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Viruses are small infectious agents able to cause a variety of diseases in 
all living organisms. The word virus comes from Latin and means venom 
or poison. This notion of viruses originates from the late nineteenth century 
when Dmitrii Ivanovsky and Martinus Beijerinck independently reported 
that tobacco mosaic disease (TMD), an infection of tobacco plants, was 
caused by a “contagium vivum fluidum”, which means contagious living liquid 
(5, 53). With the observation that these infectious agents are unable to replicate 
independently but require a host to multiply themselves, the initial concept 
of a virus was established and is now considered the foundation of the field of 
virology [reviewed in (37, 38)]. 

Our understanding of viruses has increased considerably since the 
discovery of the first virus, tobacco mosaic virus (TMV), in 1898. Nowadays, 
we know that viruses are not living organisms as they lack any means of 
energy generation or metabolism. Consequently, viruses depend entirely on 
the machinery of the infected host cell to produce progeny and to evolve. 
They are obligate intracellular parasites that can be defined structurally as 
(cellular-derived) molecular assemblies build of proteins, nucleic acids, lipids, 
and carbohydrates. When compared to other organisms, they are relatively 
simple by (i) the size and nature of their genomes, (ii) their morphology,  
(iii) coding strategies, and (iv) tropisms (37, 38). Yet, they are complicated 
for their complex replication strategies, adaptive features and pathogenic 
mechanisms. The characteristics of viruses have been used for their 
classification leading to a division based on order, family, subfamily, genus 
and species (49). Alternatively, a division was made according to the way by 
which viral messenger RNAs (mRNAs) are generated in infected cells (2). 

The most abundant viruses in nature are those of which the genetic 
material consists of a positive single-stranded RNA (+ ssRNA) genome. To 
this category of viruses significant human pathogens belong, with poliovirus 
(PV), hepatitis C virus (HCV) and the severe acute respiratory syndrome  
(SARS)-coronavirus (CoV) as notorious examples. A distinctive common 
feature of + ssRNA viruses is the replication of their genomes in the 
cytoplasm of the host cell, a process that is associated with rearranged cellular 
membranes. Such cytoplasmic organelle-like membranous structures have been 
described among others for + ssRNA family members of the Picornaviridae, 
Flaviviridae, Togaviridae, Arteriviridae, Bromoviridae, Nodaviridae, and the 
Coronaviridae [reviewed in (23, 24, 73)]. These membrane rearrangements 
seem to be beneficial for (i) sequestering and concentrating all viral and  
cellular components necessary for viral RNA synthesis and (ii) to provide a 
protective microenvironment against virus-elicited host defense mechanisms.
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The various membrane rearrangements of the + ssRNA viruses range 
in size from 40 to 400 nm, contain lipids that are derived from various 
cellular compartments and demonstrate an impressively diverse plethora 
of morphologies that include, among others, clusters of vesicles for the 
Picorna- and Togaviridae, spherule-like invaginations for the Bromoviridae 
and Nodaviridae, vesicle packets and membranous webs for the Flaviviridae 
and double-membrane vesicles and convoluted membrane assemblies for the 
Arteri- and Coronaviridae [reviewed in (23, 24, 73)]. Although the elucidation 
of the biogenesis and functioning of these virus-induced membrane structures 
is an active field of research, still not much is known with respect to the 
mechanisms underlying the assembly, dynamics and RNA synthesizing 
activity of the CoV membrane-associated replication complexes. 

THE CORONAVIRINAE

The Coronaviridae are a family of evolutionary related + ssRNA viruses 
that together with the Arteriviridae and the Roniviridae, belong to the order 
of the Nidovirales. A taxonomical revision has recently been proposed to 
divide the Coronaviridae family into two subfamilies, the Coronavirinae and 
the Torovirinae. The Coronavirinae comprise the genera Alpha-, Beta-, and 
Gamma coronaviruses, while the Torovirinae consist of the genera Toro- and 
Bafiniviruses (17) (Fig. 1A).

Historically, CoVs have been recognized as important infectious agents 
to domestic livestock, poultry and companion animals. In contrast to the 
animal viruses, human CoVs (HCoVs) have been associated with relatively 
mild upper and lower respiratory tract infections, including ordinary common 
colds. However, in 2002 the outbreak of a novel HCoV in China, causing 
severe fatal atypical pneumonia in infected individuals, demonstrated that 
HCoVs were also able to induce severe life-threatening disease to humans. 
This virus was called the SARS-CoV (31, 62) and emerged in the human 
population from an animal reservoir, probably originating from bats, with 
palm civet cats probably acting as intermediate hosts (46, 66).

