 16- 48h post electroporation (7).
Adapted from J. Sparks.
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transcribed genome did not produce virus on the first attempt, virus assembly was

attempted at least two additional times.

Viral passage and isolation of biological revertants
E226A/E227A was passaged blindly seven times (P1-7). Cells were subjected to
one round of freeze thaw when they were at least 80% involved in syncytia and 25-100ul
of supernatant was used to infect cell for the subsequent passage. After seven passages,
viruses were titered by plaque assay and the area of 25 plaques per
passage was calculated using ImagelJ software (Schneider et al., 2014). Plaque assays
were performed on the P1-P3 viruses, as previously described (Kim et al., 1995). Then
plaques were isolated an resuspended in gel saline solution and amplified for viral stocks
as well as for sequencing.
RT-PCR and sequencing
Total intracellular RNA was isolated using TRIzol (Invitrogen) and the
manufacturer’s protocol. Viral RNA was then reverse transcribed using Superscript I11
(Invitrogen) and random hexamers (Roche). The FFL coding sequence with overlaps into
nspl and nsp2 was amplified using primers complementary to 596 to 613 (sense, nsp1l)
and 1867 to1883 (antisense, nsp2). The nsp4 coding sequences was amplified by PCR
using primers complementary to 8339 to 8335 (sense) and 10345 to 10361 (antisense).
The nsp3 transmembrane domain coding sequences was amplified by PCR using primers
complementary to 6698 to 6715 (sense) and 7737 to 754 (antisense). The FFL, nsp3, or
nsp4 amplicons generated were directly Sanger sequenced to analyze retention of the
engineered mutations and absence of additional mutations. For genome sequencing, 15

overlapping amplicons that span the complete genome were generated by PCR and
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sequenced directly using Sanger sequencing. Genome amplicons were aligned to the

parent virus using MacVector and analyzed for additional mutations.

qRT-PCR

Total intracellular RNA was extracted in TRIzol (Invitrogen) using the
manufacturers protocol. Viral RNA (1 pg) was then reverse transcribed using Superscript
I (Invitrogen) and random hexamers (Roche). qRT-PCR was performed as previously
described (Smith et al., 2013). Briefly, qPCR was performed on the RT product using the
Applied Biosciences 7500 Real-Time PCR System with Power SYBR Green PCR Master
Mix (Life Technologies). Values were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Viral replication Assay

DBT cells were infected with either WT or mutant viruses at an MOI of 1
PFU/cell and absorbed for 30 min. Cells were then washed twice with PBS, media was
replaced, and cells were incubated at 37°C. Supernatants were sampled from 30 min to 24
h post infection (p.i.) and viral titers were determined by plaque assay, as previously
described (Kim et al., 1995).

Radiolabel of viral proteins and protein immunoprecipitations

DBT cells were infected at an MOI of 10 PFU/cell or mock infected. At4 h p.i.,
the medium was replaced with DMEM that lacks cysteine and methionine and
supplemented with 20 pg/ml actinomycin D (ActD; Sigma). At 5 h p.i., [*°S]-
Methionine/-Cysteine ([358]—Met/—Cys) was added to the cells and monitored for CPE.
When cells were 90-100% involved in CPE, lysates were harvested in lysis buffer (1%

NP-40, 0.5% sodium deoxycholate, 150 mM NaCl, and 50 mM Tris, pH 8.0). Lysates
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were centrifuged at 6,000 x g for 3 min to remove nuclei. Viral proteins were
immunoprecipitated in a total volume of 1ml with 0.6 mg of Protein A-Sepharose beads
(Sigma), 200ul lysate, 1:200 dilution of polyclonal nsp4 antisera, and a protease inhibitor
cocktail (Roche) in lysis buffer. After an overnight incubation, immunoprecipitated
proteins were pelleted by centrifugation at 12,000 x g for 1 min. Protein-bead conjugates
were then washed in low salt lysis buffer (lysis buffer with 150mM NaCl), high salt lysis
buffer (Lysis buffer with IM NaCl) and low salt lysis buffer. Samples were then
resuspended in 2x SDS protein sample buffer, heated to 70°C for 10 min. For
Endoglycosidase H (EndoH; Sigma) treatment, EndoH was added to the supernatant
according to manufacturer’s protocol and incubated at 37°C for 3h. Proteins were
resolved by SDS-PAGE gel electrophoresis on 4-12% Bis-Tris polyacrylamide gels
(Invitrogen) and imaged by autoradiography. A full range rainbow ladder (GE
Healthcare) and *C ladder (PerkinElmer LAS) were used as molecular weight standards.
MHYV mutants immunofluorescence assay

DBT cells on glass coverslips were mock-infected or infected with WT or nsp4
mutant viruses. At 7 h p.i., medium was aspirated and cells were fixed in 100% methanol
at -20°C. Cells were then rehydrated in PBS for 10 min and blocked in PBS containing
5% bovine serum albumin. For indirect immunofluorescence, cell were incubated with
nsp3 or nsp4 in wash solution (1% bovine serum albumin and 0.05% NP40 in PBS)
containing 2% normal goat serum for 45 min. Cells were then washed 3 times for 5 min
each in wash solution. Cells were then incubated with goat anti-rabbit Alexa 488 at
1:1000 for 30 min at room temperature. Anti-nsp8 directly conjugated to Alexa-546 was

used for direct immunofluorescence, as previously described (Gadlage et al., 2009). Cells
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were incubated with anti-nsp8 at 1:200 dilution for 30 min at room temperature. Cells
were then washed three times in wash solution for 5 min each before a final wash in PBS
for 30 min. PBS was then aspirated and replaced with distilled water. Coverslips were
mounted to glass slides using aquapolymount (Polysciences) and visualized using a Ziess
LSM 510 META Inverted confocal microscope with a 40X oil immersion lens. Images
were merged and processed using Adobe Photoshop CSS5.
MERS-CoV immunofluorescence

WHO-Vero cells grown to 60% confluency on 12-mm glass coverslips were
infected with MERS-CoV at an MOI of 1 PFU/cell for the time designated. Viral studies
with MERS-CoV were preformed in a BSL-3 laboratory using protocols reviewed and
approved by the Institutional Biosafety Committee of Vanderbilt University and the
Centers for Disease Control for the safe study and maintenance of MERS-CoV. Medium
was aspirated from cells, and cells were fixed and permeablized in methanol at -20°C
overnight. Materials were removed from the BSL-3 in accordance with established
protocols. Staining was performed as described above. MERS-CoV a-nsp1, nsp5, nsp8,
and nsp9 were used at a 1:250 dilution. Goat a-rabbit, mouse, or guinea pig-AlexaFluors
488 (1:1000) or 546 (1:2000 Invitrogen Molecular Probes) were used as secondary
antibodies. For cellular markers, PDI and WGA were used at a 1:500 dilution and PDH
was used at a 1:1000 dilution and phallodin was used at a 1:40 dilution. Goat a-mouse
antibodies were used as secondary antibodies for PDI and PDH. Cells were visualized by
widefield immunofluoresnce microscopy on a Nikon Eclipse TE-2000S, or by confocal
immunofluorescence microscopy on a Zeiss LSM 510 laser scanning confocal

microscope at 488 and 543nm with a 40X oil immersion lens. Images were processed and

133



assembled using Nikon Elements, ImageJ, and Adobe Photoshop CS5 (12.0.4). All
images were processed side-by-side with mock images.
Cell viability assay

DBT cells were plated into 96-well plates at 1 x 10* cells/well. At 24h, cells were
treated with increasing concentrations of tunicamycin in 0.5% DMSO or cells were
treated with 0.5% DMSO for 24h. Cells were then processed for CellTiter-Glo using
manufacturers protocol. Briefly, the plate was equilibrated to room temperature for 30
min, and equal volume of CellTiter-Glo reagent was added for 2 min with shaking and 10
min without shaking and then luminescence was measure on the Veritas luminometer
(Turner BioSystems).

Luciferase reporter assay

DBT cells in 6-well plates were infected with WT, WT-FFL, or DGM-FFL at an
MOI of 1 PFU/cell and incubated at 37°C. At 40 min p.i., media was aspirated to remove
inoculum, cells were washed once with PBS, and supplemented with media. At time
points indicated, cells were lysed in Reporter Lysis Buffer (Promega), and subjected
frozen at -80°C. Following freeze-thaw, lysates were vortexed and centrifuged briefly at
top speed, and supernatants transferred to new tubes. To measure luciferase activity, 20
uL of lysate per sample was added to a well of an opaque 96-well plate. Plates were
loaded onto a Veritas luminometer (Turner BioSystems) and the automatic injector was
used to add 100 pl of reconstituted Luciferase Assay Reagent (Promega) to each well as

the samples were being read, 5 s per well, O s delay.

134



Optimization of transmission electron microscopy

In Chapter III, I sought to test the effects of the E226A/E227A mutations on
DMV formation. Due to low viral titers, I infected DBT cells at and MOI of 0.1 PFU/cell
with WT, the double glycosylation mutant (DGM) or E226A/E227A viruses (Figure
IX.2). At 6,9, and 12 h p.i., cells were fixed in 2% gluteraldehyde and processed for
TEM. Mock-infected cells have normal organelles. WT, DGM and E226A/E227A all
exhibited signs of infection, including membrane whirls and virion containing vesicles.
However, no DM Vs or convoluted membranes were visualized. It is possible that DM Vs
were not visualized because of the use of a low MOI.

Next, in order to optimize visualization of DM Vs by EM, an EM time course was
performed at a high MOI of 5 PFU/cell using WT virus (Figure IX.3). At4, 6 and 8 h p.i.,
WrT-infected cells displayed signs of infection, including swollen ER and Golgi complex,
DMVs, convoluted membranes, and virions often contained in vesicles. While DMV's and
convoluted membranes were present at all time points, they were best visualized at 8 h
p.i. I recommend based on these result concentrating low titer viruses to get an MOI of 5
PFU/cell for EM studies.

Transmission Electron Microscopy

DBT cells were mock infected or infected with WT or nsp4 glycosylation mutant
viruses at an MOI of 5 PFU/cell in 3 60-mm dishes per sample and incubated at 37°C. At
8 h p.i.,, medium was aspirated, and cells were washed once with PBS. The cells were
then fixed in 2% glutaraldehyde for 10 minutes, scraped off the dishes, and pelleted. The
initial 2% glutaraldehyde was aspirated, fresh 2% glutaraldehyde was added to the fixed

cells for 1 h, aspirated, and fresh glutaraldehyde was added to the fixed cells for
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overnight incubation at 4°C. Cells were washed three times in PBS, transferred to 1%
osmium tetroxide in diH,O for 1 h, and washed three times in diH,O. Cells were

stained en bloc in 1% aqueous uranyl acetate for 1 h, and washed three times in

diH,0. Dehydration of cells was carried out gradually using graded series of ethanol and
increasing the times each remained in solution, starting with 30%, followed by 50%,
70%, 95%, and finally absolute ethanol. Propylene oxide was used as a transitional
solvent to replace the dehydration solution. Cells were transferred to a 1:1 PolyEmbed
812:propylene oxide mixture for 1 hour and then placed in pure PolyEmbed 812 for four
exchanges over 36 hours. Pure resin specimens were then transferred into capsules
containing fresh resin and finally placed into an oven overnight to polymerize. Ultra-thin
serial sections (50-60 nm) from polymerized blocks were obtained using a Leica UCT
Ultracut microtome (Leica Microsystems, Vienna, Austria), transferred to formvar-coated
slot grids, and examined using a Phillips/FEI T-12 TEM (FEI Company, Hillsboro, OR)
equipped with an ATM XR41-S side mounted 2K x 2K CCD camera (Advanced
Microscopy Techniques Corp., Woburn, MA). DMVs were categorized as either normal
or aberrant (inner membrane appears collapsed). For statistical analysis, the area of
cytoplasm was calculated using ImageJ software (Schneider et al., 2014) and the number
of DMVs per area of cytoplasm was determined. The Kruskall-Wallis test was used to

determine statistical significance of DMV per area among the viruses.
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WT

DGM

E226A/E227A

Figure IX.2: EM of E226A/E227A infected cells.

(A) DBT cells were mock infected and fixed in 2% gluteraldehyde and processed for
TEM. (B) DBT cells were infected with WT, DGM or E226A/E227A at an MOI of 0.1
for indicated times and then fixed in 2% gluteraldehyde and processed for TEM. Scale
bars represent 500nm.
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Figure IX.3: EM time course.
DBT cells were mock infected or infected with WT virus at an MOI of 5 PFU/cell and
cells were fixed in 2% gluteraldehyde at 4, 6 or 8 h p.i. and processed for TEM. The scale
for all images is the same and the scale bar represents 500 nm.
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Coronavirus replicase nsp4 is critical for virus-induced membrane modifications. An nsp4 mutant
(N258T) of murine hepatitis virus (MHV) has been reported to be temperature-sensitive (ts) and to alter
membrane targeting. We engineered and recovered all four possible codon variants of N258T in the
cloned MHV-A59 background. All mutant viruses demonstrated impaired replication compared to
wildtype MHV, but no nsp4 N258T mutant virus was ts, and all variants colocalized with viral protein
markers for replication complexes, but not with markers for mitochondria. This study emphasizes that
complete genome sequencing may be necessary, even with directed and confirmed reverse genetic

© 2012 Elsevier Inc. All rights reserved.

The study

Coronaviruses, like other RNA viruses, induce modifications of
cytoplasmic membranes in order to form replication complexes, as
sites of viral RNA synthesis. Three of the coronavirus-encoded repli-
case non-structural proteins, nsps3, 4 and 6, contain membrane-
spanning domains and are thought to be essential for cytoplasmic
membrane modifications (Baliji et al., 2009; Imbert et al., 2008;
Kanjanahaluethai et al., 2007; Oostra et al., 2008). The topology of
nsp4 in membranes has been described and nsp4 has been shown to
localize to replication complexes (Gadlage et al., 2010; Hagemeijer
et al, 2011; Oostra et al, 2007). Mutations in nsp4 of murine
hepatitis virus (MHV) decrease viral RNA synthesis and viral growth,
and modification of glycosylation sites within the first luminal loop of
nsp4, alters the electron micrograph morphology of virus-induced
double-membrane vesicles (DMVs) (Gadlage et al, 2010; Sparks
et al., 2007).

