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The structure of the respiratory tract facilitates gas exchange between the exterior 

environment and interior milieu of the host, while it is a susceptible target and 

feasible gateway for diverse pathogens. Pandemics of severe acute respiratory 

infections have been serious threats to global health, causing significant 

morbidity and mortality. In particular, influenza viruses and coronaviruses 

(CoV), including MERS-CoV and SARS-CoV, have caused numerous outbreaks 

of viral pneumonia worldwide with different impacts. To survive and propagate 

in the cells, viruses and pathogens usurp multiple host pathways to replicate and 

egress from the host cells. There are, however, still numerous critical questions 

regarding the cell biology of these viruses and their understanding could provide 

the framework for the development of novel therapeutic strategies. Autophagy 

is a conserved intracellular pathway that allows cells to maintain homeostasis 

through degradation of deleterious components via specialized double-

membrane vesicles called autophagosomes. During the past decades, it has been 

revealed that numerous microbes, including viruses, hijack autophagy in order 

to promote their life cycle. In this thesis, we have focused on acquiring new 

molecular insights into the viral replication of CoV, and investigated the 

relationship between influenza A virus (IAV) and autophagy. 

1 The Coronavirus 

1.1 General characteristics of Coronaviruses 

CoV are a member of the Coronaviridae virus family. They are enveloped 

viruses, with positive single stranded RNA genomes. For a detailed introduction 

about their pathogenicity and life cycle, refer to Chapter II. 

1.2 Life cycle of Coronaviruses 

1.2.1. Entry, replication and transcription 

The entire CoV replication cycle takes place in the host cell cytoplasm. The 

initial attachment of the virion to the host cell is initiated by interactions between 

the spike protein (S) and its receptor. The receptor binding domains (RBD) are 

localized within the S1 region of a CoV S protein, with some viruses having the 

RBD at the N-terminus of S1 (e.g. MHV) while others (e.g. SARS-CoV) having 

the RBD at the C-terminus of S1 (1, 2). The S protein-receptor interaction is the 

primary determinant for CoV to infect a host species and also governs the tissue 

tropism of the virus (3). Many CoV utilize peptidases as their cellular receptor 
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(4). It is unclear why peptidases are used as receptors, as entry occurs even in the 

absence of the enzymatic domain of these proteins. 

Following receptor binding, the virus has to gain access to the host cell 

cytoplasm (Fig. 1, step 1). This is generally accomplished by acid-dependent 

proteolytic cleavage of S protein by proteases, followed by fusion between viral 

and cellular membranes (5). Fusion generally occurs within acidified endosomes, 

but some CoV, like mouse hepatitis virus (MHV) or transmissible gastroenteritis 

coronavirus (TGEV), can fuse at the plasma membrane (6). Cleavage of the S 

protein exposes a fusion peptide that inserts into the endosomal membrane, 

which is followed by the joining of two amino acid heptad repeats to form an 

antiparallel six-helix bundle that allows mixing of viral and cellular membranes, 

resulting in fusion and ultimately release of the viral genome into the cytoplasm 

(6). 

The next step in the CoV life cycle is the translation of the replicase gene 

from the viral genomic RNA. The replicase gene encodes for two large 

transcripts, ORF1a and ORF1b, which express two co-terminal polyproteins, 

pp1a and pp1ab (Fig. 1, step 2). These polyproteins self-process into 11 and 16 

individual non-structural proteins (NSPs), respectively (7). CoV encode either 

two or three proteases that are involved in the cleavage of these two replicase 

polyproteins. They are the papain-like proteases (PLpro), present within nsp3, 

and a serine protease or Mpro, localized in nsp5 (8). Most CoV encode two 

PLpros within nsp3, except gamma-CoV, SARS-CoV and MERS-CoV, which 

only express one PLpro (8). The NSPs generated by the self-processing of pp1a 

and pp1ab, subsequently assemble into replicase transcriptase complexes (RTCs) 

to create an environment suitable for RNA synthesis, which is responsible for 

RNA replication and transcription of sub-genomic RNAs (9-11) (Fig. 1, step 3). 

CoV replicative platforms consist of cytoplasmic double-membrane vesicles 

(DMVs) into which the RTCs are anchored (12-14). Studies have shown that 

DMVs are integrated into a reticulovesicular network of modified endoplasmic 

reticulum (ER) membranes, also referred to as convoluted membranes (CMs) 

(15). 

Viral RNA synthesis follows the translation and assembly of viral RTCs and 

produces both genomic and sub-genomic RNAs (16, 17) (Fig. 1, step 4). Sub-

genomic RNAs serve as mRNAs for the structural and accessory genes, which 

reside downstream of replicase polyproteins. All positive-sense sub-genomic 

RNAs are 3’ co-terminal with the full-length viral genome and thus form a set of 

nested RNAs. Both genomic and sub-genomic RNAs are produced through 

1 
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Figure 1. Schematic overview of the CoV life cycle. Infection begins with the binding of the viral particles 

to cell surface receptor and subsequent entering in the cell through fusion with the endosome membrane upon 

endocytosis (step 1). Translation of the released genomic RNA (gRNA) yields replicase polyproteins, i.e., 

polyprotein 1a (pp1a) and polyprotein 1ab (pp1ab) (step 2), which undergo proteolytic self-processing to 

generate the NSPs that assemble into replication-transcription complexes (RTCs). The RTCs are part of 

membranous network composed of double membrane vesicles (DMVs) and convoluted membranes, which 

engage in minus-strand RNA synthesis to produce minus-strand RNAs (step 3). Subsequently, they produce 

the gRNA and plus-strand sg mRNAs (step 4), which is required for the expression of the structural protein 

genes. Newly synthesized S, E, and M proteins are inserted in the endoplasmic reticulum (ER) whereas the N 

nucleocapside is cytoplasmic and interacts with RTCs (step 5) to associate with the gRNA to form 

ribonucleoprotein complexes. Virion assembly takes place in the ER-Golgi intermediate compartment (ERGIC) 

(step 6), and involves the inward budding of the limiting membrane of these compartments, which is triggered 

by the interaction between the transmembrane structural proteins and the ribonucleoprotein complex. Finally, 

mature virions egresses through the exocytosis (step 7). 
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negative-strand intermediates (17). 

1.2.2. Virion assembly and release 

Following replication and sub-genomic RNA synthesis, the viral structural 

proteins, S, E, and M are translated and inserted into the ER (18, 19) (Fig. 1, step 

5). These proteins move along the secretory pathway to the ER-Golgi 

intermediate compartment (ERGIC) (18, 19). There, they interact with N 

proteins associated with genomic RNA, to trigger the inwards budding of ERGIC 

limiting membrane that leads to the formation of intralumenal mature virions 

(20). The M protein directs most protein-protein interactions required for the 

assembly of these CoV viral particles (21). The M protein, however, is not 

sufficient for virion formation, as virus-like particles (VLPs) cannot be formed 

by M protein expression alone (22). In contrast, when M protein is co-expressed 

with E protein, VLPs are formed suggesting that these two proteins function 

together to produce CoV envelopes (22). N protein enhances VLPs formation, 

indicating that encapsidated genomes enhance viral envelopment at the ERGIC 

(23). The S protein is incorporated into virions at this step, but is not required for 

assembly (24). The ability of the S protein to traffic to the ERGIC and interact 

with M protein is critical for its incorporation into virions (24) (Fig. 1, step 6). 

Following assembly, virions are transported to the extracellular milieu in 

exocytic vesicles and released by secretion (16, 20) (Fig. 1, step 7). It remains 

unknown whether virions use the traditional pathway for transporting of large 

cargo from Golgi or whether virus has devised a separate, unique pathway for its 

own exit. Over the course of CoV infections, the excess S protein that does not 

get incorporated into virions, traffics to cell surface where it mediates cell-cell 

fusion between infected cells and adjacent, uninfected cells (16, 25, 26). This 

leads to the formation of giant, multinucleated cells, which allows virus to spread 

within an infected tissue/organism without being detected or neutralized by 

immune system. 

2 Influenza A virus 

2.1 General characteristics of Influenza A virus 

Influenza is an acute respiratory illness that has been recognized since 16th 

century and spreads rapidly through communities in outbreaks (27, 28). 

Influenza viruses are enveloped RNA viruses belonging to the relatively small 

Orthomyxoviridae virus family (27, 28). The single-stranded genomic RNA of 

this family has been termed as negative in contrast to mRNA which, by 

1 
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convention, is considered positive-strand RNA (29). At present, the 

Orthomyxoviridae virus family consists of five genera: Influenza A, Influenza B, 

Influenza C, Thogovirus, Influenza D, Quaranjavirus and Isavirus (30). The first 

four genera were established long time ago (31). Isavirus is a relatively new 

addition to Orthomyxoviridae, it contains an infectious salmon anemia virus, 

which is a devastating pathogen in fish farms all over the world (31). The 

Influenzavirus D and Quaranjavirus, predominantly infect animals, in particular 

cattle and arthropods or birds, respectively (31-34). From the epidemiological 

point of view, the Influenzavirus A genus is the most important for humans. The 

only member of this genus, influenza A virus (IAV) is sub-categorized into 

multiple subtypes. According to current nomenclature, description of subtypes 

includes the host from which it was originally isolated, geographic location of 

first isolation, strain number, year of isolation and in parentheses, the serological 

characteristics of two viral proteins: hemagglutinin (HA) and neuraminidase 

(NA). For the strains isolated from humans, the name of the host is omitted (35, 

36). For example, A/California/7/2009 (H1N1) indicates human influenza type 

A, isolated initially in California, strain number 7, year of 2009, type H1N1. The 

A/Turkey/England/91(H5N1) name is for influenza type A, isolated from 

turkeys in England in 1991, type H5N1. 

IAV virus genome is composed of eight segments of single-stranded RNA 

(ssRNA) of negative sense and consists of approximately 14,000 nucleotides, 

which are named segment 1 to 8, and encodes for PB2, PB1 and PB1-F2, PA and 

PA-X, HA, NP, NA, M1 and M2, and NS1 and NS2/NEP, respectively (37). 

Only segment 8 encodes non-structural proteins, i.e. NS1 and NS2/NEP (38). 

The organization of eight RNA segments inside the virions is not fully 

understood. Electron microscopy studies indicate that the NP protein, which 

forms helical structures, enwraps each RNA segment individually (39-41). 

Orthomyxovirus virions are usually almost spherical, with a diameter 

ranging from 100 to 200 nm (29). However, some laboratory strains form 

extended threadlike structures, which sometimes exceed 1000 nm in length (42, 

43). Virions are relatively unstable in the environment and influenza viruses are 

easily inactivated by heat, dryness, pH extremes and detergents (44). The outer 

lipid bilayer of influenza viruses originates from plasma membranes of the host 

in which the virus propagates (45). Around lipid envelope of viral particle, there 

are approximately 500 projections in the form of spikes (46). About 80% of these 

projections are composed by HA and resemble rods (46, 47). The remaining 

projections are in the shape of mushrooms and they are built by NA molecules 

(47). The viral outer membrane also contains some copies of the small M2 
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protein that form ion channels in virion particles (48, 49). Matrix protein M1, 

which is the most abundant protein in virions, underlines the lipid layer and plays 

an important role in the attachment of the ribonucleoprotein (RNP) during virion 

formation (50, 51). RNP core is a complex structure composed mostly by NP 

protein, which enwraps the eight different RNA segments of the IAV genome 

(52, 53) (Fig. 2A). Additionally, RNPs contain about 50 copies per virion of 

RNA-dependent RNA polymerase, which in case of IAV is a complex composed 

of three proteins: PB1, PB2 and PA (54, 55) (Fig. 2A). 

2.2 Life cycle of Influenza A virus 

2.2.1 Entry, replication and transcription 

Influenza A virus utilizes sialic acid residues on the surface of cells as viral 

receptors to enter host cells (27, 44, 56) (Fig. 2B, step 1). The HA of influenza 

viruses replicating in different species shows some preference for particular 

glycosidic linkages of sialic acid. Human viruses’ HA molecules bind very well 

to sialic acids conjugated to galactose by alpha-2,6-glycosidic bonds (57). On 

the other hand, avian viruses preferentially associate to sialic acids connected 

with galactose by alpha-2,3-glycosidic bonds (57). Alpha-2,6 linkages of sialic 

acids to galactose are mostly found in human trachea, while sialic acid-alpha-

2,3-galactose sugar moieties are principally present in the gut epithelium of birds 

(57). These receptor distributions explain the preference for selected hosts but 

also not absolute specificity, which may be bypassed by high viral inoculums or 

point mutations in the HA gene (29). 

After binding to the receptor, virions are internalized through trafficking via 

the endocytic pathway (58) (Fig. 2B, step 2). The main mechanism is clathrin-

mediated endocytosis, although a non-clathrin, non-caveolae pathway has also 

been attributed to influenza entry (59, 60). HA is synthesized as a precursor HA0 

and needs to be cleaved by a host cell protease into the subunits HA1 and HA2 

to gain its fusion capacity (61-63). Proteolytic cleavage of HA0 enables HA to 

undergo conformational changes at low pH, which expose the N-terminal 

hydrophobic fusion peptide of HA2 and trigger membrane fusion (64). In 

particular, this protein fragment gets anchored into the internal surface of 

endosomal membrane while the rest of HA remains tightly associated to the viral 

envelop via its transmembrane segment (65, 66). A drop of pH in endosome acts 

as the main trigger for HA2 as a large conformational change that leads to 

anchoring of the fusion peptide, which is followed by close contact between the 

adjacent membranes and the subsequent fusion (67, 68). 

1 
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As a consequence of these processes, virion content, in particular RNP 

complexes, is released into cytoplasm of the host cell (69, 70) (Fig. 2B, step 3). 

Apart from the HA, M2 protein also plays an important role in the release of 

genetic material into the host cell. This ion channel mediates the influx of H+ 

ions from the endosomal lumen into the viral particles, which greatly weaken the 

interaction between RNP complexes and matrix M1 protein (71-73). 

Chou et al suggest that all eight segments are transported as one moiety to 

the nucleus and synthesis of influenza virus RNA occurs there (74). Genomic 

segments of the virus never exist as independent RNA molecules but rather 

remain associated with the NP protein (29, 75, 76). RNP complexes, however, 

are not able to diffuse passively through nuclear pores and consequently they 

rely on cellular mechanisms of nuclear transport (77). Proteins belonging to the 

family of alpha-importins recognize nuclear localization signals present in the 

NP protein and thus play an important role in intranuclear transport of RNP 

complexes (77). 

Once in the nucleus, genomic ssRNA is used as a template for the synthesis 

of two classes of positive-stranded ssRNA: viral messenger RNAs (vmRNA) and 

full-length complementary copies (cRNA) (Fig. 2B, step 4 and 5). During 

transcription, multimeric viral polymerase interacts with the host polymerase II 

(78). This interaction leads to the phenomenon called “cap-snatching”, which 

entails removal of a cap from newly synthesized cellular mRNAs (79-81). The 

PB2 subunit of the viral polymerase is responsible for cap binding (82). The PB1 

subunit was regarded as an endonuclease cleaving the 5’ capped oligonucleotide 

for a long time, which serves as a primer for initiation of transcription (83). 

Recent crystallographic data, however, suggest that endonuclease activity should 

be rather attributed to the PA subunit (84). This is one of the observations that 

contradict the theory that particular activities of polymerase can be dissected and 

attributed to a single polymerase subunit. It is rather more likely that three 

subunits of viral polymerase act cooperatively in synthesis of RNA. 

Transcription continues until approximately 15 nucleotides from the 5’ end of 

the vmRNA (85). The next step is replication of influenza genomic segments 

from the template positive-strand cRNAs. This process also generates full-length 

genome segments that assemble with NP and polymerase subunits to form the 

RNP complexes, which are subsequently exported into the cytoplasm (86, 87). 
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Figure 2. Overview of the IAV life cycle. (A) The structure of viral ribonucleoprotein (vRNP) complex. The 

influenza polymerase is a complex composed by the PA, PB1, and PB2 proteins. One polymerase heterotrimer 

is attached to each vRNP segment inside the virion and viral RNA molecules (vRNA) are coated by NP 

molecules. (B) The IAV life cycle. Virus infection is initiated by virus binding to sialylated host cell-surface 

receptors, which is subsequently followed by endocytosis (step 1). In the host cell, fusion of viral and 

endosomal membranes occurs at low pH (step 2) and this allows the release of the segmented viral genome 

into the cytoplasm (step 3). The viral genome is then translocated into the nucleus, where it is transcribed (step 

4) and replicated (step 5). Following synthesis in the cytoplasm, viral proteins are assembled into viral 

ribonucleoproteins (vRNPs) in the nucleus. Export of vRNPs to the cytoplasm is mediated by M1 and NS2. 

Viral particles are then assembled at the plasma membrane (Step 6), and access the extracellular milieu through 

budding (step 7). 
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2.2.2 Virion assembly and release 

It has been postulated that assembly of IAV viral components occurs 

preferentially in lipid rafts present at plasma membrane, a notion emerged from 

the examination of the lipid content of purified viral particles (88-90). 

Additionally, HA and NA glycoproteins are incorporated into lipid rafts (91-93). 

Before reaching the lipid rafts, however, these two glycoproteins are post-

translationally modified. These modifications take place in ER where these 

proteins become correctly folded and glycosylated. They are also assembled into 

oligomers, i.e. HA into trimers whereas NA into tetramers. Subsequent 

modifications of the glycan chains of these proteins and their esterification with 

fatty acids occur in Golgi apparatus (94). Finally, the HA and NA oligomers 

reach plasma membrane. Signals for the association of these glycoproteins with 

lipid rafts are located within their transmembrane domains (95). RNPs are 

probably transported to the region of assembly at apical plasma membrane 

independently of other structural proteins (Fig. 2B, step 6). The packaging of the 

eight different RNA segments in the form of RNPs into virion shells is a 

phenomenon poorly understood, although many models have been proposed (96-

98). Some evidences suggest that presence of packaging signals at both ends of 

the genomic segments, but the precise sequences and/or structures responsible 

for this encapsulization are still not well defined. Both NA and HA have affinity 

for sialic acid residues but they have opposite effects on the release of the virus 

from cells. HA anchors the virus to the cell membrane via its interaction with 

sialic acid-containing receptors. NA, in contrast, removes sialic acids in order to 

allow the virion to leave its host cells. Therefore, there must be a coordinated 

balance between the activities of these two glycoproteins, to maximize 

production of the virus progeny (29). Finally, virus release requires completion 

of budding event through fusion of the opposing membranes, which leads to the 

closure of the viral particle and its concomitant separation from the host plasma 

membrane (Fig. 2B, step 7). 

3 Autophagy  

3.1 The mechanism of autophagy and the autophagy-related proteins 

Cellular homeostasis requires a proper balance between anabolism and 

catabolism. The two major cellular degradative pathways in eukaryotic 

organisms are proteasome and autophagy. Autophagy is a cellular process of 

self-digestion, in which cells capture their own cytoplasm and organelles, and 

consume them in lysosomes (99, 100). There are distinct types of autophagy, 
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which vary from each other based on the inducing signals and temporal aspects 

of the stimulation, type of cargo and mechanism of sequestration (101). The 

principal types of autophagy are macroautophagy, microautophagy and 

chaperone-mediated autophagy (101). The predominant form, macroautophagy 

(hereafter autophagy), is characterized by large double-membrane vesicles 

called autophagosomes that sequester and transport cytoplasmic material into 

lysosomes (102). This latter step is achieved through fusion of outer membrane 

of autophagosomes with lysosomes and subsequent luminal delivery of inner 

vesicle, which is degraded together with its cargo by lysosomal enzymes. The 

substrates of autophagic degradation include cellular organelles, protein 

aggregates, specific proteins, and even invading pathogens (103). The selective 

turnover of organelles by autophagy is defined with different names, e.g. the term 

mitophagy is used for mitochondria, reticulophagy for ER and lipophagy for 

lipid droplets (104). 

Autophagy is a membrane-dependent process that is initiated by the 

formation of a pre-autophagosomal structure or phagophore assembly site (PAS), 

which leads to the generation of a cistern called an isolation membrane or 

phagophore. With the discovery of autophagy-related genes (ATG) in yeast and 

subsequent in-depth studies of their homologues in various cellular and animal 

models, many additional physiological processes have been linked to autophagy 

including intracellular quality control, maintenance of cellular and tissue 

homeostasis, anti-aging processes, cell differentiation and development, and 

innate and adaptive immunity (102). 

Autophagosome biogenesis and fusion entails a series of discrete steps, i.e. 

initiation, phagophore nucleation, phagophore elongation and completion, and 

autophagosome fusion with lysosomes. Autophagosome biogenesis is initiated 

through the regulation of UNC-51-like kinase (ULK) complex, which is 

composed of ULK1/2 kinase, ATG13, FIP200 and ATG101 (Fig. 3, step 1). 

Multiple signaling cascades regulate the ULK complex activity. The best 

characterized one is the one centered around the mammalian target of rapamycin 

complex 1 (mTORC1). In presence of nutrients, active mTORC1 inhibits the 

ULK complex by phosphorylating ULK1/2 and ATG13 (105). Inactivation of 

mTORC1 by low levels of amino acids leads to dephosphorylation, translocation 

and activation of the ULK complex from cytosol to so-called PAS, the functional 

site where an autophagosome will be generated. There, it recruits other elements 

of the ATG machinery, such as autophagy-specific class III phosphatidylinositol 

3-kinase (PtdIns3k) complex (105) (Fig. 3, step 2). This complex is formed by 

VPS34, p150, BECLIN1/ATG6 and ATG14L, and interacts with various factors 

1 
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such as AMBRA1 and transmembrane VMP1, which regulate its localization 

and activation. The generation of phosphatidylinositol-3-phosphate (PtdIns3P) 

by PtdIns3k complex at PAS triggers the recruitment of proteins binding to this 

lipid, including WIPI proteins and DFCP1, which also participate in the 

biogenesis of phagophore (106). Another protein essential for the initial steps of 

autophagosome formation is the transmembrane protein ATG9A. This protein is 

principally distributed to trans-Golgi network and late endosomes, and 

dynamically associates with PAS (107, 108). Once formed, phagophores are 

elongated and closed, and these events require two ubiquitin-like molecules, 

ATG12 and the ATG8/LC3 proteins, which are part of two different but 

interconnected conjugation systems (Fig. 3, step 3). In the first ubiquitin 

conjugation-like reaction, ATG12 covalently linked to ATG5 through the action 

of E1-like and E2-like enzymes ATG7 and ATG10, respectively, before 

associating to ATG16L1 and forming ATG12-ATG5/ATG16L1 complex (105). 

This complex is essential for autophagosome biogenesis by targeting the second 

ubiquitin-like conjugation system to PAS and promoting its last step. The latter 

involves conjugation of phosphatidylethanolamine (PE) to the members of 

ATG8/LC3 protein family, which is subdivided in LC3 subfamily (composed in 

human by LC3A, LC3B and LC3C) and GABARAP (composed by human 

GABARAP, GABARAPL1 and GATE-16) subfamilies (109). After their 

synthesis, these ubiquitin-like proteins are post-translationally processed at C-

terminus by ATG4 proteases to generate so-called non-lipidated LC3-I form 

(103). Upon autophagy induction, LC3-I becomes conjugated to PE at its C-

terminus on both inner and outer membrane of the growing phagophore through 

action of ATG7 and E2-like enzyme ATG3 (103). The lipidated form of 

ATG8/LC3 proteins is known as LC3-II. 

It has recently been shown that autophagy can target specific cargo, such as 

aggregated proteins, damaged or superfluous organelle, and invading pathogens. 

These selective types of autophagy involve a family of proteins called autophagy 

receptors, which are characterized by the ability to recognize degradation signals 

on cargo proteins and also bind members of ATG8/LC3 protein family on inner 

surface of the forming autophagosome (110). Different autophagy receptors 

recognize one or more distinct cargos and depending on the nature of cargo, 

several selective types of autophagy have been described: protein aggregates 

(aggrephagy), mitochondria (mitophagy), ribosomes (ribophagy), pathogens 

(xenophagy), peroxisomes (pexophagy), ER (reticulophagy), nuclear envelope 

(nucleophagy), liposomes (lipophagy), lysosomes (lysophagy)… (111). Some of 

the known soluble autophagy receptors, including p62/SQSTM1, optineurin 
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(OPTN), neighbor of BRCA1 (NBR1), and nuclear dot protein 52 kDa (NDP52), 

harbor both an ubiquitin-binding domain and a LC3-interacting region (LIR) 

(112). Thus, the unique structure and biochemical activity of autophagy 

receptors determine cargo recognition as they allow autophagosomes to 

specifically and exclusively sequester the structures targeted to degradation(113). 

Generally, complete autophagosomes fuse with lysosomes to form 

autolysosomes (105) (Fig 3, step 4). This membrane fusion is mediated by a 

soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

complex (114, 115), which include VAMP8, SNAP25, SNAP29 and 

SYNTAXIN17 (STX17). STX17 has a unique C-terminal hairpin structure 

mediated by two tandem transmembrane domains containing glycine zipper-like 

motifs, which is essential for its association with outer membrane of completed 

autophagosomes once those are formed and guide their specific fusion with late 

endosomes/lysosomes (116). Together with SNARE complex, fusion of 

autophagosomes with lysosomes, similarly to other transport routes to the same 

destination, requires coordinated action of Rab GTPases and HOPS tethering 

complexes (117-119). Rab GTPases have a central role in fusion cascades. They 

are held soluble in the cytosol by GDP-dissociation inhibitor (GDI) proteins, 

which bind GDP-loaded Rab proteins. Once on membranes, a Rab-specific 

guanine nucleotide exchange factor (GEF) converts Rab GTPases into their 

active GTP-form (118), promoting their interaction with effectors such as 

tethering factors (119). The Rab7 GTPase is required for the fusion of endosomes 

with lysosomes and lysosomal transport along microtubules (120). In yeast, the 

Rab7-homolog Ypt7 binds to HOPS tethering complex, which in turn supports 

SNARE assembly and fusion. Rab7 as well as Ypt7 are also required for fusion 

of autophagosomes with endosomes (121-123) and detected on autophagosomes 

(124). However, how autophagosomes become fusion competent with lysosomes 

is still poorly understood. 

During fusion of autophagosomes with lysosomes, the LC3-II pool present 

in the interior of autophagosomes is also delivered in lysosomal lumen and 

therefore is very often used as a marker protein to monitor the entire autophagy 

pathway. Autophagosomal cargos are finally degraded by lysosomal enzymes, 

which include proteases, lipases, nucleases and glycosidases (125). Breakdown 

products, i.e. amino acids, lipids, nucleotides and carbohydrates, are released 

into cytosol by lysosomal surface transport and permeases, and reused in 

biosynthetic and metabolic pathways (102). 
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Figure 3. Schematic view of macroautophagy in mammalian cells. Upon autophagy induction, the ULK 

complex, which consists of ULK1, ATG13, FIP200 and ATG101, is central in triggering the formation of the 

phagophore assembly site (PAS) (step 1). mTOR, which senses levels of amino acids, glucose and growth 

factors, as well as soecific genotoxic and ER stress, is one of the principal signaling hub controlling autophagy. 

Following stimulatory signals, mTOR is inactivated and the ULK complex becomes hypophosphorylated. 

Nucleation of the phagophore also requires ATG9A and the class III PtdIns3k complex, which includes the 

VPS34 lipid kinase and its regulatory subunits ATG14L, VPS15 and BECLIN1 (step 2). The elongation of the 

phagophore membrane and the completion of autophagosomes involve two ubiquitin-like conjugation 

pathways (step 3). The first produces the ATG12-ATG5 conjugate, which forms a multimeric complex with 

ATG16L, whereas the second results in the conjugation of LC3 to phosphatidylethanolamine (PE). LC3-PE is 

required for the expansion of phagophore, specific recognition of the autophagic cargoes and fusion of 

autophagosomes with lysosomes. Autophagosomes finally fuse with endocytic and lysosomal compartments, 

ultimately leading to formation of the autolysosome (step 4). 
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3.2 Unconventional role of autophagy-related proteins 

It has been believed for a long time that ATG proteins were exclusively involved 

in autophagosome formation. A series of discoveries, however, have revealed 

that they are also participating individually or in functional groups in pathways 

distinct from autophagy (126). The growing appreciation for other functions of 

ATG proteins is similar to the explosion of research in ubiquitin field, which 

began with a narrow focus on the role of ubiquitination in protein turnover, but 

has now broadened to study its tremendous impact on many aspects of cellular 

physiology, including protein sorting, DNA repair, gene regulation, protein 

retrotranslocation, apoptosis and the immune response (126, 127). 

Studies on binding partners of the members of the LC3 protein family have 

revealed many new interacting components, including several that are in cellular 

pathways other than autophagy. LC3 proteins bind to their interactors very often 

through LIR motifs (104, 111, 128). Furthermore, several cryptic LIR sequences 

are activated by phosphorylation of serine and threonine residues in their vicinity 

or formed through rearrangements of protein conformations (129), thereby 

expanding the number of putative LC3 protein interacting factors. Among the 

non-autophagy-related proteins that interact with LC3 proteins are GTPases 

(130), GTPase-activating proteins (131, 132) and guanine-nucleotide exchange 

factors (133). Although these are not direct targets of the autophagic process, 

they might serve to regulate events involved in cellular response to autophagy or 

other cellular function when LC3 is targeted through conjugation to PE to other 

organelles such as endosomes (132-136). Another example for a non-autophagic 

role of LC3 is in the context of virus infections. As explained in detail in chapter 

2 of this thesis, CoV trigger the formation of DMVs to generate their replication 

and transcription platforms. MHV appears to usurp host cell machinery for coat 

protein complex II (COPII)-independent vesicular transport route known as ER-

associated degradation (ERAD) tuning pathway, which transports ER 

degradation-enhancing α-mannosidase-like 1 (EDEM1) and osteosarcoma 

amplified 9 (OS9) directly for ER to endolysosomal system, to produce its 

DMVs. As a result, EDEM1 and OS9 accumulated in these structures, which are 

also decorated with non-lipidated LC3-I. Knocking down of LC3 proteins, but 

not the inactivation of host cell autophagy, inhibits MHV infection (137). Equine 

arteritis virus (EAV) and Japanese encephalitis virus (JEV) also hijack the same 

ER-derived membranes to ensure their efficient replication (138, 139). 

Several components of modulators of two ubiquitination-like systems of 

autophagy, singularly or in functional groups, are crucial for a variety of cellular 
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processes. In neuroendocrine PC12 cells, ATG16L1 localizes to hormone-

containing dense-core vesicles through interaction with RAB33A (140). 

Although blocking autophagy with wortmannin is ineffective, knocking down of 

ATG16L1 causes a marked reduction of hormone secretion level (140). 

Moreover, two studies showed that ATG16L1 is also required for granule 

exocytosis pathway in intestinal Paneth cells (141, 142). Interestingly, non-

autophagic roles of ATG proteins have often been unveiled by studying 

pathogens cell invasions. The infection of mammalian cells by many RNA 

viruses produces virus-derived immunostimulatory RNA (isRNA) structures. In 

particular, 5’-triphosphorylated RNA produced during virus life cycle is directly 

recognized by a cytoplasmic RNA helicase protein, RIGI, or generates dsRNA, 

which is recognized by an alternative RNA helicase, MDA5. These helicases 

have N-terminal caspase recruitment domains (CARDs) and interact with other 

CARD-containing proteins (143, 144). The ATG12-ATG5 conjugate negatively 

regulates isRNA-generated type I IFN production and interacts with the RNA 

helicases RIGI and MDS5, thereby interfering with the ability of these helicases 

in engaging in their normal CARD interactions and consequently inhibiting type 

I IFN production (143, 144). Furthermore, Hwang and co-workers have shown 

that ATG12-ATG5/ATG16L1 complex is required for IFN γ-mediated host 

defense against murine norovirus replication (145). In contrast, during hepatitis 

C (HepC) virus infection, another subset of autophagy proteins, specifically 

BECLIN1, LC3, ATG4B, ATG5, ATG7 and ATG12, are crucial for the 

translation of HepC RNA, viral replication and egress from cells, rather than 

interfering with the viral life cycle (146). Recently, Mauthe and colleagues found 

an undocumented role for ATG13 and FIP200 in picornavirus replication that is 

independent of their function in autophagy as part of the ULK complex (147). 

In this chapter, I just highlighted some examples of non-autophagy function 

of ATG proteins. It is now evident that the ATG machinery is far more versatile 

in coordinating cellular activities than was previously appreciated, something 

that has recently been underlined with a ATG proteome-specific siRNA-based 

screen exploiting different viral infections to study the conventional or 

unconventional role of ATG proteins in promoting or suppressing infections 

(147, 148). 

3.3 Autophagy and Coronavirus 

The replication of CoV also takes place on DMVs, which are reminiscent of 

autophagosomes. Studies addressing whether these two structures were the same, 

revealed that this was not the case. Nonetheless, components of ATG machinery 
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have been associated to CoV infections and these relationships are discussed in 

Chapter II.  

3.4 Autophagy and Influenza A virus  

The first study on the interaction between autophagy and IAV was carried out 

with A/WSN/33 (H1N1) and A/chicken/Beijing/04 (H9N2) strains (149). 

Infected cells displayed the presence of more autophagosomes, an increased 

lipidation of LC3 and enhancement of the autophagic flux, which indicated an 

induction of autophagy. Inhibition of autophagy with either 3-methyladenine, 

wortmannin or knockdown of BECLIN1 and LC3, markedly decreased both viral 

protein production and titers of IAV (149). Noticeably, the compounds utilized 

had no marked effect on virus entry or cell viability, either of which might limit 

viral replication (149). The induction of LC3 conversion by IAV infection has 

been confirmed in a number of cell lines by other groups as well (150, 151). 