Architecture of the Coronavirion
CoVs are eveloped pleiomorphic viruses with varying size (80 – 120 nm 

in diameter) and shape. The mouse hepatitis virus strain A59 (MHV-A59), 
the prototype CoV that has been used in the studies described in this thesis, 
has a spherical shape and a relatively homogenous size of 85 nm in diameter 
(3). A schematic representation of the coronavirion is depicted in Fig. 1B. The 
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lipid envelope harbors three integral membrane proteins: the triple-spanning 
membrane (M) protein, the small hydrophobic envelope (E) protein, and 
the spike (S) class I fusion glycoprotein. Certain betacoronaviruses contain 
an additional structural protein, the hemagglutinin-esterase (HE) envelope 
membrane protein that contains sialic acid binding and acetyl esterase activities. 
However, in MHV-A59 the HE gene has been lost from the genome during 
in vitro passaging of the virus indicating that its function was apparently not 
beneficial under these conditions (67). 

The S proteins are present as trimers in the virion membrane and is the 
major determinant for cell tropism and responsible for receptor binding and 
entry by mediating fusion of viral and cellular membranes (7). The M protein 
is the most abundant component of the coronavirion envelope. It is important 
for virus assembly by functioning as a scaffold, thereby interacting with all 
components of the envelope and orchestrating virion assembly [reviewed in 
(19)]. The E protein, which is only present in minor amounts in the viral lipid 
bilayer and which has been shown to exhibit ion channel activity (70, 109), is 
also important for virus production (104).

The only structural protein not present in the viral envelope is the 
nucleocapsid (N) protein. This multifunctional protein is present in the 
interior of the virion and by being the capsid protein its major function is 

Figure 1. Nidovirales phylogeny and model of the coronavirion. (A) The evolutionary relationships 
between the Corona-, Roni-, and Arteriviridae. Shown is an unrooted maximum parsimonious tree 
based upon multiple nucleotide sequence alignments of the RNA-dependent RNA polymerase – 
Helicase region of representative members of the Nidoviruses. Picture kindly provided by Raoul de 
Groot and adapted from (41). (B) Schematic representation of the MHV-A59 particle. The envelope 
contains three membrane proteins: the spike (S), membrane (M) and envelope (E) protein. The 
interior harbors the genomic RNA that is encapsidated by multiple nucleocapsid (N) proteins thereby 
forming the ribonucleoprotein (RNP) complex. The inset shows that the C-terminal domain of M 
forms an additional layer that coats the interior of the lipid membrane and interacts with the RNP. 
Picture kindly provided by Berend Jan Bosch and adapted from (3). 
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to package the genomic RNA into a helical nucleocapsid structure, termed 
the ribonucleoprotein (RNP) complex. The RNP complex is densely packed, 
which is probably necessary because of the enormous size of the RNA 
genome, and is located underneath the viral envelope (3) interacting with the  
carboxy-terminal domain of the M protein (64).

Coronavirus genome organization and gene expression
Among the + ssRNA viruses, CoVs clearly distinguish themselves by 

carrying the most complex and largest genomes, which range in size from  
~26 to 32 kb (42). Despite the variation in size, the overall genome organization 
of the various CoVs is quite conserved. The genome contains all the genetic 
information to direct both replication, the synthesis of full-length genomic 
RNA, and transcription, the (discontinuous) production of subgenomic 
mRNAs (85).

The linear + ssRNA genome of CoVs is 3’ polyadenylated and has a  
5’ cap structure, thereby mimicking cellular mRNAs. The 5’ and 3’ ends of 
the genome contain untranslated regions (UTRs) with cis-acting elements 
that are important for replication and transcription. Two-thirds of the genome 
consists of two large open reading frames (ORFs), ORF1a and ORF1b. The 
remaining 3’ one-third part encodes the structural proteins interspersed with 
sequences encoding some accessory proteins. A schematic picture of the 
MHV-A59 genome is shown in Fig. 2A.

Translation of ORF1a and ORF1b generates two very large replicase 
polyproteins, pp1a and pp1ab. The latter is synthesized via a -1 ribosomal 
frameshift mechanism mediated by a pseudoknot structural element at the 
end of ORF1a (10, 11). These replicase polyproteins are extensively processed 
by viral proteinases, resulting in the generation of sixteen nonstructural 
proteins (nsps) that together (with the N protein, see next section) form the 
replication-transcription complexes (RTCs). A schematic representation of 
the CoV replicase polyprotein is shown in Fig. 2B.