Sawicki et al. analyzed a known temperature-sensitive(ts)
mutant of MHV, Alb ts6, by sequence and reversion analysis.
They identified within the nsp4 coding region an AAgs94T-to-A
Co404T nucleotide (nt) change resulting in an Asn258Thr (N258T)
substitution as the putative ts mutation (Sawicki et al., 2005;
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Medical Center, D6217 MCN, 1161 21st Avenue South, Nashville, TN 37232-
2581, USA. Fax: +1 615 343 9723.
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Sturman et al., 1987). Clementz et al. engineered the N258T
substitution in recombinant MHV using a two nt change
AATo9494-9495-t0-ACAga94-9405. The resulting virus, Alb ts6 icv,
was reported to be ts at 39.5°C, and to demonstrate altered
distribution of nsp4 in the infected cell, colocalizing with
protein markers for the mitochondria. It was concluded that
nsp4, and particularly residue N258, is important for membrane
localization (Clementz et al., 2008). Subsequently, Sparks et al.
(2008) sequenced an Alb ts6 isolate and found four non-
synonymous mutations in the complete genome sequence that
did not include the previously reported N258T substitution, but
instead identified a Val148Ala (V148A) substitution in nsp5
(3CLpro), which was ultimately confirmed by reverse genetics
and complete genome sequencing to be responsible for the ts
phenotype.

We sought to reconcile these disparate results, using our
established reverse genetic system (Yount et al., 2002) to engineer
N258Taca into the same wildtype (WT)-MHV-A59 isogenic back-
ground as reported by Clementz et al. (2008). The introduced
mutations would require a two nt change for primary reversion to
Asn (Fig. 1). The N258Taca virus was recovered at 30 °C and two
rounds of plaque purification were performed prior to expansion
and determination of the genome sequence from nt 10 to 31334 by
the di-deoxy (Sanger) approach. The AAT to ACA change was
confirmed and no other changes from the cloned isogenic genome
sequence were identified. In order to measure temperature sensi-
tivity, efficiency of plating (EOP) is calculated as the titer at the non-
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Fig. 1. Analysis of nsp4 N258T codon variant mutants of MHV. (A) Proposed topology of MHV nsp4: nsp4 has 4 membrane-spanning regions (TM1-4, black rectangles) and
three loop regions (loop 1-3). Previously reported mutations in loop 1 are indicated as the gray double-headed arrows (glycosylation sites) and a gray dot (E226A/E227A)
(Gadlage et al., 2010; Sparks et al., 2007). The N258T (AAT to ACX at nt positions 9493-9495) substitution is shown as a black dot. (B) Titers were determined by plaque
assay in DBT cells at 30 °C and 40 °C. EOP was calculated as the titer at 40 °C divided by the titer at 30 °C. Titers represent the average titer of two independent
experiments. ! Codon variant previously reported by Clementz et al. (2008), 2 Codon variant previously reported by Sawicki et al. (2005). (C) DBT cells were infected at an
MOI of 0.1 PFU/cell with the indicated viruses and incubated at 30 °C for 28 h and titers were determined by plaque assay. Error bars represent the standard error of the
mean of two independent plaque assays done in duplicate. (D) DBT cells were infected at an MOI of 0.1 PFU/cell with the indicated viruses and incubated at 30 °C with a
temperature shift to 40 °C at 6 h p.i. and titers were determined by plaque assay. Error bars represent the standard error of the mean of two independent plaque assays

done in duplicate.

permissive temperature (40 °C) divided by the titer at the permis-
sive temperature (30 °C). When WT and N258Taca viruses were
compared for EOP, N258Taca demonstrated an EOP similar to WT,
and without a ts phenotype (Fig. 1).

The finding that N258Taca was not ts by EOP lead us to the
questions: why our engineered mutant virus was different than
the one reported by Clementz et al.; whether there were addi-
tional changes in their virus that led to the observed phenotypes;
and if the phenotype was codon-specific . Therefore, we engi-
neered viruses containing the Tacc, Tacg and Tacr codon variants.
All three Thr258 codon variant viruses, N258Taca, N258Tacc, and
N258Tact, were recovered at 30 °C. Sanger sequencing of the
complete nsp4 domain confirmed the introduced mutations and
no additional mutations were identified.

All codon variant N258T viruses were tested for temperature-
sensitivity by plaque assay in murine DBT cells at the permissive
(30°C) and non-permissive (40 °C) temperatures and EOP was
calculated (Fig. 1). WT virus had an EOP of 0.79 demonstrating
that there is no growth impairment at 40 °C. As a ts control, the
EOP of nsp5 tsV148A, was performed in parallel and calculated to
be 1.4 x 10>, confirming the ts phenotype. All four codon variant
viruses had WT-like EOPs (0.52-2.10) indicating that they are not
impaired for growth at 40 °C, inconsistent with a ts phenotype
(Fig. 1). Because plaque growth and numbers are only a measure
of fitness and temperature sensitivity, we next compared growth
of the mutant viruses at 30 °C. DBT cells were infected at an MOI
of 0.1 PFU/cell and supernatant was sampled at 0.6, 2, 4, 6, 8, 10,
12, 16, 24, and 28 h p.i. for plaque assay (Fig. 1). At 30 °C, all four
codon mutants had indistinguishable growth characteristics and
achieved peak titers similar to WT at 28 h p.i. However, between
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8 and 24 h p.i, the codon mutant viruses exhibited a lag in
exponential growth with a 0.5 to 1 log 10 decrease in viral titers
during this phase, consistent with a stable replication defect and
likely decreased fitness compared with WT (Fig. 1).

We then tested growth following a temperature shift from
30 °C to 40 °C at 6 h p.i., with supernatants sampled at 0.6, 2, 4, 6,
8,10, 12, and 16 h p.i. WT virus growth kinetics demonstrated an
initial decrease in titer immediately following the temperature
shift, but recovered quickly, and achieved peak titers by 12 h p.i.
All four codon mutants grew indistinguishably from each other,
and achieved WT-like peak titers at 16 h p.i. Similar to growth at
30 °C, between 8 and 16 h p.i., the codon mutants exhibited a lag
in exponential growth and decreased viral titers compared to
WT (Fig. 1). These data demonstrate that while the N258T
substitution within nsp4 exhibited impairment in growth, it did
not confer temperature-sensitivity, contrary to what has been
previously reported.

The N258Taca virus reported by Clementz et al. (2008). was
concluded to have altered localization of nsp4 to mitochondrial
membranes at 39.5 °C. To determine the localization of our mutant
nsp4 proteins, DBT cells were infected with WT, N258Taca, N258Tacc,
N258Tacc, and N258Tacr on glass coverslips at an MOI of 5 PFU/cell
for 16 h at 30 °C or for 7 h at 40 °C (Fig. 2). Infected cells were then
fixed and permeabilized with methanol, immunostained with anti-
bodies specific to nsp4 and nsp8 or pyruvate dehydrogenase (PDH),
a mitochondrial matrix protein. Cells were imaged using a Zeiss
LSM510 confocal microscope.

At both 30 °C and 40 °C, for WT and all N258T codon substitu-
tions, nsp4 and nsp8 extensively colocalized to punctate peri-
nuclear foci (Fig. 2 and data not shown). In contrast, both WT and
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Fig. 2. (A) Nsp4 N258Txca codon variant localizes to the replication complex. DBT cells were infected at an MOI of 5 PFU/cell for 16 h at 30 °C or 7 h at 40 °C. Cells were
fixed in methanol, probed for nsp4 (red) and nsp8 (green) or PDH (green) and imaged on a Zeiss LSM510 confocal microscope. Yellow pixels represent colocalization of
overlapping red and green pixels. The scale bar in the bottom right corner of merged images represents 10 pm. (B) Pearson’s correlation coefficient was calculated for nsp4-
nsp8 or nsp4-PDH for both WT and N258Taca at 30 °C and 40 °C (n=5). Error bars represent standard deviation.

mutant viruses display non-colocalization of nsp4 and PDH. Nsp4
localized to punctate perinuclear foci, whereas PDH localized to
foci dispersed throughout the cytoplasm that were adjacent to
but distinct from nsp4 foci. Within the same fields of view, there
were infected cells that had not formed syncytia as well as
syncytial cells and the pattern of colocalization were consistent
between both sets of infected cells as well as within a z-stack .
In order to quantify colocalization, Pearson’s correlation coeffi-
cient was calculated using the JACoP plugin for Image] (Bolte and
Cordelieres, 2006; Schneider et al., 2012). To avoid bias, coloca-
lization was quantified for the entire field and the entire z-stack
of five images per condition. At both 30 °C and 40 °C, WT and
N258Taca nsp4 and nsp8 had Pearson’s correlation coefficients of
between 0.71 and 0.79, respectively, consistent with colocalization.
Nsp4 and PDH displayed Pearson’s correlation coefficients of 0.45
to 0.52 (p<.002), respectively, demonstrating non-colocalization
(Fig. 2). These results demonstrate that the nsp4 N258T substitution
did not result in altered localization of nsp4 to the mitochondria at
either 30 °C or 40 °C.

Conclusions

Our results demonstrate that the nsp4 N258T substitution is not
responsible for either the ts phenotype, or for the altered localiza-
tion of nsp4 to the mitochondria reported by Clementz et al.
Although the nsp4 N258T codon variant viruses were not ts, they
displayed decreased titers and delayed growth, demonstrating that
N258 or loop 1 of nsp4 is likely important for replication. Inter-
estingly, this residue is highly conserved among beta-corona-
viruses, including bovine coronavirus, human coronavirus 0C43
and SARS-CoV as an aspartic acid, with MHV being the exception.
The conservation of this residue suggests that it may be important.
Our lab has previously reported two nsp4 mutant viruses, with
mutations located in luminal loop 1. Nsp4 contains two glycosyla-
tion sites at N176 and N237 (Fig. 1), that when substituted with
alanine, demonstrate delayed growth and decreased viral titers
similar to those of nsp4 N258T, as well as altered DMV formation
(Gadlage et al., 2010). The nsp4 E226A/E227A mutant virus (Fig. 1)
is debilitated for growth and viral RNA synthesis (Sparks et al.,
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2007). Together, these mutations suggest that loop 1 of nsp4 is
important for viral replication, RNA synthesis, and formation
of DMVs.

We are unable to explain the results reported by Clementz
et al. because the virus was not available for direct comparison.
However, our EOP results were confirmed by the Baker lab (data
not shown). The reverse genetics system uses seven cDNA frag-
ments that are ligated for transcription of genomic RNA that is
then electroporated into cells for virus recovery. There is the
possibility that mutations arose during amplification or transcrip-
tion of the cloned fragments. Our lab and the Baker lab have the
same original source for the cDNA fragments. In order to account
for changes during amplification, we obtained all seven cDNA
fragments from the Baker lab and attempts to recover virus were
unsuccessful. We sequenced the cDNA fragment containing nsp4
and identified the N258Taca substitution, as well as a single
nucleotide deletion at nt 8582 that resulted in a possible stop
codon (UGA at nt 8644 to 8646). The virus reported by Clementz
et al. was difficult to recover (personal communication), leading
to the possibility of multiple adaptive changes. The virus was not
available for sequencing; therefore, we could not test for addi-
tional mutations. The experiments in this study were performed
in MHV-A59, and it is important to consider polymorphisms
within different strains of virus when analyzing the importance
of specific residues. The results of our study strongly suggest that
sequencing of the entire genome of mutant coronaviruses derived
from the reverse genetics approach may be necessary. Several
studies have documented mutations that arise during the process
of mutagenesis or propagation of cDNA clones, as well as adaptive
mutations that may occur in genes not thought to have any
relationship. We demonstrated that the original MHV infectious
clone had WT-like replication in culture, but was attenuated in vivo
(Sperry et al., 2005). Complete genome sequencing found mutations
in other fragments that arose during propagation of the clones that
were confirmed to be responsible for the attenuating phenotype.
Hurst et al. (2010) showed that impairment in MHV replication by
mutations in the nucleocapsid gene resulted in compensating
second-site mutations in the replicase protein nsp3. Thus corona-
viruses may have unexpected linked functions or epistatic relation-
ships that might be missed by partial sequencing. Fortunately, the
cost and time of genome sequencing is rapidly improving. Establish-
ment and availability of validated primer sets may allow for more
rapid sequencing in a 96 well format or by deep sequencing, further
reducing the cost and time associated with complete genome
analysis, and may identify novel and important new relationships
among coronavirus proteins.
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ABSTRACT

A common feature of infection by positive-sense RNA virus is the modification of host cell cytoplasmic membranes that serve as
sites of viral RNA synthesis. Coronaviruses induce double-membrane vesicles (DMVs), but the role of DMV in replication and
virus fitness remains unclear. Coronaviruses encode 16 nonstructural proteins (nsps), three of which, nsp3, nsp4, and nsp6, are
necessary and sufficient for DMV formation. It has been shown previously that mutations in murine hepatitis virus (MHV) nsp4
loop 1 that alter nsp4 glycosylation are associated with disrupted DMV formation and result in changes in virus replication and
RNA synthesis. However, it is not known whether DMV morphology or another function of nsp4 glycosylation is responsible for
effects on virus replication. In this study, we tested whether mutations across nsp4, both alone and in combination with muta-
tions that abolish nsp4 glycosylation, affected DMV formation, replication, and fitness. Residues in nsp4 distinct from glycosyla-
tion sites, particularly in the endoplasmic reticulum (ER) luminal loop 1, independently disrupted both the number and mor-
phology of DMVs and exacerbated DMV changes associated with loss of glycosylation. Mutations that altered DMV morphology
but not glycosylation did not affect virus fitness while viruses lacking nsp4 glycosylation exhibited a loss in fitness. The results
support the hypothesis that DMV morphology and numbers are not key determinants of virus fitness. The results also suggest
that nsp4 glycosylation serves roles in replication in addition to the organization and stability of MHV-induced double-mem-
brane vesicles.

IMPORTANCE

All positive-sense RNA viruses modify host cytoplasmic membranes for viral replication complex formation. Thus, defining the
mechanisms of virus-induced membrane modifications is essential for both understanding virus replication and development of
novel approaches to virus inhibition. Coronavirus-induced membrane ch include double- brane vesicles (DMVs) and
convoluted membranes. Three viral nonstructural proteins (nsps), nsp3, nsp4, and nsp6, are known to be required for DMV for-
mation. It is unknown how these proteins induce membrane modification or which regions of the proteins are involved in DMV
formation and stability. In this study, we show that mutations across nsp4 delay virus replication and disrupt DMV formation
and that loss of nsp4 glycosylation is associated with a substantial fitness cost. These results support a critical role for nsp4 in
DMV formation and virus fitness.