Gannage and colleagues found that infection of human lung epithelial cells with 

IAV H3N2 and H1N1 strains prevents autophagosomes from fusing with 

lysosomes, with viral M2 protein being necessary and sufficient for this 

inhibition (150). This block leads to a perinuclear accumulation of 

autophagosomes (150). IAV M2 has a proton channel activity that during virus 

cell entry, triggers virion disassembly in response to lower endosomal pH, while 

its cytoplasmic tail contributes to virus particle assembly, budding, and 

morphogenesis (93). Treatment with amantadine, an IAV M2 proton channel 

inhibitor, was unable to prevent autophagosome accumulation in M2-transfected 

and H3N2- or H1N1-infected cells indicating that M2 proton channel activity is 

not involved in blocking autophagosome fusion with lysosomes (150). A 

different study, however, obtained contrasting results because upon treatment 

with amantadine, an inhibition of autophagosome accumulation was observed in 

H3N2-infected cells (152). Moreover, autophagosomes were not observed 

accumulating in cells exposed to H1N1 in the same investigation. Overall, these 

data indicate that the activity of the M2 proton channel plays a role only in 

blocking the fusion of autophagosomes with lysosomes, which might be a key 

mechanism used by the H3N2 strain to arrest autophagy (152). This debating 

data still needs to be further clarified. Randow and co-workers identified a LIR 

motif in M2, at amino acid positions 91-94, which directs transfected GFP-LC3 

to plasma membrane without influencing perinuclearly accumulated GFP-LC3 

puncta (153). The authors speculated that IAV subverts ATG components by 

mimicking a host protein-protein mechanism and this strategy may facilitate 

transmission of infection between organisms by enhancing the stability of virion 
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progeny. This was tested by infecting A549 cells with an IAV strain carrying M2 

either WT or with a mutated LIR motif, and then check colony formation by 

plaque assay using the released virus immediately or left at room temperature for 

1-2 days. The virions of the strain expressing the M2 LIR motif mutant lost 

infectivity over time (153). 

In a recent work, it has been shown that the WD repeat-containing C-terminal 

domain (WD40 CTD) of ATG16L1 is essential for non-canonical LC3 

recruitment to endolysosomal membranes, but dispensable for canonical 

autophagy (154). Dendritic cells from mice expressing a form of ATG16L1 

lacking the WD40 CTD did not display a re-distribution of GFP-LC3 to the 

plasma membrane when were infected with IAV, which also indicated that LC3 

lipidation is part of a non-canonical autophagy pathway (154). However, the 

impairment of this program did not affect viral titers (154). Future studies are 

needed to elucidate the function and relevance of this non-canonical autophagy 

pathway during the IAV infection cycle. 

IAV is a major human pathogen for which there are few treatment options. 

To search for novel potential therapeutic targets while systematically 

investigating virus-host interaction, various comprehensive proteomics and 

genome-wide screens have been performed in IAV-infected cells (155-157). In 

two of the screens, mTORC1 was identified as a protein complex that promotes 

IAV infection (158, 159), and consistently, some groups have found that H1N1 

IAV activates mTORC1 (159, 160). mTORC1 is central in modulating the 

metabolism of the cell through regulation of a plethora of cellular processes, 

including autophagy (161). Conversely, IAV replication is reduced when mTOR 

is inhibited directly (158) or indirectly, by chemically blocking REDD1, a known 

negative regulator of mTORC1 (159). The role of mTORC2 during IAV 

infection, in contrast, remains unknown. A recent paper, however, found that 

mTORC2 and PDPK1 differentially phosphorylate AKT upon IAV infection and 

the viral NS1 protein promotes phosphorylation of AKT at a different site via 

mTORC2, which is an activity dispensable for mTORC1 stimulation (162), but 

known to regulate apoptosis (163). Depletion of ATG5 or ATG7, however, did 

not affect mTORC1 activation over the course of IAV infection (162). 

Altogether, these data suggest that mTORC1 activation supports IAV protein 

expression and replication, but not through autophagy. 

4. Outline of this thesis 

Chapter II. The interaction between Nidovirales and autophagy components 
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In this chapter, we reviewed the current knowledge about the interplay between 

Nidovirales and autophagy, as numerous viruses belonging to this order trigger 

autophagy in host cells. Nidovirales are subdivided into four virus families: 

Roniviridae, Arterividae, Mesoniviridae, and Coronaviridae. Although the 

interaction between autophagy and viruses from some of these virus families 

have been extensively studied, it remains to be established whether there is an 

interaction between autophagy and Torovirinae, Mesoviridae and Roniviridae. 

Moreover, for specific viruses like porcine reproductive and respiratory 

syndrome virus (PRRSV) and TGEV, opposite conclusions have been reported 

regarding whether autophagy induction is beneficial or detrimental for viral life 

cycle and these effects should be clarified in further studies. This chapter also 

provides a critical compendium of the available data. 

Chapter III. Ultrastructural characterization of membrane rearrangements 

induced by porcine epidemic diarrhea virus infection 

The intracellular membrane reorganization induced by CoV has been 

investigated during the infection of numerous viruses belonging to this virus 

family, but never with a member of -CoV subfamily. In this chapter, we 

qualitatively and quantitatively examined at ultrastructural level that the 

membrane rearrangements over the course of the infection of the porcine 

epidemic diarrhea virus (PEDV), an -CoV, using electron microscopy. We 

observed that PEDV initially induces the formation of DMVs and CMs, which 

probably serve as replication and transcription platforms. We also found that 

viral particles start to form almost simultaneously in both ER and in large virion-

containing vacuoles (LVCVs), which are compartments originating from Golgi. 

Importantly, our results indicate together with Golgi, ER is the major platform 

of virion assembly and this distinguishes -CoV from viruses belonging to other 

CoV subfamilies. 

Chapter IV. Coronavirus nucelocapsid proteins assemble constitutively in high 

molecular oligomers 

Our goal in this chapter was to clarify the mechanism and relevance underlying 

the N protein oligomerization in CoV life cycle. We first confirmed in vitro that 

recombinant MHV and SARS-CoV N protein self-interacts and form large 

oligomers. Analysis of the interaction between different N protein truncations 

revealed at least three regions of N proteins are able to cross-interact between 

each other in an interchangeable manner, providing a possible mechanism for 
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oligomerization. We also found that MHV N protein forms oligomers in 

cytoplasm upon synthesis and its oligomerization does not require binding to 

gRNA. Thus, we hypothesized that N protein oligomers provide a larger binding 

surface for the gRNA, which will be thus optimally entwined at the site of 

replication to be subsequently incorporated into viral particles. 

Chapter V. The recruitment of mouse hepatitis virus (MHV) nucleocapsid 

protein to the replication-transcription complexes plays a key role in infection 

In addition to being part of viral particles, CoV N protein also localizes to RTCs. 

The goal of this chapter was to shed light into the relevance of this localization 

for CoV life cycle. We found that nsp3 is the only non-structural protein of RTCs 

that interacts with CoV N protein. We have then investigated the importance of 

this interaction during CoV infection by identifying and studying the domains of 

MHV N protein involved in its association with nsp3. We found that specific 

amino acids in N1b and N2a regions of the N protein mediate its interaction with 

nsp3. N protein variants carrying point mutations in these critical amino acids 

fail to be recruited to RTCs and have a dominant negative effect on MHV 

infection by impairing virus replication and progeny production. We also showed 

that gRNA binding to N oligomers is not essential for N-nsp3 interaction but 

nonetheless hypothesized that recruitment of N protein to RTCs could favor the 

localization of gRNA at this site early in infection, possibly also promoting viral 

transcription and replication.  

Chapter VI. Autophagy-indepepndent role of specific ATG8 homologs in 

influenza virus infection 

In this chapter, our goal was to better understand the interaction between IAV 

and ATG machinery. We found that IAV infection triggers autophagy, but an 

intact ATG machinery is not required for IAV infection. Interestingly, a subset 

of ATG8 proteins, however, associate with the cytoplasmic vRNPs in their non-

lipidated form. Crucially, members of LC3 protein subfamily, but not those 

belonging to the GABARAP protein subfamily, play a pivotal role in IAV 

infection. Thus, our data have revealed a similar unconventional relationship 

between IAV and CoV, with LC3 protein subfamily, although the role of non-

lipidated LC3 proteins in the life cycle of these two viruses might be different. 
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Chapter VII. Summary and perspectives 

CoV and IAV are two distinct families of viruses, but both can cause severe acute 

respiratory infections and represent serious threats to global health. In this 

chapter, we first summarized the intracellular membrane rearrangements 

induced by CoV and the role of N protein during life cycle of MHV. Moreover, 

we also discuss the available literature on the relationship between IAV and 

autophagy in the context of our discoveries, and propose that the unconventional 

roles of LC3 may not only important for CoV infections, but also those of IAV. 
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Abstract 

 

Autophagy is a conserved intracellular catabolic pathway that allows cells to 

maintain homeostasis through the degradation of deleterious components via 

specialized double-membrane vesicles called autophagosomes. During the past 

decades, it has been revealed that numerous pathogens, including viruses, usurp 

autophagy in order to promote their propagation. Nidovirales are an order of 

enveloped viruses with large single-stranded positive RNA genomes. Four virus 

families (Arterividae, Coronaviridae, Mesoniviridae, and Roniviridae) are part 

of this order, which comprises several human and animal pathogens of medical 

and veterinary importance. In host cells, Nidovirales induce membrane 

rearrangements including autophagosome formation. The relevance and putative 

mechanism of autophagy usurpation, however, remain largely elusive. Here, we 

review the current knowledge about the possible interplay between Nidovirales 

and autophagy. 

Keywords: coronavirus; arterivirus; mesonivirus; ronivirus; autophagosome; 

autophagic flux; infection; replication; egression 
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1. The Order of Nidovirales 

Nidovirales is an order of enveloped, single-stranded positive genomic RNA 

viruses. They have the largest known viral RNA genomes and infect a broad 

range of hosts (1). The order of Nidovirales includes four virus families: 

Roniviridae, Arterividae, Mesoniviridae, and Coronaviridae (Fig. 1). This 

classification is principally based on the organization of their viral genome, the 

closeness in genome sequences, the antigenic properties of the viral proteins, the 

replication strategy, the structure and physicochemical properties of the virions, 

the natural host range, the cell and tissue tropism, the pathogenicity, the 

cytopathology, and the mode of transmission (1-4). The name of Nidovirales, 

from the Latin word “nidus” for nest, refers to a nested set of viral subgenomic 

messenger RNAs that is produced during infection (5). Within the Coronaviridae 

family, the subfamily Coronavirinae is the one encompassing the larger number 

of viruses. Species in this subfamily, which include several human pathogens, 

can be grouped into four main subgroups on the basis of serological and genetic 

properties: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and 

Deltacoronavirus (6-8) (Fig. 1). Torovirinae is also a subfamily of 

Coronaviridae and four Torovirus species have been identified so far: the equine, 

bovine, porcine, and human Toroviruses (9, 10) (Fig. 1). The Mesoniviridae 

subfamily has one genus, which contains one species, the Alphamesonivirus. 

Alphamesonivirus are mosquito-specific viruses with extensive geographic 

distribution and host range (11). Their virions are 60-80 nm in diameter, with 

club-shaped surface spikes and consist of eight major structural proteins, 

including a nucleocapsid protein, four differentially glycosylated forms of the 

membrane protein, and the spike S protein (12, 13). Roniviridae contain the 

genus Okavirus and although still little is known about them, the yellow head 

virus (YHV) can cause significant economic losses to the shrimp industry and is 

listed as a notifiable disease by the World Organization for Animal Health (1, 

14). In recent years, veterinarians have also become very concerned about 

Arterividae, in particular the porcine reproductive and respiratory syndrome 

virus (PRRSV), which is causing economic losses to the USA swine industry 

that are estimated to US$ 560 million per year (15, 16). 

Nidoviruses rank among the most complex RNA viruses and their molecular 

genetics clearly discriminates them from other RNA virus orders (1). Still, our 

knowledge about their life cycle, mostly unveiled with studies on Coronaviruses 

(CoVs), is very limited (1, 3, 17, 18). To enter cells, Nidoviruses bind to cell 

surface receptors, an event that precedes the fusion of the viral and cellular 
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Figure 1. The taxonomy of the order Nidovirales. BToV, bovine torovirus; DKNV, dak nong virus; EAV, 

equine arteritis virus; FCoV, feline coronavirus; HToV, human torovirus; IBV, infectious bronchitis virus; 

MERS-CoV, Middle East respiratory syndrome coronavirus; MHV, mouse hepatitis virus; PRRSV, porcine 

reproductive and respiratory syndrome virus; PEDV, porcine epidemic diarrhea virus; PToV, procine torovirus; 

TGEV, transmissible gastroenteritis coronavirus; SARS-CoV, severe acute respiratory syndrome coronavirus; 

YHV, yellow head virus; WBV, white bream virus. 

membranes (Fig. 2, step 1), which is presumably mediated by one of the surface 

glycoproteins (19, 20). The fusion takes place either at the plasma membrane or 

in the endosomes and releases the nucleocapsid into the host cell cytoplasm (19) 

(Fig. 2, step 1). After genomic RNA uncoating from the nucleocapsid, two large 

replicase open reading frames (ORFs), ORF1a and ORF1b, are translated by host 

ribosomes to yield two large polyprotein precursors that undergo autoproteolytic 

processing to eventually produce the non-structural proteins (NSPs). The NSPs 

interfere with the host defenses but also induce the formation of double-

membrane vesicles (DMVs) and convoluted membranes, on which they 

collectively form the replication-transcription complexes (RTCs) (19, 20) (Fig. 

2, steps 2, 3, and 4). These complexes mediate the synthesis of the genomic RNA 

and a nested set of subgenomic RNAs that directs the translation of the structural 

proteins (the nucleocapsid N protein, the membrane M protein, the envelope E 

protein and the spike S protein) and some accessory proteins, like the 

hemagglutinin esterase in the case of Severe Acute Respiratory Syndrome 

(SARS)-CoV or Mouse Hepatitis Virus (MHV) (21-23) (Fig. 2, step 5 and 6). 
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Figure 2. Generalization of Nidovirales life cycle, based on the information acquired studying Arteriviruses 

and Coronaviruses. Infection starts with the binding of the viral particle to a cell surface receptor and 

subsequent cell entry through membrane fusion in endosomes upon endocytosis (step 1). Translation of the 

released genomic RNA (gRNA) yields replicase polyproteins (step 2), i.e., polyprotein 1a (pp1a) and 

polyprotein 1ab (pp1ab), which undergo autoproteolytic processing to generate nonstructural proteins that 

assemble into replication-transcription complexes (RTCs). The RTCs are part of a complex membranous 

network composed of double membrane vesicles (DMVs) and convoluted membranes (step 4). The RTCs first 

engage in minus-strand RNA synthesis to produce both single strand full-length and subgenomic (sg) minus-

strand RNAs (step 5). Subsequently, they use sg mRNAs as templates for the production of the gRNA and 

plus-strand sg mRNAs required to express the structural protein genes (step 6). Newly synthesized S, E, and 

M structural proteins are inserted in the endoplasmic reticulum (ER) (steps 7 and 8), whereas the N 

nucleocapsides are translated and oligomerize in the cytosol, where they interact with RTCs and associate with 

the gRNA to form the ribonucleoprotein complexes (step 7). Virion assembly takes place in the ER and/or 

Golgi (step 9), and involves the inward budding of the limiting membrane of these compartments, which is 

triggered by the interaction between the structural proteins and the ribonucleoprotein complexes. Mature 

virions are released extracellularly by exocytosis (step 10). 

 



The Interaction between Nidovirales and Autophagy Components 

 

41 

Newly synthesized genomic RNAs associate with the cytoplasmic nucleocapsid 

proteins to generate the so-called ribonucleoprotein complexes (20, 22). The 

viral structural envelope proteins are inserted into endoplasmic reticulum (ER) 

and targeted to the site of virus assembly, the ER, or the Golgi, where they 

interact with the ribonucleoprotein complex to initiate the budding of virus 

particles into the lumen of the membrane compartment (20, 24, 25) (Fig. 2, steps 

7, 8 and 9). Newly formed virions then egress the host cell through secretion via 

the exocytic pathway (20, 24) (Fig. 2, step 10). 

2. Autophagy and the Autophagy-Related Proteins 

Within the term autophagy are grouped all those catabolic pathways mediating 

the delivery of cytoplasmic material into the mammalian or plant/yeast vacuole 

for degradation. There are three major types of autophagy, i.e., macroautophagy, 

microautophagy, and chaperone-mediated autophagy (26). Macroautophagy 

(hereafter referred to as autophagy) is conserved among eukaryotes that allows 

the turnover of excess or damaged cellular components, including long-lived 

proteins and organelles, to maintain cellular energy levels and ensure survival 

(27-35). This process is characterized by double-membrane vesicles called 

autophagosomes, which sequester the cytoplasmic components targeted to 

destruction and deliver them into lysosomes for degradation (33-37) (Fig. 3). The 

process can be divided into three different steps: The initiation step, when the 

phagophore or isolation membrane is formed, the elongation step, during which 

the phagophore expands and close to generate an autophagosome, and the 

maturation step, where the autophagosome fuses with the lysosome (Fig. 3). 

Autophagy is regulated by several signaling cascades, including the one centered 

on the mammalian target of rapamycin (mTOR) (34, 35, 38). Autophagosomes 

are formed through the concerted action of the autophagy-related (ATG) genes 

(29, 33). The proteins encoded by the ATG genes have been classified in five 

functional groups. The unc-51 like autophagy activating kinase (ULK) kinase 

complex, the class III hVPS34 phosphatidylinositol 3-kinase complex, and the 

ATG9 cycling system, on one hand, play a key role in the initiation of autophagy 

and phagophore formation. The ATG12 and microtubule-associated protein light 

chain 3 (LC3) conjugation systems, on the other hand, mediate the elongation 

and closure of the phagophore. The first of these ATG protein complexes 

responds to upstream regulatory signals, such as the inactivation of mTOR, and 

key in initiating the formation of an autophagosome, is the ULK kinase complex, 

which is composed of ULK1 or ULK2, ATG13, FAK family kinase-interacting 

protein of 200 kDa (FIP200), and ATG101 (31, 39). The class III hVPS34 
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phosphatidylinositol 3-kinase, which is part of a complex including hVPS15, 

ATG14L1, and BECLIN1, generates the pool of phosphatidylinositol 3-

phosphate (PtdIns3P) on autophagosomal membranes that facilitates the 

recruitment of PtdIns3P effectors such as double FYVE-containing protein 1 

(DFCP1) and the human WD-repeat protein interacting with phosphoinositides 

(WIPI) proteins (40-45). The hVPS34-containing complex as well as the 

transmembrane protein ATG9, are two other important factors during the early 

stage of autophagosome biogenesis (46, 47). Subsequently, two ubiquitination-

like systems, which ultimately recruit members of the LC3/ATG8 protein family 

onto autophagosomal membranes through their conjugation to 

phosphatidylethanolamine, are essential for the completion of the forming 

autophagosomes (47). Finally, the fusion of autophagosomes first with 

endosomes and then with lysosomes, leads to the formation of amphisomes and 

autolysosomes, respectively, where the degradation of the autophagy cargoes 

take place (37). 

It has long been believed that the ATG proteome is exclusively involved in 

autophagy, but recent findings have revealed that single ATG genes or functional 

clusters of ATG genes fulfill important cellular functions outside the context of 

their role in autophagy (48-50). Some of these functions have been discovered 

by studying host–pathogen interactions (48, 49, 51). For example, ATG5 but no 

other ATG proteins play a unique role in the defense against Mycobacterium 

infection (52). More recently, it has been shown that FIP200 and ATG13 

participate in the controlling of picornaviral infections outside the context of 

autophagy (53). 

3. Nidovirales and autophagy 

Here, we review the current knowledge on the interplay between Nidovirales and 

autophagy. There are currently no data available for several viruses and few 

Nidovirales families. Thus, this compendium will focus on the documented 

viruses in the Arterivirus and Coronavirus families (summarized in Table 1). 

3.1 Arteriviruses and Autophagy 

The two most studied Arteriviridae are PRRSV and the equine arteritis virus 

(EAV). The PRRSV strain, which was historically first characterized and is 

commonly referred to as atypical (i.e., AP PRRSV), causes the abortions in 10–

50% of the sows, and fever and anorexia leading to the death of 5–10% of them 

(69). However, in 2006, the emergence of a novel virulent highly pathogenic 
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Figure 3. Overview of autophagy in mammalian cells. Schematic representation of the autophagic flux, 

some of its main regulators and of the effects of compounds commonly used to modulate autophagy. 3-MA: 

3-methyladenine; BafA1: bafilomycin A1, LC3: microtubule-associated protein 1A/1B-light chain 3. 

Virus 
Autophagy 
role during 
infection 

Strategy used to 
modulate autophagy 

Infected 
cell/organ 

References 

TGEV 

Antiviral 

rapamycin, 
wortmannin, 

ATG5/ATG7/LC3 
knockdown 

Porcine ST 
cells 

[54] 

Proviral 
rapamycin, 3-MA, 
ATG5 knockdown 

Porcine IPEC-
J2 cells 

[55] 

PEDV Proviral 
rapamycin, 3-MA, 
ATG5/BECLIN1 

knockdown 

Simian Vero 
E6 cells 

[56] 

PRSSV Proviral 
rapamycin, 3-MA, 

BafA1, ATG7/BECLIN1 
knockdown 

Piglet thymus, 
simian 

Marc145 cells 
[57-64] 

MHV 
None (LC3 

unconventional 
use) 

ATG5/ATG7 knockout, 
LC3 knockdown 

MEFs, human 
HeLa and 

HEK293 cells 
[65-67] 

EAV 
None (LC3 

unconventional 
use) 

ATG7 knockout, LC3 
knockdown 

MEFs, simian 
Vero E6 cells 

[68] 

Table 1: Summary of the current knowledge on autophagy contribution over the course of 

Arteriviruses and Coronaviruses infections. 

Footnote: Green shading indicates a pro-viral role for autophagy, grey shading indicates conflictual reports and 

blue shading highlights an unconventional role of autophagy-related (ATG) proteins. The table also provides 

the information about how autophagy has been experimentally manipulated in the studies addressing the role 

of this pathway with the indicated virus, the used cell type, and the references. 3-MA: 3-methyladenine; BafA1: 

bafilomycin A1, LC3: microtubule-associated protein 1A/1B-light chain 3, MEFs: mouse embryonic 

fibroblasts. 
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PRRSV (HP PRRSV) strain, carrying mutations in nsp1β, nsp2, and ORF5 

genes, caused higher morbidity (50%) and mortality (20%) rates in piglets and 

sows (70). The equine arteritis virus, in contrast, infects horses and donkeys, and 

can cause abortions in pregnant females and mortality in neonates (71). 

The first study on the role of autophagy in Arterivirus life cycle was carried 

out with the HP PRRSV strain (57). Infected cells displayed the presence of a 

higher number of autophagosome-like double-membrane vesicles, an 

accumulation of green fluorescent protein (GFP)-LC3-positive puncta and 

higher levels of lipidated LC3, indicating an induction of autophagy (57). 

Inhibition of autophagy with either  

3-methyladenine (3-MA), a non-specific hVPS34 inhibitor, or depletion of 

ATG7 or BECLIN1, led to a significant reduction in both expression of PRRSV 

nsp2 and PRRSV titer. Conversely, induction of bulk autophagy using 

rapamycin (mTOR inhibitor) resulted in an enhancement of viral replication 

(57), a result that later was confirmed by others (57-60). In one of these 

subsequent studies, Pujhari et al. showed that while the virus titer in the 

supernatants of infected cells treated with rapamycin was higher than in the 

control, intracellular levels of PRRSV N protein or nsp2 assessed by flow 

cytometry were lower (58). This latter result is the opposite of the ones obtained 

by the other studies where rapamycin treatment led to an up-regulation of nsp2 

expression (57-60). 

Two subsequent works reached the same conclusion of autophagy having a 

beneficial role in PRRSV life cycle (59, 60). Liu et al. confirmed autophagy 

induction by both AP and HP PRRSV strains (59). Interestingly, they also 

observed a decrease in the virus titer in cells treated with bafilomycin A1 

(BafA1), a drug inhibiting either autophagosome-lysosome fusion or lysosomal 

degradation, which suggested that autolysosomes might serve as replication 

platforms for PRRSV (59). In contrast, Sun et al. showed, using confocal 

microscopy, that the HP PRRSV infection inhibits the fusion between 

autophagosomes and lysosomes (60). This result indicates that PRRSV might 

trigger an incomplete autophagy and implicates that this could be beneficial for 

the virus life cycle. To gain insights into a possible molecular connection 

between autophagy and PRRSV, they also transfected cells with either nsp2 or 

nsp3, which encode two transmembrane components of Arterivirus RTCs that 

play a central role in DMVs formation (63). Interestingly, they found the co-

localization between endogenous LC3 and ectopically expressed nsp2, but not 

nsp3, by confocal microscopy and fractionation on continuous density gradients, 

suggesting that the accumulated autophagosomes during PRRSV could represent 
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the replicative platforms (60). Thus, it still remains to be firmly demonstrated 

whether the results obtained with the ectopic expression of nsp2 recapitulates a 

situation occurring in cells exposed to PRRSV. 

Recently, three additional research articles provided evidences that 

autophagy but also apoptosis are induced by PRRSV in host cells (61, 62, 64). 

Wang and collaborators investigated apoptosis and autophagy activation in the 

thymus of piglets infected with the HP PRRSV strain because they previously 

showed that this virus leads to thymic atrophy and thymocyte apoptosis (61). 

Their investigation concluded that the HP PRRSV could induce apoptosis in 

bystander cells and autophagy in both infected and bystander cells in the thymus 

of infected piglets (61). In a follow-up study, another laboratory found that HP 

PRRSV replication was attenuated in autophagy deficient Marc-145 cells and 

potentiated by inhibiting apoptosis using z-VAD-fmk, a caspase pan-inhibitor 

(62). Interestingly, HP PRRSV replication could be restored in the autophagy 

deficient cells by blocking apoptosis, suggesting a functional interplay between 

autophagy and apoptosis during PRRSV replication. Subsequently, Zhou et al. 

confirmed the activation of autophagy and a subsequent induction of apoptosis 

over the course of a PRRSV infection in Marc-145 cells (64). In their study, 

inhibition of autophagy by 3-MA caused a significant increase in PRRSV-

induced apoptosis, also unveiling a potential connection between both 

mechanisms. In line with this conclusion, they also observed an increase in the 

expression of Bcl-2-associated death promoter (BAD), a pro-apoptosis protein, 

and BECLIN1, an autophagy regulator. Interestingly, co-immunoprecipitation 

and confocal microscopy experiments revealed the formation of a BAD-

BECLIN1 complex in infected cells (64). BECLIN1 knockdown significantly 

decreased viral replication and PRRSV-induced autophagy as expected, while 

knocking down of BAD resulted in an induction of autophagy and enhanced viral 

replication (64). The authors concluded that the enhancement of autophagy could 

promote PRRSV replication by postponing apoptosis through the formation of 

the BAD-BECLIN1 complex (64). 

In a study exploring a potential connection between EAV and autophagy, 

Monastyrska et al. found that the DMVs induced by this virus are decorated with 

LC3 but the EAV life cycle proceeded unaffected in cells lacking ATG7 (68). 

Although autophagy was not required, depletion of LC3 markedly reduced EAV 

replication and it could be fully restored by expression of a non-lipidable form 

of LC3 (68). Similar to MHV, EAV-induced DMVs were also positive for 

EDEM1 (ER Degradation Enhancing Alpha-Mannosidase Like Protein 1) 

leading to the conclusion that EAV might also hijack the ER-derived membranes 
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of EDEMosomes to ensure its replication (67, 68). It still needs to be 

investigated, however, whether other ATG proteins are dispensable for EAV life 

cycle. Furthermore, it is unclear whether both autophagy and apoptosis are 

induced over the course of an EAV infection as observed for PRRSV. 

3.2 Alphacoronaviruses and Autophagy 

The most studied alphacoronaviruses (alpha-CoVs) are the Transmissible 

Gastroenteritis Virus (TGEV) and Porcine Epidemic Diarrhea Virus (PEDV), 

which both infect suckling piglets and lead to a high mortality rate (72, 73). 

Recurrent outbreaks of PEDV have occurred across Asia and the USA, causing 

significant economic losses (73). Alpha-CoV also includes human pathogens 

such as HCoV-229E and HCoV-NL63, which are associated with respiratory 

tract infections such as the common cold to bronchiolitis (74, 75). Despite their 

medical and veterinary relevance, however, the exact mechanisms of alpha-CoV 

replication and pathogenesis are not well characterized yet. 

Sun et al. recently performed a high throughput mass spectrometry analysis 

in PEDV-infected Vero cells (76). Their goal was to identify which cellular 

proteins are differentially expressed during viral infection to better understand 

the impact of PEDV on host cells. Interestingly they found that autophagy might 

be among the altered pathways as sequestrosome 1 (SQTSM1/p62) and LC3 

expression levels were upregulated. A subsequent study thus focused on the 

potential interplay between autophagy and PEDV (77). The authors found that 

PEDV infection induces autophagy in Vero cells using different assays such as 

LC3-positive puncta formation, transmission electron microscopy (TEM) and 

western blot assessment of both LC3 lipidation and SQSTM1/p62 turnover. In 

line with these observations, 3-MA treatment or the ablation of either BECLIN1 

or ATG7, reduced the production of infectious viral particles. Treatment of the 

infected cells with rapamycin, however, did not change the viral titer, probably 

because of the multiple effects of this compound on the cell physiology. 

Altogether, these data showed that autophagy induction during PEDV infection 

could be beneficial for the virus. 

Two more recent studies have addressed the link between autophagy and 

TGEV replication but they have reached opposite conclusions (78, 79). They 

both demonstrated that autophagy is induced in TGEV-infected cells using 

methods such as TEM, LC3 puncta formation and western blot analysis of both 

LC3 lipidation and SQSTM1/p62 degradation. In their article Zhu et al. also 

showed that the selective degradation of mitochondria by autophagy, i.e. 
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mitophagy, might be induced by TGEV as they observed in infected IPEC-J2 

cells a reduced mitochondrial mass, a light oxidative stress, and mitochondria in 

autophagosome-like vesicles (79). In support of this notion, the authors also 

found that TGEV N protein and GFP-LC3 localize to mitochondria. 

Interestingly, induction of mitophagy by mitochondria depolarization using 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) increased the viral titer, 

suggesting that this pathway might be beneficial for viral replication. Similarly, 

induction of bulk autophagy using rapamycin also led to more production of 

progeny virus (79). Conversely, incubation with 3-MA or ATG5 depletion 

inhibited viral replication assessed by N protein expression and viral titers. Zhu 

et al. thus concluded that autophagy, and mitophagy in particular, plays an 

important role in TGEV life cycle (79). This conclusion, however, differs from 

the one reached in a parallel study. Guo and collaborators found that both 

hVPS34 and lysosomal inhibitors increased both the number of cells infected by 

TGEV and the viral titer, while rapamycin had an opposite effect (78). Moreover, 

silencing LC3, ATG5, or ATG7 expression in ST cells promoted TGEV 

replication, showing that autophagy has an antiviral function (78). The apparent 

discrepancies between these two studies could be explained by the use of 

different TGEV strains (SHXB versus H165) and/or cell lines (IPEC-J2 versus 

ST). Further investigations are thus needed to conclusively determine whether 

autophagy plays a role in TGEV life cycle. It will be particularly important to 

establish this in tissues that are normally infected by PEDV. 

3.3 Betacoronaviruses and Autophagy 

The first investigations on the interplay between CoV and autophagy focused on 

MHV, a betacoronavirus (beta-CoV) that is often used as a model virus to study 

the mechanism of CoV infections. As a result, there is a relatively large amount 

of data about various aspects of MHV life cycle. Importantly, the genus beta-

CoV also includes the highly pathogenic human viruses SARS-CoV and MERS-

CoV, two viruses that cause acute respiratory symptoms and they are on the 

WHO list of viruses likely to cause future epidemics (Fig. 1). 

Like other CoV, MHV replication takes place on interconnected structures 

formed by convoluted membranes and DMVs, with the latter being reminiscent 

of autophagosomes (80). This structural similarity prompted the investigation of 

a possible interplay between autophagy and CoV replication. Interestingly, the 

first two studies on the importance of ATG proteins during MHV replication 

reached conflicting conclusions. Prentice et al. argued that components of the 

autophagy machinery are required for MHV replication while Zhao et al. 
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demonstrated that autophagy was dispensable for the same process (65, 66). In 

particular, both teams monitored viral replication in murine embryonic 

fibroblasts (MEFs) knocked out for ATG5. The first group found that both MHV 

replication and DMV formation was impaired in atg5−/− knockout cells, while 

the second did not observe any effect on MHV life cycle in absence of ATG5 

(65, 66). The fact that MHV infection does not require intact ATG machinery 

was also later confirmed by another group using atg7−/− MEFs (67). Data from 

both laboratories, however, established that the viral RTCs are co-localizing with 

endogenous LC3, which on one hand was in agreement with observations gained 

from SARS-CoV, but on the other hand was conflicting with results obtained 

with MHV by a third group (81, 82). These apparent discrepancies were 

subsequently explained by showing that endogenous LC3 but not ectopically 

expressed GFP-LC3 co-localizes with CoV RTCs (67). 