The structural and the accessory proteins are expressed from a nested set of 
3’ coterminal subgenomic (sg) mRNAs that are generated via discontinuous 
transcription during subgenome-length minus-strand RNA synthesis (84). 
The RNA-dependent RNA polymerase (RdRp) copies the genomic positive-
sense RNA into a negative-sense template until it reaches a transcription-
regulation sequence (TRS). At this point, RNA synthesis may either continue 
or the RdRp may relocate to the 5’ end of the genome and complete the 
negative-sense sgRNA. These negative-sense sgRNAs serve as templates 
for the synthesis of the corresponding positive-sense sgRNAs. As a result, 
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the positive-sense sgRNAs form a nested set of mRNAs, which extend for 
different lengths from a common 3’ terminus while also having a common  
5’ end, which is known as the leader sequence. Generally, only the 5’ first 
unique gene of each sgRNA is translated [reviewed in (85)].

The coronavirus infection cycle
The CoV infection cycle can be divided into several steps: (i) attachment 

and entry, (ii) replication and transcription, and (iii) assembly and release. 
A description of each of these steps is given in the following sections and 
illustrated in Fig. 3. 

The first step of the infection is for the virion to gain access to a susceptible 
host cell. The amino-terminal S1 domain of the viral S glycoprotein (63) binds 
to the cellular receptor, which for MHV-A59 is the murine carcinoembryonic 
antigen-related cell adhesion molecule 1 (CEACAM1) (32, 108), after which 
the virion enters the cell via the clathrin-mediated endocytic pathway (35). 
Viral attachment by the S1 subunit triggers a conformational change in the S 
protein, which exposes the membrane-anchored S2 subunit that is responsible 
for viral and cellular membrane fusion (110). The merging of these membranes 
results in the release of the RNP complex into the cytoplasm of the infected 
cell.

Translation of the genome results in the synthesis of pp1a and pp1ab. These 
two large polyproteins are processed by viral proteinases [reviewed in (114)] 
into sixteen nsps. Together with the N protein (8, 28, 101, 105) and yet to be 

Figure 2. MHV-A59 genome and replicase polyprotein organization. (A) The linear + ssRNA 
genome is approximately ~32 kb in size. A 5’ cap structure and a 3’ poly(A) tail are present, together 
with UTRs. Two-thirds of the genome encodes the two large ORFs, ORF1a and ORF1b, which 
encode the nonstructural proteins (nsps). The remaining one-third of the genome encodes the 
structural proteins (HE, S, E, M and N), interspaced by the group-specific proteins (2a, 4, 5a). 
(B) Viral proteinases residing in nsp3 (PL1PRO and PL2PRO; grey arrowheads indicate cleavage sites) 
and nsp5 (MPRO; black arrowheads indicate cleavage sites) respectively, process pp1ab into 16 nsps. 
Hydrophic regions reside in nsp3, nsp4 and nsp6 (TM1, TM2 and TM3, respectively). Predicted and 
identified RNA(-modifying) enzymes are indicated: the RNA-dependent RNA polymerase (RdRP; 
nsp12), the helicase (Hel; nsp13), the exonuclease (ExoN), the uridylate-specific endoribonuclease 
(N), and the methyl transferase (MT). Adapted from (42).
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identified cellular host proteins, the nsps and/or their precursor proteins form 
the CoV RTCs. Once the RTCs are formed, the full-length + ssRNA genome 
is copied into negative strands that serve as templates for the synthesis of the 
plus-sense full-length genomic RNA and of the sgRNAs, as described above. 
Minus- and plus-strand RNA synthesis is already detected at 75 to 90 min 
post infection (p.i.) (85). Minus-strand synthesis, of which the resulting RNA 
species are mainly present as double-stranded (ds) intermediates because of 
their association with plus-strand RNA molecules, peaks at 5 to 6 h p.i., after 
which their synthesis declines but does not stop (83). The plus-stranded RNAs 
are produced in a 50- to 100-fold excess over their minus-strand counterparts 
(82, 85).

The final step of the CoV life cycle is the assembly of the virion 
components, i.e. genomic RNA, N, M, E, and S, into a new viral particle 
and its subsequent release from the cell. The genomic RNA is encapsidated 

Figure 3. MHV-A59 infection cycle. The MHV-A59 virion binds to the cellular CEACAM1 
receptor after which it is taken up via endocytosis. Fusion of the endosomal and viral membranes 
releases the genomic RNA into the cytoplasm of the cell. Translation of the genome results in the 
generation of pp1a and pp1ab, which are processed into 16 nsps. These nsps induce the formation of 
double-membrane vesicles (DMVs) with which replication-transcription complexes are associated. 
Replication and transcription results in the synthesis of genomic and subgenomic RNAs, the latter 
are translated into the structural proteins S, E, M, and N. The (full-length) genomic RNA is 
encapsidated by multiple copies of the N protein and meets the structural proteins at the ER-to-Golgi 
intermediate compartment (ERGIC). Here, new virions are formed via budding after which they are 
released from the cell via the secretory pathway. Adapted from (20).
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in the cytoplasm by multiple copies of the N protein (19), thereby forming 
the helical RNP. Whether the RNP complex is generated at the replicative 
structures and subsequently transported to the sites of viral budding, the ER-
to-Golgi intermediate compartment (ERGIC), or whether formation of the 
RNP occurs at the ERGIC itself is presently unknown. The viral envelope is 
acquired by budding of the RNP through the lipid bilayer of the ERGIC (59, 
95). The M protein is the key player in assembly as it interacts with all other 
virion components, as already mentioned earlier. After budding, the virus 
particle is released from the cell via the secretory pathway. 