NA viruses modify host cytoplasmic membranes for the for-

mation of viral replication complexes (1-3). Coronaviruses
(CoVs) induce substantial membrane rearrangements, including
a reticulovesicular network composed of two types of membrane
modifications, double-membrane vesicles (DMVs) and convo-
luted membranes (CM). The reticulovesicular network is contig-
uous with the endoplasmic reticulum (ER) membranes and is the
site of viral RNA synthesis (4). CoV genomes, which are 27 to 32
kb, encode two replicase/transcriptase open reading frames
(ORES), orfla and orflb, which are translated into the polypro-
teins la and lab incorporating nonstructural proteins 1 to 16
(nsps 1 to 16). The replicase polyproteins are cleaved by virus-
encoded proteases within nsp3 (PLP1/2) and nsp5 (3CLpro). All
nsps tested to date have been shown to colocalize by immunoelec-
tron microscopy to DMVs and/or CM and by immunofluores-
cence at probable sites of viral RNA synthesis (4—11).

Nonstructural proteins 3, 4, and 6 are integral membrane pro-
teins, and the topology of these proteins has been determined in vitro
for both severe acute respiratory syndrome-CoV (SARS-CoV) and
murine hepatitis virus (MHV) (11-13). nsp3 contains two trans-
membrane domains, nsp4 contains four transmembrane domains,
and nsp6 contains six transmembrane domains (14-17). SARS-CoV
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nsp3, nsp4, and nsp6 are necessary and sufficient for double-mem-
brane vesicle formation. When expressed alone, nsp3 causes mem-
brane proliferation, and nsp6 induces single-membrane vesicles.
‘When coexpressed, nsp3 and nsp4 together have the capacity to pair
membranes; however, all three proteins are required for formation of
DMVs (3). Likely, interactions among these proteins mediate mem-
brane modifications. Hagemeijer et al. demonstrated by using immu-
noprecipitation and protein complementation assays that MHV
nsp4 forms homotypic and heterotypic interactions with the trans-
membrane domains of nsp3 and nsp6 (18). The region of nsp4 that
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TABLE 1 Primers used for alternate NXS/T mutagenesis

Primer name Sequence” Purpose

K85S sense 5'-CCGCAACTCTTTCGCTTGTCCTG-3' Mutagenesis for K858
K85S antisense 5'-CAGGACAAGCGGAAGAGTTGCGG-3' Mutagenesis for K855
P106N sense 5'-CTTATTTAATGTTAACACCACAGTTTTAAG-3' Mutagenesis for PI06N
P106N antisense 5'-CTTAAAACTGTGGTGTTAACATTAAATAAG-3' Mutagenesis for PI06N
V129N sense 5'-CTACTGATAGCAACCAGTGTTACACGC-3’ Mutagenesis for V129N

V129N antisense
Q130I sense
Q1301 antisense

C133N sense 5'-GATAGCGTGCAGAACTACACGCCAC-3'
C133N antisense 5'-GTGGCGTGTAGTTCTGCACGCTAG-3'
V214N sense 5'-GTGCGTGTTAACCGCACTCGC-3'
V214N antisense 5'-GCGAGTGCGGTTAACACGCAC-3'
E355N sense 5'-CAACACTTATATTCGAAGGG-3'

E355N antisense 5'-CCCTTCGAATATAAGTGTTG-3"

N479S sense 5'-CATAATAATGGTTCCGATGTTCTC-3'
N479S antisense 5'-GAGAACATCGGAACCATTATTATG-3’

5'-GCGTGTAACACTGGTTGCTATCAGTAG-3"
5'-CTACTGATAGCAACATATGTTACACGC-3'
5'-GCGTGTAACATATGTTGCTATCAGTAG-3'

Mutagenesis for V129N
Mutagenesis for Q1301

Mutagenesis for Q1301

Mutagenesis for C133N
Mutagenesis for C133N
Mutagenesis for V214N
Mutagenesis for V214N
Mutagenesis for E355N
Mutagenesis for E355N
Mutagenesis for N479S
Mutagenesis for N479S

“ Bold letters denote nucleotides used to introduce mutations.

interacts with nsp3 and nsp6, as well as the regions of these proteins
required for membrane modifications, remains unknown.

nsp4 contains four transmembrane domains and three loop
regions. Loops 1 and 3 are ER luminal, whereas loop 2 and the
N and C termini are cytosolic (13, 14). nsp4 is likely required
for replication, as demonstrated by the inability to recover a
virus with an nsp4 deletion (5). Deletion of transmembrane 4
(TM4) and truncation of the C terminus of nsp4 allow recovery
of viable mutants; however, these viruses have altered viral
replication and RNA synthesis (5). Additionally, charge-to-
alanine mutagenesis of nsp4 identified viral mutants having a
range of replicative capacities, ranging from wild-type (WT)-
like replication to delayed exponential replication with a
3-log,, reduction in peak viral titers (5).

MHYV nsp4 is N-linked glycosylated at two asparagine residues
(N176 and N237) within loop 1, as demonstrated by endo-B-N-
acetylglucosaminidase H (endo-H) sensitivity (1, 12, 13). Glyco-
sylation has many functions, including protein folding, sorting,
and trafficking (19). SARS-CoV nsp4 also has been demonstrated
to be glycosylated in vitro at an atypical glycosylation site, N,5,IC
(13). All coronavirus nsp4 proteins tested to date contain at least
one predicted glycosylation site; however, the location and num-
ber of the glycosylation sites vary (data not shown). Our lab
previously generated an MHV nsp4 mutant lacking both glyco-
sylation sites (N176A/N237A), referred to as the DGM (double-
glycosylation mutant). The DGM virus exhibited delayed expo-
nential replication and a reduction in RNA synthesis and formed
DMVs with aberrant morphologies (1). These observations sug-
gested a direct link between the capacity of the virus to induce
stable DM Vs and virus fitness. However, recently, the relationship
of DMV size and number to virus fitness has been questioned (20).
Since nsp4 is directly involved in DMV formation, we sought to
test the role of the DGM and other mutations across nsp4 on the
stability and number of DMVs. Additionally, we determined the
fitness of these viruses over multiple passages compared to wild-
type and the DGM viruses. Our data demonstrate that mutations
across nsp4 domains, in addition to glycosylation mutants, result
in alterations of DMV morphology and number and that loss of
nsp4 glycosylation is clearly associated with fitness cost when di-
rectly competed.

2 jviasm.org
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MATERIALS AND METHODS

WT virus, previously reported mutant viruses, cells, and antibodies.
Recombinant MHV A59 (GenBank accession number AY910861) virus
was used as a WT control virus for all experiments. The double-glyco-
sylation mutant (DGM; N176A/N237A), VUJS11 (K44A/DA7A), VUJS17
(E226A/E227A), and N258T viruses were previously described (1, 5, 21).
Delayed brain tumor (DBT) cells and baby hamster kidney (BHK) cells
were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco) sup-
plemented with 10% fetal bovine serum, 1% HEPES, 1% penicillin-strep-
tomycin, and 0.1% amphotericin B (complete DMEM). Medium for the
BHK-MHYV receptor (MHVR) cells was supplemented with G418 (Medi-
atech) at 0.8 mg/ml to maintain selection of MHVR. Rabbit polyclonal
antibodies were used for biochemical studies and immunofluorescence
directed at the viral protein, nsp4 (VU158) (5).

Mutagenesis. In order to introduce substitutions into nsp4, an MHV
reverse genetics system was used. Briefly, the MHV genome was divided
into seven plasmids, with nsp4 spanning two of these plasmids (pCR-XL-
PSMART B and pCR-XL-pSMART C). Nucleotides 8721 to 9555 of the
MHV A59 clone were located in fragment B, and nucleotides 9556 to
10208 were in fragment C. Substitutions were introduced into the B or C
fragment by PCR mutagenesis using the QuickChange method (Strat-
agene) and the primers listed in Table 1. Changes to the manufacturer’s
protocol include the use of Pfu Turbo and the following PCR conditions:
initial denaturation at 95°C for 2 min, followed by 16 cycles of denatur-
ation at 95°C for 30 s, annealing at temperatures dependent on the prim-
ers for 1 min, and extension for 10 min at 72°C. All B and C fragment
plasmids containing mutations in nsp4 were sequenced to ensure that
PCR amplification did not introduce additional changes in the coding
region.

Virus recovery. Viruses containing the nsp4 mutations were gener-
ated using a reverse genetics system for MHV A59 as described by Yount et
al. (22) and modified by Denison et al. (23) and Sparks et al. (5). Briefly,
the MHV A59 genome was divided into seven cDNA fragments, which
were digested using the appropriate restriction enzymes. These digested
fragments were then ligated at 16°C overnight before the DNA was puri-
fied, in vitro transcribed, and electroporated into BHK-MHVR cells along
with N gene transcripts. Electroporated cells were cocultured with DBT
cells and incubated at 37°C until cytopathic effects (CPE) were seen. The
cytopathic effect see in MHV-infected cells is the formation of multinu-
cleated giant cells (syncytium formation). The virus produced from elec-
troporated cells (passage 0 [P0]) was passaged onto uninfected DBT cells
to generate a P1 stock virus that was used for all experiments. The P1 virus
was sequenced across the region of the nsp3 to nsp6 genes to ensure that
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no additional mutations were present in the membrane proteins. If the in
vitro-transcribed genome did not produce virus on the first attempt, virus
assembly was attempted at least two additional times.

Reverse transcription-PCR (RT-PCR) and sequencing. Total intra-
cellular RNA was isolated using TRIzol (Invitrogen) and the manufactur-
er’s protocol. Viral RNA was then reverse transcribed using Superscript I11
(Invitrogen) and random hexamers (Roche). The coding sequences of
nsp3 through nsp6 were amplified by PCR to generate four amplicons
covering nucleotides 2389 to 13219. The amplicons generated were di-
rectly Sanger sequenced to analyze retention of the engineered mutations
and absence of additional mutations.

Viral replication assay. DBT cells were infected with either WT or
nsp4 mutant viruses at a multiplicity of infection (MOI) of 1 PFU/cell and
absorbed for 30 min. Cells were then washed twice with phosphate-buff-
ered saline (PBS), medium was replaced, and cells were incubated at 37°C.
Supernatants were sampled from 30 min to 24 h postinfection (p.i.), and
viral titers were determined by plaque assay, as previously described (24).

Radiolabeling of viral proteins and protein immunoprecipitation.
DBT cells were infected at an MOI of 10 PFU/cell or mock infected. At 4 h
p-i., the medium was replaced with DMEM lacking cysteine and methio-
nine and supplemented with 20 wg/ml actinomycin D (ActD; Sigma). At
5 h p.i., [**S]methionine/cysteine ([**S]Met-Cys) was added to the cells
and monitored for CPE. When cells were 90 to 100% involved in CPE,
lysates were harvested in lysis buffer (1% NP-40, 0.5% sodium deoxy-
cholate, 150 mM NaCl, and 50 mM Tris, pH 8.0). Lysates were immuno-
precipitated as previously described (1).

Immunofluorescence assay. DBT cells on glass coverslips were mock
infected or infected with WT or nsp4 mutant viruses. At 7 h p.i., medium
was aspirated, and cells were fixed in 100% methanol at —20°C. Cells were
then rehydrated in PBS for 10 min and blocked in PBS containing 5%
bovine serum albumin. For indirect immunofluorescence, cell were incu-
bated with nsp4 in wash solution (1% bovine serum albumin and 0.05%
NP-40 in PBS) containing 2% normal goat serum for 45 min. Cells were
then washed three times for 5 min each time in wash solution. Cells were
then incubated with goat anti-rabbit Alexa-488 at 1:1,000 for 30 min at
room temperature. Anti-nsp8 directly conjugated to Alexa-546 was used
for direct immunofluorescence, as previously described (1). Cells were
incubated with anti-nsp8 at a 1:200 dilution for 30 min at room temper-
ature. Cells were then washed three times in wash solution for 5 min each
before a final wash in PBS for 30 min. PBS was then aspirated and replaced
with distilled water. Coverslips were mounted to glass slides using Aqua-
Poly/Mount (Polysciences) and visualized using a Zeiss LSM 510 Meta
inverted confocal microscope with a 40X oil immersion lens. Images were
merged and processed using Adobe Photoshop CS5.

qRT-PCR. Total intracellular RNA was extracted in TRIzol (Invitro-
gen) using the manufacturer’s protocol. Viral RNA (1 pg) was then
reverse transcribed using Superscript III (Invitrogen) and random hex-
amers (Roche). Quantitative RT-PCR (qRT-PCR) was performed as pre-
viously described (25). Briefly, quantitative PCR (qPCR) was performed
on the RT product using an Applied Biosciences 7500 real-time PCR
system with Power SYBR green PCR master mix (Life Technologies). Val-
ues were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). A Kruskal-Wallis test was used to determine statistical differ-
ences between WT and mutant levels of RNA synthesis.

TEM. DBT cells were mock infected or infected with WT or nsp4
glycosylation mutant viruses at an MOI of 5 PFU/cell in three 60-mm
dishes per sample and incubated at 37°C. At 8 h p.i., medium was aspi-
rated, and cells were washed once with PBS. The cells were then fixed in
2% glutaraldehyde for 10 min, scraped off the dishes, and pelleted. The
initial 2% glutaraldehyde was aspirated, fresh 2% glutaraldehyde was
added to the fixed cells for 1 h and aspirated, and then fresh glutaralde-
hyde was added to the fixed cells for overnight incubation at 4°C. Cells
were washed three times in PBS, transferred to 1% osmium tetroxide in
distilled H,0O (diH,0) for 1 h, and washed three times in diH,0. Cells
were stained en blocin 1% aqueous uranyl acetate for 1 h and washed three
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times in diH,O. Dehydration of cells was carried out gradually using a
graded series of ethanol and increasing the times each sample remained in
solution, starting with 30%, followed by 50%, 70%, 95%, and finally ab-
solute ethanol. Propylene oxide was used as a transitional solvent to re-
place the dehydration solution. Cells were transferred to a 1:1 PolyEmbed
812-propylene oxide mixture for 1 h and then placed in pure PolyEmbed
812 for four exchanges over 36 h. Pure resin specimens were then trans-
ferred into capsules containing fresh resin and finally placed into an oven
overnight to polymerize. Ultrathin serial sections (50 to 60 nm) from
polymerized blocks were obtained using a Leica UCT ultracut microtome
(Leica Microsystems, Vienna, Austria), transferred to Formvar-coated
slot grids, and examined using a Phillips/FEI T-12 transmission electron
microscope (TEM; FEI Company, Hillsboro, OR) equipped with an ATM
XR41-S side-mounted charge-coupled-device (CCD) camera (2,000 by
2,000 pixels; Advanced Microscopy Techniques Corp., Woburn, MA).
For mock-infected cells, fields were chosen randomly. For virus-infected
cells, cells were imaged if there were signs of infection, which included
DMVs, convoluted membranes, and virions. DMVs were categorized as
either normal or aberrant (inner membrane appears collapsed). For sta-
tistical analysis, the area of cytoplasm was calculated using Image] soft-
ware (26), and the number of DMV per area of cytoplasm was deter-
mined. A Kruskal-Wallis test was used to determine statistical significance
of DMV per area among the viruses.