Data from different groups strongly support an ER involvement in 

convoluted membranes and DMVs biogenesis, as those structures can be found 

connected to the ER and transmembrane NSPs can be glycosylated and localize 

to the ER when individually expressed (83, 84). The RTCs and DMVs, however, 

do not co-localize with marker proteins of the ER, ERGIC, and the Golgi (82, 

84) and disruption of the secretory pathway has no major effect on CoV 

replication (85). This indicates that DMVs’ biogenesis might not involve the 

secretory pathway. In contrast, the ER-associated degradation (ERAD) tuning 

pathway, a vesicular transport route out of the ER, has been shown to be 

important for CoV infection (86). ERAD allows for the degradation of misfolded 

ER proteins and it is negatively regulated during normal growing conditions, in 

absence of stress. This tuning down of the ERAD activity is mediated at least in 

part by small vesicles called EDEMosomes, which specifically capture key 

positive ERAD regulators such as EDEM1 and OS-9, and degrade them in 

compartments of the endolysosomal system (56). Interestingly, EDEMosomes 

are decorated with non-lipidated from of LC3 (also called LC3-I) and their 

formation might require selected components of the ATG machinery, such as 

ATG5 (54, 55). Reggiori et al. eventually revealed that DMVs were associated 

with LC3-I and positive for both EDEM1 and OS-9, suggesting that MHV might 

actually highjack part of the membranes of the ERAD tuning pathway (67). 

Although expression of a non-lipidable LC3 impaired DMVs biogenesis and 

viral replication, absence of EDEM1 and OS-9 had no effect. Thus, the authors 

hypothesized that one or more NSPs might associate with components of the 

machinery of EDEMosomes, such as a cargo receptor or a coat protein, to subvert 

these vesicles and generate the DMVs. LC3-I could be such a candidate but no 
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interaction between LC3-I and MHV NSPs was detected using the yeast two-

hybrid assay (67). How MHV highjacks EDEMosomes and what the exact role 

of LC3-I is in this process are questions that remain unanswered. 

Overall, beta-CoV interactions with autophagy and ATG proteins appear to 

be complex. Although MHV hijacking of LC3-positive EDEMosomes for its 

replication appears to be clearly established, this finding has not yet been 

extended to other beta-CoV or to other CoV in general. Co-localization between 

SARS-CoV RTCs and endogenous LC3, however, has been reported (81). Beta-

CoV do not require canonical autophagy for their life cycle (65-67) but it cannot 

be excluded a priori that they could need a non-canonical form of autophagy, 

independent from ATG5 and ATG7 (87). Furthermore, while autophagy might 

be induced during infection or transient expression of single viral proteins (65, 

88), there is currently no evidence that this is directly regulated by beta-CoV. 

Indeed, autophagy stimulation could be part of a cellular response caused by 

either the presence of toxic exogenous proteins or ER stress induced by the 

massive production of viral proteins (89-91). A recent study concluded that 

expression of nsp3 fragments derived from several CoV, which comprise the 

papain-like protease domain and one transmembrane segment, induce autophagy 

through direct binding to LC3 and BECLIN1 (92). This conclusion, however, 

has to be carefully considered since the authors of this study observed GFP-LC3 

puncta formation in cells ectopically expressing the nsp3 fragment but they did 

not examine whether these puncta are indeed autophagosomes. Moreover, the 

relevance of the use of a truncated form of nsp3 in absence of a CoV infection 

remains to be determined. Additional studies are thus needed to address the 

questions if and, eventually, how beta-CoV trigger autophagy. 

3.4 Gammacoronavirus and Autophagy 

Gammacoronaviruses (gamma-CoVs) are viruses that mainly infect poultry but 

are also transmissible to humans. They replicate in the respiratory tract and thus 

cause respiratory defects. The Infectious Bronchitis Virus, which causes major 

loses in the poultry industry, is the model virus for gamma-CoV. Similarly to 

other CoV, the IBV genome encodes several NSPs that help with replication and 

interfere with host cell functions. 

Cottam et al. have reported that infections with IBV trigger the formation of 

endogenous LC3-positive puncta in host cells (88, 93). Interestingly, they noted 

that a fraction of these puncta partially co-localized with double stranded viral 

RNA. By screening several IBV NSPs, they found that ectopically expressed 
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nsp6 localized with the ER and was able to autonomously induce the formation 

of GFP-LC3 puncta. This raised the question whether the GFP-LC3 puncta 

induced by nsp6 were EDEMosomes (67). In contrast to EDEMosomes, 

however, formation of these GFP-LC3-positive vesicles required ATG5 and LC3 

lipidation, suggesting that they are canonical autophagosomes (56, 67, 88). 

Interestingly, nsp6 from MHV and SARS-CoV also induced GFP-LC3 puncta 

formation indicating that the nsp6-dependent mechanism for autophagy 

induction might be conserved among CoVs. Cottam et al. also argued that nsp6 

might reduce the expansion of the autophagosomes as well, while maturation 

into autolysosomes is still possible (93). These results have been obtained using 

ectopic expression of nsp6 and thus the relevance of nsp6-mediated induction of 

autophagy during CoV infection remains to be explored. 

4. Conclusions 

The investigation of the potential interplay between Nidovirales and autophagy 

is still at its beginning. Nonetheless, it can already be firmly concluded that 

Nidovirales infections trigger autophagy in host cells. Several viral families and 

virus species such as Torovirinae, Mesoviridae, and Roniviridae, have yet to be 

investigated while for others, such as PRSSV and TGEV, opposite conclusions 

have been reached regarding whether autophagy induction is beneficial or 

detrimental for the viral life cycle. The apparent contradictory results could be 

due to the use of different cell lines and tissues, and/or virus strains. Some of 

these discrepancies could also be due to potential noncanonical functions of ATG 

proteins as was shown for MHV. Further investigations are therefore needed to 

reconcile these results. Another drawback of several of the studies cited in this 

review is the extensive use of drugs to modulate autophagy during viral infection. 

As none of the employed compounds inhibits autophagy specifically, they can 

have adverse effects on cellular or viral biology, making the interpretation of the 

results difficult. The genetic ablation of ATG proteins is a better option but it 

must be kept in mind that these factors are also part of other pathways (48, 94). 

As a result, it is crucial to compare the results obtained by depleting more than 

one ATG protein. Moreover, the few studies that have depleted ATG proteins 

have blocked the initial steps of the autophagic pathway (Fig. 3 and Table 1) 

without analyzing the steps following the completion of an autophagosome. This 

is relevant since some viruses such as Influenza A or Epstein–Barr virus, have 

been shown to manipulate this part of the pathway and therefore it is critical to 

investigate whether it could also be the case for Nidovirales (95, 96). It also 

remains unclear which step of the virus life cycle is impacted, as most studies 
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relied on assays quantifying general parameters such as the viral protein levels, 

the number of infected cells, and /or the number of produced infectious viral 

particles. Results that were obtained by studying viruses from other orders have 

revealed that autophagy and ATG proteins can practically play a key role in 

every step of a virus life cycle, from entry to assembly and egression (97). 

While it is indisputable that large part of the investigated Nidovirales induces 

autophagy in host cells, it still remains unclear whether this is due to a subversion 

of autophagy by the virus or whether it is a physiological response to the cellular 

stress caused by either the infection or the transfection of single viral proteins. 

Future research should therefore also focus on the identification of a potential 

direct molecular link between viral and ATG proteins. Such studies could also 

pave the way to the development of novel antiviral therapies targeting the virus–

autophagy interaction. 
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Abstract 

 

The porcine epidemic diarrhea virus (PEDV) is a coronavirus (CoV) belonging 

to the alpha-CoV genus and it causes high mortality in infected sucking piglets 

with substantial losses in the farming industry. CoV trigger a drastic 

reorganization of host cell membranes to promote their replication and egression, 

but a detailed description of the intracellular remodeling induced by PEDV is 

still missing. In this study, we have examined qualitatively and quantitatively, 

using electron microscopy, the intracellular membrane reorganization induced 

by PEDV over the course of an infection. With our ultrastructural approach, we 

reveal that, as most of CoV, PEDV initially forms double-membrane vesicles 

(DMVs) and convoluted membranes (CMs), which probably serve as 

replication/transcription platforms. Interestingly, we also found that viral 

particles start to form almost simultaneously in both the endoplasmic reticulum 

and the large virion-containing vacuoles (LVCVs), which are compartments 

originating from the Golgi, confirming that alpha-CoV assemble 

indistinguishably in two different organelles of the secretory pathway. 

Moreover, PEDV virons appear to have an immature and a mature form similarly 

to another alpha-CoV, the transmissible gastroenteritis coronavirus (TGEV). 

Altogether, our study underlies the similarities and differences between the life 

cycle of alpha-CoV and that of viruses belonging to other CoV subfamilies. 

 

Keywords: PEDV; alpha-coronavirus; life cycle; electron microscopy; 

membrane rearrangement 
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1. Introduction 

Coronaviruses (CoV) are enveloped positive single stranded RNA viruses that 

are characterized by crown-like spikes on the virion surface under the electron 

microscope (1). Mostly based on phylogenetic clustering, this virus family has 

been divided into four subgroups: the alpha-, beta-, gamma- and delta-CoV (1, 

2). The porcine epidemic diarrhea virus (PEDV) is an alpha-CoV and the 

causative agent of porcine epidemic diarrhea, which is characterized by severe 

enteritis, vomiting, watery diarrhea and loss of weight. PEDV infections have a 

substantial detrimental effect on the swine industry because the morbidity and 

mortality rates are high, especially in sucking piglets (3-5). Since its first 

identification in Belgium in 1978 from growing and fattening pigs (6), PEDV 

has been reported in Europe and Asia, and a remarkable increase of PEDV 

outbreaks occurred in the pig-producing provinces of China in the late 2010 (7). 

PEDV also emerged for the first time in the United States in early 2013  (5), and 

spread to Canada and Mexico (8). These recent outbreaks and the global re-

emergence of PEDV have attracted the attention of numerous virologists, as there 

is the necessity of an urgent attention and deeper understanding of PEDV biology 

and mechanisms of pathogenesis. 

Replication is a fundamental event in the life cycle of viruses, and in the case 

of positive single strand RNA viruses and some double-stranded DNA viruses, it 

occurs on cellular compartments that are generated by specialized viral proteins 

through the modification of one or more host membranes and/or organelles (9-

11). CoV-infected cells also undergo a massive remodeling of intracellular 

membranes (12). Upon CoV entry in the host cell and release of their genomic 

RNA (gRNA) into the cytoplasm, two large polyproteins known as pp1a and 

pp1b, are synthesized and their self-processing leads to the generation of 15 to 

16 non-structural proteins (NSPs) (13, 14). NSPs trigger the formation of double-

membrane vesicles (DMVs) and convoluted membranes (CMs), which provide 

a platform for the concentration of viral factors to very likely guarantee an 

efficient replication and transcription of CoV gRNA (12, 15-18). Collectively, 

the NSPs also form the replication-transcription complex (RTCs), which localize 

on the DMVs and CMs where they mediate the synthesis of viral RNA (15, 19, 

20). Double-stranded RNA (dsRNA), a byproduct of genomic RNA replication, 

gets concentrated in the lumen of the DMVs through a mechanism that remains 

totally unknown (15). In contrast, virion assembly takes place at the endoplasmic 

reticulum (ER)-Golgi intermediate compartment (ERGIC) and Golgi complex, 

and involves the inward budding of the limiting membrane of these 
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compartments, which is triggered by the interaction between the nucleocapsid 

(N) protein associated with the gRNA, and the structural spike (S), membrane 

(M) and envelop (N) proteins (13, 14). Complete virions subsequently reach the 

extracellular environment following the conventional secretory pathway (21). 

The first electron microscopy (EM) analyses of CoV-infected cells were 

carried out in 1960’s and they mainly characterized the morphology of the viral 

particles (16-18, 22). Subsequent ultrastructural studies highlighted the DMVs 

as being a feature of CoV infections, including those of mouse hepatitis virus 

(MHV), severe acute respiratory syndrome coronavirus (SARS-CoV), human 

CoV NL63 (HCoV-NL63), Middle East respiratory syndrome coronavirus 

(MERS-CoV) and infectious bronchitis virus (IBV) (12, 15, 23-26). Over the 

years, other intracellular structures have been reported to be present in cells 

infected by CoV in addition to DMVs and virion particles, including CMs, 

tubular bodies (TBs), vesicle packages (VPs), cubic membrane structures (CMSs) 

and large viron-containing vacuoles (LVCVs). CMs are reticular inclusions 

observed in between clusters of DMVs, and are often connected with both DMVs 

and the ER as reveled by both 2D and 3D ultrastructural studies(15, 17). Like 

DMVs, MHV- and SARS-CoV-induced CMs are positive for dsRNA and NSPs 

as well, and this finding has led to postulate that these structures are also involved 

in viral replication and transcription (12, 15, 27, 28). In later stages of SARS-

CoV infection, groups of single-membrane vesicles surrounded by a common 

outer membrane and called VPs, are arising from the merging of DMVs, viron 

particles and possibly CMs (15, 27). LVCVs, which are vacuoles filled with viral 

particles, have been frequently observed in cells infected with CoV and are Golgi 

cisternae that expand to accommodate the increasing assembly of progeny 

virions over the course of an infection, as they are positive for Golgi marker 

proteins (12, 17, 18, 22, 23, 26, 27, 29, 30). Finally, TBs and CMSs, which have 

been detected in MHV- and SARS-CoV-infected cells, are condensed, highly 

organized membrane rearrangements connected to the ER. TBs and CMSs 

appear to be the result of an aggregation of an overproduced protein because they 

mostly contain a single structural protein, and therefore they are probably a 

byproduct of a massive infection with no role in virus replication (12, 17, 31, 32). 

Despite its veterinary relevance, the intracellular membrane remodeling 

induced in host cells by PEDV remains largely unknown. The only infections of 

alpha-CoV characterized at the ultrastructural level so far are the ones of HCoV-

NL36 and of transmissible gastroenteritis coronavirus (TGEV) (23, 29, 33). In 

cells infected with these two alpha-CoV, virions were observed in the ER, Golgi 

and LVCVs, whereas DMVs were only reported to be present in cells exposed to 
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HCoV-NL36. We thus decided to analyze PEDV-infected cells by a quantitative 

EM and immuno-electron microscopy (IEM) to establish a more comprehensive 

inventory of the membrane remodelings induced by this virus and in more 

general by alpha-CoV. We opted for a time-course approach to determine at 

which stage of the viral life cycle the different membranous structures appear. 

By combining the ultrastructural data with the measurement of viral RNA 

synthesis, viral replication, progeny virus release and immunofluorescence 

analyses, our results show that PEDV infection induces a profound 

reorganization of the ER and Golgi, which precedes the formation of DMVs, 

CMs and LVCVs. Consistently with these observations, we also found that ER 

and Golgi undergo alterations not observed for other CoV, such as ER 

proliferation and a Golgi vacuolarization, which results in an organelle that we 

have named irregular vesicle clusters (IVCs). Importantly and similarly to 

HCoV-NL36 and TGEV, we also found that together with the Golgi, the ER is 

the major platform of virion assembly. Altogether, our study provides an overall 

comprehensive picture of the ultrastructural events taking place inside a cell over 

the course of a PEDV infection. 

2. Results 

2.1 PEDV induces the formation of multiple membranous structures 

As a first ultrastructural analysis, we compared the morphology of uninfected 

cells that of those infected with PEDV for 72 h by EM in order to make a 

repertoire of all the membranous rearrangements induced by this virus. We 

identified six different structures. The most abundant structure was the large 

double-membrane vesicles, which have a diameter of 230±50 nm, and contained 

coiled filaments and were often in close proximity to each others (Fig. 1A and 

B). These are the characteristic DMVs induced by CoV (12, 17, 23-25). 

Numerous DMVs appeared to have inward invaginations of the limiting 

membrane that have also previously been observed in specific cell types (Fig. 

1B, asterisks) (12, 15). In between and around the DMVs, we frequently 

observed a network of reticular inclusion, which have already been described in 

MHV- and SARS-CoV-infected cells as the CMs (Fig. 1B) (12, 15, 17). 

PEDV virions were also easily detected and appeared as spherical structures 

with a diameter range of 90±20 nm (Fig. 1C-F). Based on their 

morphology,PEDV particles could be grouped in two categories. The first were 

particles with an annular stained region under the external envelope (Fig. 1C, 1D 

and 1F, black arrows). The second were smaller virions with a less circular and 
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denser core, which was more markedly stained (Fig. 1C-E, white arrows). These 

same phenotypical differences in viral particles have also been observed in 

TGEV-infected cells, another alpha-CoV, for which it was shown that the 

particles represent immature and mature virions, respectively (29). PEDV viral 

particles were mainly present in the lumen of two morphologically 

distinguishable compartments, where they were assembling through inward 

budding at the limiting membrane (Fig. 1C and D, arrowheads). One of these 

two compartments was what appears to be an expanded rough ER with irregular 

shape, as the surface was decorated with ribosomes and they were often observed 

connected to an ER with normal morphology (Fig. 1C). These structures have 

already been reported in cells infected by other alpha-CoV (23, 29). The other 

compartments were large vacuoles with a diameter of 865±270 nm, limited by a 

single membrane, which have previously named LVCVs (Fig. 1D) (12, 17, 18, 

22, 23, 26, 27, 29, 30). Virions were also detected in large single membrane 

vacuoles with a diameter of 800±160 nm, which also contained compact 

membrane whorls and amorphous material (Fig. 1E). Similar compartments, but 

smaller in size and without virions, were also observed in uninfected cells (data 

not shown), indicating that they do not represent structures induced by PEDV. 

These characteristics suggested that these vacuoles could be endolysosomal 

compartments. This notion was confirmed by immunogold labeling of 

cryosections obtained from PEDV-infected cells at 72 h p.i. using antibodies 

against CD63 and the transferrin receptor (TfR). These two marker proteins of 

the endolysosomal system (44) were present on these virion-containing vacuoles 

(Fig. S1). Altogether, these characteristics indicate that these vacuoles are 

expanded endolysosomal compartments. Interestingly, both types of virions 

could be observed in ER and LVCVs but only the smaller dark mature virions 

were found in the endolysosomal compartments. Virions were also detected in 

large single membrane vacuoles with a diameter of 800±160 nm nm, which also 

contained compact membrane whorls and amorphous material (Fig. 1E). Similar 

compartments, but smaller in size and without virions, were also observed in 

uninfected cells (data not shown), indicating that they do not represent structures 

induced by PEDV. These characteristics suggested that these vacuoles could be 

endolysosomal compartments. These two marker proteins of the endolysosomal 

system (44) were present on these virion-containing vacuoles (Fig. S1). 

Altogether, these characteristics indicate that these vacuoles are expanded 

endolysosomal compartments. Interestingly, both types of virions could be 

observed in ER and LVCVs but only the smaller dark mature virions were found 

in the endolysosomal compartments. 
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Figure 1. PEDV induces the formation of multiple membranous structures. Vero E6 cells were inoculated 

with PEDV (MOI = 1) and processed for EM at 72 h p.i. as described in Material and Methods. (A, B) 

Representative electrographs of DMVs and CMs are shown. Asterisks indicate invaginations of the DMVs 

limiting membrane. (C) Expanded ER with luminal virions (asterisks). Arrowheads indicate forming viral 

particles. Black and white arrows indicate immature and mature virions, respectively. (D) LVCVs are large 

organelles with a smooth single limiting membrane and virions at their interior. Virions can be seen assembly 

as invaginations of the limiting membrane (arrowheads). Black and white arrows indicate immature and mature 

virions, respectively. (E) Large single membrane compartments containing mature virion particles (asterisk), 

and filled with condensed membrane whorls and amorphous material/structures. White arrows indicate mature 

virions. (F) Cytoplasmic inclusions composed of condensed tubular structures containing a dense inner core 

were observed connected with ER, which we named ERBs. From time to time, virus particles were observed 

in their interior (arrows). ER, endoplasmic reticulum; M, mitochondrion; N, nucleus; PM, plasma membrane. 

Scale bar, 250 nm. 

Finally, we also detected large cytoplasmic inclusions with a length from 

910±288 nm, which were characterized by a dense inner core with a geometrical 

appearance, a limiting membrane and connections with the ER (Fig. 1F). Virions 

could also be seen to form in those structures (Fig. 1F, arrows), which have 

already been reported in cells infected by human coronaviral LINDER strain (45). 

We named this new structure ER bodies (ERBs). We could not detect structures 

reminiscent to the TBs and CMSs. 

2.2 Time-course PEDV infection and measurement of cellular life cycle 

parameters 

To understand the relationship between the different membranous structures 

induced by PEDV and obtain insights into their role during infection, we 

subsequently infected cells with PEDV and examined them at the ultrastructural 

level in a time-course manner, at different time points between 0 h and 72 h p.i. 

We first measured at each p.i. time point important known parameters that reflect 

the viral life cycle, i.e. infection efficiency, RNA replication/transcription and 

secretion of progeny virus, to be able to correlate our EM analyses with the 

progression of alpha-CoV infection in host cells. 

Virus infection was examined at each time point by immunofluorescence 

using anti-dsRNA antibodies to indirectly monitor the progression of PEDV 

infection over time. dsRNA is an intermediate in CoV replication and it 

principally localizes inside the DMVs, and therefore can be used to specifically 

detect cells in which CoV are replicating (46). As shown in Fig. 2A, the dsRNA 

could be visualized from 24 h p.i., but the percentage of cells positive for this 

nucleic acid was still below 10% (Fig. 2A) and increased slightly to 13% at 36 h 

p.i. A very pronounced PEDV infection was detected at 48 and 72 h p.i., with 80% 

and almost 100%, respectively, of cells positive for dsRNA to almost 100% (Fig. 

2A).  
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Next, the amounts of both gRNA and the subgenomic RNA encoding for the 

structural N protein (sgRNA N) were determined at each time point by RT-PCR 

to assess the RNA replication/transcription of PEDV. Both gRNA and sgRNA 

N were already detected at 8 h p.i. and their amounts gradually   increased until 

48 h p.i., when they reach an expression plateau (Fig. 2B). 

Finally, the presence of infectious virions in the cell culture supernatants was 

determined using the TCID50/ml titration to monitor the assembly and release of 

PEDV. Presence of PEDV virions was first detected at 8 h p.i. and also increased 

until 48 h p.i., when it reached a maximum (Fig. 2C). This observation correlated 

with the analysis of viral RNA expression because as expected, PEDV assembly 

and release follow intracellular PEDV replication. 

Altogether, these measurements indicated that PEDV life cycle in Vero E6 

cells progresses following the established dynamics of CoV, thereby confirming 

the use of this cell line as a model (40). Moreover, these quantifications showed 

that the PEDV starts to replicate, assemble and egress in these cells around 8 h 

p.i., and the infection continuously increases until 48 h p.i. (Fig. 2). At this time 

point, there is a dramatic augmentation in the number of infected cells, close to 

100%, which coincides with an arrest in the augmentation of viral RNA synthesis.  

2.3 Quantification of the PEDV-induced structures over the course of an 

infection 

Next, we quantified the number of the PEDV-induced structures that we 

inventoried at 72 h p.i. (Fig. 1), at each collected p.i. time point by conventional 

EM. We first morphologically determined the number of cell sections that 

showed visible signs of infection to see whether the changes observed at the 

ultrastructural level correlate with the measured infection parameters (Fig. 2). To 

this end, the number of cell sections displaying at least one of the PEDV-induced 

structures detected at 72 h p.i. (Fig. 1), was determined. At 24 h p.i., 2 % of the 

cell sections started to show visible signs of infection and this percentage 

gradually increased over time until reaching 84 % at 72 h p.i. (Fig. 3A). 

Importantly, the percentage of cell sections with visible signs of infection 

obtained from the EM analysis correlated well with the rest of the measured 

parameters (Fig. 2), showing that the morphological examination of the cells is 

a reliable alternative approach to follow PEDV infection. 

We next quantitatively analyzed the EM samples prepared at the different p.i. 

time points to understand the role of the PEDV-induced structures during an 

infection and to unravel their relationship. In particular, the percentage of cell  
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Figure 2. Time-course PEDV infection and measurement of cellular life cycle parameters. Vero E6 cells 

were infected with PEDV (MOI = 1) before to analyze them and the cell culture supernatants at 0, 8, 16, 24, 

36, 48, 60 and 72 h p.i. (A) Cells were processed for immunofluorescence using an anti-dsRNA antibody (green) 

to determine the number of PEDV-positive cells. The DAPI dye (blue) was used to stain the nuclei and 

determine the total number of cells. Scale bar, 10 µm. Quantification of the percentage of infected cells at each 

time point is indicated between brackets. (B) The total RNA was isolated from cells and the relative amount of 

sgRNA N and gRNA mRNAs was quantified by RT-PCR. (C) The production of the virus progeny was 

assessed by determining the virus titer of the cell culture supernatants by end point dilutions on Vero E6 cells, 

before calculating the TCID50/ml. Error bars in B and C represent the standard deviation of 3 experiments. 
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profiles containing a specific structure was determined for each p.i. time point 

(Fig. 3B and 3C). DMVs were one of the first structures to be detected and they 

were observed in about 2 % of cell sections at 24 h p.i. The number of cell 

sections positive for these vesicles gradually increased over time, reaching a 

maximum of 38 %, at 60 h p.i. (Fig. 3B). Interestingly, the localization and 

morphology of the DMVs changed over the course of the PEDV infection (Fig. 

S2). At early time points, i.e. 24 and 36 h p.i., DMVs had always a regular 

circular shape and they were distributed throughout the cytoplasm in small 

clusters of less than 5 DMVs. DMVs became organized in larger clusters, with 

10 or more vesicles, and mostly were found in the perinuclear region of the cell. 

The DMVs invaginations became also more pronounced from 48 h p.i. CMs 

were initially detected at 24 h p.i., but only in 0.5 % of cells (Fig. 3B and S2). 

They became more apparent at 36 h p.i., reaching a plateau at 60 h p.i. The CMs 

were always found in between or around the cluster of DMVs. A dramatic change 

in the percentage of CMs was observed at 60 h p.i., from 6 % to 21 %, when also 

the DMVs increased markedly. Overall, these data indicated that the CMs are 

structures that are functionally connected with DMVs as reported (15).  

Both LVCVs and virions-positive ER were detectable from 24 h p.i. and the 

percentage of cell sections with these structures increased over time (Fig. 3C). 

Interestingly, their morphology changed with the progression of the infection. At 

earlier time points, from 24 to 48 h p.i., the number of virions per ER and LVCVs 

section was less than 5. At late time points, i.e. 60 and 72 h p.i., the virion-

positive ER domains and LVCVs were larger, had less regular shapes and 

contained more than 10 viral particles in their interior. Virion-positive 

endolysosomal compartments started to appear from 36 h p.i., and the number of 

virions found in their lumen increased over time. These observations suggested 

that the formation of LVCVs, virion-positive ER and virion-positive 

endolysosomal compartments are probably induced by a higher production of 

virions in the cell.  

ERBs started to become visible only at 48 h p.i. (Fig. 3C). Initially, positive 

cell profiles displayed only one ERBs but from 60 h p.i., we occasionally 

observed more than one ERBs per cell section. We concluded that the ERBs are 

not required for the early steps of the PEDV life cycle but are rather the result of 

an advanced infection. 
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Figure 3. Quantitative analysis of the PEDV-induced structures over the course of the infection. (A) The 

EM preparations described in Fig. 1 were used to count the number of cell sections containing at least one of 

the six PEDV-induced structures (Fig. 1) to assess morphologically the proportion of infected cells. (B) The 

percentage of cells displaying DMVs and CMs was determined in the experiments shown in Fig. 1. (C) The 

percentage of structures containing viral particles (i.e. virion-positive ER, virion-positive endolysosomal 

compartments, LVCVs and ERBs) in the samples shown in Fig. 1 was statistically evaluated. Error bars 

represent the standard deviation from 4 grids. 

2.4 The Golgi complex undergoes reorganization over the course of a PEDV 

infection 

Our ultrastructural quantifications were showing that the LVCVs become very 

prominent at 60 h p.i. (Fig. 3C). It has previously been shown that LVCVs are 

expanded Golgi stacks (12, 29). Therefore, we decided to also quantify at the 

ultrastructural level the number of cell sections displaying the presence of at least 

one Golgi complex over the course of the PEDV infection (Fig. 4A and 4B). 

During the first 48 h after the inoculum, the number of cell sections displaying 

this organelle did not change noticeably (Fig. 4B). The Golgi complex, however, 

was practically no more detectable with its known morphology (i.e. a series of 

adjacent stacks) from 60 h p.i., at the exact same time point when the LVCVs 

became prominent (Fig. 4B). Interestingly, the percentage of cell sections with 

LVCVs at the late p.i. time points was similar to the one of cell sections with 

Golgi prior to exposure to PEDV. Altogether, these data indicated that as for 

MHV and TGEV (12, 29), the LVCVs originate from ERGIC/Golgi, which 

probably expand as a consequence of a large local production of virions. 

During the morphological analysis of the Golgi complex, we also observed 

another alteration of this compartment, which appeared as large clusters of single 

membrane vesicles with irregular contours and very variable lengths between 

650 nm and 1.9 µm (Fig. 4C). In approximately 20-50 % of the cases, depending 

on the p.i. time point, these structures also appeared to contain a few of Golgi-

like stacks and therefore we speculate that they originate from the Golgi complex 

(Fig. S3A and S3B). Quantification of these structures revealed that they are not 

abundant and the number of cell sections displaying them peaked at 24 h p.i. 

before to decrease (Fig. 4D). These structures have not been detected in other 

CoV infections and therefore they could be specifically induced by PEDV. 

Alternatively, they could represent Vero E6 cell-specific Golgi complex 

alterations that take place when those cells are exposed to PEDV. We named 

those structures irregular vesicle clusters (IVCs). 

Subsequently, we also examined whether the Golgi organization and 

subcellular distribution changes during the course of a PEDV infection by 
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fluorescence microscopy. We inoculated cells with PEDV (MOI = 1) before 

analyzing them by immunofluorescence at 0, 24 and 72 h p.i. using antibodies 

against dsRNA and GM130, a Golgi marker protein. In non-infected cells, 

GM130-labelled Golgi localized perinuclearly (Fig. 4G) (47). GM130 lost its 

compact organization in infected cells, recognized by dsRNA staining, and 

became more scattered throughout the cytoplasm in numerous puncta at 24 h p.i. 

(Fig. 4G). At 72 h p.i., the distribution of GM130 signal changed again forming 

cytoplasmic clusters, but those had a less compact shape compared to the ones 

observed in uninfected cells. We did not observe at any time point a 

colocalization between dsRNA and GM130 indicating that the Golgi membranes 

very likely do not contribute to the establishment of the PEDV replication sites 

(Fig. 4G). When the same samples were labeled with another Golgi protein 

marker, GIANTIN (48), and one for the trans-Golgi network, TGN46 (48), and 

analyzed by immunofluorescence, we detected the same reorganization of the 

Golgi in infected cells as the one observed for GM130 (Supplementary Fig. S3C 

and S3D). 

To demonstrate that LVCVs indeed originate from Golgi complexes, Vero 

E6 cells were infected with PEDV for 72 h before to be processed for immuno-

EM as described in Material and Methods. Cryo-sections were subsequently 

immunogold labelled with anti-GM130 and anti-TGN46 antibodies. In 

uninfected cells, GM130 and TGN46 was exclusively localized to the Golgi 

complex (Fig. S3E and not shown), where they was present in the stacks and 

trans-Golgi network, respectively, as expected. In contrast, GM130 and TGN46 

labelings were mainly found on LVCVs at 72 h p.i. confirming that these 

compartments have a Golgi origin (Fig. 4E and 4F). 

Altogether, the immunofluorescence results corroborate the ones obtained in 

EM analyses and revealing that the Golgi complex undergo a massive 

reorganization during PEDV infection. 

2.5 PEDV infections involve ER membrane rearrangements in Vero cells 

The presence of virions in the ER and the formation of ERBs strongly suggested 

that there could also be a reorganization of the ER over the course of the PEDV 

infection. During the time-course EM analysis, we indeed observed that the ER 

proliferated over time, as numerous cross-sections of this organelle, often 

appearing as 5-10 adjacent ER tubules, where observed in the cytoplasm of 

infected cells (Fig. 5A and 5B). The ER proliferation first appeared at 8 h and 

reached a peak at 24 h p.i., before becoming less prominent during the following 
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Figure 4. The Golgi complex undergoes reorganization over the course of a PEDV infection. Vero E6 

cells infected with PEDV were collected at different p.i. time points as described in Material and Methods 

before being processed for conventional EM (A, B, C, D), immuno-EM (E, F) and immunofluorescence (G). 

(A) A Golgi complex observed at 0 h p.i., which is typically composed by few long tubular stacks, with vesicles 

in their proximity. (B) The percentage of cell sections in the experiment shown in Fig. 1 that displays a Golgi 

complex and/or a LVCVs. (C) Typical morphology of an IVCs, which are closely packed, irregular shaped, 

single-membrane vesicles with a light content. (D) The percentage of cell sections in the experiment shown in 

Fig. 1, which are positive for IVCs. (E, F) PEDV induces the formation of LVCVs, which are positive for the 

Golgi stack and trans-Golgi protein markers GM130 (E) and TGN46 (F), respectively. Asterisks mark the 

LVCVs. (G) The subcellular distribution of GM130 was examined by immunofluorescence over the course of 

a PEDV infection, at 0, 24, 48 (not shown) and 72 h p.i. The anti-dsRNA staining was employed to identify 

infected cells and nuclei were stained with the DAPI dye (blue). Representative immunofluorescence images 

were from 3 independent experiments. Error bars represent the standard deviation from 3 grids. G, Golgi; M, 

mitochondrion; N, nucleus; PM, plasma membrane. Black scale bar, 500 nm; white scale bar, 10 μm. 
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hours of infection (Fig. 5C). These changes in ER area were confirmed by 

estimating the ER surface area using the point-hit method (Fig. 5D). Interestingly, 

the ER proliferation alleviation starting from 24 h p.i. coincided with when ER-

derived structures such as DMVs, CMs and virion-positive ER start to emerge in 

the infected cells (Fig. 5C). Next we confirmed that the ERBs as well as the 

virion-containing compartments seen in Fig. 1C, originate from ER by immuno-

EM analysis using an anti-KDEL antibody (Fig. 5E, 5F and S4). Since the ERBs 

only appeared from 48 h p.i. and increased gradually afterwards (Fig. 5C), this 

observation suggests that these structures are probably not functionally 

connected with the ER proliferation. 

To sustain the changes in the ER organization, we examined the ER 

organization during the course of PEDV infection by immunofluorescence. We 

inoculated cells with or without PEDV before analyzing them at 24 h and 72 h 

p.i. using antibodies against PDI, an ER resident protein (49). In uninfected cells 

and at all time points, PDI localized in a large tubular network extending 

throughout the cytoplasm as expected (Fig. 5G) (50). In infected cells, in contrast, 

PDI lost its homogenous distribution and concentrated perinuclearly at 24 h and 

72 h p.i. This observation supports the EM analyses showing that ER undergoes 

a massive reorganization in PEDV-infected cells. 

3. Discussion 

The description of the membrane remodeling induced by PEDV in host cells 

remains poorly described despite the increasing veterinary importance of this 

virus (40, 51). This type of information is also scarce for alpha-CoV in general, 

as the infection of only two other viruses belonging to this genus, i.e. HCoV-

NL36 and TGEV, has been characterized at the ultrastructural level so far (23, 

29, 33). HCoV-NL36 and TGEV virions have been observed in ER, Golgi and 

LVCVs, while DMVs were solely detected in cells exposed to HCoV-NL36. 

Thus, although those studies have revealed some similarities between the host 

membrane rearrangements caused by alpha-CoV and members of the other CoV 

genera, a temporal and comprehensive description of all morphological 

alterations induced in host cells by alpha-CoV, is still lacking. The limitation in 

the ultrastructural studies on HCoV-NL36 and TGEV has been the analysis of a 

single infection time point, which makes it difficult to obtain a complete 

repertoire of induced intracellular structures because their frequency and 

morphology change over the course of an infection as shown for MHV (12). 

Therefore, we decided to take a time-course approach to examine PEDV 

infection in Vero E6 cells by qualitative and quantitative EM. In addition to 
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structures like DMVs and LVCVs already shown to be induced by alpha-CoV, 

this strategy allowed us to detect structures such as CMs reported for other CoV 

and novel ones, the IVCs and ERBs. It has recently been reported that PEDV 

triggers autophagy (52), but we did not have evidences in our samples indicating 

an induction of this pathway. In particular, we have not detected autophagosomes, 

which are morphologically different than the observed DMVs. These latter are 

much smaller (180-280 versus 500-1500 nm (53)) and they do present 

cytoplasmic component in their interior. 

Here, we report for the first time the presence of CMs in cells infected with 

an alpha-CoV (Fig. 1B), which are morphologically similar to the ones generated 

in cells exposed to other CoV (15, 17, 24). In contrast to what is observed for 

MHV and SARS-CoV (12, 15), the CMs appear at the same time as DMVs but 

with lower frequency (Fig. 3B). We favor the idea that CMs could originate from 

the DMVs and could have a similar function in replication and transcription like 

these structures. In contrast to MHV- and SARS-CoV-infected cells (15, 17), we 

never observed continuity between these two structures using our EM approach.  

It is known that ER is capable of increasing in size upon treatment with 

specific drugs or protein overexpression (54, 55). Interestingly, we saw a 

proliferation of the ER at the early stage of PEDV infection, from 8 h p.i., which 

peaked at 24 h p.i. just before the appearance of the DMVs and the virion-

positive ER (Fig. 5C). Considering the functional interrelationship between 

DMVs and ER (15, 45, 50), one hypothesis is that the ER is proliferating to 

accommodate the increasing amassing of viral proteins that will form the DMVs 

and luminal virions. Another hypothesis is that one or more PEDV proteins 

present some structural and/or functional characteristics that lead to a more 

pronounced ER stress response. 

At the late stages of PEDV infection, we observed at low frequency a novel 

structure similar to the one described in cells infected by human coronaviral 

LINDER strain (45), that we named ERBs (Fig. 1F). ERBs have a geometrical 

organization and they are connected with the ER (Fig. 1F). Their ER origin is 

also demonstrated by the fact that they are positive for the ER marker peptide 

KDEL (Fig. 5D and E). These observations make the ERBs reminiscent with the 

TBs and CMSs induced by MHV and SARS-CoV (12, 16, 17, 31). TBs and 

CMSs also appear at the late stage of an infection and they contain a single viral 

protein, which self-aggregates when massively overproduced. As a result, it is 

tempting to speculate that ERBs also represent aggregates formed by one or more 

PEDV proteins that are present in the ER in elevated amounts. The  
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Figure 5. PEDV infection causes different ER membrane rearrangements. Vero E6 cells infected with 

PEDV were collected at different p.i. time points as described in Material and Methods, before being processed 

for conventional EM (A, B, C), immuno- EM (D, E) and immunofluorescence (F). (A) ER observed at 0 h p.i., 

which typically appears as long dispersed tubular structures, with many ribosomes sitting on the limiting 

membrane. (B) Representative morphology of proliferating ER in PEDV-infected cells, showing an 

arrangement of 5-10 layers of tubular rough ER. (C) The percentage of cell sections in the experiment shown 

in Fig. 1 that displays a ER proliferation, DMVs, CMs, virion-positive ER and ERBs. (D) The ER surface area 

at each p.i. time point was determined using the point-hit method. The data are presented relative to the 0 h p.i. 

control. (E) Morphology of the ER in non-infected cells labeled with an anti-KDEL antibody. (F) 

Representative images of ERBs labeled with the anti-KDEL antibody. (G) The subcellular distribution of PDI, 

an ER protein marker, was examined by immunofluorescence with or without PEDV infection at 24 and 72 h 

p.i. Representative immunofluorescence images were from 3 independent experiments. Error bars represent 

the standard deviation from 3 grids. M, mitochondrion; N, nucleus; PM, plasma membrane; ER, endoplasmic 

reticulum. Black scale bar, 500 nm; white scale bar, 10 μm. 

morphological differences between ERBs, TBs and CMSs are probably due to a 

difference in the structural and self-aggregating properties of the proteins that 

lead to their formation. 

We also identified a novel structure that we called IVCs, which we speculate 

that  probably originate from the Golgi because some of the IVCs appear to 

contain stacks of this organelle (Fig. S3A and S3B). Like the ER proliferation, 

IVCs also became apparent at the early stage of PEDV infection, at 8 h p.i., and 

became the most frequent at 24 h p.i. (Fig. 4D). As a result, a hypothesis 

analogous to the one drawn for the ER proliferation, would be that IVCs are 

Golgi complexes that are expanding and/or getting altered because of the 

increasing amounts of PEDV proteins. One could also imagine that IVCs are the 

precursors of LVCVs. 

In our study, we have observed virions in several compartments, i.e. ER, 

LVCVs, endolysosomal organelles and very rarely in the ERBs (Fig. 1C-F). 

However, we first detected them forming in both ER and LVCVs at the same 

time point (i.e. 24 h p.i.). This is in contrast with what reported for CoV belonging 

to other subfamilies, i.e. their viral particles assemble in the ERGIC/Golgi 

compartments (12, 56), but also TGEV. The virions of this alpha-CoV start to 

form in the ERGIC/Golgi compartment and only at later time point in the ER 

(29). The reason behind these differences might be due to differences between 

genera, viruses and/or the infected cell types. Nonetheless, our findings suggest 

that PEDV particles assemble in both the ER and Golgi complex. PEDV virions 

were also detected in what appear to be endolysosomal-like compartments from 

36 h p.i., but intriguingly we never noted them assembling on the limiting 

membrane of these organelles. Altogether, these observations lead us to postulate 

that the endolysosomal compartments are not the site of viral particle assembling, 

but rather a location where excess virions are nonspecifically delivered or 
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eventually could represent a transport intermediates involved in the secretion of 

viral particles. Alternatively, those could be secreted virions that are re-infecting 

cells thorugh endocytosis. Very interestingly, we observed two types of virions 

appearing simultaneously (Fig. 1C and 1D), which have been so far described 

exclusively in cells exposed to another alpha-CoV, TGEV, suggesting that this 

could be a unique characteristic of this CoV genus (29). In the morphological 

study of TGEV-infected cells (29), the smaller viral particles with a denser core 

were identified as mature virions while the larger annular ones as the immature 

precursors. Our observations suggest that PEDV virion maturation does not 

occur in a specific organelle as both types of viral particles are present in the ER 

and LVCVs (Fig. 1C and D), indicating the structural maturation of PEDV virion 

particles could happen in both of ER and LVCVs. This result is in part dissimilar 

from the one obtained with TGEV, where it was shown that virion maturation 

mainly take place in the Golgi (29). Again, this difference could be specific to 

the virus or the infected cell type. Another possibility is that some mature virions 

are retro-transported to ER after maturation in Golgi due to their local massive 

production. Interestingly, we also found that only mature virions are present in 

the compartments of the endolysosomal system (Fig. 1E), further supporting one 

of our hypotheses made above.  

In conclusion, our study has characterized and temporarily ordered the 

different membranous rearrangements induced by PEDV. This information 

paves the way for future investigations about the function of these structures, 

which is crucial to understand PEDV and more in general alpha-CoV cellular 

life cycle, and might eventually help to develop novel therapies against them. 

4. Material and Methods 

4.1 Cell culture, virus propagation and time-course analysis of PEDV infection 

Vero E6 cells, a kindly gift from Jolanda Smit (34, 35), were maintained with 

Dulbecco's Modified Eagle Medium (DMEM, Gibco, NY) containing 5% fetal 

calf serum (FCS, Gibco). The used PEDV strain was CV777 and it was grown 

as previously described in Vero E6 cells (36).  

Vero E6 cells were also employed for the time-course infection (36, 37). 

Vero E6 cells at 60% confluence were inoculated with 1 multiplicity of infection 

(MOI) of PEDV and 25 µg/ml of trypsin (Sigma-Aldrich, St. Louis, MO). After 

1 h of incubation, cells were washed with phosphate-buffered saline (PBS, 137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) to remove 

the excess virus and synchronized the PEDV life cycle. Infected cells were 
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maintained in complete DMEM without FCS, and aliquots of cells and culture 

supernatants were collected for analysis at 0, 8, 16, 24, 36, 48, 60 and 72 h post-

infection (p.i.). 

4.2 Extracellular virus titration  

The amount of infectious PEDV particles released into culture medium was 

determined by calculating the 50% tissue culture infectious (TCID50) values in 

Vero E6 cells. Briefly, monolayers of Vero E6 cells were inoculated with serial 

dilutions in DMEM of supernatants collected at 0, 8, 16, 24, 36, 48, 60 and 72 h 

p.i. Cytopathic effects, i.e. cell death, were morphologically assessed under a 

light microscope after incubation at 37℃ for 4 days. The TCID50 value was 

calculated using the Spearman/Kaerber formula (38, 39). 

4.3 Isolation of the total RNA and Real-Time PCR (RT-PCR) 

Quantification of viral replication was determined by RT-PCR. Briefly, the total 

RNA was extracted from cells using TRIzol (Invitrogen, Carlsbad, CA) 

according to the manufacturer’s instructions. First-strand cDNA was synthesized 

by using the Moloney murine leukemia virus (M-MLV) reverse transcriptase and 

oligo (dT) (both reagents were from Invitrogen, Carlsbad, CA). RT-PCR was 

then performed using primers to detect the mRNA levels of the ORF3 

(GAGACTCGAGCGATTGACACAGTTG and 

GAGAGGTACCGCCTCAAAGAAGACGC) and the N protein 

(GAGACTCGAGCGTCTGAAAAGCCAATC and 

GAGAGGTACCGGTTATTGCCTCTGTTG) in a CFX Connect™ Real-Time 

PCR detection system (Bio-Rad, Hercules, CA) using the following conditions: 

10 s at 95˚C, then 40 cycles of 5 s at 95˚C and finally 34 s at 60˚C.  

4.4 Immunofluorescence analyses 

Immunofluorescence analyses were carried out as previously described (12, 40). 

Preparations were first incubated with the primary antibodies in PBS containing 

0.1% bovine serum albumin (BSA) at room temperature for 1h and after 

extensive washing with PBS, they were incubated with the secondary antibodies 

also in PBS containing 1% BSA at room temperature for 45 min. Preparations 

were finally mounted in DAPI-containing ProLongTM Gold antifade 

(Invitrogen). Fluorescence signals were captures with either a Leica TCS SP8 

confocal microscope (Leica Microsystems, Wetzlar, Germany) or a DeltaVision 

Elite system (GE Healthcare Life Sciences, IL). 
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Primary antibodies used in this study were monoclonal antibodies against 

dsRNA (English and Scientific Consulting Kft, Szirák, Hungary), TGN46 

(Sigma, St. Louis, MO) and PDI (Enzo, Farmingdale, NY), and polyclonal 

antisera against GIANTIN (Abcam, Cambridge, United Kingdom) and GM130 

(Abcam, Cambridge, United Kingdom). Secondary antibodies were Alexa488- 

or Alexa568-conjugated goat anti-rabbit or anti-mouse antibodies (Life 

Technologies). 

4.5 Transmission electron microscopy 

Cells were fixed with Karnovsky (2% para-formaldehyde (PFA), 2.5% 

glutaraldehyde (GA) in 0.1 M sodium cacodylate pH 7.4) for 140 min at room 

temperature and then post-fixed with 1% OsO4, 1% KCNFe in 0.1 M sodium 

cacodylate buffer (pH 7.4) for 1 h on ice. Samples were subsequently dehydrated 

stepwise with increasing concentrations of ethanol before rinsing them with 1,2-

propylene oxide (Merck, Darmstadt, Germany) at room temperature and 

embedding in Epon resin (41). After resin polymerization for 4 days at 60°C, 

65–70 nm sections were cut using an UC7 ultra-microtome (Leica Microsystems) 

and contrasted with uranyl acetate and lead citrate (41), before being analyzed in 

a CM100bio TEM (FEI, Eindhoven, The Netherlands). 

For the quantitative analyses, at least 200 cell profiles were randomly 

selected at each p.i. time point and three different quantifications were performed 

on 4 grids. First, the number of cell sections containing at least one of the PEDV-

induced structures was counted to determine morphologically the proportion of 

infected cells. Second, we calculated the percentage of cell sections positive for 

each PEDV-induced structure. Third, we determined the average number of each 

structure per cell section and calculated the standard deviation. The average 

diameter of length of each structure was determined by measuring 10-40 profiles 

using the ImageJ software (http://rsb.info.nih.gov/ij/), which also calculated the 

standard deviations. At each p.i. time point, the ER surface area per cell was 

calculated using the point-hit method (42) on 50 randomly selected electron 

micrographs from 3 different grids. The results are presented relative to the 0 h 

p.i. control. 

4.6. Immuno-electron microscopy 

Cells were fixed in 4 % PFA in 0.1 M phosphate buffer (19 mM NaH2PO4, 81 

mM Na2HPO4, pH 7.4) overnight at 4°C. Before scraping them from the petri 

dish in PBS containing 1% gelatin, cells were washed 3 times in PBS and 1 time 
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in PBS containing 50 mM glycine. Cells were successively embedded in 12% 

gelatin, cryo-sectioned and immunogold labelled as previously described (43). 

Primary antibodies were mouse anti-KDEL (Calbiochem, San Diego, CA), sheep 

anti-TGN-46 (Serotec, Oxford, United Kingdom) mouse anti-GM130 (BD 

Biosciences, Franklin Lakes, NJ), mouse anti-CD63 (Developmental Studies 

Hybridoma Bank, Iowa City, IA) and mouse anti-transferrin receptor (TfR, 

ThermoFisher Scientific, Waltham, MA), and they were detected after bridging 

with a rabbit anti-mouse IgG (Rockland, Limerick, PA) or an rabbit anti-sheep 

IgG antibody (Nordic, Tady, Sweden) respectively, with 10 nm gold particles 

conjugated to protein A (CMC, Utrecht, the Netherlands). Labelled cryosections 

were contrasted with a 2% uranyl oxalate (pH 7) and methyl cellulose-uranyl 

acetate (pH 4) solution on ice, and imaged as described for the conventional EM. 
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Figure S1. PEDV viral particles can be detected in compartments of the endolysosomal system.  

Immunogold labelling of PEDV-infected Vero cells at 72 h p.i. with anti-CD63 (A) and anti-TfR (B) antibodies. 

Asterisks mark endolysomal compartments. M, mitochondrion; N, nucleus; PM, plasma membrane. Scale bar, 

500 nm. 
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Figure S2. DMVs morphology and subcellular distribution change over the course of the PEDV infection. 

Representative micrographs of cell sections with DMVs observed at 24, 48 and 72 h p.i.. Asterisks mark DMVs 

while arrowheads indicate invaginations at the limiting membrane of DMVs. LVCVs, large virion-containing 

vesicle, M, mitochondrion; PM, plasma membrane. Scale bar, 250 nm. 
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Figure S3. PEDV infection induces a reorganization of the Golgi complex. Vero E6 cells infected with 

PEDV were collected at different p.i. time points as described in Material and Methods before being processed 

for conventional EM (A, B) and immunofluorescence (C, D). (A) IVCs observed at 16 h p.i. containing few 

Golgi stacks (arrow). (B) Quantification of the percentage of IVCs with or without Golgi stacks in the 

experiment shown in Fig. 1. Error bars represent standard deviations from 3 grids. (C) The localization of 

TGN46 was analyzed by immunofluorescence at the indicated p.i. time points. Nuclei were stained with DAPI 

and representative images were from 3 independent experiments. (D) The subcellular distribution of GIANTIN 

was examined by immunofluorescence at the indicated p.i. time points. Infected cells were identified by dsRNA 

labeling and nuclei were stained with the DAPI dye (blue). Representative immunofluorescence images were 

from 3 independent experiments. (E) A representative Golgi in non-infected cells where the trans-Golgi 

network is labeled with an anti-TGN46 antibody. M, mitochondrion; N, nucleus; PM, plasma membrane; G, 

Golgi. Black scale bar, 500 nm; white scale bar, 10 μm. 
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Figure S4. PEDV viral particles assemble in the ER and lead to its expansion. (A) Immunogold labelling 

of PEDV-infected Vero cells at 72 h p.i. with anti-KDEL antibodies. (B) Higher magnification of the inset in 

panel A. Arrowheads highlight virions forming with inward budding at the limiting membrane of the ER. ER, 

endoplasmic reticulum;  M, mitochondrion; PM, plasma membrane. Scale bar, 500 nm.
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Abstract 

 

Coronaviruses (CoV) are enveloped viruses and rely on their nucleocapsid N 

protein to incorporate the positive-stranded genomic RNA into the virions. CoV 

N proteins form oligomers but the mechanism and relevance underlying their 

multimerization remain to be fully understood. Using in vitro pull-down 

experiments and density glycerol gradients, we found that at least 3 regions 

distributed over its entire length mediate the self-interaction of mouse hepatitis 

virus (MHV) and SARS-CoV N protein. The fact that these regions can bind 

reciprocally between themselves provides a possible molecular basis for N 

protein oligomerization. Interestingly, cytoplasmic N molecules of MHV-

infected cells constitutively assemble into oligomers through a process that does 

not require binding to genomic RNA. Based on our data, we propose a model 

where constitutive N protein oligomerization allows the optimal loading of the 

genomic viral RNA into a ribonucleoprotein complex via the presentation of 

multiple viral RNA binding motifs. 

 

Keywords: coronavirus, N protein, self-interaction, oligomerization, MHV, 

SARS-CoV 
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1. Introduction 

Coronaviruses (CoV) are enveloped positive-stranded RNA viruses and 

Coronaviridae can be subdivided into four groups based on phylogenetic 

clustering: alpha, beta, gamma and delta CoV (1, 2). Members of this virus 

family infect the mammalian respiratory and gastrointestinal tracts by 

incompletely understood mechanisms (2, 3). The relevance of this virus family 

has considerably increased due to the recent emergence of the severe acute 

respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), 

which are caused by viruses belonging to the beta CoV group (4, 5). The Mouse 

Hepatitis Virus (MHV) is closely related to SARS-CoV and MERS-CoV, and 

considered the prototype for the investigation of the CoV life cycle (6). 

The proteins encoded by the CoV genomic RNA (gRNA) can be divided into 

two major categories. The first entails the 15 to 16 nonstructural proteins (nsp1 

to nsp15/16) (1, 2, 7), which are synthesized in the host cell and assemble into 

the replicase-transcriptase complexes (RTCs). RTCs are associated with and/or 

are embedded into double-membrane vesicles and convoluted membranes, 

which are generated during CoV infections and very likely act as replication 

platforms (8). The second category contains the structural and accessory 

proteins. A minimal set of 4 structural proteins is critically required for the 

efficient formation of infectious virions (1, 2, 7). Those include the envelope (E), 

the membrane (M), the spike (S) and the nucleocapsid (N) proteins.  

The N protein is the only structural protein that associates with RTCs (9-11). 

It binds the gRNA and it is essential for the incorporation of the virus genetic 

material into CoV particles (12, 13). Moreover, it is the major component of 

ribonucleoprotein complex sitting in the virion cores (2, 7, 14) and thus also 

plays an essential architectural role in the virus particle structural organization 

through a network of interactions with the gRNA, the M protein and other N 

molecules (7, 8, 15). The MHV N protein has been divided into multiple domains 

based on genetic analyses and structural studies (16-20). The two largest 

domains, the N-terminal domain (NTD), also N1b, and the C-terminal domain 

(CTD), also N2b, fold independently and have gRNA-binding properties (16-18, 

21) (Fig. 1A). These two regions are flanked by the N-terminal N1a domain, the 

centrally located N2a domain, and the C-terminal B spacer and N3 domain (21) 

(Fig. 1A). 

It has been hypothesized that dimerization and possibly oligomerization of 

CoV N proteins plays an essential role in virus particle assembly (21-25). The 

ability of SARS-CoV N protein to self-interact was first demonstrated using 
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yeast two-hybrid and co-immunoprecipitation experiments (26). The crystal 

structures of the N2b/CTD domain of SARS-CoV and MHV N proteins 

confirmed this observation, leading to the notion that N protein dimers are the 

basic building blocks of the ribonucleoprotein complex (12, 23, 24, 27-29). 

Subsequently, native gel electrophoresis, size exclusion chromatography and 

surface plasmon resonance revealed that recombinant SARS-CoV N protein 

forms oligomers in vitro, although it appears to predominantly exist as a dimer 

in solution in absence of gRNA (30). Size exclusion chromatography and 

chemical cross-linking assays were also used to unveil that the N2b/CTD domain 

of the SARS-CoV N protein, in particular the stretch of amino acids between 

positions 343-402, forms autonomously oligomers in solution (31, 32). The 

N2b/CTD domain of the MHV N protein has also been shown to bind full length 

protein (11). However, few other studies indicated that other parts of the N 

protein could also be involved in the self-interaction. In particular, the N1b/NTD 

and N3 domains could bind full length MHV N protein (11, 19) while the serine-

rich (SR) region located within the N2a could be essential for SAR-CoV N 

protein self-interaction and oligomerization (33). Nonetheless, the current most 

commonly accepted working model is that CoV N protein constitutively 

dimerizes, primarily via the N2b/CTD domain, and subsequently oligomerizes 

during virion assembly through a mechanism that remains unclear (22, 23, 27, 

29, 32, 34-36). It is also unclear whether gRNA binding influences CoV N 

protein oligomerization. 

In this study, we confirm that recombinant MHV and SARS-CoV N protein 

self-interact to form large oligomers. However, we could also show that, besides 

N2b/CTD, several domains of the N protein are involved in this process. 

Analysis of different MHV and SARS-CoV N protein truncations revealed that 

at least three regions of these proteins cross-interact between each other in an 

interchangeable manner. Moreover, we show that two of these regions, i.e. N1 

and N2b-N3, can oligomerize autonomously. Further, in infected cells, the MHV 

N protein forms oligomers already in the cytoplasm and its oligomerization does 

not require binding to gRNA. Altogether these findings indicate that CoV N 

proteins self-interact and oligomerize via discontinuous regions present in 

domains distributed over the entire protein to generate large supra-complexes. 

We hypothesize that these oligomers, which are formed constitutively, provide 

a larger binding surface for the gRNA, which will be thus optimally engaged at 

the RTCs and subsequently incorporated into forming viral particles.  
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2. Results 

2.1 MHV N protein forms large oligomers in vitro 

To gain insights into the self-assembly mechanism of the N protein, we decided 

to use an in vitro approach to exclude the eventual involvement of other factors 

in this event. Since order-disorder and secondary structure predictions coupled 

with sequence alignment has highlighted that all CoV N proteins have the 

modular organization as MHV N protein, we used this as a model first. Hence, 

MHV N protein was expressed in E. coli as a GST fusion construct and purified 

using glutathione Sepharose (GSH-beads). The immobilized GST fusion protein 

or GST was incubated with bacterial cell extract of E. coli expressing 

recombinant 6xHis-tagged full length MHV N protein. As illustrated in Fig. 1b, 

recombinant 6xHis-tagged N protein specifically bound GST-N protein but not 

GST alone, which is in agreement with previous reports (19, 23, 24, 27-29) and 

further shows that N proteins self-interact directly.  

Since it has been shown that CoV N proteins also bind non-viral RNA (19, 

21, 37-40), we also investigated the association between purified GST-tagged 

and 6xHis-tagged N proteins after RNase A treatment to exclude a role of 

bacterial RNA in the assayed interaction. As shown in Supplementary Fig. S1A, 

RNase A treatment removed large part of the RNA present in the bacterial extract 

and nucleic acids were not detected associated to the purified N protein even 

when this was not exposed to RNase A. Importantly, removal of RNA did not 

affect the binding between the two N protein fusions (Supplementary Fig. S1B). 

We concluded that the bacterial RNA does not participate in the in vitro 

interaction of MHV N protein. 

To determine whether the N-protein form homo-dimers or homo-oligomers, 

we sedimented recombinant 6xHis-tagged N protein on a continuous 5-20% 

glycerol gradient. For comparison sedimentation of the protein standards 

ovalbumin (44 kDa) and thyroglobulin (669 kDa) was analysed, which could be 

recovered in fractions 1-2 and 6-8, respectively (Figs. 1C and 1D). GAPDH, 

which is present in the cytoplasm as a monomer (41), was detected in the first 

fractions of a sedimentation performed with a LR7 cell extract. In contrast, the 

6xHis-tagged N protein was exclusively found in fractions 8-11, indicating that 

it forms large homo-oligomers (Figs. 1C and 1D). 
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Figure 1. Recombinant MHV N protein forms large oligomers. (A) Schematic structural organization of 

the MHV N protein and overview of the truncations generated in this study (modified from (9)). (B) Bacterial 

extract from E. coli expressing 6xHis-tagged MHV N protein (input) was incubated with immobilized GST or 

GST-N protein. Precipitated proteins were eluted in SDS-sample buffer and analyzed by western blot using an 

anti-His monoclonal antibody. Only part of the western blot images is shown in the figure. The GST and GST-

N amount were assessed by staining the PVDF membrane with Ponceau Red. (C) Bacterial extract from E. coli 

expressing 6xHis-tagged MHV N protein was sedimented in a 5-20% glycerol gradient at 50,000 g for 75 min. 

Eleven fractions were collected and protein content analysed using antibodies against the 6xHis tag. Gradient 

and centrifugation conditions were assessed by sedimenting a LR7 cell extract and probing the collected 

fractions with a GAPDH antibody. Only part of the western blot images is shown in the figure. (D) 

Quantification of the immunoblots presented in panel (C) plus standard deviation (SD) (n=3).  

2.2 MHV N protein assembles in cytoplasmic oligomers over the course of an 

infection 

We explored whether the N protein also forms oligomers over the course of an 

infection. In MHV-infected cells, the N protein localizes to three distinct 

locations: RTCs, virions and cytoplasm (2, 9, 10, 13, 42). Since the N protein is 

in large complexes with other viral proteins in both RTCs and virions, we 

decided to focus on its cytoplasmic pool and to separate it from the two other 

populations through differential centrifugations. We generated cell extracts (Ext) 

from MHV-infected LR7 cells and centrifuged them at 15,000 x g to discard the 

pellet P13, which includes compartments with low sedimentation rates such as 

whole cells or debris, nuclei and mitochondria. The resulting supernatant S13 

was subsequently centrifuged at 110,000 x g to sediment organelles such as the 

Golgi apparatus but also virions that could have remained associated to the cell 

surface at the moment of the lysis (43, 44). Successful fractionation of each step 

was followed by visualization of the membrane bound protein VAPA for P13 

(45) as well as the cytoplasmic proteins GAPDH and tubulin for S45, which also 

contained soluble N protein (Fig. 2A). Thus, we concluded that the cytoplasmic 

pool of the N protein is enriched in the S45 supernatant. 

The S45 supernatant was then applied onto the same continuous 5-20% 

glycerol gradient employed for the analysis of the size of recombinant N protein 

complexes. Interestingly, cytoplasmic N protein from MHV-infected cells was 

exclusively detected in the last fractions of the gradient similarly to recombinant 

N protein, while GAPDH was found only in the low-density fractions (Figs. 2B 

and 2C). A small difference in size between the MHV N protein oligomers 

formed in vitro and in vivo, however, was detected. This could be due to either a 

slight inhibition of recombinant N protein self-interaction caused by the 6xHis 

tag, or a better oligomerization in vivo because of cellular factors such as 

molecular chaperones. Moreover, it cannot be excluded that there are host 

proteins that associate to N protein oligomers. 
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Figure 2. MHV N protein assembles in cytoplasmic oligomers over the course of an infection. (A) Cleared 

lysate from MHV-infected LR7 cells (Ext) was centrifuged at 15,000 x g for 10 min to obtain a pellet (P13) 

and a supernatant, which was subsequently centrifuged at 110,000 x g for 1 h to be separated into a pellet (P45) 

and a supernatant (S45). Equivalent amounts of each fraction were separated by SDS-PAGE and analysed by 

western blot using antibodies against MHV N protein, tubulin (cytoplasm), GAPDH (cytoplasm) and VAPA 

(endoplasmic reticulum). Only part of the western blot images are shown in the figure. (B) The S45 fraction 

obtained in panel A was mocked treated or treated with RNase A for 30 min on ice before sedimentation and 

analysed as in Fig. 1C. A260/280 ratios < 0.1 was used to assess complete hydrolysis of the nucleic acids. Only 

part of the western blot images are shown in the figure. (C) Quantification of the immunoblots presented in 

panel B plus SD (n=3). 

The S45 supernatant was also incubated with RNase A to degrade all nucleic 

acids (Supplementary Fig. S1C), before applying the sample onto the glycerol 

gradient to examine whether N protein oligomerization is influenced by binding 

to gRNA in vivo. This treatment, however, did not change the sedimentation 

profile of the N protein (Figs. 2B and 2C). Altogether these data show that the 

MHV N protein forms large cytoplasmic oligomers in infected cells, and that this 

aggregation does not depend on its binding to gRNA. Moreover, this result 

underlines the validity of using recombinant N protein to study its 

oligomerization determinants. 

2.3 Multiple domains mediate N protein oligomerization 

Previous studies have shown that the N2b/CTD domain is required for the 

dimerization of N proteins of different CoVs (12, 23, 24, 27, 28). Our consistent 

finding that the N protein forms oligomers suggested that there might be several 

domains involved in the self-interaction. We thus generated three 6xHis-tagged 

truncations, i.e. N1 (which contains the NTD), N2a and N2b-N3 (which contains 

the CTD), which collectively cover the full length of the N protein (Fig. 1A). 

These constructs were expressed in E. coli and the resulting bacterial extracts 

were incubated with either immobilized GST or GST-N protein. Interestingly, 

all three analyzed N protein truncations specifically bound GST-N protein but 

not GST alone (Fig. 3, top panel), further revealing that in addition to the 

reported N2b/CTD region, the N protein possesses binding domains for the self-

interaction in the N1 and N2a parts as well. 

Next, we explored whether there was any putative redundancy in binding 

between the different domains of the N protein to mediate N protein 

oligomerization. For this, beacterial cell extracts from E. coli expressing 6xHis-

tagged N1, N2a or N2b-N3 were incubated with immobilized GST or GST-N 

protein as well as the truncations GST-N1, GST-N2a and GST-N2b-N3. 

Interestingly, all constructs were able to specifically bind both the N1 and N2b-

N3 truncations suggesting that each domain within the N protein can interact 
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Figure 3. Multiple domains mediate N protein oligomerization. Bacterial extracts from E. coli expressing 

the 6xHis-tagged N1, N2a and N2b-N3 truncations were incubated with immobilized GST, GST-N protein, 

GST-N1, GST-N2a and GST-N2b-N3. Precipitated proteins were eluted in SDS-sample buffer and analyzed 

by western blot using the anti-6xHis monoclonal antibody. A260/280 ratios < 0.1 indicated the absence of 

nucleic acids in the samples. 
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with at least two different regions from another N protein molecule (Fig. 3). 