Competition assay. DBT cells were infected at a final MOI of 0.1
PFU/cell with the WT and DGM, with the DGM and DGM-K85S, and
with the DGM and N258T viruses at ratios of 1:1. Supernatants were
collected for passage, and total RNA was harvested in TRIzol. Superna-
tants were passaged three times. RNA extraction and RT-PCR were per-
formed as described above. The nsp4 amplicon electropherograms were
then analyzed using MacVector, version 13, to measure the area under the
curve for each mutation. Then for each virus pair, the percentage of virus
A nucleotides compared to virus B nucleotides was calculated. At least
three nucleotide positions per pair of viruses was analyzed and averaged to
calculate the final percentages. There were at least two biological replicates
for each competition.

RESULTS
Mutations across nsp4 impair DMV morphology and numbers.
In order to test whether nsp4 glycosylation regulates proper DMV
formation independent of its position in the protein, we engi-
neered mutations to introduce a glycosylation sequon, NX(S/T) at
different locations in the nsp4 DGM (double-glycosylation mu-
tant, N176A/N237A) background (Fig. 1). Two viruses were en-
gineered to insert predicted glycosylation sites from other corona-
viruses; V129N/Q1301 is the glycosylation sequon of SARS-CoV,
and N479S introduced the sequon present in both human CoV
(HCoV) OC43 and bovine CoV (BCoV). All other mutations were
inserted near highly conserved asparagine, serine, or threonine
residues to introduce new potential NX(S/T) sequons (Fig. 1).
Both strategies have successfully been used to introduce glyco-
sylation sites into proteins (27-30). We recovered three mutants
in the DGM background and one in the WT background; two
DGM viruses contained NX(S/T) mutations from other corona-
viruses (DGM-V129N/Q130I and DGM-N479S) one DGM virus
had a mutation that was introduced after a conserved asparagine
(DGM-K85S). Additionally, N479S was recovered in the WT nsp4
background. Recovered viruses were sequenced across the region
of nsp3 through nsp6 and contained no additional mutations.
Recovery of all other engineered genomes was attempted at least
three times with no signs of virus-induced CPE.

To determine whether the mutations that introduce potential
alternate glycosylation sequons restored proper DMV morphol-
ogy, murine delayed brain tumor (DBT) cells were infected with
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FIG 1 Engineering nsp4 mutants. (A) Proposed topology of nsp4: nsp4 has
four transmembrane regions (TM1 to TM4) and three loops (loop 1 to 3).
Mutations in nsp4 tested in this study are shown on the diagram. Red circles
represent nonviable mutations; green circles represent viable viruses that were
recovered in this study. The double-headed arrows represent native glycosyla-
tion sites within MHV nsp4. (B) nsp4 mutants were engineered with alternate
NX(S/T) sites (gray double-headed arrows) in the DGM background. The
locations of the introduced NX(S/T) sequons (gray double-headed arrows) are
shown. Viruses are identified with the introduced NX(S/T) site shown below
the designation. ¥, previously recovered viruses (1).

WT or nsp4 mutant viruses and analyzed for membrane changes
by TEM (Fig. 2). Mock-infected cells exhibited regular cellular
architecture and normal organelles. WT-infected cells displayed
swollen ER and Golgi compartments, as well as the presence of
several virus-induced structures, including DMVs, convoluted
membranes (CM), and vesicles containing newly formed virions
(Fig. 2). The DMVs in WT-infected cells had membranes contain-
ing two lipid bilayers in close proximity to one another. Similarly,
DGM-infected cells had swollen ER and Golgi compartments;
however, the DMVs were aberrant. Aberrant DM Vs in this study
are defined as vesicles having inner membranes that are separated
or collapsed away from the outer membrane. The degree of inner
membrane collapse varied; however, the majority of aberrant
DMV inner membranes were completely collapsed and appeared
as electron-dense structures at one side of the vesicles. This is in
contrast to the DMV artifacts with spiderweb-like content seen
with standard electron microscopy (EM) of SARS-CoV-infected
cells (7). Al DMVs considered normal in this study had both lipid
bilayers intact and contained no spiderweb-like contents. Each of
the viruses that contained engineered NX(S/T) sequons exhibited
aberrant DMV similar to the DGM virus. The numbers of normal
and aberrant DMVs were calculated for each virus. DGM-K85S-
and DGM-V129N/Q130I-infected cells produced increased num-
bers of aberrant DMV’ (88% and 78%, respectively) compared to
DGM (67%) (Fig. 2 and Table 2). Cells infected with DGM-N479S
and N479S viruses produced fewer aberrant DMVs (54% and
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53%, respectively) than DGM but more aberrant DM Vs than the
WT (37%). Next, the number of DMV per area of cytoplasm was
calculated to determine whether the differences in total numbers
of DMVs counted per sample corresponded to differences in total
numbers of DMVs (Fig. 2). DGM, DGM-K85S, and N479S had
significantly decreased numbers of DMVs compared to the WT
(Fig. 2I). The differences in total numbers of DMVs may be due to
direct effects of mutations in nsp4 or may reflect differences in the
degree of viral replication occurring. These data demonstrate that
inserting additional mutations within loop 1 of nsp4 exacerbates
the aberrant DMV formation associated with the DGM pheno-
type. Additionally, these data demonstrate that mutations within
the C terminus of nsp4 cause aberrant DMVs independent of
mutations within loop 1.

nsp4 NX(S/T) sequons do not complement defects in repli-
cation or nsp4 glycosylation. Next, we sought to determine
whether the viruses with aberrant DMVs were associated with
altered replication kinetics. DBT cells were mock infected or in-

fected with indicated viruses atan MOI of 1 PFU/cell. At indicated .

times, supernatants were sampled, and titers were determined by
plaque assay (Fig. 3). WT virus began exponential replication be-
tween 4 and 6 h p.i. and achieved a peak titer at 10 h p.i. The DGM
virus replicated with delayed kinetics, began exponential replica-
tion between 6 to 8 h p.i., and achieved a WT-like peak titer at 12
h p.i. N479S replicated indistinguishably from the WT, and the
DGM-K85S and DGM-N479S viruses replicated indistinguish-
ably from the parental DGM virus. The DGM-V129N/Q130I mu-
tant displayed delayed exponential replication and peak titer com-
pared with both the WT and the parental DGM viruses.

These data suggested that either glycosylation at alternate res-
idues did not complement the replication delay of DGM or that
these nsp4 proteins were not glycosylated. To determine the gly-
cosylation status of the mutant nsp4 proteins, virus-infected cells
were radiolabeled, and cell lysates were immunoprecipitated with
antibodies specific for nsp4, followed by treatment with endo-H
to remove N-linked glycans (Fig. 3). WT nsp4 migrated at 44 kDa
in the absence of endo-H and displayed a mobility shift to 39 kDa
following endo-H treatment, indicative of the removal of two gly-
cans, each with an expected mobility shift of 2.5 kDa. The N176A
virus was glycosylated at one site (42 kDa), and DGM lacked gly-
cosylation and migrated at 39 kDa. In contrast, all of the alternate
NX(S/T) mutant viruses in the DGM background migrated at 39
kDa regardless of endo-H treatment, indicating that the mutant
nsp4 proteins were not glycosylated. The N479S nsp4 protein mi-
grated at 44 kDa in the absence of endo-H and shifted to 39 kDa in
the presence of endo-H, demonstrating that this nsp4 protein is
glycosylated at the native glycosylation sites only. While we can
draw no conclusions from an inability to recover virus mutants,
we did observe that all recovered viruses failed to confer glyco-
sylation at the introduced sequon, whereas compared with a large
number of mutations that are tolerated in nsp4, several new
NX(S/T) sequons in loop 1 could not be recovered after multiple

attempts. The results led us to consider the possibility that se- .

quons capable of glycosylation may not be tolerated in loop 1.
nsp4 NX(S/T) mutants have WT-like RNA synthesis. Since
the differences in total DMV numbers demonstrated by EM may
reflect overall differences in viral replication, next we assessed the
RNA synthesis capacities of these viruses. DBT cells were infected
atan MOI of 1 PFU/cell for 10 h. Total cellular RNA was harvested
in TRIzol, and qRT-PCR was performed to amplify nsp10 and
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FIG 2 Electron microscopic analysis of alternate NX(S/T) sequon mutants. (A to F) DBT cells were mock infected (A) or infected with the WT (B), DGM (C),
DGM-K85S (D), DGM-V129N/Q130I (E), DGM-N479S (F), or N479S (G) virus at an MOI of 5 PFU/cell for 8 h before being fixed in 2% glutaraldehyde and
processed for TEM. Black arrowheads indicate normal DMVs; the white arrowheads indicate aberrant DMVs. CM, convoluted membranes; N, nucleus; M,
mitochondrion; E, endosome; VV, virions in vesicles; ER, endoplasmic reticulum. Scale bar, 500 nm. (H) Normal and aberrant DMVs were quantified for each
virus. Percentages are shown as indicated on the figure. The total number of DMVs analyzed is shown above each bar. (I) The numbers of DMVs per area of
cytoplasm were calculated and are shown on the graph. Each circle represents an individual field, and the bars show the means * standard deviations. Fields were
chosen based on the presence of signs of virus infection that included DMV, convoluted membranes, and virions. A Kruskal-Wallis test was used to analyze for
significant differences in numbers of DMV per area of cytoplasm. *, P = 0.008; **, P < 0.0001 (compared to the WT).

GAPDH. All viruses had RNA synthesis levels indistinguishable
from the WT level (Fig. 4). It is likely that, similar to the replica-
tion kinetics, if time points were taken, there would have been a
delay in RNA synthesis. These data suggest that the viruses have no
significant decrease in viral replication at 10 h p.i. and that aber-
rant DMV are capable of supporting RNA synthesis.

nsp4 NX(S/T) mutants localize to the replication complex. In
order to determine whether differences in total numbers of DMVs
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correspond to differences in replication complex formation and
overall protein levels, DBT cells on coverslips were infected with
the WT or the nsp4 NX(S/T) viruses at an MOI of 5 PFU/cell for
6.5 h (Fig. 5). Cells were then fixed in methanol and stained with
antibodies specific to nsp4 and nsp8, a marker for the replication
complex. In WT-infected cells, nsp4 and nsp8 colocalized at punc-
tate perinuclear foci. All mutant nsp4 proteins extensively colo-
calized with nsp8 at perinuclear foci. These data demonstrate that

jviasm.org 5

149



Beachboard et al.

TABLE 2 Quantification of normal and aberrant DMVs

No. of DMVs
Virus Total Normal Aberrant (% of total)
WT 623 393 230 (37)
DGM 198 65 133 (67)
DGM-K85S 344 40 304 (88)
DGM-V1291/Q130I 577 126 451 (78)
DGM- N479S 438 202 236 (54)
K44A/D47A 308 101 207 (67)
E226A/E227A 326 96 230 (71)
N258T 412 128 284 (69)
N479S 587 310 277 (53)

the NX(S/T) mutant nsp4 proteins localize to the replication com-
plex. Additionally, there is no apparent correlation between aber-
rant DMV formation and the level of replication complex forma-
tion or protein expression. Collectively, the RNA synthesis and
immunofluorescence data indicate that the difference in total
numbers of DMVs does not reflect overall replication or protein
expression within these infected cells.

Substitutions in nsp4 loop 1 alter replication kinetics and
DMV morphology independent from glycosylation status. Hav-
ing demonstrated that mutations in nsp4 loop 1 exacerbate the

>
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FIG 3 Replication kinetics and glycosylation of alternate NX(S/T) sequon
viruses. (A) DBT cells were infected with the indicated viruses at an MOI of 1
PFU/cell. Supernatants were sampled from 0 to 16 h p.i., and titers were de-
termined by plaque assay. Error bars represent the standard errors of the
means of three replicates plated in duplicate. (B) DBT cells were infected with
the indicated viruses at an MOT of 10 PFU/cell. At 4 h p.i,, cells were starved in
DMEM lacking Met and Cys and treated with ActD for 1 h before being radio-
labeled with [**S]Met-Cys. At 7 h p.i., lysates were harvested and immunopre-
cipitated with antibodies specific for nsp4 and treated in the presence or ab-
sence of endo-H. Proteins were resolved by SDS-PAGE (n = 2). DGM-VQ/NI,
DGM-VI129N/Q1301.
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2-(ACY)

FIG 4 RNA synthesis of nsp4 NX(S/T) mutants. DBT cells were infected with
the indicated viruses at an MOI of 1 PFU/cell for 10 h. Cells were then har-
vested in TRIzol, and genomic RNA was extracted. Genomic RNA levels were
determined by qRT-PCR using primers specific to Orfla. RNA levels were
normalized using the 2~ *“” (where Cy.is threshold cycle) method to endoge-
nous GAPDH expression. Mean values * standard errors of the means are
shown (1 = 3). RNA synthesis levels were not significantly different from the
WT level according to a Kruskal-Wallis test.

aberrant DMV morphology associated with the DGM phenotype,
we tested whether any mutation in nsp4 loop 1, independent of
glycosylation potential, impacted replication and DMV morphol-
ogy/numbers. nsp4 loop 1 mutants previously reported from our
lab were tested (Fig. 6); these consist of mutants K44A/D47A
(VUJS11), E226A/E227A (VUJS17), and N258T (5, 21). In con-
trast to WT MHV A59, all three mutant viruses exhibited a range
of replication defects. The N258T mutant was minimally delayed
but achieved WT-like titers, the K44A/D47A mutant was more
delayed in both exponential replication and peak titer, and the
E226A/E227A mutant showed a significant delay but achieved
WT-like peak titer (Fig. 6C). We then tested for the glycosylation
status of the mutant nsp4 proteins by radiolabeling and immuno-
precipitation. All nsp4 loop 1 mutant nsp4 proteins migrated at 44
kDa in the absence of endo-H and at 39 kDa in the presence of
endo-H. These results show that all tested nsp4 loop 1 mutants are
glycosylated at both native asparagine residues. Thus, the ob-
served replication defects were not due to changes in the glyco-
sylation status of the protein. Finally, we examined the DMV mor-
phology and numbers in mutant virus-infected cells (Fig. 7 and
Table 2). Similar to the N479S mutation alone, each of the nsp4
mutant virus-infected cells produced aberrant DMVs. The per-
centage of aberrant DMVs was calculated for each virus and
showed an increase compared to the WT level. All of the loop 1
mutant viruses produced numbers of aberrant DMVs similar to
level in the DGM mutant. Infection with K44A/D47A and E226A/
E227A also resulted in significantly fewer DMVs than infection
with WT virus. In contrast, N258T produced a similar number of
DMVs as the WT. Thus, our results indicate that in addition to
mutations that affect glycosylation of nsp4, substitutions at other
locations in nsp4 loop 1 result in altered DMV morphology.
Loss of nsp4 glycosylation results in decreased virus fitness.
We next tested the effect of nsp4 mutations on virus competitive
fitness. In order to test the fitness of nsp4 mutant viruses com-
pared to the WT or the DGM, DBT cells were coinfected at a ratio
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FIG 5 nsp4 localization in NX(S/T) mutant-infected cells. DBT cells were
infected with the indicated viruses at an MOT of 5 PFU/cell for 6.5 h. Cells were
then fixed in 100% methanol and stained with antibodies specific for nsp4
(green) and nsp8 (red). Yellow pixels represent colocalization of red and green
pixels. Scale bar, 20 pm.

of 1:1 and passaged three times at 37°C (Fig. 8A). The N258T and
N479S viruses competed equally with the WT and were main-
tained at about 50% of the population. In contrast, viruses lacking
glycosylation of nsp4 exhibited profoundly decreased fitness com-
pared to the WT. We next competed DGM-K85S and DGM-
N479S with the DGM to test the effects of additional mutations
within the DGM virus on fitness (Fig. 8B). When K85S was intro-
duced into DGM nsp4 loop 1 (DGM-K85S), virus fitness was fur-
ther deceased relative to that of the DGM. However, DGM-N479S
competed equally with DGM, and each remained at approxi-
mately 50% of the population. The results suggest that the de-
crease in fitness of DGM-N479S compared to the WT is likely due
to the DGM phenotype and that the N479S mutation does not
alter virus fitness. Collectively, these data demonstrate that loss of
nsp4 glycosylation is associated with a substantial decrease in virus
fitness that can then be further decreased by introduction of ad-
ditional mutations into DGM nsp4 loop 1.
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FIG 6 Replication and glycosylation of nsp4 mutants. (A) Schematic of nsp4
showing the location of the nsp4 mutations. (B) DBT cells were infected with
the indicated viruses at an MOI of 1 PFU/cell for 24 h. At the indicated time
points, supernatants were sampled, and titers were determined by plaque as-
say. Error bars represent the standard errors of the means of three replicates
plated in duplicate. (C) DBT cells were infected with the indicated viruses at an
MOI of 10 PFU/cell. Cells were starved with DMEM lacking Cys and Met in the
presence of ActD for 1 h prior to being radiolabeled with [**S]Cys-Met for 2 h
before lysates were harvested. Lysates were immunoprecipitated with antibod-
ies specific to nsp4 in the presence or absence of endo-H, and proteins were
resolved by SDS-PAGE (n = 2).

DISCUSSION
The role of host cytoplasmic membrane modifications in corona-
virus replication and fitness is a subject of increasing investigation
and interest for understanding replication, pathogenesis, and pos-
sible pathways for broad-spectrum inhibition of coronavirus in-
fection. Recently, nsp3, nsp4, and nsp6 have been shown to me-
diate membrane modifications during individual expression and
coexpression in cells (3). Further, recent studies with a novel in-
hibitor have shown that drugs targeting coronavirus membrane
modifications are associated with profoundly impaired replica-
tion (31). Studies have shown that nsp4 is necessary for DMV
formation and that mutations at nsp4 glycosylation sites result in
aberrant DMVs (1, 3). In the current study, we show that muta-
tions across nsp4, independently or in combination with muta-
tions that abolish glycosylation, cause or exacerbate defects in
DMYV formation. Further, we show that loss of nsp4 glycosylation
is associated with a substantial fitness cost.

Intact nsp4 is required for proper DMV morphology. We
previously reported that mutations in nsp4 loop 1 were important
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FIG 7 EM of nsp4 mutant-infected cells. (A to F) DBT cells were mock infected (A) or infected with the WT (B), DGM (C), K44A/D47A (D), E226A/E227A (E),
or N258T (F) virus for 8 h before fixation in 2% glutaraldehyde and processed for TEM. Black arrowheads indicate normal DMV, and white arrowheads indicate
aberrant DMVs. N, nucleus; M, mitochondrion; VV, virion in vesicles; E, endosome. (G) Normal and aberrant DM Vs were quantified, and results are shown as
percentages of total DMV, as indicated on the figure. The total number of DMVs analyzed is shown above each bar. (H) The total number of DMV per area of
cytoplasm was calculated. Circles represent the number of DMV per area of cytoplasm for a single field. Bars represent the means * standard deviations. A
Kruskal-Wallis test was used to analyze for significant differences in numbers of DMV per area of cytoplasm. *, P = 0.008; **, P < 0.0001 (compared to the WT).

for efficient RNA synthesis (5). We also described glycosylation of
nsp4 at N-linked glycosylation sites in loop 1 and the negative
effect on DMV formation by elimination of these sites (1). Our
current results indicate that multiple residues and domains within
nsp4, even in the C-terminal non-TM domain, impact DMV mor-
phology rather than glycosylation alone. In addition, mutations in

8 jviasm.org
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other regions of nsp4 loop 1 exacerbated changes in membrane
structures of the DGM virus. Angelini et al. demonstrated that
when coexpressed, nsp3 and nsp4 have the capacity to pair mem-
branes (3). It is likely that nsp3 and nsp4 interact across the DMV
lipid bilayer to hold both membranes in close proximity. In this
model, any perturbation of the nsp3-nsp4 interaction could result
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FIG 8 Competition assay of nsp4 mutants. DBT cells were infected with the
indicated pairs of viruses at a total MOI of 0.1 PFU/cell at a ratio of 1:1. When
cells were at least 50% involved in cytopathic effect, supernatants were col-
lected, and cell monolayers were harvested in TRIzol. Supernatants were used
for subsequent passages, for a total of three passages. Total RNA was extracted,
and nsp4 amplicons were generated by RT-PCR and sequenced. For residues of
interest, the area under the peak was calculated using MacVector, version 13.
Then, the percentage of nucleotides of virus A to virus B was calculated and plotted
on the graph. Error bars represent standard errors of the means (1 = 2).

in separations of the inner and outer membranes. Our present
results in fact support that idea that it is possible to dysregulate
nsp4 functions in DMV formation by mutations at several loca-
tions in nsp4 loop 1, as well as other locations, including the C-
terminal 10-kDa region, not predicted to be luminal or trans-
membrane. Since the mutation in the C terminus induced
aberrant DMV formation, this would suggest that the nsp4 C ter-
minus is also involved in DMV formation or stability after forma-
tion. We previously have demonstrated that the nsp4 C-terminal
10-kDa portion of the protein is dispensable for viral replication
in culture (5). The crystal structures of the C termini of the nsp4s
for MHV A59 and feline CoV have been determined and are struc-
turally conserved (32, 33). The N479S residue maps to a surface-
exposed loop in the MHV A59 C terminus crystal structure. The
DMV morphology phenotypes were the same between N479S and
DGM-N479S even though the viruses exhibited differences in rep-
lication kinetics (Fig. 2 and 3). This suggests that even mutations
that do not affect viral replication can alter DMV morphology and
numbers. Our data, in combination with other studies, suggest
that DMV presence and not morphology is critical for efficient
viral replication (31, 34).
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Membrane modifications and virus fitness. All published
studies to date are similar in demonstrating that disruption of
“normal” DMV formation is not necessarily lethal to virus repli-
cation and likely represents an evolutionarily optimized process
for maximum organization of replication components (1, 20, 31,
34). However, the direct role attributed to DM Vs in virus replica-
tion and fitness has recently been called into question by a study by
Al-Mulla et al. which used temperature-sensitive (ts) mutants in
multiple replicase proteins to study the relationship of DMV size
and number to virus fitness (20). In our study, we tested whether
mutations within nsp4, one of the proteins directly involved in
DMV formation and stability, affect DMV morphology and viral
fitness. Our results support the conclusions of Al-Mulla et al. by
demonstrating that alterations in DMV morphology and total
numbers are not associated with a fitness cost compared to WT
virus (WT versus N258T or N479S) (Fig. 8). Previously we ob-
served that mutation of the nsp4 glycosylation sites alters DMV
morphology, and the current study extends the result by demon-
strating that loss of nsp4 glycosylation is associated with a substan-
tial fitness cost. We cannot conclude that the decreased fitness is
due to changes in DMV morphology or numbers because muta-
tions across nsp4 that do not alter virus fitness cause aberrant
DMVs and decreased numbers, regardless of location.

The relationship of DMVs to viral replication remains com-
plex. Multiple mutations in nsp4, particularly loop 1, have signif-
icant effects on viral replication. Additionally, a small-molecule
inhibitor was identified that prevents coronavirus DMV forma-
tion, likely by targeting nsp6 (31). The inhibitor profoundly
knocked down virus replication, demonstrating that DMV are
linked to virus replication. The mechanisms of DMV formation
and how the small molecule inhibits DMV formation remain
unknown. Therefore, understanding how viruses induce mem-
brane modifications and form replication complexes will help
in the designing of antivirals to target this process. This work
emphasizes the role of nsp4 loop 1 in the proper formation of
DMVs and identifies nsp4 glycosylation as a putative target for
antiviral therapy.
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Positive-strand RNA viruses induce modifications of cytoplasmic membranes to form replication complexes.
For coronaviruses, replicase nonstructural protein 4 (nsp4) has been proposed to function in the formation and
organization of replication complexes. Murine hepatitis virus (MHYV) nsp4 is glycosylated at residues Asn176
(N176) and N237 during plasmid expression of nsp4 in cells. To test if MHV nsp4 residues N176 and N237 are
glycosylated during virus replication and to determine the effects of N176 and N237 on nsp4 function and MHV
replication, alanine substitutions of nsp4 N176, N237, or both were engineered into the MHV-A59 genome. The
N176A, N237A, and N176A/N237A mutant viruses were viable, and N176 and N237 were glycosylated during
infection of wild-type (wt) and mutant viruses. The nsp4 glycosylation mutants exhibited impaired virus growth
and RNA synthesis, with the N237A and N176A/N237A mutant viruses demonstrating more profound defects
in virus growth and RNA synthesis. Electron microscopic analysis of ultrastructure from infected cells
demonstrated that the nsp4 mutants had aberrant morphology of virus-induced double-membrane vesicles
(DMVs) compared to those infected with wt virus. The degree of altered DMV morphology directly correlated
with the extent of impairment in viral RNA synthesis and virus growth of the nsp4 mutant viruses. The results
indicate that nsp4 plays a critical role in the organization and stability of DMVs. The results also support the
conclusion that the structure of DMVs is essential for efficient RNA synthesis and optimal replication of

coronaviruses.

Positive-strand RNA viruses rely on host intracellular mem-
branes to form replication complexes, defined as sites of viral
RNA synthesis (11, 34, 40-42). These virus-induced membrane
modifications are crucial for creating an environment that sup-
ports viral RNA synthesis, as well as protecting newly synthe-
sized viral RNA. For many positive-strand RNA viruses, spe-
cific replicase proteins, often containing multiple hydrophobic
domains, have been implicated in targeting to and modifying
host membranes, ultimately leading to the formation of repli-
cation complexes.

The coronavirus murine hepatitis virus (MHV) is an envel-
oped, positive-strand RNA virus that contains a 31.4-kb ge-
nome, consisting of seven open reading frames (ORFs). ORF1
encodes the replicase/transcriptase polyprotein, while ORFs 2
to 7 encode structural and accessory proteins. ORF1 comprises
approximately two-thirds of the genome and is translated as
either polyprotein 1a (ppla) or, due to a —1 ribosomal frame-
shift, pplab (3, 5, 6, 28, 34). ppla and pplab are processed by
three virus-encoded proteases to yield 16 nonstructural pro-
teins (nspl to 16) (Fig. 1A) (1, 3, 13, 21, 32, 48). Analysis of
nsp3, nsp4, and nsp6 amino acid sequences and in vitro bio-
chemical studies have shown that these three nsp’s all have
transmembrane domains that are likely important for virus-
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induced membrane modifications (2, 23, 28). MHV nsp4 is
processed by papain-like protease 2 (PLP2) at its amino ter-
minus, resulting in an nsp4-to-10 precursor, and after this ini-
tial processing event, nspS (3Clpro) mediates processing at the
carboxy terminus of nsp4 (15, 17, 21, 22, 24). The predicted
molecular mass of nsp4 is 56 kDa, but it is detected as a 44-kDa
protein by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (22, 31).

All tested coronavirus nsp’s localize to replication complexes
that are located on virus-induced double-membrane vesicles
(DMVs), and nsp4 has been proposed to play roles in the
formation, organization, and function of these virus replication
complexes (15, 38). nsp4 has been shown to associate with
membrane fractions of infected cells and is resistant to mem-
brane extraction following Triton X-114 treatment, indicating
that nsp4 is an integral membrane protein (15). Bioinformatics
of the MHV nsp4 amino acid sequence predicted that nsp4 has
four transmembrane domains (TM1 to 4). MHV nsp4 has also
been shown to be required for rescue of infectious virus (45),
as have TMI1 to 3, but TM4 is dispensable for recovery of
infectious virus in culture. Charge-to-alanine substitutions be-
tween TM1 and TM2 of nsp4 result in viruses with phenotypes
ranging from nonrecoverable to viruses that exhibit reduced
virus growth, RNA synthesis, and protein processing (45).

Analysis of nsp4 from multiple coronaviruses across all coro-
navirus groups predicts N-linked glycosylation sites for all tested
nsp4 sequences. The glycosylation sites, or sequons, Asn-X-Ser,
Asn-X-Thr, and rarely Asn-X-Cys, are amino acid sequences
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FIG. 1. Processing, glycosylation, and mutagenesis of nsp4. (A) Schematic of MHV nsp4 processing. Three virus-encoded proteases process
pplab into intermediate precursors and 16 mature nsp’s. PLP1 and PLP2 are shown as black boxes within nsp3, while the nsp5 protease (3CLpro)

is shown in gray. PLP-mediated processing of nsp’s is linked by white boxes,

and 3CLpro processing is linked by gray boxes. Nsp4 is shown in black.

Nsp’s are indicated by number. The nsp4-to-10 precursor is also shown. (B) Proposed topology and N-linked glycosylation sites of nsp4. MHV nsp4
is a 496-amino acid protein that has four predicted transmembrane domains (TM1 to 4, black rectangles) and five soluble regions (SR, , )
Locations of N-linked glycosylation residues Asn176 and Asn237 (N176 and N237) are indicated in SR, and predicted luminal and cytoplasmic

domains are indicated (35). (C) Engineered nsp4 glycosylation mutants.