Further, 6xHis-tagged N1 and 6xHis-tagged N2b-N3 displayed a binding with 

immobilized GST-N2a. However, there was no binding between 6xHis-tagged 

N2a and immobilized GST-N2a indicating that the N2a domain might participate 

to the oligomer formation without being one of the critical determinants. 6xHis-

tagged N2b-N3 was pulled down by GST-tagged N1 protein irrespectively of 

RNase A treatment confirming that the studied bindings do not depend on 

bacterial RNA (Supplementary Fig. S1D). 

To determine whether the analyzed truncations also form oligomers, we 

sedimented bacterial extract from E. coli expressing 6xHis-tagged N1, N2a or 

N2b-N3 truncations on a continuous 5-20% glycerol gradient. As shown in 

Supplementary Fig. S2A and S2B, the 6xHis-tagged N1 and 6xHis-tagged N2b-

N3 truncations are both forming oligomers. In contrast, however the 6xHis-

tagged N2a sediments at lower molecular weight fractions. The presence of the 

6xHis-tagged N2a fusion protein in fraction 3-4 also suggest that the N2a 

fragment might be able to multimerize through probably a weak interaction that 

could not be detected by pull-down experiments. From these findings we 

concluded that MHV N protein oligomerizes via multiple discontinuous regions.  

2.4 SARS-CoV N protein is also forming oligomers in vitro 

To determine whether other CoV N proteins have the same characteristic, we 

analyzed the SARS-CoV N protein. First, recombinant 6His-tagged SARS-CoV 

N protein was incubated with immobilized GST or GST-tagged SARS-CoV N 

protein. As shown in Fig. 4a, recombinant SARS-CoV N protein specifically 

bound to GST-SARS-CoV N protein but not GST, confirming that SARS-CoV 

N protein self-interacts (12, 23, 24, 27, 28). Subsequently, bacterial extract from 

E. coli expressing 6xHis-tagged SARS-CoV N protein was applied onto a 5-20% 

glycerol gradient. The 6xHis-tagged SARS-CoV N protein was mainly detected 

in the late fractions of the gradient (Figs. 4C and 4D). These results showed that 

the SARS N protein, similarly to the MHV N protein, forms high molecular 

weight oligomers. Those of SARS-CoV N protein, however, appear to be smaller 

and this could be due to either the difference in size between SARS-CoV and 

MHV N proteins (423 amino acids versus 455) or the fact that SARS-CoV N 

protein forms smaller oligomers. 

Previous data have shown that the N2b/CTD domain of SARS-CoV N 

protein domain self-interacts (24, 26, 31, 34). To explore whether the N-terminus 

of the SARS-CoV N protein also participates in its oligomerization, as seen for 
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the MHV N protein, we performed pull-down experiments with recombinant 

6xHis-tagged SARS-CoV-N1-N2a and immobilized GST-SARS-CoV-N1-N2a. 

As depicted in Fig. 4B, recombinant SARS-CoV N1-N2a protein specifically 

binds to GST-SARS-CoV N1-N2a protein but not GST alone, revealing that the 

N-terminal N1-N2a domain self-interacts. Moreover, analysis of recombinant 

6xHis-tagged SARS-CoV-N1-N2a on glycerol gradients showed that this 

truncation forms high molecular weight oligomers (Figs. 4D and 4E). Similarly 

to MHV, however, SARS-CoV-N2a was unable to self-interact and form 

oligomers (Supplementary Fig. S3). Altogether our results confirm that the 

SARS-CoV N protein oligomerizes but the oligomerization process involves not 

only the CTD domain but also the N-terminal area of the N protein, which 

contains the NTD domain. 

3. Discussion 

Using pull-down experiments and density glycerol gradients, our study provides 

additional evidence that CoV N proteins oligomerize. Several structural biology 

studies have indicated that SARS-CoV N protein dimerizes through the 

N2b/CTD domain (22, 24, 27, 32, 36) and it is generally accepted that the 

dimerization of N2b/CTD domain serves as the basic building block for CoV 

ribonucleoprotein virion core formation through multimerization (15, 46, 47). 

We and others, however, have already pointed out that the N-terminal N1b/NTD 

and N3 regions could also interact with full length of MHV N protein (11, 19). 

Our data extends and completes the information acquired by these investigations 

as we found that at least three areas of MHV N protein, i.e. N1a-N1b, N2a and 

N2b-N3, mediate its self-interaction. Importantly, those domains can bind 

reciprocally between themselves (Fig. 3) and our findings provide a possible 

model for MHV N protein oligomerization, i.e. a single N molecule appears to 

have several binding sites that allow the association of multiple N protein units 

to a single oligomer. However, we cannot exclude that binding promiscuousity 

and affinity of the various N protein domains, which have investigated using 

truncated proteins, are more limited and different, respectively, in the context of 

the full-length protein. 

Although N1a-N1b and N2b-N3 regions are able to oligomerize 

independently, N2a is not and therefore this domain probably only contributes 

to and/or reinforces MHV N protein self-interaction (Fig. 3 and Supplementary 

Figs. S2 and S3).This is in agreement with a report indicating that the N2a 

domain, in particular the SR region within it, could play a role for SARS-CoV N  
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Figure 4. SARS-CoV N protein is also forming oligomers. (A) Bacterial extract from E. coli expressing 

6xHis-tagged SARS-CoV N protein (input) was incubated with immobilized GST or GST-SARS-CoV-N 

protein. Precipitated proteins were eluted in SDS-sample buffer and analyzed by western blot using an anti-

His monoclonal antibody. The amounts of GST and GST-N were assessed by staining the PVDF membrane 

with Ponceau Red. A260/280 ratios < 0.1 indicated the absence of nucleic acids in the samples. Only part of 

the western blot images is shown in the figure. (B) Bacterial extracts from E. coli expressing 6xHis-tagged 

SARS-CoV N1-N2a were processed and analyzed as in panel (A). A260/280 ratios < 0.1 indicated absence of 

nucleic acids in the samples. Only part of the western blot images is shown in the figure. (C) Bacterial extracts 

of E. coli expressing 6xHis-tagged SARS N protein and N1-N2a truncation were sedimented in a 5-20% 

glycerol gradient at 50,000 g for 75 min. Eleven fractions were collected and protein content analyzed using 

antibodies against the 6xHis tag. Gradient and centrifugation conditions were assessed by sedimenting a LR7 

cell extract and probing the collected fractions with a GAPDH antibody. Only part of the western blot images 

is shown in the figure. (D) Quantification of the immunoblots presented in panel (C) plus standard deviation 

(SD) (n=3). 
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protein self-interaction and oligomerization (33). Further, the N2a domain is 

known to interact with the nonstructural protein nsp3 via a serine and arginine 

rich stretch within that domain (9-11). Therefore, one can speculate that N2a is 

more important for the association of the N protein to the RTCs rather than 

providing another oligomerization platform. 

Our attempts to narrow down the specific binding area within the various 

regions have been unsuccessful since it appears that the amino acids crucial for 

the N protein self-interaction are discontinuously distributed (Fig. 3). The results 

obtained with the N2a truncation indirectly support this notion as a short domain 

will possess less key binding amino acids and consequently it will interact less 

pronouncedly compared to longer parts such as the N1 and N2b-N3 domains. 

Previous efforts to localize the residues essential to mediate SARS-CoV N2b-

N3 (including the CTD) multimerization identified three different regions within 

this domain (22, 31, 34), further underscoring the notion that discontinues 

binding regions, distributed over the entire N molecule, are responsible for the 

self-association. During the preparation of this manuscript, a cryo-EM analysis 

of ribonucleoprotein complexes isolated MHV virions was published and the 

model emerging from this work is consistent with our findings (48). This study 

suggested that the N protein form octamers mainly via its CTD domain, which 

then further assembles into larger oligomeric structures that can acquire either a 

loose or a more compact intertwined filament shape (48). In the proposed model, 

multiple surfaces of the N protein participate in the multimerization of the N 

protein octamer and this is coherent with our conclusion that several domains in 

the N protein mediate self-interaction. 

One important finding of our study is that cytoplasmic MHV N protein forms 

high molecular weight oligomers in infected cells. Similarly to the recombinant 

protein, we could not detect monomers, dimers or small multimers on glycerol 

gradients (Fig. 2B) suggesting that after synthesis, MHV N protein rapidly 

assembles into oligomers. It is easy to imagine that, based on our in vitro data, 

this is very likely also the case for the SARS-CoV N protein. Since all CoV N 

proteins have an identical modular organization (21) and have the N1b, N2a and 

N2b domains, oligomerization could be a characteristic that all of them possess. 

It has been suggested that gRNA promotes MHV N protein self-interaction 

because the association process was partially or largely susceptible to RNase A 

treatment (11, 35). Another study, however, reached the opposite conclusion 

(19), which is also supported by structural biology studies where N protein 

multimers have been detected and analyzed in preparations that do not contain 

4 



Chapter IV 

 

106 

RNA (12, 22-24, 27, 29, 32, 36, 49). Our data showing that both in vivo and in 

vitro N protein oligomerization does not depend on its binding to gRNA are in 

agreement with this latter conclusion. It cannot be excluded, however, that 

association to gRNA could promote further N protein oligomerization. This 

could explain the partial discrepancy with the study showing that RNase A 

treatment interferes with the binding between the N protein and full-length N 

protein or N1b/NTD domain, but not with the N2b/CTD region (11). 

Which could be the relevance of constitutive N protein olimerization? RNA 

chaperones are nonspecific nucleic acid binding proteins with long disordered 

regions that help RNA molecules to adopt its functional conformation (50-52). 

In agreement with this notion, which has already been proposed for CoV N 

proteins (40, 53), our hypothesis is that recruitment of already formed N protein 

oligomers to the RTCs at double-membrane vesicles and convoluted membranes 

via the interaction with nsp3 (9, 10), allows efficient and tight loading of the 

exceptionally large gRNA via numerous binding sites into a ribonucleoprotein 

complex (Fig. 5). This RNA chaperone role of N protein oligomers would assure 

the efficient incorporation of the gRNA into the assembling virions, other 

scenarios, however, are also possible and future investigations will help to 

decipher the functional relevance of CoV N protein oligomerization. 

4. Materials and Methods 

4.1 Cell culture and virus 

LR7 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; 

Cambrex Bioscience, Walkersville, MD) supplemented with 10% fetal calf 

serum (Bodinco Alkmaar, The Netherlands), 100 IU of penicillin/ml and 100 

µg/ml of streptomycin (both from Life Technologies, Rochester, NY). Wild type 

MHV-A59 was propagated in LR7 cells in DMEM.  

4.2 Plasmids 

The sequences coding for either full-length MHV N protein or its truncations, 

i.e. N1 (amino acids 1 to 194), N2a (amino acids 195 to 257) and N2b-N3 (amino 

acids 258 to 454), were amplified by PCR from MHV gRNA and cloned into 

pET32c (EMD Millipore, Amsterdam, The Netherlands) and pGEX  (GE 

Healthcare, Little Chalfont, United Kingdom) vectors using BamHI and XhoI, 

creating the pET32c-N, pET32C-N1, pET32C-N2a, pET32C-N2b-N3, pGEX-

N, pGEX-N1, pGEX-N2a and pGEX-N2b-N3 constructs. The SARS-CoV N 

protein coding sequence or its truncations N1-N2a (amino acids 1 to 260) and  
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Figure 5. Models for the role of CoV N proteins over the course of an infection. After synthesis, CoV N 

proteins constitutively assemble into oligomers with loose or more compact intertwined filament shapes [48], 

which are recruited to the RTCs localized on double-membrane vesicles and convoluted membranes via their 

interaction with nsp3. At these replication platforms, newly synthesized gRNA is engaged by N protein 

oligomers, which co-operate with the rest of the structural proteins to form the viral particles at the 

ERGIC/Golgi compartments.  
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N2a (amino acids 189 to 260) were also amplified by PCR and cloned into 

pET32c and pGEX vectors using XhoI and NotI to create pET32c-SARS-CoV-

N, pET32c-SARS-CoV-N1-N2a, pGEX-SARS-CoV-N, pGEX-SARS-CoV-

N1-N2a and pGEX-SARS-CoV-N2a. 

4.3 Bacterial extracts 

Transformed Escherichia coli BL-21 were grown in 125 ml of LB medium (0.5% 

yeast extract, 1% tryptone, 1% NaCl) to late exponential phase and after inducing 

protein expression by addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside, 

cells were grown at 37°C or 20°C for 4 h or 16 h, respectively. Bacteria were 

harvested, resuspended in 4 ml lysis buffer (PBS , 5 mM DTT, 1 mg/ml 

lysozyme, 1 mM PMSF, 10% glycerol, 1% Triton X-100 and complete protease 

inhibitor (Roche) and lysed by two sonication rounds of 10 sec using a Branson 

sonicator (Danbury, Connecticut, United States). The bacterial lysates were 

cleared by centrifugation at 15,000 x g for 10 min at 4˚C and passed through a 

0.45 µm filter. For purification of GST fusion proteins, lysates were incubated 

with 125 µl of glutathione (GSH) Sepharose (4B, GE Healthcare), which had 

been pre-washed in PBS. Where indicated, lysates were incubated with 40 mg/ml 

RNase A (Invitrogen, Carlsbad, CA) for 30 min on ice prior to addition to the 

GSH Sepharose. Cell extracts from bacteria expressing the 6xHis-tagged 

proteins were used either directly for pull-down experiments or for the 

purification of the fusion proteins with nickel Sepharose (6 Fast Flow, GE 

Healthcare) after incubation in presence or absence of 40 mg/ml RNase A for 30 

min on ice. Complete hydrolysis of RNA was verified by sample analysis on an 

agarose gel followed by nucleic acid staining with Midori Green (GC Biotech, 

Netherlands) or determination of the A260/A280 ratio through measurement of 

A260 and A280 using a NanoDrop Spectrophotometer (Implen, Germany) (54-

56). 

4.4 Cell extracts 

For the preparation of cell extracts, LR7 cells grown on 10 cm dishes were 

mocked-treated or inoculated with MHV at a MOI of 1 and after 8 h, they were 

lysed by 5 min sonication in 1.2 ml of PBS buffer supplemented as described 

above. Supernatants were then cleared by centrifugation at 15,000 x g for 10 min 

at 4˚C and passed through a 0.45 µm filter. RNase A treatments were carried out 

by incubating 200 µl of cell extract with 40 mg/ml of enzyme for 30 min on ice, 

immediately prior to pull-downs.  
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4.5 Pull-down experiments 

For the pull-down experiments, GSH-Sepharose bound GST fusion protein were 

incubated with 200 µl of bacterial extract or 200 µl of LR7 cell extracts on a 

rotatory wheel for 2 h at 4˚C, subsequently washed at 4˚C three times in PBS 

supplemented with 5 mM DTT, 10% glycerol, 1% Triton X-100 and one time in 

PBS buffer. Proteins bound to the Sepharose beads were eluted in 20 µl of sample 

buffer by boiling and subjected to SDS-PAGE, blotted onto PVDF membranes 

and visualized by either membrane staining with Ponceau Red or western blot 

analysis using anti-6xHis antibody (HIS H8, Thermo, Waltham, MA) or anti-N 

protein monoclonal antibodies (11). Bound primary antibodies were detected 

using the Alexa680-conjugated goat polyclonal anti-mouse IgG antibody (Life 

Technologies) and signals visualized with an Odyssey system (LI-COR, Lincoln, 

NE). 

4.6 Subcellular fractionation and glycerol gradient sedimentation 

Cell extracts (Ext) from MHV-infected LR7 cells were centrifuged at 15,000 x 

g for 10 min (4˚C) to obtain a pellet (P13) and a supernatant (S13), which was 

further centrifuged at 110,000 x g for 60 min (4˚C) to also get a pellet (P45) and 

a supernatant (S45). Proportional aliquots of Ext, P13, P45 and S45 fractions 

were examined by resolving them by SDS-PAGE and then by probing western 

blot membranes with monoclonal antibodies against MHV N protein and 

polyclonal antisera against GAPDH (Fitzgerald, North Acton, MA), tubulin 

(Sigma-Aldrich, St. Louis, MO) or VAPA (Santa Cruz, Dallas, TX). 

For glycerol gradient sedimentation, 100 µl of either the S45 fraction or 

bacterial extracts expressing 6xHis-tagged full-length or truncated proteins were 

loaded on the top of a 2,2 ml continuous 5-20% glycerol gradient in lysis buffer 

(w/v) prepared using the Gradient Master machine (Biocomp, New Brunswick, 

Canada). After centrifugation at 135,000 x g for 75 min at 4°C in a TLS55 rotor 

(Beckman Coulter, Brea, CA), 11 fractions of 200 µl were collected from the top 

to the bottom of the gradient. After precipitation by addition of 20 µl of tri-

chloroacetic acid (final concentration 10%), proteins were resolved by SDS-

PAGE and analyzed by western blot using antibodies against the N protein, 

GAPDH and the 6xHis tag. Thyroglobulin (669 kDa) and ovalbumin (44 kDa) 

(Bio-Rad, Berkeley, CA) were used as molecular weight protein standards to 

determine the gradient resolution. 
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Supplementary figure 

 

 

 

Supplementary Figure S1. E. coli RNA does not influence the self-interaction of purified MHV N protein. 

(a, b) Bacterial extracts from E. coli expressing the 6xHis-tagged N proteins were kept on ice in presence or 

absence of RNase A for 30 min, before to be purified using nickel Sepharose beads. In parallel, extracts from 

bacteria expressing GST or GST-N protein were also subjected to RNase A treatment or not prior purification. 

(a) 10 l of cell extracts or purified protein were loaded and separated on a 1% agarose gel, which was finally 

stained for nucleic acids using Midori Green. Equivalent amounts of loaded protein were estimated by 

measuring the A280. (b) Purified 6xHis-tagged N protein was incubated with immobilized GST and GST-N 

proteins. Bound proteins were eluted in SDS-sample buffer and analyzed by western blot using the anti-6xHis 

monoclonal antibody. Only part of the western blot images are shown in the figure. (c) Purified 6xHis-tagged 

N2b-N3 protein was incubated with immobilized GST and GST-N1 proteins. These preparations were treated 

or not with RNase A. Bound proteins were eluted in SDS-sample buffer and analyzed by western blot using 

the anti-6xHis monoclonal antibody. A260/280 ratios < 0.1 indicated absence of nucleic acids in the samples. 

Only part of the western blot images are shown in the figure. 
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Supplementary Figure S2. Truncated forms of MHV N protein are able to form oligomers. (a) The 

bacterial extracts from E. coli expressing 6xHis-tagged N1, N2a and N2b-N3 fragments were fractioned and 

analysed as in Fig. 1c. Only part of the western blot images are shown in the figure. (b) Quantification of the 

immunoblots presented in panel (a) plus SD (n=3). 
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Supplementary Figure S3. The N2a truncated forms of SARS-CoV N protein is unable to self-interact 

and form oligomers. (a) A bacterial extract from E. coli expressing 6xHis-tagged SARS-CoV N2a (input) was 

incubated with immobilized GST or GST-N2a protein. Precipitated proteins were eluted in SDS-sample buffer 

and analyzed by western blot using an anti-His monoclonal antibody. Only part of the western blot images is 

shown in the figure. The GST and GST-N amount were assessed by staining the PVDF membrane with Ponceau 

Red. (b) The bacterial extracts from E. coli expressing 6xHis-tagged N2a fragments were fractioned and 

analysed as in Fig. 1c. Only part of the western blot images are shown in the figure. (c) Quantification of the 

immunoblots presented in panel (b) plus SD (n=3).
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Abstract 

Coronaviruses (CoV) are enveloped viruses and rely on the oligomerization of 

their nucleocapsid N protein to incorporate the positive-stranded genomic RNA 

into virions. It has been shown that the N protein is also present at the replication-

transcription complexes (RTCs), the site of CoV replication. To learn about the 

crucial relationship of N protein and RTCs, we employed mouse hepatitis virus 

(MHV), a commonly used CoV model virus and found that N protein associates 

with RTCs through binding to non-structural protein 3 (nsp3) in a genomic RNA 

(gRNA)-independent manner. In particular, we identified multiple domains in 

the N protein that are required for interaction with nsp3, which are located in 

NTD and N2a regions of N protein. N protein variants carrying point mutations 

in these domains fail to be recruited to RTCs and have a dominant-negative effect 

on MHV infection by impairing virus replication and progeny production. 

Moreover, the N-nsp3 interaction plays a stimulatory role in CoV viral RNA 

transcription. Our results reveal that N protein recruitment to the RTCs plays an 

essential role in MHV life cycle. 

 

Keywords: Coronavirus, nucleocapsid protein, MHV, RTC, nsp3. 

5 



Chapter V 

 

122 

1. Introduction 

Coronaviruses (CoV) are enveloped viruses with a single-stranded positive RNA 

genome, which cause numerous pathologies in humans and other mammals with 

varying severities, including respiratory, enteric, hepatic and neurological 

diseases (1-3). CoV are subdivided into four genera: Alphacoronavirus, 

Betacoronavirus (beta-CoV), Gammacoronavirus and Deltacoronavirus (4). 

Mouse hepatitis virus (MHV) is considered the prototype virus for the study of 

CoV infection mechanism, mainly because it belongs to beta-CoV genera which 

encompasses two human pathogens that can be lethal: Severe Acute Respiratory 

Syndrome (SARS)- and Middle East Respiratory Syndrome (MERS)-CoV (3, 5, 

6).  

CoV genomes are approximately 30 kb and encode for structural proteins 

and two overlapping open reading frames, designated as ORF1a and ORF1b, 

which are translated into two large polyproteins, pp1a and pp1b. These 

polyproteins are processed into 15 or 16 nonstructural proteins (NSPs) by 

multiple viral proteinase activities present in their sequence (1-3, 7). Collectively, 

NSPs form the replication and transcription complexes (RTCs), which play a 

crucial role in the synthesis of viral mRNA and genomic RNA (gRNA) (8-11). 

Immuno-fluorescence and electron microscopy studies have revealed that CoV 

NSPs are localized onto double-membrane vesicles (DMVs), which are very 

likely induced by the NSPs themselves (10, 12-15). CoV possess at least 4 

structural proteins: the spike (S), the membrane (M), the envelope (E), and the 

nucleocapsid (N) protein. While the M, the E and the S proteins together with 

membranes derived from host organelles compose the virion envelop, the N 

protein binds gRNA and allows its encapsulation into viral particles (16). Virions 

are formed by inward budding of the limiting membrane of the ER-Golgi 

intermediate compartment (ERGIC) and Golgi, and reach extracellular milieu 

through the secretory pathway (15, 17, 18).  

CoV N proteins have three distinct and highly conserved domains, i.e. the N-

terminal domain (NTD or N1b), the C-terminal domain (CTD or N2b) and the 

N3 region (19-22) (Fig. 1A). The crystal structures of N1b and N2b domains of 

N protein from SARS-CoV, infectious bronchitis virus (IBV), human 

coronavirus 229E and MHV, show a similar overall topological organization 

(22-26). The charged N2a domain, which contains a stretch of amino acids rich 

in serine and arginine residues and known as the SR-rich region, links N1b and 

N2b (27) (Fig. 1A). N proteins form dimers, which asymmetrically arrange 

themselves into octamers via their N2b domains and further assemble into larger 
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oligomeric structures that acquire either a loose or a more compact intertwined 

filament shape (26, 28, 29). This oligomerization occurs constitutively and it 

might provide a larger binding surface for the optimal entangling of large gRNA 

and forming ribonucleoprotein complexes that are incorporated into viral 

particles (30). Several lines of experimental evidence point to two domains in 

CoV N proteins mediating association of N proteins to viral RNA (31-36) and 

structural data suggest that their conserved tertiary structures may be involved in 

gRNA binding (37). First, the N1b regions of IBV, SARS-CoV, MHV and 

human CoV OC43 (HCoV-OC43) N proteins have been implicated in RNA 

binding (24, 35, 38-40). Second, it has also been reported that the residues 

between positions 248-365 of SARS-CoV N protein, which are in N2b domain, 

have a stronger nucleic acid-binding activity than N1b domain (28). Moreover, 

phosphorylation of IBV, SARS-CoV and MHV N protein has been shown to 

play a role in binding discrimination between viral and nonviral mRNA (39, 41). 

The N protein-gRNA ribonucleoprotein complexes are finally incorporated into 

forming viral particle through interactions with the C-terminus of the M proteins 

(42).  

Interestingly, part of N protein localizes to RTCs and because this peculiar 

distribution is already observed at the early stages of infection (43-46), it has 

been postulated that CoV N protein could play a regulatory role in viral 

replication, a notion supported by several studies (47-50). Although the NSPs 

are a static component of the RTCs (51), the N protein is dynamically associated 

with these structures leading to the idea that it could be recruited to this location 

to stimulate the synthesis and eventually entangle gRNA (52). Hurst and 

colleagues exploited genetic approaches to both identify nsp3 as a binding 

partner of MHV N protein, and show that the cytoplasmic N-terminal ubiquitin-

like domain of nsp3 and the serine and arginine (SR)-rich region of the N2a 

domain of N protein are important for this interaction (53, 54). They also 

provided in vitro evidence that N protein association with RNA is not relevant 

for its interaction with the N-terminus of nsp3 (53, 54). Moreover, an in solution 

study on the interaction between the N-terminus of MHV nsp3 and different N 

protein truncations using nuclear magnetic resonance (NMR) and isothermal 

titration calorimetry, found that the N1b-N2a fragment, but not N1b and N2b, 

binds nsp3 with high affinity (55). This result indicates that a key nsp3-binding 

determinant localizes to the SR-rich region of N protein, a finding consistent 

with the other studies (53-55). Interestingly, the SR-rich region alone is not 

sufficient to maintain high-affinity binding to nsp3 suggesting the presence of 

one or more interaction domains in the N1b-N2a fragment (55). Using in silico 
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modeling, a different laboratory has recently reached the conclusion that two 

regions in the N1b domain of MHV N protein, comprising the residues Lys113, 

Arg125, Tyr127 and Glu173 and Tyr190, could indeed be responsible for N 

protein-nsp3 association (56). While co-transfection of N protein mRNA with 

MHV gRNA promotes viral replication, mRNA’s encoding for N protein 

variants unable to optimally interact with nsp3 do not have the same pro-viral 

effect (53, 54). Despite this potential relevance of the N protein-nsp3 interaction 

in infection, it remains to be established where these two proteins associate and 

which is the precise role of their binding in the CoV life cycle. 

To shed light on the importance of the N protein-nsp3 interaction during CoV 

infection, we have identified the domains of MHV N protein involved in its 

association with RTCs and subsequently created specific point mutants that 

block the binding. In particular, we have found that the N1b and N2a regions of 

N protein mainly binds to nsp3 in a gRNA-independent manner. N protein 

variants carrying point mutations in these domains fail to be recruited to RTCs 

and have a dominant-negative effect on MHV infection by impairing virus 

replication and progeny production. Further, we also found that the N-nsp3 

interaction stimulates MHV segmented RNA transcription. Our data thus show 

that N protein recruitment to RTCs through nsp3 interaction promotes MHV life 

cycle. 

2. Results 

2.1 The N protein associates with RTCs mainly through binding to nsp3  

Several reports have shown that MHV N protein binds nsp3 (53, 54, 69) and 

therefore this interaction could represent the mechanism for N protein 

recruitment onto RTCs. To determine if other NSPs could be involved in this 

event, we explored whether one or more of them can bind N protein using yeast 

two-hybrid (Y2H) assay (53). To this aim, all 16 NSPs and N protein of MHV 

were cloned into the vector carrying the activation domain (AD) and the DNA 

binding domain (BD) of the yeast Gal4 transcription factor, respectively (53). 

Each plasmid encoding for a BD-NSP fusion protein was then transformed 

together with the one expressing the AD-N chimera into the Y2H test strain and 

growth of co-transformed cells on a medium lacking histidine was used to assess 

interaction. As shown in Fig. 1B, this approach revealed that MHV N protein 

mainly binds to nsp3 in agreement with previous findings (53, 54, 69) and to a 

far lesser extent also to nsp4. Since this potential interaction was only detected 

in one replicate, however, we did not investigate this further. 
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We then explored using in vitro experiments whether N protein and nsp3 

bind directly. The large cytosolic N-terminal part of nsp3 from amino acid 1 to 

233, i.e. nsp3N, was fused to glutathione S-transferase (GST) (69), expressed in 

E. coli and purified using sepharose bead-conjugated glutathione (GSH). To 

prove that purified nsp3N still retains its proper conformation, cell extracts 

obtained from non-infected and MHV-infected LR7 cells were incubated with 

either GST or GST-nsp3N. As shown in Fig. 1C and consistent with the literature 

(69), the N protein specifically bound to GST-nsp3N but not GST. We also tested 

whether association with gRNA was influencing N protein binding to nsp3N 

because this parameter could be relevant for the in vitro studies. Therefore, cell 

extracts from infected cells were treated with RNase A or with this enzyme plus 

a specific inhibitor, before being incubated with GST-nsp3N. Importantly, 

removal of gRNA did not alter N protein interaction with nps3N (Fig. 1C). 

Next, we fused N protein with 6xHis tag and expressed the protein in E. coli 

before preparing bacterial cell extracts and incubating them with either GST or 

GST-nsp3N. As shown in Fig. 1D, recombinant N protein specifically bound 

GST-nsp3N but not GST. 

Altogether, these experiments show that N protein binds to the N-terminus 

of nsp3 directly, and that this binding does not require its association to gRNA. 

2.2 Multiple domains in the N protein are required for its interaction with nsp3 

Next, we generated a series of C-terminal truncated variants of N protein and 

assessed their interaction with nsp3 using Y2H system in order to identify the 

nsp3-binding regions of N protein (Fig. 2A). Consistent with previous reports 

(53-55), we pinpointed one binding region to N2a domain, between the amino 

acids 233 and 250, which contains the SR-rich region. To confirm this finding 

and eventually localize other nsp3-binding regions in MHV N protein, we 

generated 3 truncated forms, i.e. N1a-N1b (1-194aa), N2a (195-257aa) and N2b-

N3 (258-454aa) (Fig.1A). These truncations were fused with the 6xHis tag and 

expressed in E. coli before preparing bacterial cell extracts, which were then 

incubated with either GST or GST-nsp3N. As shown in Fig. 2B, none of the 

fusion proteins interacted with GST. In contrast, binding between GST-nsp3N 

and 6xHis-N1a-N1b was detected as previously suggested (56), but not with 

6xHis-N2a and 6xHis-N2b-N3. As interaction between nsp3 and N2a has 

previously been reported (53, 54) but shown to possess a weak affinity (55), we 

repeated the pull-down experiments between GST-nps3N and 6xHIS-N2a, and 

exposed the western blot membranes for a longer time (Fig. 2C). This approach 
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Figure 1. MHV N protein directly binds to nsp3. (A) Schematic structural organization of MHV N protein 

and overview of the truncations generated in this study. (B) Y2H assay-based analysis of the interaction 

between the N protein and each one of the MHV NSPs. The plasmids expressing the AD-N fusion protein was 

co-transformed with the plasmids carrying the nsp gene N-terminally tagged with the BD domain into the Y2H 

test strain. Transformed cells were selected on a selective medium containing histidine (+His) while the 

interaction between the two tested proteins was assessed in a selective medium lacking histidine (-His) (62). 

Grown on -His plates showed that the N protein interacts with nsp3. (C) Cell extracts from MHV-infected LR7 

were incubated with RNase A or RNase A mixed with the RNase A inhibitor, or left untreated on ice for 30 

min, before being subjected to pull-down with immobilized GST or GST-nsp3N. Bound proteins were eluted 

by boiling in sample buffer and analyzed by western blot using an anti-N antibody. Staining of the membrane 

with Ponceau Red was used to reveal the amount of immobilized GST and GST-nsp3N. (D) Bacterial lysates 

from E. coli expressing the 6xHis-N fusion protein were prepared as described in Methods and subsequently 

incubated with immobilized GST or GST-nsp3N. Bound proteins were eluted by boiling in sample buffer and 

examined by western blot using an anti-His antibody. GST and GST-nsp3N were visualized as in panel C. 

allowed detecting the binding between nps3N and N2a, in agreement to our Y2H 

analysis of truncated N proteins (Fig. 2A). 

In order to determine the motifs mediating the interaction between N protein 

and nsp3, and study their relationship, we first aligned the amino acids sequences 

of N1-N2a segment of N proteins from different beta-CoV. As highlighted in 

Fig. 3A, we found six conserved stretches of amino acids, four localized in N1 

region and two in N2a fragment. We mutated the polar and charged amino acids 

into alanines in each one of these different sequences creating mutated versions 

of the 6xHis-tagged N protein truncations: N2amut1 (amino acids 195 to 257, with 

S194A, R199A, S200A and S202A mutations), N2amut2 (amino acids 195 to 257, 

with L240E, V241E and L242E mutations), N1mut3 (amino acids 1 to 194, with 

T73A, Q74A and K77A mutations), N1mut4 (amino acids 1 to 194, with K101A, 

Y103A and W104A mutations), N1mut5 (amino acids 1 to 194 with R109A, 

R110A and K113A mutations) and N1mut6 (amino acids 1 to 194, with F128A, 

Y129A, Y130A and T133A mutations) (Fig. 3A). Cell extracts obtained from E. 

coli expressing these constructs were incubated with either GST or GST-nsp3N. 

Although N1mut3 and N1mut5 bound GST-nsp3N with the same affinity as wild type 

N1 (Fig. S1A), the other mutated truncations displayed a strong reduction in the 

interaction with GST-nsp3N (Fig. 3B). We concluded that amino acids at 

positions 101 to 104 and 129 to 133, and 194 to 202 and 240 to 242, are important 

for the interaction between nsp3 with N1b or N2a, respectively (Fig. 3B). 

To determine whether the single mutations in N1 or N2a are sufficient to 

block N1-N2a interaction with nsp3N, we expressed the N1-N2amut1, N1-N2amut2, 

N1mut4-N2a and N1mut6-N2a variants in E. coli before to incubate bacterial 

extracts with either GST or GST-nsp3N. As shown in Fig. 3C, all constructs 

specifically bound GST-nsp3N with the same affinity as wild type N1-N2a. This 
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finding revealed that the binding of MHV N protein to nsp3 is not mediated by 

a single domain. 

Therefore, we assessed whether mutations in the conserved amino acids of 

N1b and N2a together could block N-nsp3 interaction. To this aim, we expressed 

N, Ncm1 (which carries N2amut1 and N1mut4), Ncm2 (which carries N1mut6 and 

N2amut1), Ncm3 (which carries N1mut4 and N2amut2) and Ncm4 (which carries N1mut6 

and N2amut2) in E. coli and incubated bacterial extracts with either GST or GST-

nsp3N. We found that Ncm3 and Ncm4 were still able to interact with nsp3N, 

whereas Ncm1 and Ncm2 displayed a strong reduction in their binding to nsp3N 

(Fig. 4A). These observations show that two different regions in MHV N protein 

mediate its interaction with nsp3. From here, we decided to only continue with 

the analysis of the Ncm1 and Ncm2 mutants. 

2.3 The nsp3-binding domains of the N protein are not involved in its self-

assembly and oligomerization 

We and others have recently shown that CoV N proteins constitutively form 

oligomers (29, 30). To exclude that the mutated N proteins that showed reduced 

nsp3 binding (Fig. 4A), i.e. Ncm1 and Ncm2, have a defect in self-interaction that 

could indirectly impair binding to nsp3, we analyzed their self-binding. 6xHis-

tagged N, Ncm1 and Ncm2 were purified from E. coli before being incubated with 

GST or GST-N protein. As shown in Fig. 4B, 6xHis-N, 6xHis-Ncm1 and 6xHis-

Ncm2 proteins specifically interacted with GST-N protein. To ascertain whether 

Ncm1 and Ncm2 protein are also able to oligomerize, purified 6xHis-N, 6xHis-Ncm1 

and 6xHis-Ncm2 fusion proteins were resolved on a density glycerol gradient to 

determine the size of the oligomers that they form (30). Wild type N protein was 

mainly detected in fractions 4-6 as expected (Fig. 4D) (30). The Ncm1 mutant, in 

contrast, was mainly present in fraction 6, suggesting that it assembles in larger 

oligomers but those are slightly different than the ones formed by the wild type 

protein. Importantly, the oligomerization of Ncm2 variant was similar to that of 

the N protein as it was mainly detected in fractions 4-6 (Fig. 4C and 4D).  

These results show that the region of MHV N protein mediating its binding 

to nsp3 is not required for oligomerization. 
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Figure 2. Two regions in the MHV N protein are required for its interaction with nsp3. (A) The interaction 

between nsp3N and different C-terminal truncations of the N protein was tested by Y2H assay as described in 

Fig. 1A. (B) Bacterial extracts from E. coli expressing the 6xHis-tagged N1, N2a or N2b-N3 truncations were 

incubated with immobilized GST or GST-nsp3N. Isolated proteins were eluted by boiling in sample buffer and 

analyzed by western blot using the anti-6xHis monoclonal antibody. GST and GST-nsp3N were visualized as 

in panel 1C. (C) A bacterial extract from E. coli expressing the 6xHis-tagged N2a was incubated with 

immobilized GST or GST-nsp3N. Isolated proteins were eluted and examined as in panel B but western blot 

membranes were exposed longer. 
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2.4 N protein recruitment to RTCs is mediated by nsp3 

To establish whether the inability of N protein to interact with nsp3 lead to an 

altered subcellular localization over the course of an infection, we first attempted 

to generate mutant MHV strains using two different approaches. First, we opted 

to generate recombinant MHV expressing an additional copy of GFP-tagged N 

or Ncm2 by inserting coding sequence of these two fusion proteins into the viral 

locus of the nonessential hemagglutinin-esterase gene (52). We tried three times 

to generate an MHV-Ncm2-GFP chimeric strain using this approach but although 

we obtained the control MHV-N-GFP strain at each time, we were unable to 

recover the mutant virus. Second, we turned to the vaccinia virus-based reverse 

genetics system to introduce the Ncm2  mutation in the viral N locus (70, 71). In 

this case as well, the wild type strain but not the mutant one was obtained in two 

attempts. Therefore, we decided to use a different strategy. We expressed 

mCherry, mCherry-N or mCherry-Ncm2 fusion proteins in mouse LR7 cells 

before exposing them to MHV. We chose the Ncm2 mutant because it 

oligomerizes similarly to the wild type N protein. As shown in Fig. S1B, 

mCherry-N and mCherry-Ncm2 were homogenously distributed in the cytoplasm 

in non-infected cells. In contrast, MHV-infected cells displayed numerous 

distinct cytoplasmic puncta that were positive for both nsp2 and nsp3 (Fig. S1B); 

these puncta have been previously shown to represent RTCs (52). Interestingly, 

wild type mCherry-N was recruited to these nsp2/3-positive RTCs but not 

mCherry-Ncm2 (Fig. S1B).  

The low transfection efficiency of LR7 cells (around 10%-15%), however, 

did not allow examining a large number of cells that were both infected and 

expressing the analyzed chimeras, and thus we could not make firm conclusions. 

We therefore decided to turn to the human Hela-CEACAM1a cell line, which 

expresses the MHV cell receptor CEACAM1a and it is highly transfectable (59). 

As expected, the GFP, GFP-N and GFP-Ncm2 constructs were efficiency 

transfected into Hela-CEACAM1a cells as around 80% of the cells displayed a 

fluorescent signal (Fig. 5A) and the GFP, GFP-N and GFP- Ncm2 chimeras were 

homogenously distributed in cytoplasm (Fig. S1C). As seen in LR7 cells (Fig. 

S1B), MHV infection caused a redistribution of GFP-N to the nsp2/nsp3-positive 

RTCs (Fig. 5B, second row). This observation confirmed that ectopically 

expressed GFP-tagged N protein behaves like the one encoded by the viral 

gRNA over the course of an infection. Surprisingly, a large number of cells 

expressing GFP- Ncm2 did not display MHV replication (Fig. 5B, third row), 

indicating that this construct could have a dominant negative effect on virus  
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Figure 3. Domains on N protein that mediate N-nsp3 interaction. (A) The alignment of part of beta-CoVs 

N protein sequences was done using the Jalview software (http://www.jalview.org/download.html). The amino 

acids changed in the different mutant variants are indicated with an asterisk. (B) Bacterial extracts from E. coli 

expressing the 6xHis-tagged N2a, N2amut1, N2amut2, N1, N1mut4 or N1mut6 were incubated with immobilized GST 

or GST-nsp3N. Isolated proteins were eluted by boiling in sample buffer and analyzed by western blot using 

the anti-6xHis monoclonal antibody. GST and GST-nsp3N were visualized as in panel 1C. (C) Bacterial extracts 

from E. coli expressing the 6xHis-tagged N1-N2a, N1-N2amut1, N1-N2amut2, N1-N2amut4 or N1-N2amut6 were 

incubated with immobilized GST or GST-nsp3N. Isolated proteins were analyzed as in panel B. 
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replication. In the very few cases in which MHV was present in cells expressing 

GFP-Ncm2, this chimera was not recruited to RTCs like GFP (Fig. 5B, first row).  

Altogether these results show that N protein binding to nsp3 is required for 

its recruitment to RTCs and possibly also for MHV life cycle. 

2.5 N protein recruitment to RTCs is crucial for MHV replication 

To determine whether blocking N protein recruitment to RTCs leads to a defect 

in CoV life cycle, we performed a series of experiments to check whether Ncm2 

has indeed a dominant negative effect on MHV replication and egression. 

We first took advantage of the MHV-2aFLS strain, which carries the genes 

encoding for firefly luciferase in the gRNA and allows assessing virus replication 

by monitoring the expression of this enzyme (60). We transfected the plasmid 

expressing GFP, GFP-N or GFP- Ncm2 fusion proteins into HeLa-CEACAM1a 

cells for 12 h before exposing them to MHV-2aFLS and measured luciferase 

activity after 8h. As shown in Fig. 6A, there was no significant change in 

luciferase expression in cells transfected with GFP-N compared to those 

expressing GFP. In contrast, there was a reduction of MHV replication of around 

60% in cells carrying GFP- Ncm2 construct. 

To confirm this observation using a wild type MHV strain, we explored the 

production of viral N protein by western blot and the transcription of NSP2 gene 

by quantitative PCR (q-PCR) in HeLa-CEACAM1a cells transfected with GFP, 

GFP-N or GFP- Ncm2 for 12 h before to be incubated with MHV for 8 h (15) (Fig. 

6B and 6C). N protein synthesis was significantly reduced by 30% in cells 

carrying GFP-Ncm2 chimera compared to the ones expressing GFP or GFP-N 

constructs (Fig. 6B and 6C). Similarly, we observed a reduction in NSP2 gene 

expression of approximately 30% in GFP- Ncm2-expressing cells compared to the 

controls (Fig. 6D). In the same experiment, we also collected the supernatants 

and determined the virus titer to explore whether MHV egression was impaired 

in cells expressing GFP-Ncm2. This was indeed the case as the virion titer was 

decreased in cells expressing GFP-Ncm2 compared to the ones expressing the 

GFP or GFP-N (Fig. 6E).  

Altogether these results show that Ncm2 has a dominant negative effect on 

MHV virus life cycle. 
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Figure 4. The in vivo binding defects of mutated N protein variants. (A) Bacterial extracts from E. coli 

expressing the 6xHis-tagged N, Ncm1, Ncm2, Ncm3 or Ncm4 were incubated with immobilized GST or GST-nsp3N. 

Isolated proteins were eluted by boiling in sample buffer and analyzed by western blot using the anti-6xHis 

monoclonal antibody. GST and GST-nsp3N were visualized as in panel 1C. (B) Bacterial extracts from E. coli 

expressing the 6xHis-tagged Ncm1 or Ncm2 were incubated with immobilized GST and GST-N. Isolated proteins 

were examined as in panel A. (C) Bacterial extract from E. coli expressing 6xHis-tagged MHV N, Ncm1 or Ncm2 

proteins were sedimented on a 15-40% glycerol gradient at 135, 000g for 75 min. Eleven fractions were 

collected and protein N chimera distribution was analyzed using antibodies against the 6xHis tag as described 

previously (30). (D) Quantification of the immunoblots presented in panel C plus the standard deviation (SD) 

of three independent experiments. 
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2.6 Binding between N protein and nsp3 enhances RTCs-mediated transcription 

To gain information about one of the possible roles of the N protein associated 

to RTCs, we devised an ‘in vitro viral RNA synthesis assay’ (IVRSA) using a 

membrane fraction enriched in RTCs, similar to the one described for SARS-

CoV (72). In this assay, the incorporation of [-32P]-CTP into viral RNA is 

examined in a reaction mixture containing NTPs, Mg2+, an ATP-regeneration 

system and actinomycin D, a potent inhibitor of host cellular transcription (72). 

Osmotically lysed MHV-infected cells were centrifuged at 13’000 g to separate 

dense membranes (P13), which contain the RTCs, from the cytosol (S13). As 

expected, the endoplasmic reticulum (ER) integral membrane protein VAP-A 

was entirely found in P13 pellet, which also contained N protein because of its 

association to RTCs (Fig. S2A). Washing of this fraction with buffers containing 

high concentrations of salt led to partial transfer of the N protein into S13, 

underscoring that it is a membrane peripheral protein. In contrast and as expected, 

VAP-A remained in P13 fraction upon these treatments. 

Next, we determined the IVRSA requirements by combining the P13 and 

S13 fractions in the reaction mixture. Consistent with the SARS-CoV data (72), 

P13 fraction was sufficient to sustain viral RNA synthesis and addition of S13 

supernatant to the reaction further enhanced this reaction (Fig. S2B). The S13 

fraction on its own could not sustain viral RNA synthesis confirming that the 

activity of RTCs is in P13 pellet (Fig. S2C). This finding was also corroborated 

when the IVRSA was repeated with a P13 fraction obtained from mock-infected 

cells. Almost no radioactivity signal was detected in this reaction (Fig. S2D). To 

confirm that the RNA synthesis activity is associated with membranes, the P13 

fraction was also resuspended in a buffer containing either Triton X-100 or a 

high concentration of salts. These treatments prior to the IVRSA also abolished 

the generation of radiolabeled viral RNA (Fig. 7A and 7B). Altogether, these 

experiments show that the devised IVRSA measures the synthesis of RNA by 

MHV RTCs. 

Next, we explored whether addition of serially diluted recombinant N protein 

into IVRSA mixture enhanced viral transcription, and whether Ncm2 mutant had 

a different effect. Addition of N protein to the reaction stimulated RNA 

production in a dose-dependent way (Fig. S2E). Interestingly, when we 

compared the RNA synthesis by performing IVRSA after adding equal amounts 

of N or Ncm2, we observed a 50-80% reduction in segmented RNA synthesis in 

the samples incubating with Ncm2 compared to wild type N protein.  
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Figure 5. N protein association with RTCs depends on its binding to nsp3. (A) Percentage of transfected 

cells was determined by quantifying of the number of GFP-positive cells, plus SD of three independent 

experiments. (B) Hela-CEACAM1a cells were transfected with plasmids expressing the GFP, GFP-N or GFP-

Ncm2 construct for 12 h before to be infected with MHV for 8 h and processed for immunofluorescence using 

antibodies against MHV nsp2/3. Size bar, 10 µm. (C) Percentage of cells expressing the fusion proteins that 

were infected by MHV in the experiment shown in panel B, which was calculated by counting the number of 

cells carrying the fluorescence chimeras that were stained for nsp2/3. The graph depicts the average 

quantification of three independent experiments plus SD. Significant differences p<0.01 were calculated using 

the paired two-tailed Student’s t-test, and are highlighted with the * symbol, while n.s. indicates not significant. 
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These results suggest that N-nsp3 interaction plays a stimulatory role in 

MHV segmented RNA transcription.  

3. Discussion 

A crucial step in CoV life cycle is the synthesis of gRNA, which is associated 

with the RTCs (27), a complex composed of NSPs that dynamically interact with 

N protein (8, 52, 53). In this study, we investigated in more detail the relevance 

of the N-RTC interaction over the course of MHV infection. We confirm that N 

protein binds to RTCs via nsp3 and this interaction has a pivotal role over the 

course of MHV infection. Our Y2H analysis represents the first study that 

systematically assessed the binding of all the MHV NSPs with the N protein (Fig. 

1B), and corroborates previous studies showing that nsp3 is the principal one 

interacting with N protein (53-56). Interestingly, a similar Y2H-based analysis 

with SARS-CoV proteins failed to detect binding between nsp3 and N protein 

(73). The reason of this apparent discrepancy is probably due to a difference in 

the employed Y2H systems. In the published study (73), a Y2H system where 

T7 promoter region is inserted between the AD or BD fragments, and the assayed 

proteins has been employed. In the Y2H system used in our study, the AD or BD 

tag is directly fused to the assayed proteins (53). It must be noted that we have 

been able to monitor binding between SARS-CoV N and nsp3 with our Y2H 

system, which we also confirmed with an in vitro pull-down experiment (data 

not shown). It has been shown that nsp3 interacts with N protein using various 

approaches, but molecular details of the binding between these two proteins 

remained to be clarified because of inconsistent conclusions. A genetic approach 

mapped the MHV N protein domain involved in binding to nsp3 to its SR-rich 

region (53, 54). Using NMR titration experiments, it was subsequently pointed 

out that this interaction involves acidic residues in nsp3N (55). A computational 

modeling of the MHV nsp3N-N complex, however, proposed that nsp3N interact 

with both the NTD and the SR-rich domains of the N protein (56). Although, this 

latter binding did not rely on the acidic residues of nsp3N in the developed model. 

Our detailed examinations of the association between purified nsp3N and 

different N variants using in vitro pull-down experiments, demonstrates that 

indeed both NTD and N2a (which contains the SR-rich region) interact with 

nsp3N, with NTD having a stronger binding affinity than N2a (Fig. 2). 
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Figure 6. The Ncm2 mutant variant has a dominant negative effect on MHV infection. (A) Hela-

CEACAM1a cells were transfected with plasmids expressing the GFP, GFP-N or GFP- Ncm2 constructs for 12 

h and subsequently infected with the MHV-2aFLS strain for 7 h before measuring luciferase expression. The 

graph shows the average luciferase activity relative to Hela-CEACAM1a cells expressing GFP of three 

independent experiments plus SD. Significant differences p<0.01 were calculated using the paired two-tailed 

Student’s t-test, and they are highlighted with the * symbol, while n.s. indicates not significant. (B) Hela-

CEACAM1a cells transfected as in panel A were infected with MHV for 8 h before to harvest the cells. Proteins 

separated by SDS-PAGE were probed by western blot using antibodies recognizing MHV N protein and actin. 

(C) Quantification of the relative average expression levels of viral N protein normalized to actin in the 

experiment shown in panel B. The graph depicts the quantification relative to Hela-CEACAM1a cells 

expressing GFP of three independent experiments plus SD. Significant differences p<0.01 were calculated 

using the paired two-tailed Student’s t-test, and they are highlighted with the * symbol, while n.s. indicates not 

significant. (D) The total RNA was isolated from Hela-CEACAM1a cells treated as in panel B before 

quantifying the amount of nsp2 mRNA by RT-qPCR. The expression levels of nsp2 mRNA were normalized 

to that of GAPDH according to the comparative cycle threshold method. The graph depicts the average relative 

amount of nsp2 mRNA relative to the Hela-CEACAM1a cells expressing GFP in three independent 

experiments plus SD. Significant differences p<0.01 were calculated using the paired two-tailed Student’s t-

test, and they are highlighted with the * symbol, while n.s. indicates not significant. (E) The production of the 

progeny virus in the experiment performed in panel B was assessed by determining the virus titer of the culture 

supernatants with a diluted factor of three on LR7 cells, and calculating the TCID50 units per ml of supernatant. 

The results represent the quantification relative to Hela-CEACAM1a cells expressing GFP of three independent 

experiments plus SD. Significant differences p<0.01 were calculated using the paired two-tailed Student’s t-

test, and they are highlighted with the * symbol, while n.s. indicates not significant. 

As truncated N variants very likely affect multiple function of this protein, 

we identified amino acids in MHV N protein that are key for its binding to nsp3 

to generate specific point mutants and study the relevance of N-nsp3 interaction 

during CoV life cycle. We found that when mutated, two sets of amino acids in 

NTD (K101/Y103/W104 and F128/Y129/Y130/T133) and two in N2a 

(S194/R199/S200/S202A and L240/V241/L242) lead to a defect in the 

interaction of these domains with nsp3N. Interestingly, single set of mutations in 

either NTD or N2a region, however, did not show a defect in the association 

between NTD and nsp3N (Fig. 3C), indicating a coincidence binding involving 

different protein domains. In agreement with this notion, the combination of 

mutations in NTD and N2a region completely blocked the interaction between 

full-length MHV N and nsp3N (Fig. 4A). The computer modeling study 

hypothesized that K113, R125, Y127, E173 and Y190 play an important role in 

the association between MHV N protein and nsp3 (56). Interestingly, R125, 

Y127 and Y190 are in close proximity of some of the highly conserved amino 

acids in NTD and N2a, of which we show that they play a key role in the same 

interaction. 
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Figure 7. The N-nsp3 interaction promotes RTCs-mediated RNA transcription. (A) IVRSA was 

performed with P13 treated at priori with 1% Triton (lane 2) or no detergent (lane 1). (B) The levels of the two 

most abundant discrete RNA segments in the autoradiograph shown in panel A (highlighted with arrowheads), 

were densiometrically quantified. The results represent the quantification relative to the control sample and 

treated P13 cells plus the SD of two experiments. (C) The IVRSA with P13 was carried out in presence of 0.05 

g 6xHis-N (lane 1) or 6xHis-Ncm2 (lane 2). (D) The experiment in panel C was quantified as in panel B. 
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The main role of CoV N protein during viral life cycle is the organization of 

gRNA into helical ribonucleoprotein complexes that are essential for the 

biogenesis of viral particles and packaging of genetic material in virions for the 

transmission to the virus progeny. N protein oligomerization, which appears to 

be constitutive, leads to the formation of linear polymers that probably promote 

the optimal bundling of viral gRNA and therefore the formation of the 

ribonucleoprotein complexes (25, 28, 30, 37, 75). Thus, one could imagine that 

hampering the self-interaction of N protein affects their binding to nsp3. 

However, analysis of a nsp3-binding deficient N protein variant, i.e. Ncm2, on 

glycerol density gradients reveled that this mutant protein assembles into 

oligomers with a similar size than those generated by the wild type N protein 

(Fig. 4). This result shows that the mutations introduced in Ncm2 specifically 

impair the N-nsp3 binding and they probably do not affect other functions of the 

N protein. Still, some mutants that harbor combined mutations in NTD and N2a 

domain were defective in both N protein oligomerization and binding to nsp3N 

(Fig. 4). This suggests that N protein oligomerization is a pre-requisite for the 

interaction with nsp3 and the association with RTCs, but this notion remains to 

be carefully explored. 

It has previously been proposed that the N-nsp3N interaction might be 

stimulated by the binding of one or both of these two proteins to viral RNA (54), 

although direct evidence is still missing. Interestingly, our binding analyses 

using recombinant GST-nsp3N and full cell lysates from MHV-infected cells in 

presence or absence of RNAse A showed in contrast to what is published, that 

addition of this enzyme did not alter binding between MHV N protein and nsp3N 

(Fig. 1C and 1D). The conclusion that the viral RNA is not required for N-nsp3 

interaction is also corroborated by our observation that the two purified proteins 

when mixed are able to interact (Fig. 1D). A possible explanation for this 

discrepancy is that the pull-down samples subjected to RNase A treatment or not 

were not analyzed side by side in the published study (54), and consequently 

cannot be compared accurately.  

What is the role of N-nsp3 interaction in CoV life cycle? We have found that 

the binding of the gRNA to the N oligomers is not essential for the N-nsp3 

interaction (Fig. 1C), but it could nonetheless promote the localization of gRNA 

to the replication sites early in infection. In agreement with this notion, co-

transfection of MHV N protein mRNA and gRNA leads to a significant increase 

in infectivity compared to the transfection with gRNA alone (54). A similar 

requirement of N protein for infection has been shown for other CoVs (47, 48). 

On the same line, a possible functional relationship between the N protein and 
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nsp3 was indirectly revealed by showing that bovine coronavirus (BCoV) N 

protein can sustain MHV infection when specific suppressor mutations appear 

in nsp3 (54). It was however not investigated whether BCoV N protein can bind 

to MHV nsp3 and whether the acquired mutations in latter protein suppress this 

eventual defect. Our data, in contrast, directly show that interfering with the 

association of N protein with RTCs has a negative effect on MHV infection by 

impairing virus replication and progeny production (Fig. 5-6 and Fig. S1B). The 

relevance of N protein recruitment to RTCs for viral life cycle is also indirectly 

sustained by the fact that we have been unable to generate MHV strains 

expressing Ncm2 using two different approaches. 

To provide evidence about a possible function of the N-nsp3 interaction 

during MHV infection, we performed an in vitro RNA synthesis assay to directly 

assess viral RNA transcription. Indeed, supplementing recombinant N protein to 

the reaction mixture containing RTCs and cytosol significantly enhanced RNA 

transcription in a dose-dependent manner (Fig. S2F). In contrast, the nsp3-

binding mutant Ncm2 was unable to stimulate viral RNA transcription to the same 

extent (Fig. 7C-7D). These findings directly show that the N-nsp3 binding at 

RTCs enhances the synthesis of viral RNA by possibly allosterically stimulating 

enzymatic activities and/or providing a more structured conformation of the 

complex that positively influences protein and RNA interactions. However, it 

remains unclear why the N protein orchestrates viral RNA synthesis. 

Our current working model is that N proteins oligomerize in the cytosol 

before being recruited to RTCs, which are concentrated at DMVs and convoluted 

membranes, through the binding to nsp3 (Fig. 8). At the RTCs, the N oligomers 

stimulate viral RNA synthesis, very likely segmented RNA and possibility 

gRNA. Local production of gRNA and presence of N oligomers could promote 

the formation of ribonucleoprotein complexes. Interaction between 

ribonucleoprotein complexes and structural proteins at ERGIC/Golgi 

subsequently triggers the formation of viral particles in the lumen of these 

compartments (Fig. 8). In contrast, Ncm2 oligomers cannot be recruited to RTCs 

and viral RNA synthesis fails to be stimulated. This strongly impair CoV 

infection (Fig. 8). As a result, a speculative idea is that the N-nsp3 interaction 

could be a coordination mechanism that guarantees sufficient production of 

structural proteins necessary to efficiently encapsulate the newly formed 

ribonucleoprotein complexes into virions. 

Further investigations are needed to unveil how N-RTC binding 

mechanistically enhances RNA transcription and whether this binding promotes 
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gRNA synthesis during later step of viral life cycle. This information could pave 

the way for future studies aimed at developing novel therapies against CoV that 

specifically target the interaction between N proteins and nsp3. 

4. Materials and Methods 

4.1 Cell culture and virus 

LR7 (51, 57, 58) and Hela-CEACAM1a cells (59) were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM; Cambrex Bioscience, 

Walkersville, MD) supplemented with 10% fetal calf serum (Bodinco Alkmaar, 

The Netherlands), 100 IU of penicillin/ml and 100 µg/ml of streptomycin  (both 

from Life Technologies, Rochester, NY) (57, 58). Wild type MHV-A59 was 

propagated in LR7 cells in DMEM. The MHV strain carrying luciferase used in 

our study was MHV-2aFLS (60). Virus titers were determined using a tissue 

culture infectious dose (TCID50) assay according to the Reed-Muench method 

(61). 

4.2 Plasmids 

The pGBD plasmids carrying the 16 MHV NSPs and the pGAD vectors 

expressing the MHV N protein or its truncated variants, were generated by PCR 

of MHV cDNA using appropriate primers and subsequent cloning into the 

pGAD-C1 and pGBD-C1 vector, respectively (62). The sequences coding for 

either full-length MHV N protein or its truncations, i.e. N1 (amino acids 1 to 

194), N2a (amino acids 195 to 257) and N2b-N3 (amino acids 258 to 454), were 

amplified by PCR from MHV cDNA and cloned into pET32c (EMD Millipore, 

Amsterdam, The Netherlands) vector using BamHI and XhoI, creating the 

pET32c-N, pET32C-N1, pET32C-N2a and pET32C-N2b-N3 plasmids, which 

express the 6xHis-N, 6xHis-N1, 6xHis-N2a and 6xHis-N2b-N3 fusion protein. 

The sequences coding for MHV nsp3N was amplified by PCR from MHV cDNA 

and cloned into the pGEX vector (GE Healthcare, Little Chalfont, United 

Kingdom) using BamHI and XhoI, creating the pGEX-nsp3N construct, which 

expresses the GST-nsp3N chimera. The mutated N proteins were created by PCR 

from pET32c-N construct, generating the pET32c-N2amut1 (amino acids 195 to 

257 carrying the S194A, R199A, S200A and S202A mutations), pET32c-N2amut2 

(amino acids 195 to 257 carrying the L240E, V241E and L242E mutations), 

pET32c-N1mut3 (amino acids 1 to 194 carrying the T73A, Q74A and K77A 

mutations), pET32c-N1mut4 (amino acids 1 to 194 carrying with K101A, Y103A 

and W104A mutations), pET32c-N1mut5 (amino acids 1 to 194 carrying the 
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Figure 8. The role of CoV N or Ncm2 proteins at the viral replication platforms. Upon synthesis, CoV N or 

Ncm2 proteins constitutively assemble into cytoplasmic oligomers. The wild type of N oligomers are recruited 

via the interaction with nsp3 to the RTCs localized on double membrane vesicles (DMVs) and convoluted 

membranes. There, the N oligomers stimulate viral segmented RNA (sgRNA) synthesis. It cannot be excluded 

at priori that they N oligomers may also assist in the gRNA production at the RTCs and local formation of 

ribonucleoprotein complexes. At the ERGIC/Golgi, the interaction between the ribonucleoprotein complexes 

and the structural proteins triggers the formation of viral particles in the lumen of these compartments. In 

contrast, the inability of Ncm2 protein to be recruited to the RTCs severely impair transcription, replication and 

virion assembly. 
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R109A, R110A and K113A mutations), pET32c-N1mut6 (amino acids 1 to 194 

carrying the F128A, Y129A, Y130A and T133A mutations), pET32c-NCM1 

(amino acids 1 to 454 carrying the S194A, R199A, S200A, S202A, K101A, 

Y103A and W104A mutations), pET32c-NCM2 (amino acids 1 to 454 carrying 

the S194A, R199A, S200A, S202A, F128A, Y129A, Y130A and T133A 

mutations), pET32c-NCM3 (amino acids 1 to 454 carrying the L240E, V241E, 

L242E, K101A, Y103A and W104A mutations), and pET32c-NCM4 (amino acids 

1 to 454 carrying the L240E, V241E, L242E, F128A, Y129A, Y130A and 

T133A mutations) plasmids (Fig. 1A and 3A). To express mCherry tagged 

version of the different mutant N proteins in cells, GFP was first replaced by 

mCHERRY in the pcDNA5-GFP vector using StrI and BsrGI to create pcDNA5-

mCherry. PCR-generated N, NCM1, NCM2, NCM3 and NCM4 sequences were 

subsequently inserted as HindIII- BamHI fragments into pcDNA3.1-mCherry 

generating pcDNA5-mCherry-N, pcDNA5-mCherry-NCM1, pcDNA5-mCherry-

NCM2, pcDNA5-mCherry-NCM3 and pcDNA5-mCherry-NCM4. To express GFP-

tagged version of the mutant N proteins in cells, GFP was cloned into the 

pcDNA3.1 vector as a XhoI-BamHI fragment creating pcDNA3.1-GFP. PCR-

generated N, NCM1, NCM2, NCM3 and NCM4 were subsequently inserted as BamHI-

HindIII fragments into pcDNA3.1-GFP generating pcDNA3.1-GFP-N, 

pcDNA3.1-GFP-NCM1, pcDNA3.1-GFP-NCM2, pcDNA3.1-GFP-NCM3 and 

pcDNA3.1-GFP-NCM4. All point mutations were verified by DNA sequencing. 

4.3 Bacterial extracts 

Escherichia coli BL-21 carrying plasmid expressing the various GST- or 6xHis-

tagged fusion proteins, were grown in 125 ml of LB medium (0.5% yeast extract, 

1% tryptone, 1% NaCl) to a late exponential phase. After inducing protein 

expression by addition of 0.5 mM isopropyl-β-D-thiogalactopyranoside, cells 

were grown at 37˚C or 20˚C for 4 h or 16 h. Bacteria were harvested, resuspended 

in 4 ml of lysis buffer (PBS, 5 mM DTT, 1 mg/ml lysozyme, 1 mM PMSF, 10% 

glycerol, 1% Triton X-100 and complete protease inhibitor (Roche, Basel 

Switzerland) and lysed by two sonication rounds of 10 s using a Branson 

sonicator (Danbury, Connecticut, United States). The bacterial lysates were 

cleared by centrifugation at 13,000 rpm for 10 min at 4˚C. For purification of 

GST fusion proteins, lysates were incubated with 125 µl of glutathione (GSH) 

Sepharose (4B, GE Healthcare, Little Chalfont, United Kingdom), which had 

been pre-washed in PBS (137 mM NaCl, 10 mM phosphate, pH of 7.4, 2.7 mM 

KCl), on a rotatory wheel for 2 h at 4˚C before to perform pull-down 

experiments. The concentration of 6xHis-tagged proteins was measured using 
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the BCA kit (Promega, Madison, WI). Proteins were not further purified while 

bacterial lysates were stored at -80˚C until use. 

4.4 Cell extracts 

For the preparation of cell extracts, LR7 cells grown in 10 cm dishes and were 

either mock treated or inoculated with MHV at a MOI of 1 and after 8 h, they 

were lysed by a 5 min sonication in 1.2 ml of lysis buffer. Supernatants were 

then cleared by centrifugation at 13,000 rpm for 10 min at 4˚C. RNase A 

(Invitrogen, Carlsbad, CA) treatments were carried out by incubating 200 µl of 

cell extracts with 2.5 U of enzyme for 30 min on ice, immediately prior to pull-

downs.  

4.5 Yeast two-hybrid assay 

The Saccharomyces cerevisiae test strain PJ69 (MATa trpl-901 leu2-3,112 ura3-

52 his3-200 gal4∆ gal80Δ LYS2::GALl-HIS3 GAL2-ADE2 met2::GAL7-lacZ) 

was used for the assay (62). The prey and bait (DB) vectors were co-transformed 

into the PJ69 strain using lithium acetate. Co-transformed colonies were selected 

on synthetic minimal medium (SMD; 0.67% yeast nitrogen base without amino 

acids, 2% glucose, and auxotrophic amino acids as needed) lacking uracile and 

leucine before spotting them on SMD medium lacking uracile, leucine and 

histidine to determine whether the tested proteins interact. The combination of 

empty pGAD and pGBDU vectors was used as negative growth control (62), 

while the one of pGAD-Atg19 and pGBDU-Atg11 was the control for a positive 

interaction (63). 