Nsp4 glycosylation mutants were engineered by replacing the AAT

asparagine codons at both N176 and N237 with a GCC alanine codon. Nucleotide numbers correspond to genomic position, and amino acid

numbers correspond to nsp4 position.

that are recognized for glycosylation of the Asn (N) residue.
Even though coronaviruses contain putative glycosylation sites
within nsp4, there is little conservation of these sites between
groups. Group 2a coronaviruses, such as MHV and human
coronavirus HCoV-OC43, have two conserved putative N-linked
glycosylation sites, N176 and N237 (Fig. 1B), while the group
2b severe acute respiratory syndrome coronavirus (SARS-CoV)
and group 3 avian infectious bronchitis virus (IBV), have dif-
ferent putative glycosylation sites, N131 and N48, respectively
(29, 35). Although the glycosylation of nsp4 from group 1
coronaviruses has not been investigated, residues N176 and
N237 of MHV nsp4, N131 of SARS-CoV, and N48 of IBV
nsp4 have been shown to be glycosylated when nsp4 is plasmid
expressed in cells or when nsp4 is expressed from nonnative
locations in the coronavirus genome (10, 29, 35). Clementz et
al. reported that N176 of MHV nsp4 is not required for virus
replication and that an N176A mutant virus grows identically
to wild-type (wt) virus (10). In that study, the N176A mutant
virus-expressed nsp4 migrated faster than wt nsp4 as deter-
mined by SDS-PAGE, consistent with altered protein modifi-
cation, such as loss of glycosylation. However, this was not
further investigated in the study. In contrast, N237A and
N176A/N237A mutant viruses could not be recovered.
Although these studies have led to an increased understand-
ing of various aspects of nsp4, it remains unknown if N176
and/or N237 is glycosylated during infection and if the putative
nsp4 glycosylation sites of MHYV or other coronaviruses serve
roles in membrane modifications or replication complex for-
mation and function. In this study, we tested the glycosylation
status of MHV nsp4, expressed from its native genomic loca-
tion, and the role of nsp4 glycosylation sites on virus growth,
viral RNA synthesis, nsp4 localization, and replication complex
morphology by engineering and recovering nsp4 mutants with

alanine substitutions at N176 (N176A), N237 (N237A), or both
(N176A/N237A). We show that virus-expressed nsp4 is glyco-
sylated at both N176 and N237 during infection, that glycosyl-
ation at either or both sites is dispensable for virus growth in
cell culture, and that alanine substitution of N176, N237, or
both results in defects in virus growth and RNA synthesis.
Further, we show that loss of nsp4 glycosylation is associated
with the presence of aberrant or disrupted DMVs (hereafter
referred to as irregular DMVs) and increased prevalence of
virus-induced convoluted membranes (CMs). The degree of
irregular DMVs and increased CMs from the nsp4 mutant
viruses directly correlated with an impairment in viral RNA
synthesis and growth. These results demonstrate that nsp4
plays a critical role in the formation, stability, and structure of
virus-induced membrane modifications. Finally, the results
also support the conclusion that the physical structure and
stability of DMVs are essential for efficient RNA synthesis
and/or protection of viral RNAs and optimal replication of
coronaviruses.

MATERIALS AND METHODS

wt virus, cells, and antibodies. Recombinant wt MHV strain A59 (GenBank
accession number AY910861) was used as the wt control for all experiments.
Delayed brain tumor (DBT) cells expressing the MHV receptor carcinoembry-
onic antigen cell adhesion molecule-1 (9, 20, 47) and baby hamster kidney cells
expressing the MHV receptor (BHK-MHVR) (8, 9, 47) were grown in Dulbec-
co’s modified Eagle medium (Gibco) supplemented with 10% fetal calf serum for
all experiments. Medium for BHK-MHVR cells was supplemented with G418
(Mediatech) at 0.8 mg/ml to maintain selection for cells expressing the MHVR.
Rabbit polyclonal antibodies were used in biochemical experiments and have
been described previously. Antibodies include anti-nsp4 (VU158) (45), anti-nsp8
(VU123) (4), and anti-M (J.1.3) (7).

Asparagine-to-alanine mutagenesis of nsp4. For introduction of asparagine-
to-alanine substitutions in the nsp4 coding sequence (ORF1a nucleotides 8721 to
10208), PCR was performed using the MHV-A59 infectious clone fragment B
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TABLE 1. Asparagine-to-alanine mutagenesis of MHV nsp4

Primer name

Sequence”

Purpose

N176A Sense
N176A Antisense
N237A Sense
N237A Antisense

5
5
5
5

'-GCC GCC TCT CTG TAT AGT TCT TTG GCT-3'
'P-GTG CAT AAC ACC CCC TGT ATA ACA ATA AGG-3'
'-GCC CGT TCA TGG GTA TTG AAC AAC CCG TAT-3’
'P-AAA ATT AAA GCA GAT ACC CTC CTC GGC-3'

Mutagenesis for N176A
Mutagenesis for N176A
Mutagenesis for N237A
Mutagenesis for N237A

“ Underlined letters denote nucleotides used to introduce alanine substitutions.

(pCR-XL-pSMART B) as a template. Fragment B of the MHV-A59 clone
contains MHV ORFla nsp4 nucleotides 8721 to 9555 (47). Asparagine-to-ala-
nine codon changes were introduced using the ExSite/QuikChange mutagenesis
kit (Stratagene) with the primers listed in Table 1. Changes to the manufacturer’s
protocol included the use of Pfu Turbo and Pfu Ultra instead of the ExSite DNA
polymerase blend. PCR was performed using the following parameters: initial
denaturation at 95°C once for 2 min, denaturation at 95°C for 1 min, annealing
at various temperatures depending on the primers for 1 min, extension at 72°C
for 7 min, and repeating of the denaturing, annealing, and extension steps for a
total of 40 cycles. Products were ligated and sequenced across the MHV genome-
containing region of fragment B to ensure that PCR amplification did not introduce
any unintended mutations. For introduction of both N176A and N237A, restriction
endonuclease EcoN I was used to digest both single nsp4 glycosylation mutant
plasmids, and ligation was used to introduce both mutations into the same plasmid.

Generation of MHV nsp4 glycosylation mutant viruses. Viruses containing the
engineered mutations within nsp4 were produced using the infectious cDNA
assembly strategy for MHV-A59 that has previously been described by Yount
et al. (47) and modified by Denison et al. (12) and Sparks et al. (45). Briefly,
plasmids containing the seven cDNA cassettes that make up the MHV genome
were digested using the appropriate restriction enzymes. The correct restriction
fragments were gel purified and ligated together overnight at 16°C. The ligated
DNA was purified, in vitro transcribed, and electroporated with N gene tran-
scripts into BHK-MHVR cells. The electroporated cells were then laid over a
layer of 2.5 X 10° uninfected DBT cells in a 75-cm? flask and incubated at 37°C.
Virus viability was determined by cytopathic effect, in this case syncytium for-
mation, in the electroporated cell culture. Progeny virus in the cell culture medium
of electroporated cells (passage 0 [P0]) was passaged onto uninfected DBT cells
(P1), and the virus released from cells in the culture medium was designated P1
stock, the titer was determined, and it was used for all experiments.

RT-PCR and sequencing of recovered viruses. Total intracellular RNA was
harvested from Pl-infected cells using TRIzol (Invitrogen) according to the
manufacturer’s protocol. Extracted RNA was used as a template for reverse
transcription (RT)-PCR. RT was performed using Superscript III reverse tran-
scriptase (Invitrogen) and random hexamers (Roche). Primers complementary
to genome nucleotides 8486 to 8502 (sense) and 10361 to 10345 (antisense) were
then used to amplify the nsp4 coding region by PCR. These PCR products were
sequenced to confirm the retention of the engineered mutations and the absence
of additional mutations in the nsp4 coding sequence.

Protein immunoprecipitations. For radiolabeling of proteins and immunopre-
cipitations, cells were grown on 60-mm dishes and infected at a multiplicity of
infection (MOI) of 10 PFU/cell with wt or nsp4 glycosylation mutant viruses and
incubated at 37°C. At 4 h postinfection (p.i.), medium was aspirated and replaced
with medium lacking methionine and cysteine and supplemented with actinomy-
cin D (Act D; Sigma) at a final concentration of 20 pg/ml. At 5 h p.i., cells were
radiolabeled with [**S]methionine-cysteine ([**S]Met-Cys) at a concentration of
0.08 mCi/ml. When cells reached ~90% involvement in syncytia, radiolabeled
cells were washed once in phosphate-buffered saline (PBS), and then lysed in 1
ml of lysis buffer lacking SDS (1% NP-40, 0.5% sodium deoxycholate, 150 mM
NaCl, and 50 mM Tris, pH 8.0). Lysates were then centrifuged at 6,000 X g for
3 min to remove cellular debris and nuclei, and the supernatant was collected.
Immunoprecipitations were performed in a final volume of 1 ml, using protein
A-Sepharose beads (Sigma), 50 pl of radiolabeled lysate, 1:200 (anti-nsp4) or
1:500 (anti-nsp8) dilutions of polyclonal antisera, and proteinase inhibitor
(Roche) in lysis buffer. Imnmunoprecipitations were then performed as previously
described (45). For endoglycosidase H (Endo H) treatment, supernatant was
transferred to a new tube after heating at 70°C for 10 min. Endo H (Sigma) was
added to the supernatant according to the manufacturer’s protocol, and the
mixture was incubated at 37°C for 3 h. Proteins were resolved by SDS-PAGE in
4 to 12% polyacrylamide gradient Bis-Tris gels (NuPage; Invitrogen) and ana-
lyzed by fluorography. '*C-labeled high-molecular-weight markers (NEB) and a
full-range rainbow marker were used as molecular weight standards.

Viral growth assays. For viral growth determination (12), DBT cells were
infected with wt or nsp4 glycosylation mutant viruses at the MOIs indicated.
Following a 45-min absorption period at 37°C with periodic swirling, medium was
aspirated, and the cells were washed three times in PBS. Prewarmed 37°C
medium was then added back to the cells, and the cells were incubated at 37°C.
Aliquots of medium were taken from 1 to 30 h p.i., and virus titers were
determined by plaque assay as previously described (25).

Metabolic labeling of viral RNA. DBT cells were either mock infected or
infected at an MOI of 5 PFU/cell with wt or nsp4 glycosylation mutant viruses in
six-well plates. Following a 45-min absorption at 37°C, medium containing virus
was removed, and cells were washed twice in PBS. Cells were then incubated in
growth medium at 37°C until 30 min prior to labeling, when medium was re-
placed with fresh medium containing 20 wg/ml Act D. After this 30-min treat-
ment, [*H]uridine was added to a final concentration of 40 p.Ci/ml, and cells were
incubated at 37°C for 2-h intervals from 3 to 15 h p.i. At the end of each labeling
period, cells were lysed in lysis buffer (described above), and nuclei were re-
moved by centrifugation at 14,000 X g for 3 min. RNA in 10% of each lysate was
precipitated with chilled 5% trichloroacetic acid (TCA) onto glass microfiber
filters (Whatman), washed twice in fresh 5% TCA and twice in 95% ethanol, and
dried using vacuum filtration. Radiolabel incorporation was quantitated by liquid
scintillation counting.

Immunofluorescence assays. DBT cells grown on glass coverslips were in-
fected with wt or nsp4 glycosylation mutant viruses at an MOI of 10 PFU/cell. At
6 h p.i., medium was aspirated from cells, and cells were fixed in 100% methanol
at —20°C. Cells were rehydrated in PBS for 10 min, blocked in PBS containing
5% bovine serum albumin, and then aspirated. For indirect immunofluorescence,
cells were incubated with primary antibody (anti-nsp4, 1:200; anti-M, 1:1,000) in
wash solution (PBS containing 1% bovine serum albumin and 0.05% NP-40) for
1 h at room temperature. Cells were washed in wash solution three times for 5
min/wash. Cells were then incubated with secondary antibody (goat anti-rabbit
Alexa 488, 1:1,000; goat anti-mouse Alexa 546, 1:1,000; Molecular Probes) for 30
min at room temperature. Cells were washed again three times for 5 min/wash,
subjected to a final wash in PBS, and rinsed with distilled water. For direct
immunofluorescence, anti-nsp8 was purified using HiTrap rProtein A FF col-
umns (GE Life Sciences) for fast protein liquid chromatography. Anti-nsp8 was
directly conjugated using the Alexa Fluor 546 protein labeling kit (Invitrogen)
according to the manufacturer’s protocol. Cells were incubated with anti-nsp8 at
a concentration of 1:500, following the same procedure as above. Coverslips were
mounted with Aquapolymount (Polysciences) and visualized using a Zeiss Ax-
iovert 200 microscope with a 40X oil immersion lens. Images were processed and
merged using Adobe Photoshop CS3.

TEM analysis. DBT cells were mock infected or infected with wt or nsp4
glycosylation mutant viruses at an MOI of 5 PFU/cell in a 60-mm dish and
incubated at 37°C. At 6 h p.i., medium was aspirated, and cells were washed once
with PBS. The cells were then fixed in 2% glutaraldehyde for 10 min, scraped off
the dishes, and centrifuged at 0.5 X g for 3 min. The initial 2% glutaraldehyde
was aspirated, fresh 2% glutaraldehyde was added to the fixed cells for 1 h and
aspirated, and fresh glutaraldehyde was added to the fixed cells for overnight
incubation at 4°C. Cells were washed three times in PBS, transferred to 1%
osmium tetroxide in distilled water (diH,O) for 1 h, and washed three times in
diH,0. Cells were stained en bloc in 1% aqueous uranyl acetate for 1 h and
washed three times in diH,O. Dehydration of cells was carried out gradually
using a graded series of ethanol and increasing the times each remained in
solution, starting with 30%, followed by 50%, 70%, 95%, and finally absolute
ethanol. Propylene oxide was used as a transitional solvent to replace the dehy-
dration solution. Cells were transferred to a 1:1 araldite-propylene oxide mixture
for 1 h and then placed in pure araldite in a vacuum oven for another hour to
help pull resin through the tissue. Pure resin specimens were then transferred
into capsules containing fresh resin and finally placed into an oven overnight to
polymerize. Ultra-thin serial sections (50 to 60 nm) from polymerized blocks
were obtained using a Leica UCT Ultracut microtome (Leica Microsystems,

158



VoL. 84, 2010

Vienna, Austria), transferred to formvar-coated slot grids, and examined using a
Phillips CM10 TEM (FEI Company, Hillsboro, OR) equipped with an Advan-
tage Plus 2-megapixel digital charge-coupled-device system for CM10 transmis-
sion electron microscopy (TEM) (Advanced Microscopy Techniques, Danvers, MA).

Statistical analyses. For statistical analyses, DMVs were characterized into
two groups, either regular (defined by inner membranes in close approximation
with the outer membrane) or irregular DMVs (defined by moderate to severe
disruption or separation of the inner membrane with the outer membrane).
Chi-square analysis using contingency tables was performed by comparing the
number of regularly formed DMV to irregularly formed DMVs of wt and nsp4
glycosylation mutant viruses. Chi-square analysis was also performed to compare
the presence of both CMs and DMVs to the presence of DMVs only. Because
CMs were found only in the presence of DMV, the presence of CMs and DMVs
was compared to the presence of DMVs alone in a given TEM section. Diam-
cters of DMVs were measured using ImageJ 1.40g (http://rsb.info.nih.gov/ij).
Diameters were defined by measuring the widest diameter from the outside
membrane of one side to the outside membrane of the opposite side of a single
DMV. To determine whether there was a statistical difference between the
diameters of DMVs, analysis of variance (ANOVA) was used to compare wt and
nsp4 glycosylation mutant viruses. Because a statistical difference was indicated
through ANOVA, Tukey tests were used to perform pair-wise comparisons of all
viruses. P values were determined to indicate significance.

RESULTS

Recovery of nsp4 glycosylation mutant viruses. Group 2a
coronaviruses contain conservation of putative glycosylation
sites in nsp4 at N176 and N237 (Fig. 1B). To determine if nsp4
is glycosylated at residues N176 and N237 in the context of
MHYV infection and what roles nsp4 glycosylation may play in
the virus life cycle, viruses were engineered to contain aspar-
agine-to-alanine substitutions at either N176, N237, or both
residues N176 and N237 of nsp4 (Fig. 1C). Cells were electro-
porated with genomic RNA for N176A, N237A, or N176A/
N237A mutant viruses. All three mutant viruses induced cyto-
pathic effect by 36 h postelectroporation, and 90 to 100% of
cells were involved in syncytia by 46 to 50 h postelectropora-
tion, similar to wt virus. Viruses were passaged and sequenced
across the nsp4 coding sequence, confirming both the presence
of engineered mutations and lack of any other mutations in
nsp4. In contrast to previous reports, our results demonstrate
that mutants with alanine substitution at N176, N237, or both
are viable, demonstrating that the N176 and N237 residues are
not required for replication in cell culture. To determine if
compensating mutations occurred outside of the nsp4 sequence
during recovery of the N237A and N176A/N237A mutant vi-
ruses, the complete genome of the N176A/N237A mutant virus
was sequenced, and there were no additional mutations present in
the genome. These results demonstrate that the recovery of the
N237A and N176A/N237A mutant viruses was not due to second-
site compensating mutations and that the Asn residues are not
required for virus viability.

nsp4 is glycosylated at both N176 and N237 during MHV
infection. Previous studies have demonstrated that treatment
of lysates with Endo H results in a mobility shift of nsp4
expressed from plasmid in HeLa cells (10, 35) or from nsp4-
enhanced green fluorescent protein expressed in recombinant
virus from an alternate location (in place of ORF2) (10, 35),
consistent with glycosylation of nsp4 with mannose-rich oligo-
saccharides in the endoplasmic reticulum (ER) and the lack of
nsp4 trafficking through Golgi. However, there has been no
demonstration of N-linked glycosylation of native nsp4 in wt
virus or identification of specific Asn residues subject to N-
linked glycosylation. To test whether natively expressed MHV
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FIG. 2. Protein expression and glycosylation of nsp4. Cytoplasmic
lysates were generated from radiolabeled DBT cells that were either
mock infected or infected with wt, N176A, N237A, or N176A/N237A
viruses. Labeled proteins were immunoprecipitated using antiserum
against nsp4 or nsp8. (A) Endo H treatment of wt nsp4 and nsp8.
Immunoprecipitated nsp4 and nsp8 were cither mock treated or treated
with Endo H to analyze N-linked glycosylation. After Endo H treat-
ment for 3 h, proteins were resolved on SDS-PAGE and visualized by
fluorography. Black dots indicate either glycosylated or unglycosylated
forms of nsp4. a-nsp4, anti-nsp4; a-nsp8, anti-nsp8. (B) Endo H treat-
ment of nsp4 glycosylation mutants. Immunoprecipitated nsp4 from
the wt or nsp4 glycosylation mutants was mock treated or treated with
Endo H. All samples in each panel were resolved on the same gel and
had the same exposure time, but the images shown in panel B were
cropped to remove nonrelevant lanes. Molecular weight markers (in
thousands) are shown to the left of each gel.

nsp4 is glycosylated during infection, immunoprecipitated nsp4
from wt MHYV infection was mock treated or treated with Endo
H (Fig. 2A). Mock-treated nsp4 was detected as a 44-kDa
protein by SDS-PAGE, while Endo H treatment resulted in a
faster-migrating, 39-kDa protein. The nsp4-to-10 precursor
was detected in both cases by anti-nsp4. The replicase protein
nsp8 is not modified by N-linked glycosylation and was not
affected by Endo H treatment (Fig. 2A). The nsp4-to-10 pre-
cursor that was treated with Endo H and detected using anti-
nsp8 exhibited a sharper band than that of the untreated nsp4-
to-10 precursor. A possible explanation for this is that removal
of N-linked glycans may alter which nsp4-to-10 precursors can
be detected by anti-nsp8, e.g., nsp4-to-10 with certain post-
translational modifications.

To test whether N176 and/or N237 was targeted for glyco-
sylation, nsp4 immunoprecipitated following infection of DBT
cells with N176A, N237A, and N176A/N237A mutant viruses
was treated with Endo H (Fig. 2B). Untreated nsp4 from N176A
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FIG. 3. Growth analysis of nsp4 glycosylation mutant viruses. DBT
cells were infected with the indicated viruses for single cycle growth at
an MOI of 1 PFU/cell for 24 h (A) or for multiple cycle growth at an
MOI of 0.01 PFU/cell for 30 h (B). Samples of virus supernatants were
collected at the times indicated beneath the graphs. Virus titers were
determined by plaque assay with DBT cells. Error bars represent
standard deviations from the mean based on samples from multiple
replicates.

and N237A mutants migrated identically and more rapidly than
untreated wt nsp4 (42 kDa) but more slowly than wt nsp4
treated with Endo H (39 kDa). When nsp4 from N176A and
N237A mutant viruses was treated with Endo H, both proteins
were detected at 39 kDa, identical to Endo H-treated wt nsp4.
nsp4 from the N176A/N237A mutant virus migrated to 39 kDa,
whether untreated or treated with Endo H. The results indi-
cate that nsp4 expressed from its native genomic location is
specifically glycosylated at residues N176 and N237 and also
demonstrate that no other N-linked glycosylation occurs in
nsp4.

nsp4 glycosylation mutant viruses exhibit defects in virus
replication. To determine whether nsp4 glycosylation mutant
viruses display replication defects, DBT cells were infected
with wt, N176A, N237A, and N176A/N237A viruses at an MOI
of 1 PFUj/cell (Fig. 3A). Samples of infected cell culture me-
dium were taken at predetermined time points from 1 to 24 h
p.i., and virus titers of each sample were determined by plaque
assay. The N176A mutant virus exhibited growth kinetics and
peak titers indistinguishable from those of wt virus, consistent
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FIG. 4. RNA synthesis of nsp4 glycosylation mutant viruses. DBT
cells in six-well plates were mock infected or infected with wt, N176A,
N237A, or N176A/N237A viruses at an MOI of 5 PFU/cell. Cells were
treated with Act D for 30 min prior to addition of radiolabel. Cells
were metabolically labeled with [*H]uridine for the intervals indicated,
cells were lysed, and [*H]uridine incorporation was quantified by liquid
scintillation counting of TCA-precipitable RNA. Data points represent
the mean counts/minute (CPM) of two individual experiments, and
error bars represent the standard deviations between two experiments.

with the study by Clementz et al. (10). The N237A and N176A/
N237A mutant viruses grew indistinguishably from each other
and reached peak titers similar to those of wt virus; however,
compared to wt and N176A, the N237A and N176A/N237A
viruses exhibited a delay and decrease in growth between 4 and
12 h p.i. The N176A/N237A mutant did not appear more
impaired in growth than the N237A mutant alone. Since the
N237A and N176A/N237A mutant viruses exhibited growth
defects, we next tested whether N176A had subtle growth defects
by repeating the growth assays at an MOI of 0.01 PFU/cell
(Fig. 3B). Under these conditions, the N237A and N176A/
N237A mutants demonstrated the same delay compared to
mutants infected at a higher MOL In contrast, for the N176A
mutant virus, the lower MOI infection revealed a subtle defect
in growth, displaying a delay in peak titer similar to that of
N237A and N176A/N237A mutants. The experiments demon-
strate that N176 and N237 both are important for exponential
growth, but loss of either or both glycosylation sites still allows
for wt peak titers. The contributions of N176 and N237 are
independent and nonredundant, as indicated by growth defects
of either N176A or N237A but are not additive or synergistic.
Finally, the results suggest that glycosylation of nsp4 is impor-
tant for nsp4 function during virus replication.

nsp4 glycosylation mutants have reduced viral RNA synthe-
sis. Since previous studies have shown that mutations in nsp4
affect viral RNA synthesis (45), we conducted experiments to
determine if the growth defects of nsp4 glycosylation mutants
were associated with changes in viral RNA synthesis (Fig. 4).
DBT cells were mock infected or infected with wt, N176A,
N237A, or N176A/N237A mutant viruses at an MOI of 5
PFU/cell to maximize single-round infection, and infected cells
were metabolically labeled with [*H]uridine in the presence of
Act D for 2-h intervals from 3 to 15 h p.i. Total RNA was
extracted from harvested cells and measured for incorporation
of [*H]uridine. Peak incorporation of [*H]uridine for wt MHV
occurred from 9 to 11 h p.., similar to the results from a
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previously published report (16). For all three nsp4 mutant
viruses, peak incorporation was delayed compared to wt, oc-
curring between 11 and 13 h p.i. Delays in the timing of peak
viral RNA synthesis displayed by the nsp4 glycosylation mutant
viruses were also associated with decreases in the amount of
RNA synthesized over the course of the infection. The N176A
mutant virus synthesized approximately 80% of the maximum
amount of incorporation seen for wt over a 2-h labeling period.
Both the N237A and the N176A/N237A mutant viruses exhib-
ited a 50% reduction in peak viral RNA synthesis. These data
demonstrate that there is an overall decrease in viral RNA syn-
thesis in the nsp4 mutant viruses compared to wt virus. In
addition, the delay and decrease in RNA synthesis correlated
with the kinetics and peak titer of infectious viruses, suggesting
that alteration of viral RNA synthesis was responsible for the
growth defects from the N176A and N237A substitutions.

Removal of nsp4 glycosylation sites does not alter nsp4
localization. nsp4 colocalizes with other replicase nsp’s in cy-
toplasmic replication complexes that are sites of viral RNA
synthesis, and nsp4 has been predicted to be critical for for-
mation of these complexes. To test if altered RNA synthesis
resulting from the N176A and N237A substitutions was asso-
ciated with altered nsp4 interactions with other replicase pro-
teins, the localization of nsp4 was compared by immunofluo-
rescence with nsp8, a well-described marker for replication
complexes, and with the viral membrane protein (M), a marker
for sites of virus assembly in the ER-Golgi intermediate com-
partment and Golgi and distinct from replication complexes.
DBT cells on glass coverslips were infected with wt, N176A,
N237A, or N176A/N237A viruses for 6 h, fixed, and probed for
nsp4, nsp8, and M. For wt and all nsp4 mutant viruses, nsp4
colocalized extensively with nsp8 in punctate perinuclear and
cytoplasmic foci (Fig. SA). However, there was a visual trend
for fewer and less-intense fluorescent foci in the cells infected
with the nsp4 mutants compared to wt virus, suggesting that
there may be fewer-forming or altered replication complexes in
the nsp4 mutant virus infections (Fig. 5A and data not shown).
When nsp4 was compared with M (Fig. 5B), wt and mutant
viruses had identical patterns of noncolocalization of nsp4 with
M, consistent with previous studies of MHYV replicase proteins
and indicating that nsp4 is not altered in its relationship to sites
of assembly and not localized to the ER-Golgi intermediate
compartment or Golgi. The results demonstrate that nsp4 mu-
tant viruses are able to form cytoplasmic replication complexes
and retain interactions with other replicase nsp’s and that
glycosylation of nsp4 is not required for this process.

nsp4 glycosylation mutant viruses induce altered membrane
rearrangements and irregular DMVs. Based on the replication
defects and subtle visual variability observed during immuno-
fluorescence analysis of nsp4 mutants, we next investigated
whether nsp4 glycosylation mutants have altered membrane
rearrangements. TEM was used to visualize the ultrastructure
of membrane modifications in infected cells. DBT cells were
mock infected or infected with wt or the nsp4 glycosylation
mutant viruses at an MOI of 5 PFU/cell. At 6 h p.i., cells were
fixed in 2% glutaraldehyde and processed for TEM analysis.
For mock-infected cells, the cellular architecture and organelle
morphology were intact (Fig. 6A). Cells infected with wt virus
exhibited clearing of cytoplasmic contents and swollen ER and
Golgi (Fig. 6B). Cells infected with the three nsp4 glycosylation

ROLE OF MHV nsp4 IN MEMBRANE MODIFICATIONS 285

A

N237A N176A

N176A /
N237A

us)
WT

N237A N176A

N176A /
N237A

FIG. 5. Immunofluorescence of nsp4 localization. DBT cells on
glass coverslips were infected with the indicated viruses at an MOI of
10 PFU/cell. At 6 h p.i., cells were fixed, probed with antibodies to
nsp4, nsp8, and membrane (M) protein, and analyzed by immunofiu-
orescence using a Zeiss Axiovert 200 microscope at X40 magnification.
(A) nsp4 colocalizes with nsp8. Infected cells were analyzed by indirect
immunofluorescence using anti-nsp4 (Alexa 488, green) and direct
immunofluorescence by Alexa 546 conjugated to anti-nsp8 (red). Yel-
low pixels represent colocalization of overlapping green and red pixels.
(B) nsp4 does not colocalize with M protein. Infected cells were
probed by indirect immunofluorescence using rabbit anti-nsp4 (green)
and mouse anti-M (red). The scale bar in the upper images in panels
A and B equals 20 pM and is representative of all other images.

mutant viruses also demonstrated swelling of ER and Golgi
and cytoplasmic clearing, albeit less so than during wt infection
(Fig. 6C to E).