4.6 Pull-down experiments 

For the pull-down experiments, GSH-Sepharose bound GST fusion proteins 

were incubated with 200 µl of bacterial extract or 200 µl of LR7 cell extracts on 

a rotatory wheel for 2 h at 4˚C, and subsequently washed at 4˚C three times in 

PBS supplemented with 5 mM DTT, 10% glycerol, 1% Triton X-100 and one 

time in PBS buffer. Proteins bound to the Sepharose beads were eluted in 20 µl 

of sample buffer by boiling and subjected to SDS-PAGE, blotted onto PVDF 

membranes and visualized by either membrane staining with Ponceau Red or 

western blot analysis using anti-6xHis antibody (HIS H8, Thermo, Waltham, 

MA) or anti-N protein monoclonal antibodies (52). Bound primary antibodies 

were detected using the Alexa680-conjugated goat polyclonal anti-mouse IgG 
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antibody (Life Technologies) and signals visualized with an Odyssey system (LI-

COR, Lincoln, NE). 

4.7 Subcellular fractionation and glycerol gradient sedimentation 

Bacterial extracts (Ext) from E. coli expressing 6xHis-tagged N, NCM1, NCM2, 

NCM3 or NCM4 fusion proteins, were loaded on the top of a 2.2 ml continuous 15-

40% glycerol gradient in lysis buffer (w/v) prepared using the Gradient Master 

machine (Biocomp, New Brunswick, Canada). After centrifugation at 135,000 x 

g for 75 min at 4˚C in a TLS55 rotor (Beckman Coulter, Brea, CA), 11 fractions 

of 200 µl were collected from the top to the bottom of the gradient. After 

precipitation by addition of 20 µl of tri-chloroacetic acid (final concentration: 

10%), proteins were resolved by SDS-PAGE and analyzed by western blot using 

monoclonal antibodies against the MHV N protein. 

4.8 Immuno-fluorescence analyses 

HeLa-CEACAM1a or LR7 cells were grown on 12-mm cover slips, transfected 

and infected before being fixed with 4% paraformaldehyde at the indicated p.i. 

times and permeabilized using 0.2% Triton X-100. After blocking with PBS 

buffer containing 1% FCS, viral non-structural protein2/3 were detected using 

the anti-nsp2/nsp3 antibodies, a kind gift of Susan Baker; (64), followed by 

incubation with secondary antibody conjugated to either Alexa-488 or Alexa-

568 (Molecular probes, Eugene, OR). Fluorescence signals were captured with 

a Leica sp8 confocal microscope (Leica, Wetzlar, Germany). 

4.9 Luciferase assay 

Infected HeLa-CEACAM1a cells in 96-well plates were washed with PBS and 

incubated with 50 µl of Lysis buffer (Firefly Lusiferase Flash Assay kit, Thermo), 

at room temperature for 15 min before storing the cell lysates at -20˚C. Then 25 

µl aliquots of thawed cell lysates were then used to measure firefly luciferase 

expression using the Firefly luciferase flash assay kit (65). Enzymatic activities 

were measured using a GloMax-Multi Detection System (Promega) and the 

following program: 25 µl substrate; 2 s delay; 10 s measurements. Background 

luminescence was subtracted from each obtained value and the results were 

always normalized towards infected cells transfected with an empty vector 

exclusively expressing GFP. 
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4.10 Western-blot analyses 

Cells grown in 6-well were washed with cold PBS and harvested in 100 µl of 2x 

sample buffer (65.8 mM Tris-HCl, pH6.8, 26.3% glycerol, 2.1% SDS and 0.01% 

bromophenol blue) (66) on ice for 30 min, sonicated for 1 min and boiled. Equal 

protein amounts were separated by SDS-PAGE and after western blot, proteins 

were detected using specific antibodies against MHV N protein (a kind gift of 

Stuart Siddell, University of Bristol, (52)), GFP (Roche) and anti-β-actin (Merck 

Millipore, Burlington, MA), and an Odyssey Imaging System (LI-COR 

Biosciences, Lincoln, NE). Protein signal intensities were normalized and 

quantified using the ImageJ software (67). 

4.11 RNA isolation, cDNA synthesis and RT-qPCR 

Cells grown in 96-well plates were washed with cold PBS and lysated with 30 

µl of lysis buffer with DNase I at room temperature for 5 min and add 3 ul of 

Stop solution for 3 min at room temperature according to the manufacturer’s 

protocol (Power SYBR Green Cells-to-CT kit, Thermo). Reverse transcription 

of the RNA, cDNA synthesis and quantitative PCR were performed in a CFX 

connect Thermocycler (Bio-Rad, Berkeley, CA). The expression level of nsp2 

was normalized to that of GAPDH according to the comparative cycle threshold 

method used for quantification as recommended by the manufacturer’s protocol 

(68). 

4.12 In vitro viral RNA synthesis assay (IVRSA) 

MHV or mock-infected cells were harvested by trypsinization at 8 hpi. To inhibit 

cellular transcription, 2 µg/ml of actinomycin D (Sigma, Saint Louis, MO) was 

present in all solutions used for harvesting and washing of the cells. After 

washing with PBS, cells were resuspended in 2 ml ice-cold hypotonic buffer (20 

mM HEPES, pH 7.4, 10 mM KCl, 1.5 mM MgOAc2, 1 mM DTT, 133 U/ml 

RNase A inhibitor (Promega), 2 µg/ml actinomycin D) and incubated for 10 min 

at 4˚C. Cells were disrupted using a Dounce homogenizer by giving 30 strokes 

with a tight fitting pestle. Isotonic conditions were restored by adding HEPES, 

sucrose, and DTT, which resulted in a final lysate containing 35 mM HEPES, 

pH 7.4, 250 mM sucrose, 8 mM KCl, 2.5 mM DTT, 1 mM MgOAc2, 2 µg/ml 

actinomycin D, and 130 U/ml RNase A inhibitor. Nuclei, large debris, and any 

remaining intact cells were removed by two successive 5 min centrifugations at 

1,000 x g, and the resulting post-nuclear supernatant (PNS) was either assayed 

immediately for RTC activity or stored at -80˚C. A 13,000×g pellet (P13) and 
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supernatant (S13) fraction were prepared from PNS by centrifugation at 13,000 

x g for 10 min. The pellet was resuspended in the dilution buffer (35 mM HEPES, 

pH 7.4, 250 mM sucrose, 8 mM KCl, 2.5 mM DTT, 1 mM MgOAc2), in 1/9 of 

the original PNS volume from which the pellet had been prepared. In some 

experiments, the PNS was incubated for 15 min at 4˚C with 0.1% TX-100 or 250 

mM KCl prior to the preparation of P13 and S13 fractions. Assays were 

performed using either 5 µl P13 without or with 0.05 µg of purified 6xHis-N or 

6xHis-Ncm2, supplemented with 10 µl S13. When required, the total volume was 

adjusted to 25 µl with dilution buffer. The subsequent addition of reaction 

components yielded a 28 µl final reaction volume, containing 30 mM HEPES 

pH 7.4, 220 mM sucrose, 7 mM KCl, 2.5 mM DTT, 2 mM MgOAc2, 2 µg/ml 

actinomycin D, 25 U RNase A inhibitor, 20 mM creatine phosphate (Sigma), 10 

U/ml creatine phosphokinase (Sigma), 1 mM ATP, 0.25 mM GTP, 0.25 mM 

UTP, 0.6 µM CTP and 0.12 µM and 10 µCi [α-32P]CTP (PerkinElmer, Waltham, 

MA). IVRAs were performed for 100 min at 30˚C. RNA was isolated from IVRA 

reaction mixtures using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Newly 

synthesized radiolabeled RNA was separate by denaturing formaldehyde 1% 

agarose gel electrophoresis and detected by exposing a PhosphorImager screen 

(PerkinElmer) directly to the dried gel before visualization with a Personal 

Molecular Imager FX (PerkinElmer). 
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Figure S1. The in vivo phenotype of mutated N protein. (A) Bacterial extracts from E. coli expressing the 

6xHis-tagged N1, N1mut3, N1mut4, N1mut5 and N1mut6 were incubated with immobilized GST and GST-nsp3N. 

Isolated proteins were eluted by boiling in sample buffer and analyzed by western blot using the anti-6xHis 

monoclonal antibody. GST and GST-nsp3N were visualized as in panel 1C. (B) LR7 cells were transfected with 

plasmids expressing mCherry, mCherry-N or mCherry-Ncm2 constructs for 48 h and after being exposed or not 

to MHV, they were processed for immunofluorescence using antibodies against MHV nsp2/3. Scale bar, 10 

µm. (C) Hela-CEACAM1a cells were transfected with plasmids carrying GFP, GFP-N or GFP-Ncm2 chimera 

were visualized by immunofluorescence. Scale bar, 100 µm. 
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Figure S2. MHV RNA transcription is associated with membranes. (A) Cleared cell lysates from LR7 cells 

infected with MHV for 7 h (Ext) were centrifuged at 13,000 x g for 10 min to obtain a pellet (P13) and a 

supernatant (S13). Part of the P13 pellet was resuspended in the lysis buffer containing 0, 250 or 500 mM KCl 

and incubated on ice for 30 min, before to be harvested again by centrifugation at 13,000 x g for 10 min. 

Equivalent amounts of each fraction were separated by SDS-PAGE and analyzed by western blot using 

antibodies against MHV N protein and VAP-A, an integral membrane protein of the ER. (B) The IVRSA was 

carried out with P13 pellets treated with 250 mM KCl (lanes 3 and 4), 1% Triton (lanes 5 and 6) or not treated 

(lanes 1 and 2), in the presence (lane 2, 4 and 6) or the absence (1, 3 and 5) of the S13 supernatant. RNA was 

isolated with RNeasy Mini Kit and separated on formaldehyde agarose gel. The radioactive material was 

visualized using a Personal Molecular Imager FX. (C) The IVRSA was carried out as in panel B with the S13 

supernatant from MHV-infected cells, in the absence (lane 1) or the presence of the P13 fraction from the same 

cells (lane 2). (D) The IVRSA was performed as in panel B using MHV infected P13 pellets from MHV-

infected (lane 1) or non-infected (lane 2) cells. (E) The IVRSA was the carried out as in panel B by adding 

different amounts of purified 6xHis-tagged MHV N protein, i.e. 0.05 µg (lane 1), 0.1 µg (lane 2) or 0.5 µg 

(lane 3). 
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Abstract 

Influenza A virus (IAV) is a membrane-enveloped virus with a segmented, single 

strand negative-sense RNA genome, which causes annual epidemics and 

occasional pandemics. Each of the eight genomic segments forms a 

ribonucleoprotein (vRNP) complex together with multiple copies of viral 

nucleoprotein and a single copy of the viral RNA polymerase complex. The role 

of vRNPs in IAV life cycle is to orchestrate viral RNA replication and 

transcription, intracellular viral RNA transport, gene re-assortment as well as 

genome packing into progeny particles. For the successful completion of virus 

life cycle, vRNPs also rely on host cellular processes to perform the necessary 

functions. Autophagy is a conserved catabolic process for the recycling of 

cytoplasmic macromolecules and is also critical for the interaction between IAV 

and the host. However, the function of ATG proteins during IAV infection 

remains to be fully understood. Here, we confirm that IAV triggers an autophagic 

response in host cells but we also show that an intact ATG machinery is not 

required for the IAV life cycle. Nevertheless, depletion of LC3 members of 

ATG8 protein family crucially impairs IAV infection revealing their pivotal role 

in IAV intracellular life. Moreover, LC3 proteins but not GABARAP proteins, 

associated with part of the cytoplasmic vRNPs in their non-lipidated forms. Our 

data here reveal an autophagy-independent role of LC3 proteins in IAV infected 

host cells suggesting the differential requirement of autophagy components 

during the viral life cycle. 

 

Keywords: Influenza A virus, autophagy, LC3, vRNP 
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1. Introduction 

Influenza viruses are enveloped viruses with a segmented genome consisting of 

single-stranded, negative-sense RNA and belong to the Orthomyxoviridae 

family, which is sub-classified in type A, B, C and the recently identified D (1, 

2). Since influenza A virus (IAV) causes millions of deaths in pandemic years, 

most of the studies focus on this influenza type and not the other ones (3, 4). The 

IAV genome is composed of 8 RNA segments that encode transcripts for 11 

proteins (5, 6). Two of them, NS1 and NS2, are non-structural proteins; of these 

NS1 is well-characterized, as it is essential for virus pathogenicity (7-9). The rest 

(PB2, PB1, PA, HA, NP, NA, M1 and M2) are structural proteins and compose 

the viral particles. NP is one of the most abundantly expressed viral proteins and 

is the main component of viral ribonucleoproteins (vRNPs), which are key for 

the encapsulation of the viral genome (9). The viral RNA genomic segments are 

wrapped around an oligomeric filament composed of NP that is bound at one of 

its extremities to a single copy of heterotrimeric viral polymerase, which consists 

of PB1, PB2 and PA (5).  

IAV enters the host cell via receptor-mediated endocytosis and after fusion 

of the viral and endosomal membranes, the vRNPs present in the interior of 

virion are released into cytoplasm and then transported into nucleus, where the 

transcription occurs. The newly translated NP and PA, PB1, PB2 relocate to 

nucleus to form vRNPs while M1, HA, NA and M2 concentrate at plasma 

membrane. The newly assembled vRNPs are exported from nucleus into 

cytoplasm before being directed to plasma membrane where the interaction with 

M1 allows their incorporation into forming viral particles (10). The NP protein 

principally localizes to nucleus at the early stage of infection, but later forms 

distinct punctate structures, which represent vRNPs, exported from nucleus to 

cytoplasm (11, 12). Not surprisingly, several reports have shown that the host 

nuclear pore components such as karyopherin subunits 1 (KPNA1/NPI-1/SRP-

1) and 2 (KPNA2/NPI2/RCH1), IMPORTIN5 (IPO5/KPNA3), CRM1 and 

nuclear transport factor 2-like export protein 1 (NXT1), assist vRNPs nuclear 

transport by interacting with NP (13-17). In addition, NP also binds to other 

cellular factors to promote viral replication and suppress host innate immune 

response, including the DExD-box helicase 39B 

(DDX39B/BAT1/NPI5/UAP56), high mobility group box 1 (HMGB1), CCR4-

NOT transcription complex subunit (CNOT4) and heat shock protein 40 (HSP40) 

(18-21). It still remains unknown, whether the assembly of larger vRNPs in 

https://en.wikipedia.org/wiki/Sense_(molecular_biology)
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cytoplasm and their subsequent transport to plasma membrane to be incorporated 

in the forming virions needs other cellular factors. 

Macroautophagy (hereafter autophagy) is a catabolic pathway essential for 

maintaining cellular homeostasis and is also involved in numerous cellular and 

organismal functions (22-24). Cytoplasmic structures targeted by autophagy are 

sequestered into double-membrane vesicles called autophagosomes and 

delivered into lysosomes for degradation (22, 25). The formation of 

autophagosomes is orchestrated by a core set of conserved proteins termed 

autophagy-related (ATG) genes (26). In particular, autophagosome biogenesis is 

initiated by the ULK complex, transmembrane ATG9A and the class III 

phosphatidylinositol 3-kinase complex, which generates phosphatidylinositol-3-

phosphate (PtdIns3P) on the precursor membrane known as phagophore (27, 28). 

Subsequently, interactions of this lipid and/or specific proteins lead to the 

recruitment of the rest of the ATG machinery that mediate the expansion and 

closure of the phagophore (29). This includes two ubiquitin-like proteins, 

ATG12 and ATG8. ATG12 is activated by ATG7, an E1-like enzyme, and then 

transferred to ATG10, an E2-like enzyme, before being conjugated to ATG5 (24, 

30). The ATG12-ATG5 conjugate then forms a supramolecular complex with 

ATG16L1. Eukaryotes have from one to several ATG8 proteins. The human 

genome encodes for six ATG8 proteins that are divided into LC3 and 

GABARAP protein subfamilies, which include LC3A, LC3B, LC3C, and 

GABARAP, GABARAPL1 and GABARAPL2, respectively (31, 32). ATG8 

proteins are post-translationally processed by the ATG4 cysteine proteases to 

expose a C-terminal glycine residue (33). Upon autophagy induction, ATG7 

activates the ATG8 proteins and ATG3, an E2-like enzyme, in concert with the 

ATG12-ATG5-ATG16L1 complex, subsequently mediates their conjugation to 

phosphatidylethanolamine (PE) (34). The ATG12-ATG5-ATG16L1 complex 

determines the membrane where ATG8 proteins get linked to PE and over the 

course of autophagy, it leads to the formation of ATG8-PE on both the inner and 

out surface of nascent autophagosomes. The different ATG8-PE proteins on 

autophagosomes have distinct functions that have been associated with closure, 

fusion with lysosomes, degradation of the internal lipid bilayer and 

autophagosome transport (32). Moreover, ATG8 proteins function as adaptor 

proteins to recruit selective cargo to the autophagosome via interaction with 

cargo receptors during selective types of autophagy (35). Thus, ATG8 proteins 

have been widely used to monitor the autophagic activity as well as the number 

of autophagosomes (35). ATG8-PE can also be generated on single membrane 

structures like endosomes and plasma membrane, where they can promote 
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phagosome maturation, signaling and fusion (36). Specific cellular functions 

have also been linked to non-lipidated forms of ATG8 proteins. LC3 is involved 

in a trafficking route out of the ER known as the endoplasmic reticulum (ER)-

associated degradation (ERAD) tuning pathway (37, 38), which appears to be 

hijacked by the mouse hepatitis virus (MHV), the equine arteritis virus (EAV) 

and the Japanese encephalitis virus (JEV) for generation of the intracellular 

membrane rearrangements where those viruses mainly replicate (39-41). 

Similarly, non-lipidated LC3 associates with Chlamydia trachomatis inclusions 

and it is essential for the intracellular growth of this bacterium (42). 

Autophagy is crucial for cellular defense against invading pathogens by 

restricting the growth of some of them in cytosol (43). In addition, it participates 

to multiple other aspects of our adaptive immunity, including delivering 

cytoplasmic antigens to the MHC class II loading compartment or regulating T-

cell homeostasis (44). As a result, numerous pathogens have developed 

mechanisms to subvert autophagy by either inhibiting this pathway or hijacking 

part of ATG machinery, to promote their propagation in the host (45-49). IAV 

also appears to modulate autophagy but the molecular details and the relevance 

of this interaction remain largely elusive. An increasing number of studies has 

shown using electron microscopy, GFP-LC3 staining and/or the biochemical 

analysis of LC3 lipidation, that IAV infection induces autophagy in a variety of 

cell lines (50-55). The inhibition of class III phosphatidylinositol 3-kinase 

complex with unspecific compounds such as 3-methyladenine (3-MA) or 

wortmannin, or knockdown or knockout of specific ATG proteins, including 

ATG3, ATG5, ATG7, BECLIN1 and LC3B, lead to a reduction of IAV 

replication, indicating that autophagy, or a subset of its components, plays an 

important role in the life cycle of this virus (50, 55-61). Conversely, induction of 

autophagy through rapamycin, a drug that changes the cell metabolism, enhances 

IAV replication (50, 56, 62). Although some of these studies indicate that 

autophagy is crucial in the early phases of IAV infection, other reached the 

conclusion that it is more important at a later stage. In this regard, it has been 

shown that although autophagosome formation is triggered by IAV infection, 

these vesicles do not fuse with lysosomes and therefore the autophagic flux is 

not required to sustain the replication of this virus (52). Moreover, GFP-LC3B 

initially concentrates in perinuclear puncta representing autophagosomes when 

cells are exposed to IAV, but redistribute to plasma membrane in the late time 

points of the infection (52, 53, 63). M2 is emerging as a critical protein in 

autophagy regulation over the course of IAV infection and it is sufficient to 

induce autophagosome formation (50, 52, 64). M2 also possesses a LC3-
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interacting region (LIR) motif that directs transfected GFP-LC3B to plasma 

membrane (53). This interaction between M2 and LC3 is pivotal for filamentous 

budding and its ablation reduces progeny virion stability (53). Different studies 

have reported, however, a different distribution pattern between endogenous 

LC3 compared to GFP-LC3, which also forms punctate structures but they are 

not redistributed distinctively to plasma membrane upon IAV infection even at 

late stage (55, 56, 65). 

With our investigation, we aimed at understanding better the interaction 

between IAV and the ATG machinery, in particular ATG8 proteins. We found 

that an intact ATG machinery is not required for IAV infection. A subset of non-

lipidated ATG8 proteins, however, associates with part of the cytoplasmic 

vRNPs. In particular, members of the LC3 protein subfamily but not those 

belonging the GABARAP protein subfamily, play a crucial role in IAV infection. 

Thus, our data reveal that although an intact autophagy pathway is not required 

for IAV infection, non-lipidated LC3 proteins play an essential role in the life 

cycle of this virus. 

2. Results 

2.1 Endogenous LC3 co-localizes with IAV NP protein 

Induction of autophagy upon IAV infection has been observed in a number of 

cell lines by evaluating both lipidation of LC3 proteins and the formation of 

GFP-LC3-positive autophagosomes (52, 53, 59). To understand better the 

interaction between autophagy and IAV, we first monitored induction of 

autophagy over the course of IAV infection in U2OS cells by assessing the 

steady-state levels of LC3-I and LC3-II. A significant induction of LC3 

conversion was observed at 16 and 24 hours post infection (hpi), when 

substantial levels of viral NP and M2 were also detectable (Fig. 1A and 1B). This 

result confirms previous data showing that IAV infection triggers autophagy. 

To specifically examine autophagy induction in the subpopulation of 

infected cells, we repeated the same experiment but analyzed the samples by 

fluorescence microscopy. NP staining was used to identify infected cells. In 

agreement with the western blot analysis, the number of endogenous LC3-

positive puncta increased over the course of the infection and it was particularly 

prominent at 16 and 24 hpi (Fig. 1C and 1D). Very surprisingly, numerous 

cytoplasmic NP-positive vRNPs co-localized with endogenous LC3 (Fig. 1C and 

1E). 
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Figure 1. Endogenous LC3 co-localize with IAV NP protein in U2OS cells. U2OS cells were infected with 

IAV at a multiplicity of infection (moi) of 0.1 before being processed for western blot and IF at 0, 8, 16 or 24 

hpi. A. Cell extracts were separated by SDS-PAGE and western blot membranes probed with antibodies against 

NP, M2, LC3 and -actin (loading control). B. Quantification of NP/actin, M2/actin and LC3-II/actin ratios in 

the experiment shown in panel A. Error bars represent the SD of 3 independent experiments. Asterisks indicate 

significant differences (p <0.01). C. Cells processed for IF were stained with anti-NP and anti-LC3 antibodies. 

Size bar, 5 m. D. Quantification of LC3 puncta per cell in the experiment shown in panel C. Error bars 

represent the SD of 3 independent experiments. Asterisks indicate significant differences (p <0.01). E. 

Quantification of the NP puncta positive for LC3 per cell in the experiment shown in panel C. Error bars 

represent the SD of 3 independent experiments. Asterisks indicate significant differences (p <0.01).  

This analysis was repeated in A549 cell line, which is frequently employed 

for studies on IAV, to exclude that this peculiar phenotype was cell line-specific. 

Consistent with the observations done in U2OS cells, we found that IAV was 

inducing autophagy in A549 cells over time and that part of cytoplasmic vRNPs 

were positive for endogenous LC3 (Fig. 2). 

2.2 GFP-LC3 chimera is not recruited to vRNPs  

It has been previously reported that in IAV-infected cells ectopically expressed 

GFP-LC3 initially accumulates in autophagosomes that concentrate in the 

perinuclear region, and subsequently partially re-distributes to plasma membrane 

at later stages of the infection through interaction with M2 (52-54). As we could 

not detect endogenous LC3 at plasma membrane and different distribution 

patterns between endogenous LC3 and GFP-LC3 have been observed in cells 

infected with coronavirus (39), we analyzed the localization of both the 

endogenous and the ectopically overexpressed LC3 in cells exposed to IAV. 

The subcellular distribution of endogenous LC3 and GFP-LC3B was 

examined in A549 cells at 16 hpi. Endogenous LC3 was distributed in numerous 

puncta and several overlapped with the vRNPs signal (Fig. 3A and 3B). Those 

puncta, however, were not co-localizing with intracellular M2, which is initially 

synthesized and inserted into ER membranes (73). In contrast and in agreement 

with the literature (52, 53, 59), part of GFP-LC3B accumulated in puncta in the 

perinuclear region of infected cells, very likely autophagosomes, while part was 

observed together with M2 at plasma membrane at the same post-infection time 

point. Surprisingly GFP-LC3B did not co-localize to vRNPs (Fig. 3B). These 

data were also confirmed in U2OS cells (Fig. S1).  

Altogether, these data show that endogenous LC3, but not the bona fide 

autophagosomal protein marker GFP-LC3, associates with cytoplasmic vRNPs. 
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Figure 2. Endogenous LC3 co-localize with IAV NP protein in A549 cells. A549 cells were infected with 

IAV at a moi of 0.1 before being processed for western blot and IF at 0, 8, 16 or 24 hpi. A. Cell extracts were 

separated by SDS-PAGE and western blot membranes probed with antibodies against NP, M2, LC3 and -

actin (loading control). B. Quantification of NP/actin, M2/actin and LC3-II/actin ratios in the experiment 

shown in panel A. Error bars represent the SD of 3 independent experiments. Asterisks indicate significant 

differences (p <0.01). C. Cells processed for IF were stained with anti-NP and anti-LC3 antibodies. Size bar, 

5 m. D. Quantification of LC3 puncta per cell in the experiment shown in panel C. Error bars represent the 

SD of 3 independent experiments. Asterisks indicate significant differences (p <0.01). E. Quantification of the 

NP puncta positive for LC3 per cell in the experiment shown in panel C. Error bars represent the SD of 3 

independent experiments. Asterisks indicate significant differences (p <0.01).  

2.3 Non-lipidated LC3 associates with vRNPs 

Next, we investigated whether autophagy is required for IAV life cycle by 

analyzing the infection of this virus in cells lacking ATG7 or ATG13 (Fig. S2A), 

two genes essential for autophagy (74). The atg7-/- and atg13-/- knockout cells 

and their parental U2OS cell line were infected with IAV and analyzed by IF at 

8 and 12 hpi to determine the percentage of infected cells. No significant 

differences were detected between the parental and knockout cell lines at the 

analyzed time points (Fig. 4A). We also assessed the levels of NP in the same 

cell line at 16 or 24 hpi to substantiate this observation. This experiment 

confirmed that deletion of ATG7 or ATG13 does not negatively or positively 

affect IAV infection as no significant differences in the cellular amounts of these 

viral proteins were detected at these hpi time points (Fig. 4B and 4C). Altogether, 

these results show that an intact host autophagy machinery is dispensable for 

IAV infection.  

The conjugation of ATG8 proteins to PE is an essential step during 

autophagy and involves several ATG proteins, including ATG7 (75) (Fig. S2A). 

The observation that IAV infection is not altered in the absence of ATG7 (Fig. 

4A-4C), promoted us to examine whether LC3 was still associated to vRNPs in 

IAV-infected atg7-/- cells. Very interestingly, LC3 association to NP puncta was 

not affected by the depletion of ATG7, revealing that the non-lipidated form of 

LC3 is recruited to the vRNPs (Fig. 4D and 4E). The same analysis was also 

performed in atg13-/- cells, which present a partial defect in LC3 conjugation 

(Fig. S2A), and LC3 association to vRNPs was unaltered in this cell line as well 

(Fig. S2B and S2C). 

Collectively, these data show that the intact host autophagy machinery is 

dispensable for IAV infection as well as for the association of non-lipidated LC3 

to vRNPs. 
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Figure 3. Ectopically expressed GFP-LC3 does not associate with NP puncta in A549 cells. A. A549 cells 

were transfected or not with GFP-LC3 for 48 h and then infected with IAV at a moi of 0.1 before being 

processed for IF at 16 hpi. The transfected cells were stained with anti-NP or anti-M2 antibodies, while non-

transfected cells were stained with anti-LC3 and anti-NP or anti-M2 antibodies. Arrowheads highlight M2 

localization to the plasma membrane in the insets. Size bar, 5 m. B. Quantification of the NP puncta positive 

for endogenous LC3 or GFP-LC3 in the experiment shown in panel A. Error bars represent the SD of 3 

independent experiments. Asterisks indicate significant differences (p <0.01).  

2.4 IAV infection requires a specific subset of ATG8 proteins 

The mammalian ATG8 protein family consists of six members, which are 

subdivided into LC3 and GABARAP protein subfamilies (76). To determine 

whether the members of the LC3 or GABARAP protein subfamily play an 

important role in IAV life cycle, we took advantage of two cell lines, LC3 TKO 

and GABARAP TKO, which lack the three members of LC3 and GABARAP 

protein subfamily, respectively (67) (Fig. S3A-S3C). LC3 TKO and GABARAP 

TKO, and their parental sHeLa cell line were infected with IAV for 12 h before 

being processed for IF (Fig. 5A). The number of infected cells was pronouncedly 

and significantly reduced in LC3 TKO, compared to parental and GABARAP 

TKO cells. Analysis of viral NP protein production by western blot over the 

course of IAV infection further validated this finding (Fig. 5B and 5C). 

We also corroborated this observation by exploring whether GABARAP 

associates to cytoplasmic vRNPs during an IAV infection. Therefore, we 

simultaneously stained sHela and A549 cells for GABARAP and NP at 16 hpi 

(Fig. 5D and S3D). In contrast to LC3, GABARAP proteins did not significantly 

co-localize to vRNPs (Fig. 5D and 5E). This observation further supports the 

finding that GABARAP proteins do not play a crucial role in IAV infection. 

Next, we back-transfected LC3 TKO cells with plasmids expressing the 

different LC3 protein subfamily members individually or in combination, to 

demonstrate whether the observed impairment in IAV life cycle was indeed due 

to the lack of one or more of these proteins. Expression of LC3A, LC3B, LC3C 

or of the 3 proteins at the same time, restored IAV infection in LC3 TKO cells, 

which was measured by monitoring NP protein synthesis at 16 hpi (Fig. 6A and 

6B).  

We also tested the outcome of LC3 protein knockdown on IAV infection in 

a different cell line using siRNA interference, to exclude a cell type-specific 

phenotype. We opted for atg7-/- U2OS cells to exclude that the observed effects 

on the virus life cycle could be due to an alteration of autophagy or any other 

pathway unconventionally involving the lipidated LC3 proteins. The siRNA 

probes led to a substantial but also complete depletion of LC3 (Fig. 6C). The 
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Figure 4. Non-lipidated LC3 associates with IAV NP protein. A. Wild type (WT), atg7-/- and atg13-/- U20S 

cells were infected with IAV at a moi of 0.1 before being processed for IF at 8 or 12 hpi. Cells were stained 

with anti-NP antibodies to determine the percentage of NP-positive infected cells. Error bars represent the SD 

of 3 independent experiments. B. WT, atg7-/- and atg13-/- U20S cells were infected with IAV at a moi of 0.1 for 

0, 16 and 24 h. Cell extracts were then separated by SDS-PAGE and western blot membranes probed with 

antibodies against NP and -actin (loading control). C. Quantification of NP/actin ratios in the experiment 

shown in panel B. Error bars represent the SD of 3 independent experiments. No significant difference were 

observed between the WT and the knockout at each hpi. D. WT and atg7-/- U2OS cells were infected with IAV 

at a moi of 0.1 before being processed for IF at 12 hpi and stained with anti-NP and anti-LC3 antibodies. Size 

bar, 5 m. E. Quantification of the NP puncta positive for LC3 in the experiment shown in panel D. Error bars 

represent the SD of 3 independent experiments. 

The pronounced reduction of the cellular levels of LC3 proteins caused a 

significantly decreased in NP synthesis in IAV-infected atg7-/- knockout 

compared to cells treated with scramble siRNA, at both 16 and 24 hpi (Fig. 6C 

and 6D). 

In sum, our data show that the members of LC3 protein subfamily are 

recruited to vRNPs and play a crucial role in IAV infection though an autophagy 

independent mechanism. 

3. Discussion 

Although the autophagy pathway is recognized as a key component of the host 

defense, growing evidence has revealed that the ATG machinery is subverted by 

specific viruses in order to promote their replication and spread, for example 

EMCV and HCV (77-79). This has prompted a number of groups to investigate 

the role of autophagy in IAV infection and eventually how IAV modulate this 

pathway. This topic, however, is still the subject of an ongoing debate. Although 

numerous studies have shown that autophagy is induced over the course of an 

IAV infection, it remains to be firmly established whether this pathway is 

essential for the life cycle of IAV (50, 52, 56, 58). Our observations are 

consistent with the notion that IAV infection triggers autophagy as we detected 

the formation of numerous LC3 or GFP-LC3 puncta upon exposure of different 

cell lines to this virus (Fig. 1 and 2). Our results obtained in atg7-/- or atg13-/- 

cells, however, show that an intact autophagy pathway is not essential for IAV 

infection at least not in our experimental setup (Fig. 4A-4C). 

We found differences in the subcellular distribution between endogenous 

LC3 and ectopically expressed GFP-LC3B. In agreement with the literature, both 

endogenous LC3 and GFP-LC3 forms punctate structures upon IAV infection 

(Fig. 1C, 1D, 2C and 2D) (55, 56, 65), but part of those positive for  endogenous 

LC3 proteins are cytoplasmic vRNPs (Fig. 1C, 1D, 2C and 2D). In contrast, 
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Figure 5. LC3 proteins play a key role in IAV infection. A. sHela, LC3 TKO and GABA TKO cells were 

infected with IAV at n moi of 0.1 before being processed for IF at 12 hpi. Cells were stained with anti-NP 

antibodies to determine the percentage of NP-positive infected cells. Error bars represent the SD of 3 

independent experiments. Asterisks indicate significant differences (p <0.01). B. sHela, LC3 TKO and GABA 

TKO cells were infected with IAV at a moi of 0.1 for 0, 16 and 24 h. Cell extracts were separated by SDS-

PAGE and western blot membranes probed with antibodies against NP and -actin (loading control). C. 

Quantification of NP/actin ratios in the experiment shown in panel B. Error bars represent the SD of 3 

independent experiments. Asterisks indicate significant differences (p <0.01). D. sHela cells were infected with 

IAV at a moi of 0.1 before being processed for IF at 16 hpi. The cells were stained with anti-NP and anti-LC3 

or anti-GABARAP antibodies. Size bar, 5 m. E. Quantification of the NP puncta positive for LC3 or 

GABARAP in the experiment shown in panel D. Error bars represent the SD of 3 independent experiments. 

Asterisks indicate significant differences (p <0.01).  

GFP-LC3B does not associate with vRNPs. This chimera, however, was detected  

at plasma membrane during the late stage of IAV infection (Fig. 3), which is 

consistent with previous reports (52, 53). In apparent discrepancy with the 

previous data, we have not observed co-localization between endogenous LC3 

and M2. One simple explanation could be that the cellular levels of endogenous 

LC3 are less than those of ectopically overexpressed GFP-LC3B and therefore 

it is more difficult to be detected at the plasma membrane. Another option could 

be that the LC3 antibody used in our study can only detect LC3A and LC3B (Fig. 

6A), and one cannot exclude that endogenous LC3C is the major isoform of LC3 

proteins that is targeted to plasma membrane by M2. 

Consistent with the notion that LC3 has the autophagy-independent role 

during IAV infection, we observed that endogenous LC3 co-localized with 

vRNPs even in the absence of ATG7 (Fig. 4D and 4E), which reveals that 

conjugation to PE is not required for LC3 association to these complexes. 

Interestingly, non-lipidated LC3 proteins have also been found to be associated 

with the membranous replication platforms of MHV, EAV and JEV, which 

appear to be derived from the ERAD tuning pathway (39-41). Depletion of 

LC3A and LC3B was sufficient to block the replication of these viruses. When 

we targeted LC3A and LC3B individually or in combination by siRNA, no 

significant change in IAV infection progression was detected (data not shown), 

consistent with our observation that IAV infection is strongly impaired in LC3 

TKO and each of the LC3 proteins is autonomously able to complement this 

defect (Fig. 5 and 6). These results suggest that the role of LC3 in IAV replication 

might be different from the one in the life cycle of the above-mentioned viruses, 

where LC3 appears to be subverted to divert membranes. 
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Figure 6. Non-lipidated forms of LC3s are essential for IAV infection. A. LC3 TKO cells were transfected 

with empty vector or a plasmids expressingLC3A, LC3B, LC3C individually or in combination (LC3s) for 48 

h before to be infected with IAV at an moi of 0.1. Cells were collected at 16 hpi and cell extracts separated by 

SDS-PAGE and western blot membranes probed with antibodies against NP, LC3 and -actin (loading control). 

B. Quantification of NP/actin ratios in the experiment shown in panel A. Error bars represent the SD of 3 

independent experiments. Asterisks indicate significant differences (p <0.01). C. The atg7-/- U2OS cells were 

transfected with scramble siRNA or a pool of siRNA targeting the 3 members of the LC3 protein subfamily 

(siLC3s) for 48h and then infected with IAV at an moi of 0.1. Cells were collected at 0, 8, 16 and 24 hpi and 

cell extracts separated by SDS-PAGE before to probe membranes by western blot with antibodies against NP, 

LC3 and -actin (loading control). D. Quantification of NP/actin ratios in the experiment shown in panel C. 

Error bars represent the SD of 3 independent experiments. Asterisks indicate significant differences (p <0.01). 

In our study, we show that LC3 plays an important role in IAV infection and 

systematically investigated the relevance of each member of Atg8 protein family 

in IAV life cycle. IAV infection in LC3 TKO and GABARAP TKO cell lines 

revealed that only the members of the LC3 protein family are of crucial relevance 

(Fig. 5). Our data are in agreement with studies where it was revealed that 

silencing of LC3B hampers IAV infection (50, 55) and it was suggested to be 

due to the role of autophagy in stimulating ROS production, which promotes 

IAV life cycle at the early steps of the infection (55). The complementation of 

IAV infection defect in the LC3 TKO by back-transfection of LC3 proteins 

individually or in combination, showed that they have redundant function in IAV 

life cycle (Fig. 6A and 6B). To further underline that the non-lipidated form of 

these proteins contributes to IAV infection, we knocked down all 3 isoforms in 

atg7-/- cells and this led to an impairment of IAV infection, confirming that LC3 

proteins are crucial for IAV infection outside the context of autophagy (Fig. 6C 

and 6D).  

LC3 is abundant in nucleus despite the fact that it functions primarily in the 

cytoplasm where autophagosomes arise (80). In nutrient-rich conditions, LC3 is 

distributed in an acetylated form in both nucleus and cytoplasm, and nutrient 

deprivation leads to the redistribution of LC3 from the nucleus to the cytoplasm. 

This relocation depends on LC3 deacetylation by the activated nuclear 

deacetylase SIRT1 and its binding partner tumor protein p53 inducible nuclear 

protein 2 (TP53INP2/DOR) (80). TP53INP2/DOR, together with the nuclear 

protein HMGB1, are translocated to the cytoplasm upon starvation and 

participate in regulation of autophagosome biogenesis and protein degradation 

(81, 82). Interestingly, HMGB1 also binds to NP to promote viral replication in 

the nucleus at the early stage of infection, which suggests that the association 

between vRNP and LC3 could already occur at this step, but this speculative 

hypothesis still needs to be further investigated. 
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What is the function of LC3 protein when associated with the vRNPs? 

Individual vRNPs assemble in the nucleus and undergo nuclear export after M1-

mediated release from the nuclear matrix (83, 84). The vRNP-M1 complexes are 

thought to be associated with NS2/NEP, which allows an interaction with the 

cellular CRM1 nuclear export machinery and promotes vRNPs transport into the 

cytoplasm through nuclear pore complexes in a NS2/NEP-dependent manner 

(85). Following nuclear export, vRNPs initially accumulate near the 

microtubule-organizing center and subsequently may associate with 

microtubules during rerouting to plasma membrane (86). LC3 proteins belong to 

the protein family of microtubule-associated proteins (MAP) and interact with 

MAP1A or MAP1B to form a complex that binds and modulates the shape of 

microtubules (87, 88). Thus, it may be possible that LC3 proteins assist the 

organization and/or transport of vRNPs from near the microtubule-organizing 

center to the plasma membrane for viral particle assembly. Interestingly, 

cytoplasmic non-lipidated LC3 interacts with the Chlamydia trachomatis 

inclusions as a microtubule-associated protein rather than an autophagosomal 

component (42). Similar to what we observed during IAV infection, GABARAP 

proteins appear not to play a role in Chlamydia infection (42). Other possible 

functions of LC3 proteins in IAV life cycle, however, cannot be excluded a priori. 

Future studies are needed to unveil the function of LC3 proteins at the IAV 

vRNPs. Increasing our understanding of this relationship will greatly improve 

our knowledge of the pathogenesis of IAV but also provide an insight into the 

design of candidate antiviral therapeutics for more specifical targeting of this 

life-threatening pathogen. 

4. Materials and Methods 

4.1 Cell culture and virus 

U2OS, A549, sHela and Madin-Darby canine kidney (MDCK) cell lines were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM; Cambrex 

Bioscience, Walkersville, MD), supplemented with 10% fetal calf serum (FCS, 

Bodinco Alkmaar, The Netherlands), 100 IU of penicillin/ml and 100 µg/ml of 

streptomycin (both from Life Technologies, Rochester, NY). The atg7-/- and 

atg13-/- knockout U2OS cell lines were knocked out using the CRISPR/Cas9 

system and they have been described elsewhere (66). The LC3 TKO and GABA 

TKO cell lines, and parental sHela cells were kindly provided from Michael 

Lazarou (67).  
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Wild type A/PR8 (H1N1) IAV strain was propagated in MDCK cells. The 

virus titer was determined by measuring the tissue culture infectious does 50 

(TCID50) on MDCK cells (68). 

4.2 Plasmids and siRNAs 

The pCDNA3.1 plasmids carrying the LC3A, LC3B and LC3C proteins were 

generated by PCR from pDest27-LC3A, pDest27-LC3B and pDest27-LC3C 

constructs kindly provided from Mathias Faure (69) using appropriate primers 

and subsequent cloning into the pCDNA3.1 vector using BamHI/XhoI or 

HindIII/XhoI, creating the pCDN3.1-LC3A, pCDN3.1-LC3B, pCDN3.1-LC3C, 

pCDN3.1-GABARAP, pCDN3.1-GABARAPL1 and pCDN3.1-GABARAPL2 

plasmids. All constructs were verified by DNA sequencing. The pEGFP-LC3B 

plasmid was kindly provided from Harm Kampinga (70).  

The ON-TARGETplus SMARTpool human siRNA targeting LC3A (L-

013579-00-0005), LC3B (L-012846-00-0005) and LC3C (L-032399-00-0005)  

were obtained from GE Healthcare (GE Healthcare, Chicago, IL).  

4.3 Immuno-fluorescence analyses 

Cells were grown on 12-mm cover slips, transfected and/or infected before being 

fixed with 4% paraformaldehyde at the indicated times before to be 

permeabilized in phosphate buffer saline (PBS, 0.137 M NaCl, 0.0027 M KCl, 

0.01 M Na2HPO4, 0.0018 M KH2PO4, pH 7.4) containing 0.1% Triton X-100 and 

1% of bovine serum albumin (BSA, Sigma, Saint Louis, MO). After blocking 

with PBS containing 1% FCS, primary antibodies were incubated for 1 h at room 

temperature and then with a secondary antibody conjugated to either Alexa-488 

or Alexa-568 (Molecular Probes, Eugene, OR) (71). The primary antibodies 

were against LC3 (MBL international, Woburn, MA), GABARAP (a kind gift 

of Takeda Pharmaceuticals, Osaka, Japan), p62 (Progeny, Heidelberg, 

Germany), NP (Bio-Rad, Berkeley, CA) and M2 antibody (Abcam, Cambridge, 

UK). Cells were finally treated with ProLong Gold Antifade Mountant with 

DAPI (Thermo Fisher Scientific) before imaging. Fluorescence signals were 

captured with a Leica sp8 confocal microscope (Leica, Wetzlar, Germany) or a 

DeltaVision RT fluorescence microscope equipped with a CoolSNAP HQ 

camera (GE Healthcare Life Sciences, Little Chalfont, United Kingdom). 

Quantifications were performed by examining at least 200 cells per experiment. 
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4.4 Western-blot analyses 

Cells grown in 12-well were washed with cold PBS and harvested in 100 µl of 

2x Laemmli Sample buffer (65.8 mM Tris-HCl, pH6.8, 26.3% glycerol, 2.1% 

SDS and 0.01% bromophenol blue) on ice for 30 min, sonicated for 1 min and 

boiled (71). Equal protein amounts were separated by SDS-PAGE and after 

western blot, proteins were detected using specific antibodies against IAV NP 

protein, LC3 (Abgent, San Diego, CA), p62 (Abcam, Cambridge, UK), 

GABARAP, ATG7 (Cell signaling technology, Danvers, MA), ATG13 

(Rockland immunochemicals, Pottstown, PA) and anti-β-actin (Merck Millipore, 

Massachusetts, US), and secondary antibodies conjugated to Alexa-680 

(Molecular probes, Eugene, OR). The signals were captured with an Odyssey 

Imaging System (LI-COR Biosciences, Lincoln, NE) and the protein signal 

intensities were quantified using the ImageJ software and normalized to the 

loading control, i.e. β-actin (72). 

4.5 Statistical analyses 

Data represent the means of 3 independent biological replicates  standard 

deviation (SD). Data were statistically analyzed using the Microsoft Excel 

software (Redmond, WA) with the paired two-tailed Student’s t test. All 

comparisons with a p-value 0.05 were considered statistically significant and 

highlighted with the symbol *. Non-significant differences are not indicated. 

Images in the figures show representative experiments. 
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Figure S1. Ectopically expressed GFP-LC3 does not associate with NP puncta in U2OS cells. A. U2OS 

cells were transfected with GFP-LC3 or not for 48 h and subsequently infected with IAV at a moi of 0.1 before 

being processed for IF at 16 hpi. The transfected cells were stained with anti-NP or anti-M2 antibodies, while 

non-transfected cells were stained with anti-LC3 and anti-NP or anti-M2 antibodies. Arrowheads highlight M2 

localization to the plasma membrane in the insets. Size bar, 5 m. B. Quantification of the NP puncta positive 

for endogenous LC3 or GFP-LC3 in the experiment shown in panel A. Error bars represent the SD of three 

independent experiments. Asterisks indicate significant differences (p <0.01). 
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Figure S2. Non-lipidated LC3 associates with IAV NP protein. A. Cell extracts from WT, atg7-/- and atg13-

/- cells were separated by SDS-PAGE and western blot membranes probed with antibodies against ATG7, 

ATG13, LC3 and -actin (loading control). B. WT and atg13-/- cells were analyzed as in Fig. 4D. Size bar, 5 

m. C. Quantification of the NP puncta positive for LC3 in the experiment shown in panel D. Error bars 

represent the SD of 3 independent experiments. 
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Figure S3. GABARAP proteins are not involved in IAV infection. A. Cell extracts from sHela, LC3 TKO 

and GABA TKO cells were separated by SDS-PAGE and western blot membranes probed with antibodies 

against GABARAP, LC3 and -actin (loading control). B. sHela and LC3 TKO cells were processed for IF 

using anti-LC3 antibodies. Size bar, 5 m. C. sHela and GABA TKO cells were processed for IF using anti-

GABARAP antibodies. Size bar, 5 m. D. A549 cells were infected with IAV at a moi of 0.1 before being 

processed for IF at 16 hpi. The cells were stained with anti-NP and anti-GABARAP antibodies. Size bar, 5 m.
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Pandemics of severe acute respiratory infections have been serious threats to 

global health, causing significant morbidity and mortality (1). In particular, 

influenza A virus (IAV) and coronaviruses (CoV) such as Severe Acute 

Respiratory Syndrome (SARS-CoV) and Middle East Respiratory Syndrome 

CoV (MERS-CoV), have caused minor to major outbreaks of viral pneumonia 

worldwide despite advances in their treatments. Consequently, it is crucial to 

study for in-depth of these viruses life cycle to better understand how they 

interact with cellular pathways and thus potentially develop more effective 

therapies. 

Although the symptoms of the diseases caused by these viruses are similar 

and include fever, cough, and shortness of breath, IAV and CoV belong to two 

distinct virus families (1). The research described in this thesis focused on these 

two viral families with first visualization of the ultrastructure of the membrane 

rearrangements induced by an established model virus for α-CoV, porcine 

epidemic diarrhea virus (PEDV), in host cells (Chapter III). We then focused 

on the N protein of mouse hepatitis virus (MHV), a prototype virus for β-CoV, 

in infected cells to characterize the function and the relevance of this protein in 

the viral life cycle (Chapters IV and V). Next, we investigated the interplay 

between IAV and autophagy. Eventually, we demonstrate that one of the ATG8 

protein subfamilies, the one comprising the LC3 proteins, has an autophagy-

independent role in IAV replication (Chapter VI). 

1. Summary 

1.1 Intracellular membrane rearrangements induced by α-CoV 

Infection of mammalian cells with CoV triggers the vesiculation, the 

reorganization and the rearrangements of intracellular membrane structures. 

These modifications of the host cell compartments have been shown to be 

important in promoting the replication and egression of CoV (2-6). They have 

been principally investigated in the context of β-CoV and γ-CoV infections, but 

they remain largely unexplored in other CoV sub-families and might differ (4-

13). In chapter III, we thus focused on PEDV, an α-CoV. In particular, we 

characterized the intracellular membrane reorganization at the ultrastructural 

level over the course of the PEDV infection by qualitative and quantitative 

electron microscopy examinations. 

We found that similar to most of the CoVs belonging to other virus sub-

families (5, 6, 8, 13), PEDV initially induces ER proliferation to form numerous 

double-membrane vesicles (DMVs) and the network of reticular inclusion, 
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which was previously named convoluted membranes (CMs). These membranous 

rearrangements are probably necessary to create a scaffold for the assembly of 

viral replication-transcription complexes (RTCs) (Chapter III, Fig. 1). 

Interestingly, the localization, number and morphology of DMVs changed over 

the course of PEDV infection, from a few regular and circular DMVs at the early 

stages, to numerous large clusters distributed to the perinuclear region at late 

stages (Chapter III, Fig. S2). It has been proposed that CMs are the generation 

sites for DMVs (6). As a matter of fact, CMs and DMVs are composed by the 

same viral proteins and it has been indicated that CMs are also involved in the 

replication and transcription of viral RNA in SARS-CoV-infected cells (6). 

Surprisingly, we observed that CMs appear at the same time as DMVs, but with 

lower frequency, and CMs were always observed in between or around the 

cluster of DMVs (Chapter III, Fig. 1B). Therefore, another possible scenario 

evoked by our study on PEDV is that CMs could originate from the DMVs as 

appearing at the same time or later, as previously suggested for MHV (5). 

We also observed altered Golgi compartments, which appear as large clusters 

of vacuoles filled with numerous luminal virions. These large virion-containing 

vacuoles (LVCVs) originate by expansion of the Golgi to accommodate an 

increased viral particle formation (Chapter III, Fig. 4). In general, CoV 

assemble in the ERGIC/Golgi, as inferred from the current literature on most of 

the β-CoV, including MHV and SARS-CoV (5, 14). In PEDV-infected cells, 

however, we also detected viral particles forming on the limiting membrane of 

the ER (Chapter III, Fig. 1C-1F). These data are in agreement with what was 

observed with another α-CoV, transmissible gastroenteritis CoV (TGEV), 

suggesting a unique characteristic of this CoV genus: viral particles assemble in 

both the ER and Golgi. 

1.2 The association of MHV N protein to RTCs 

Following infection and genome translation, positive-stranded RNA viruses 

establish cytoplasmic enzymatic complexes, called RTCs, which direct the 

amplification and expression of the viral genome. The viral RNA-dependent 

RNA polymerase is the central enzyme of RTCs, which also includes viral non-

structural proteins (nsp) and host factors that cooperate to synthesize viral RNA 

(15). A number of studies have implied that the CoV N protein associates with 

RTCs (5, 16-21). The N nucleocapsid is the only structural protein synthesized 

in the cytosol and carries out multiple functions in the CoV life cycle (22). In 

Chapters IV and Chapter V, we characterized MHV N protein in greater 

molecular detail. The self-interaction of CoV N proteins plays an essential role 
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in viral particle assembly (23-27). Although the crystal structure of full length N 

protein has not been resolved yet, our data revealed that the MHV N protein 

forms large cytoplasmic homo-oligomers during viral infection (Chapter IV, 

Fig. 2). CoV N proteins entwine the viral genomic RNA (gRNA) and they are 

thus essential for the incorporation of the viral genetic material into virions (20, 

28, 29). Surprisingly, the oligomerization of N protein does not depend on its 

binding to gRNA (Chapter IV, Fig. 2B-2C), which underlines that this self-

interaction might not occur simultaneously with the RNA entwining step, or it 

utilizes different domains of the N protein. In support of this finding, we showed 

that two different domains mediate N protein oligomerization and the amino 

acids crucial for the N protein self-interaction are discontinuously distributed 

(Chapter IV, Fig. 3). Consistent with our findings, a recent cryo-EM analysis of 

MHV ribonucleoprotein complexes showed that the N protein forms octamers 

(30), which subsequently assemble into larger oligomeric structures that could 

acquire either a loose or a more compact filament shape. Therefore, we 

hypothesized that the N protein first oligomerizes and then is recruited to the 

RTCs at DMVs and/or CMs, to allow the efficient and tight loading of the 

exceptionally large gRNA into a ribonucleoprotein complex (Chapter IV, Fig. 

5). 

CoV replicase gene products are processed into single non-structural protein 

(NSP) by one 3C-like protease (3CLpro) and two viral papain-like proteases 

(PLpro). The PLpro activity resides with nsp3, which is a 213 kDa multidomain 

polypeptide that is integrated into membranes (31). In addition to its involvement 

in proteolytic processing, the PLpro also acts as a de-ubiquitination enzyme 

subverting the cellular ubiquitination machinery to facilitate viral replication 

(32). The transmembrane domains within nsp3, nsp4 and nsp6 are predicted to 

be required as integral membrane scaffolding components that facilitate 

assembly and localization of the RTCs (33). A number of studies have shown 

that CoV N protein dynamically associates with RTCs, implying that the N 

protein could interact with one or more NSPs (5, 16-19). At the RTCs, the N 

protein could stimulate the synthesis of viral RNA, mRNA and gRNA, and 

eventually promote the gRNA package with N oligomers to form 

ribonucleoprotein complexes. Our interactome study has revealed that MHV N 

protein principally binds to nsp3 (Chapter V, Fig. 1B), an interaction also found 

by others (21, 34-36).  

The role of N protein over the course of infection, as proposed in Chapter 

IV based on our results, is that it constitutively assembles into oligomers and 

those are recruited to the RTCs. This latter step is mediated by the interaction 
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with nsp3 but it does not require the binding to gRNA (Chapter V, Fig. 4). In 

addition, blocking of N-nsp3 interaction leads to a defect in both the MHV 

infection and viral RNA synthesis in vitro (Chapter VI, Fig. 6 and 7). Taken 

together, our data reveal that the recruitment of N protein to RTCs plays an 

essential role in MHV life cycle by promoting the replication of this virus. 

1.3 LC3 proteins are required for IAV infection 

Autophagy is a conserved intracellular catabolic pathway that allows cells to 

maintain homeostasis through the degradation of deleterious components via 

autophagosomes (37). Induction of autophagy upon IAV infection is considered 

a necessary event for the normal progression of the life cycle of this virus (38-

43), which however also inhibits autophagosome fusion with lysosomes (40). In 

Chapter VI, our initial aim was to better understand the interaction between 

IAV and the autophagy machinery. 

Growing evidence suggests that IAV infection increases the generation of 

autophagosomes (38-40, 44). Our studies confirm the finding that IAV indeed 

triggers autophagy in host cells (Chapter VI, Fig. 1-3). To better understand 

whether this degradative pathway contributes to IAV replication, we infected 

autophagy deficient cells, i.e. atg7-/- and atg13-/- knockout cells. Interestingly, we 

found that an intact autophagy machinery is dispensable for IAV infection as 

ATG7 or ATG13 are not necessary for viral infection (Chapter VI, Fig. 4). 

It has been shown that several pathogens have evolved strategies to evade 

the autophagy pathway or even manipulate it to sustain their intracellular life 

cycle (45-47). Autophagy is orchestrated, step by step, by multiple autophagy-

related (ATG) proteins (48). In addition to their traditional role in 

autophagosome formation, recent findings have shown that ATG proteins 

function in other pathways as well (49). For example, ATG proteins have been 

shown to assist macroendocytic engulfment and degradation of dead cells as well 

as pathogens (50). In Chapter VI, while investigating the interplay between IAV 

and ATG proteins, we found that LC3 associates with viral ribonucleoproteins 

(vRNPs) during IAV infection and that the lipidated form of LC3 is not required 

for this association (Chapter VI, Fig. 1-3). The mammalian ATG8 protein 

family is subdivided into LC3 and GABARAP protein subfamilies (51, 52), and 

we demonstrate that the LC3 proteins, but not the GABARAP proteins, associate 

with vRNPs and play a crucial role in IAV infection (Chapter VI, Fig. 5). These 

findings therefore strengthen our previous conclusion that an intact ATG 
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machinery is not required for IAV infection but instead suggest that specific 

ATG proteins might assist IAV infection in an unconventional way. 

2. Concluding remarks and perspective 

Data presented in this thesis aid to decipher import aspects of the life cycle of 

viruses belonging to the virus families that cause severe acute respiratory 

infections. In particular, we have characterized the intracellular membrane 

rearrangements and the relevance of the N protein interactions at the early steps 

of the CoV life cycle, and unveiled an autophagy-independent role of LC3 

proteins in IAV infection.  

In this context, we have shown that the blocking of N-nsp3 interaction 

impairs the viral life cycle by probably affecting optimal viral RNA synthesis 

and thus also subsequent transcription of viral factors. However, the mechanism 

between N-nsp3 interaction at RTCs and subsequent RNA transcription on the 

ER remains unclear. A possible mechanism is that the N protein promotes the 

viral RNA transcription by interacting with transcriptional regulatory sequences 

(TRSs) (53), which are present on the gRNA and are required for expression of 

each viral gene. Another option is the N-nsp3 binding at RTCs enhances the 

synthesis of viral RNA by possibly allosterically stimulating enzymatic activities 

and/or providing a more structured conformation of the complex that positively 

influences protein and RNA interactions. In this regard, additional future 

investigations are needed to dissect the protein-protein and protein-RNA 

interactions that are essential for CoV RNA synthesis. 

CoV N proteins are the only structural proteins that associate with the viral 

gRNA and it is still unclear whether the gRNA entwining around the N protein 

oligomers takes places at RTCs or in a subsequent step. One scenario could be 

that the gRNA associates with the N oligomers co-transcriptionally or shortly 

after gRNA synthesis at the RTCs, and nsp3 could play a key role in coordinating 

these events. The second scenario is that the CoV ribonucleprotein complexes 

are formed in the cytoplasm or while virions are being assembled at the 

ERGIC/Golgi. The hierarchical order of the interactions between the N protein, 

gRNA and the rest of the structural proteins, needs further investigation, which 

is critical to understand in detail the CoV infection at the molecular level.  

Although our studies focused on MHV, this virus is an established model for 

the investigation of β-CoV, which include human pathogens such as SARS-CoV 

and MERS-CoV. Currently, there is no effective cure for SARS-CoV and 

MERS-CoV, and insights into steps of the viral life cycle that could be targeted 
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by developing specific drugs are needed to fight possible novel emergent CoV 

epidemics (54). The N protein is the most abundant CoV protein and it is 

essential for the life cycle of these viruses. Mutations of the binding domains 

mediating the MHV N protein-nsp3 interaction that we described in this thesis, 

block vRNA synthesis. Future in vitro and in vivo studies must determine 

whether this also applies to SARS-CoV and MERS-CoV. As this knowledge will 

be key to the design of antiviral drugs specifically targeting N-nsp3 binding. 

By characterizing the relationship between IAV and LC3 proteins, we have 

discovered that not all the ATG8 proteins are essential for IAV infection, i.e. 

only LC3 proteins are crucial for the IAV infection. The RNA polymerase, as 

well as multiple copies of viral NP protein, are the main components of vRNPs. 

vRNPs are newly assembled in the nucleus and subsequently transported into the 

cytoplasm, where they accumulate near the microtubule-organizing center. The 

question of whether LC3 proteins participate in the transport of vRNPs in the 

host cell and whether they function by interacting with NP, viral RNA 

polymerase or vRNA, remains to be investigated. Other functions, however, 

cannot be excluded. Moreover, LC3 proteins could bind vRNPs indirectly via 

host factors. For example, LC3 binds to the tumor protein 53 inducible nuclear 

protein 2 (TP53INP) (55) and together with high mobility group box 1 (HMGP1), 

translocates from the nucleus to the cytoplasm upon starvation and participates 

in regulation of autophagosome biogenesis and protein degradation (56, 57). 

Interestingly, HMGP1 also interacts with IAV NP to promote the viral 

replication in the nucleus (58) and therefore, LC3 might already bind to vRNPs 

in the nucleus via TP53INP2/HMGP1. On the other hand, a LC3-interacting 

region (LIR) motif (59) might be presented in one or more components of vRNP 

and mediated their interaction with LC3 proteins.  

This study underlies that LC3 proteins are essential for IAV infection and 

further investigations unveiling the mechanism of LC3 binding to vRNPs could 

pave the way to study the autophagy-independent role of LC3s in IAV infection. 

New influenza IAV strains continue to arise every year. An estimated 900,000 

people had symptomatic influenza and more than 9,500 died from October 2017 

to May 2018 in Netherlands (60). In this context, further studies must explore 

whether the mechanism of LC3-vRNP binding is conserved between different 

strains in vitro, in cell cultures. This information will provide possible insights 

into the design of candidate broad antiviral therapeutics for IAV, which 

specifically target LC3-vRNP binding. The identification of the proteins and the 

domains involved in LC3-vRNP interaction will need to be studied in vitro 
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before creating inhibitors and test them in vivo, possibly using some of the 

methods described in this thesis, and in animal models. 

The transmission of respiratory viral infections is much more rapid and easier 

than that of most of other viruses. The work presented in this thesis aimed at 

dissecting specific steps of the viral life cycle and their implications in the 

biology of the studied viruses. Our findings provide solid bases for future 

investigations on the molecular mechanisms underlying determined interactions 

and may allow us to developing novel of therapeutic approach to fight respiratory 

viral infections. 
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De data gepresenteerd in deze thesis dragen bij in het ontcijferen van belangrijke 

aspecten in de levenscyclus van virussen uit de familie die acute respiratoire 

infecties veroorzaken. We hebben in het bijzonder de intracellulaire membraan 

her-organisatie en het belang van de N-eiwit interacties in de vroege stadia van 

de coronavirus (CoV)-levenscyclus gekarakteriseerd, en een autofagie-

onafhankelijk rol van het LC3 eiwit in Influenza A (IAV)-infectie onthuld.  

Infectie van dierlijke cellen met CoV activeert vesiculatie: het 

herorganiseren en herordenen van intracellulaire membraan structuren. Porcine 

epidemic diarrhea virus (PEDV), een coronavirus, vormt aanvankelijk dubbel 

membraan blaasjes en ingewikkelde membranen (convoluted membranes, 

CM’s), wat het virus waarschijnlijk als replicatieplatform gebruikt. Nieuw virus 

ontstaat gelijktijdig in het endoplasmatisch reticulum en in grote virus-

bevattende-vacuolen (large virion-containing vacuoles, LVCV’s), welke 

ontstaan uit het Golgi. Dit bevestigd dat alpha-CoV op dezelfde manier 

samenstelt in twee verschillende organellen van het cellulaire secretie pathway.  

CoV zijn membraan virussen die hun nucleocapside (N) eiwit nodig hebben 

om hun plus-streng RNA genoom in hun virus partikel te laden om nieuw virus 

te vormen. CoV N eiwitten vormen oligomeren. Dit doen ze door middel van 

minstens 3 regio’s die verdeeld zijn over de gehele lengte van het, met zichzelf 

interacterende, N eiwit (in zowel muis hepatitis virus (MHV) of SARS CoV). 

Dat deze regio’s zichzelf en elkaar kunnen binden biedt een mogelijke 

moleculaire basis voor het oligomeriseren van het N eiwit. Interessant genoeg 

vormen cytoplasmatische N eiwitten van MHV geïnfecteerde cellen oligomeren 

zonder dat daarbij binding aan viraal genomisch RNA nodig is. Wij 

hypothetiseren dat het N-eiwit nodig is voor optimale lading van het virale RNA 

in een ribonucleoproteïne -complex, nadat N-eiwit oligomerisatie heeft 

plaatsgevonden, via de presentatie van meerdere virale RNA bindings-motieven.  

CoV’s N eiwit is ook aanwezig bij het replicatie en transcriptie complex 

(RTC), de plek waar CoV repliceert. We hebben ontdekt dat het N eiwit 

associeert met RTC’s doordat het bindt aan non-structural protein 3 (nsp3) 

onafhankelijk van het genomisch RNA, via een specifiek N-terminaal domein 

(NTD) en N2a regio van het N eiwit. Deze binding sites zijn verantwoordelijk 

voor het rekruteren van het N eiwit naar de RTC’s. Dit zou de virus replicatie en 

virus productie kunnen beïnvloeden. Onze observaties suggereren dat de N-nsp3 

interactie een stimulerende rol speelt in CoV RNA transcriptie en een essentiële 

rol speelt in de MHV levenscyclus.  
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Influenza A virus (IAV) is een membraan virus met een gesegmenteerd, 

enkel, negatief -strengs RNA genoom. Het genoom bestaat uit acht segmenten. 

Dit genoom vormt samen met meerdere kopieën van het virale nucleoproteïne 

en een enkel viraal RNA polymerase complex, een ribonucleoproteïne (vRNP) 

complex. De rol van de vRNP in de levenscyclus van IAV veelzijdig: het 

orkestreren van de replicatie en transcriptie van het virale RNA, het transport 

van dit RNA in de cel, het herorganiseren van genen en ten slotte het inpakken 

van het virale genoom in nieuwe virus deeltjes. Voor het succesvol verloop van 

de levenscyclus hebben de vRNPs ook processen van het gastheer nodig. 

Autofagie is een evolutionair geconserveerd katabool proces om 

macromoleculen uit het cytoplasma te recyclen. We hebben ontdekt dat IAV een 

autofagie respons activeert in de cel, maar dat daarvoor niet alle ATG (eiwitten 

normaal betrokken bij autofagie) nodig zijn. Depletie van LC3 en verwante 

ATG8 eiwit familie eiwitten hindert IAV infectie. Dit toont aan dat de LC3 

eiwitten een belangrijke rol hebben in het intracellulaire bestaan van IAV. 

Daarbij associëren LC3 eiwitten, maar niet GABARAP eiwitten, in hun niet-

gelipideerde vorm met vRNP’s. Dit suggereert een autofagie onafhankelijke rol 

van LC3 eiwitten in IAV geïnfecteerde gastheercellen, en dat verschillende 

stappen van de levenscyclus verschillende gastheer componenten gebruiken.  
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