In contrast, there was a striking difference between cells
infected with wt and nsp4 mutants in the relationship and
ultrastructure of virus-induced DMVs and CMs. wt- and nsp4
mutant-infected cells exhibited virus-induced CMs and DM Vs,
structures that have been identified with replication complexes
and associated with viral RNA synthesis (15, 27), while no
DMVs or CMs were observed with mock-infected cells. CMs
were detected with wt and mutant virus-infected cells and always
in close proximity to DMVs. However, DMVs were observed
in the presence or absence of CMs for all viruses. The CMs
were observed more frequently with electron microscopy (EM)
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wt and nsp4 mutants. DBT cells were mock infected or infected with
wt, N176A, N237A, or N176A/N237A viruses. Cells were harvested in
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sections of cells infected with N176A, N237A, and N176A/
N237A mutant viruses compared to wt (Fig. 6C to E). The vast
majority of DMVs in wt-infected cells exhibited the character-
istic DMV morphology of a circular shape, regular diameter,
and ultrastructure of closely approximated inner and outer
membranes. A small subset of DMVs manifested a partial
separation of the inner and outer membranes and exhibited a
slightly larger diameter, but these were rare. In contrast, cells
infected with the nsp4 glycosylation mutants demonstrated
DMVs with altered shape and diameter and with increasingly
aberrant (irregular) ultrastructure, consisting of severely de-
tached and collapsed inner membranes that were not observed
with any wt-infected cells. The number of irregular DMVs and
the extent of DMV derangement were most profound in
N237A and N176A/N237A mutant-infected cells and visibly
greater than those detected with cells infected with N176A
alone.

Because the EM images were originally selected based on
the detection of DMVs, we used EM images to quantitatively
compare (i) the prevalences of CMs, (ii) the ratios of regular
(wt-like) and irregular DMVs, and (iii) the diameters of reg-
ular and irregular DM Vs (Table 2 and Fig. 7). Since the images
were selected only for the presence of DMVs, we proposed
that quantitative analysis was unbiased for these parameters.
The prevalence of CMs was determined by comparing images
in which CMs were observed or not observed in EM sections
selected based on the presence of DMVs, since CMs were
found only in the presence of DMVs. While there was no
statistical difference between wt and N176A in the ratios of
sections with both CMs and DMVs versus DMVs alone, the
N237A and N176A/N237A mutants had significantly increased
ratios of detection of both CMs and DMVs compared to
DMVs alone (P < 0.01 for N237A and P < 0.001 for N176A/
N237A) (Fig. 7A). Analysis of the ratio of regular DMVs to
total DMVs (regular plus irregular) demonstrated a significant
increase in irregular DMVs in cells infected with N237A and
N176A/N237A mutant viruses (P < 0.001) compared to cells
infected with wt or N176A viruses (Fig. 7B). We did observe
more irregular DMVs with N176A than with wt, but the reg-
ular DMV/total DMV ratios were not significantly different.
Finally, the measurements of the regular DM Vs of both wt and
all nsp4 glycosylation mutant viruses reveal no difference in
their diameters (widest diameter of outer membrane) (Fig.
7C). In contrast, the mean diameter of irregular DMVs in the
N237A and N176A/N237A mutant viruses was significantly
larger than that of either wt virus or the N176A mutant virus
(Fig. 7C). This analysis indicates that nsp4 is likely critical for
the organization and stability of DMVs and for the relation-

2% glutaraldehyde and processed for TEM analysis. (A and Al)
Mock-infected cells. (B and B1) wt MHYV infection. (C and C1) N176A
mutant virus infection. (D and D1) N237A mutant virus infection. (E
and E1) N176A/N237A mutant virus infection. Dotted boxes in the left
images indicate area of magnification in right image. The scale bar in
the left images represents 500 nm. Arrowheads indicate dark-stained,
individual virions, which are located above the arrowheads. Black
arrows point to CMs. * indicates examples of regular DMV structure.
® shows examples of irregular DMV structure. N, nucleus; G, Golgi
apparatus; M, mitochondria.
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TABLE 2. Analysis of virus-induced membrane structures

Total no. of:
- - - - Avg regular Avg irregular
Virus CEI{‘;ZC}lons vanh Seg;z’ns “;J"h Sections with DMVs Regular Trregular DMV diam DMV diam
cvidence o s an DMV only counted DMVs DMVs (nm) (nm)
infection DMVs
WT 24 8 16 102 86 16 2552+ 314 3232 +35.6
NI176A 21 11 10 127 96 31 257.0 =523 3242+ 318
N237A 11 9 2 72 36 36 264.6 = 53.6 3725 = 41.6
N176A/N237A 21 18 3 117 60 57 270.4 = 56.1 371.3 = 41.6

ship and evolution of membrane modifications (CMs and
DMVs) over the course of infection.

DISCUSSION

Although multiple studies have investigated the roles of
nsp’s in inducing membrane rearrangements, understanding
the role of glycosylation of nsp’s from positive-strand RNA
viruses remains limited. A study of the flavivirus yellow fever
virus demonstrated that NS1 glycosylation was important for
several functions in the virus life cycle (30, 33). NS1 interacts
with membranes and is involved in replicase function (30), and
removal of NS1 glycosylation by asparagine-to-alanine substi-
tution results in impaired virus growth, RNA synthesis, and
pathogenesis (33).

Coronaviruses, like other positive-strand RNA viruses, in-
duce the formation of DMVs that serve as scaffolds for repli-
cation/transcription complexes. Exogenous expression of the
poliovirus transmembrane proteins 2BC and 3A results in
DMVs that are indistinguishable from those formed during wt
infection (43, 46). Equine arteritis virus (EAV), which is clas-
sified with coronaviruses in the order Nidovirales, induces
DMVs similar to coronaviruses (37). Exogenous plasmid ex-
pression of EAV nsp2 and nsp3 is sufficient to induce mem-
brane modifications resulting in membrane structures similar
to those seen during EAV infection, and mutations within
EAV nsp3 also result in altered virus-induced membrane re-
arrangements (39, 44). EAV nsp3 is a tetra-spanning integral
membrane protein implicated in DMV formation and organi-
zation. Of interest, an introduced Asn substitution (T873N) in
an EAV nsp3 luminal domain resulted in nsp3 glycosylation
in vitro but was highly detrimental when introduced into the
genome and recovered only as a pseudoreversion (N873H)
that abolished the glycosylation site. Thus, for another nidovi-
rus, the glycosylation status of a membrane-modifying repli-
case protein is also important for DMV formation and RNA
synthesis during virus replication.

Our report confirms multiple roles of MHV nsp4 in the virus
life cycle, including optimal virus replication and RNA synthe-
sis, as well as its importance in the modification and morphol-
ogy of virus-induced membrane structures. In this study, we
show that MHV nsp4 is glycosylated and functions as a mem-
brane modification protein that regulates virus-induced mem-
brane rearrangements. nsp4 glycosylation mutant viruses dis-
play highly irregular DMVs and an increased prevalence of
CMs relative to DMVs alone. The extent of disrupted DMVs
in the nsp4 glycosylation mutant viruses correlated directly
with decreases in RNA synthesis and virus replication. These

data suggest that altered membranous structures from the nsp4
glycosylation mutants result in a reduced capacity to synthesize
viral RNA and/or protect viral RNA from degradation, ulti-
mately leading to impaired virus fitness.

Previous studies have concluded that nsp4 is required for
MHYV replication and have identified determinants of mem-
brane topology, subcellular localization, and function (10, 35,
45). This study is the first to recover and characterize the
importance of multiple nsp4 glycosylation events to virus rep-
lication, viral RNA synthesis, and virus-induced membrane
modifications during coronavirus infection. Clementz et al.
recovered an nsp4 N176A mutant but were unable to recover
an N237A or N176A/N237A mutant (10). Their N176A mutant
grew with kinetics similar to those of wt at an MOI of 0.1
PFU/cell at 33°C and 39°C but was not further characterized in
that report. In contrast to the results in the previously pub-
lished report, we were able to recover and characterize the
N237A and N176A/N237A mutant viruses. The reasons for the
differences in recovery can only be speculated. The back-
grounds of cloned MHV genome fragments should be identical
since the MHV genome fragments were jointly developed by
our lab and the lab of Baric and coworkers (47). In addition,
we performed RT-PCR sequencing of the complete genome
from the recovered N176A/N237A mutant virus, which verified
the engineered mutations and also confirmed that the rest of
the genome was identical, with no additional mutations of any
kind, to the published recombinant MHV-A59 sequence. Thus,
there were no other compensating mutations to account for or
consider for the recovery of the mutant virus. We have expe-
rienced occasional mutations in the genome fragments during
preparation for genome assembly that have prevented recovery
of even known viable mutants and would therefore speculate
that this could account for the nonrecovery of N237A and
N176A/N237A mutant viruses by Clementz et al. Our results
clearly demonstrate that the N176 and N137 residues and the
associated glycosylation events are not required for MHV rep-
lication in cell culture. Since no other mutations in the genome
RNA from the recovered N176A/N237A mutant virus were
identified, we can conclude that the profound and distinct
phenotypes in virus replication, RNA synthesis, and virus-in-
duced cellular membrane modifications are due to the intro-
duced mutations alone.

Potential functions of nsp4 glycosylation. Modification of
proteins by addition of N-linked glycans may result in numer-
ous effects on protein functions (14, 19). Therefore, glycosyla-
tion of nsp4 may be important for a variety of reasons. One
potential mechanism of nsp4 glycosylation is proper protein
folding (18, 36). By removing N-linked glycans, the overall
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FIG. 7. Quantitative analysis of CMs and DMVs. (A) CMs and
DMVs. All EM images were analyzed for the presence of CMs and
DMVs based on characteristic EM morphology. Because CMs were
found only in the presence of DMVs in all TEM sections observed, the
ratio of total cell sections with CMs plus DMVs to the total of cell
sections with DMVs alone could be examined. Black bars indicate
presence of both CMs and DMVs, while white bars represent the
presence of DMVs alone. Chi-square analysis was used to compare
the presence of CMs plus DMVs to DMVs alone. (B) Ratios of DMVs
with regular morphology to total DM Vs (regular plus irregular). Total
DMYVs and DMVs with regular morphology were counted with TEM
images for all viruses, and the ratio of regular DMVs to total DMVs
was determined. (C) Diameter of regular and irregular DMVs of the
wt and nsp4 mutants. DMVs were measured in Image J by the widest
diameter in nm of outer membranes. Black bars indicate regular
DMVs, while white bars indicate irregular DMVs. Error bars indicate
standard deviation. There was no significant difference (not labeled in
the figure) in the diameters of regular DMVs between wt and nsp4
mutant viruses. ANOVA followed by Tukey tests indicated a signifi-
cant difference in the diameters of irregular DMVs of the N237A and
N176A/N237A viruses compared to those of both wt and N176A vi-
ruses. * (P < 0.05), #* (P < 0.01), and *** (p < 0.001) indicate levels
of statistical significance compared to wt virus. NS, no significance.

structure of nsp4 may be altered during protein folding. This
mechanism is supported by the findings in this report, in that
the nsp4 glycosylation mutant viruses displayed impairments in
virus replication, viral RNA synthesis, and virus-induced mem-
brane modifications. Other explanations are possible for the
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role of nsp4 glycosylation in replication complex formation and
membrane modifications. For instance, glycosylation of nsp4
may be important for protein stability and prevention of nsp4
degradation (26). Lastly, it is possible that the N-linked gly-
cans, either directly or through modification of nsp4 structure,
recruit cellular factors that are involved in membrane rear-
rangements. Future studies are needed to distinguish between
these possibilities.

Models of nsp4 function in replication complex formation,
morphology, and organization. Evidence from this study has
led to potential models addressing the effect nsp4 has on rep-
lication complex formation, morphology, and organization.
One possible model is that nsp4 may regulate the transition or
formation of different membrane modifications (i.e., CMs and
DMVs). The evidence from this report that there was an in-
creased prevalence of CMs in relation to DMVs in the N237A
and N176A/N237A mutant viruses suggests that MHV nsp4
may be a major player in the transition of these virus-induced
membrane rearrangements from one membrane structure to
another. Other findings from this report that there was an in-
creased presence of aberrant or deranged DMVs in the N237A
and N176A/N237A mutant viruses suggest another possibility
that the formation of intact, functional DMVs is regulated by
nsp4.

A second potential model of nsp4 function is that the cur-
vature and size of DM Vs are regulated by nsp4 (38). In N237A
and NI176A/N237A mutant virus-infected cells, irregular
DMVs were much larger and had highly disrupted inner mem-
branes. The N237A and N176A/N237A mutant viruses also
exhibited decreases in RNA synthesis, indicating that these
irregular DMVs may not be functioning properly and that
curvature and size may be important for proper function. This
model is supported by the fact that all virus-infected cells
produced regular DMVs, although at different proportions,
and that all regular DMVs were similar in size. Cells infected
with wt or N176A viruses, those that had levels of RNA syn-
thesis higher than those of the N237A and N176A/N237A
mutant viruses, also had a higher percentage of regular DM Vs.
These data suggest that curvature and size are important for
DMV function.

A third model is that nsp4 functions in tethering or “push-
ing” the inner membrane to the outer membrane of the DMVs.
The proximity of the inner membrane to the outer membrane
may be important for creating an environment optimal for
RNA synthesis and/or protection of newly synthesized viral
RNAs. This model is supported by the fact that the prevalence
of aberrant DMVs in the nsp4 glycosylation mutants was di-
rectly related to the extent of impairment of RNA synthesis
and virus growth. These results suggest that irregular DMVs
have a reduced capacity to synthesize and/or protect viral
RNAs and are also the first to provide direct evidence suggest-
ing that the physical size, morphology, and stability of virus-
induced DMV are important for efficient viral RNA synthesis
and optimal virus production. On the other hand, the results
also show clearly that glycosylation of nsp4 is not absolutely
required for formation of “regular” DMVs and that replication
complex function can still ultimately allow virus replication to
wt titers, albeit with delayed kinetics.

To date, all coronavirus nsp4’s that were subjected to Endo
H treatment have been shown to be glycosylated in the lumen
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of the ER between the first and second predicted transmem-
brane domains of nsp4 in exogenous expression experiments,
including group 2a MHYV nsp4, group 2b SARS-CoV nsp4, and
group 3 IBV nsp4 (10, 29, 35). It will be interesting to see
whether glycosylation of nsp4 is conserved among other coro-
naviruses, specifically group 1 coronaviruses, and what effect
the loss of glycosylation sites has on virus replication, RNA
synthesis, and replication complex morphology.

This study has demonstrated the importance of MHV nsp4
glycosylation sites in virus replication, replication complex
morphology and organization, and viral RNA synthesis. Be-
cause nsp4 has been shown to have integral membrane char-
acteristics and no predicted enzymatic activities, it is rational to
propose that nsp4 involvement in viral RNA synthesis is due to
replication complex formation, other possible membrane mod-
ifications, and/or protein interactions. The nsp4 glycosylation
mutant viruses generated in this study will provide powerful
tools to further dissect the definitive mechanisms of nsp4 func-
tion on replication complex formation and its roles in the virus
life cycle.
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