THE CORONAVIRUS REPLICATION MACHINERY

Processing of the CoV polyprotein(s) by the viral proteinases 
To generate the functional CoV replication complexes, the replicase 

polyproteins pp1a and pp1ab have to be proteolytically processed to liberate 
the sixteen individual protein products. Cleavage of pp1a and pp1ab is 
performed by two viral proteinases that reside in nsp3 and nsp5: the papain-
like proteases (PL1PRO and PL2PRO) located in nsp3 and the chymotrypsin-
like cysteine proteinase (3CLPRO), or main protease [MPRO], present in nsp5. 

The first proteins to be released from pp1a and/or pp1ab are nsp1 to nsp3. 
Cotranslational cleavage by PL1PRO between nsp1|nsp2 liberates the mature 
nsp1 protein (p28) and generates the nsp2/3 precursor protein (p250 or p290) 
(26, 27, 44), whereas cleavage between nsp2|nsp3 releases nsp2 (p65) (44, 47). 
Processing of the nsp3|nsp4 cleavage site by PL2PRO releases the nsp3 protein 
(p210) (44, 57). The remaining nsps located downstream of nsp3, i.e., nsp4 to 
nsp16, are released by nsp5 (3CLPRO; p27). First, an ORF1a-expressed large 
nsp4-nsp10 precursor protein (p150) is generated (57, 88), which is processed 
into the individual mature proteins (8, 22, 57, 68, 88) by nsp5. Also the 
ORF1b-encoded nsps are processed by nsp5 into functional subunits (25). 
It is thought that the intermediate and precursor polyproteins may somehow 
be involved in the temporal regulation of plus and/or minus sense viral RNA 
synthesis (22, 86, 114).

The CoV RNA-dependent RNA polymerases: nsp8 and nsp12 
Once released in the cytoplasm of the infected cell, replication of the 

positive-sense CoV genome has to be initiated. Eukaryotic cells do not possess 
the machinery that is required for this essential step in the CoV life cycle. As 
a consequence, CoV encode the enzymatic functions necessary for replication 
and transcription in their genome.
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The key replicative enzyme involved in genome replication is the RNA-
dependent RNA polymerase (RdRp), which is present in nsp12; this enzymatic 
function is genetically conserved throughout the order of the Nidovirales (42). 
The nsp12 protein is able to utilize both homo- and heteropolymeric RNAs as 
template but its RdRp activity is dependent on primers to copy the viral RNA 
(100). These primers might be produced by a non-canonical RdRp activity 
that has been described for the nsp8-encoded ‘RNA primase’, as this protein 
is able to produce short oligonucleotides complementary to the RNA genome 
(48). Nsp8 has been shown to form together with nsp7 a hexadecameric 
complex, consisting of eight copies of each protein, thereby forming a channel 
that can harbor RNA and may serve as a processivity factor for nsp12 (111). 

The auxiliary troops: RNA-modifying enzymes
CoVs possess the largest genomes among the + ssRNA viruses (42). They 

encode a large number of additional RNA-modifying enzymes, which are 
often not present in other RNA viruses. These additional enzymatic activities 
are probably required to ensure proper RNA synthesis and might account for 
their large size. 

Unwinding of (ribo)nucleic acids is mediated by helicases. The CoV nsp13 
protein contains a superfamily 1 helicase domain with an amino-terminal 
zinc-binding domain that is important for the unwinding activity of duplex 
RNA (and DNA) in a 5’-to-3’ direction (89, 90, 99). The resulting single-
strands probably serve as templates for RNA synthesis. The multifunctional 
nsp13 protein additionally possesses nucleotide triphosphatase activity (51, 
52, 89) and is likely to be involved in removal of one of the terminal phosphate 
groups at the 5’ end of the positive-sense RNAs, which is the first step in the 
formation of the 5’ cap structure. Although the enzyme that subsequently 
adds the guanine to the terminal phosphates (guanylyl transferase) has not 
been identified yet, nsp14 has been shown to exert S-adenosyl-L-methionine 
(AdoMet)-dependent (guanine-N7)-methyltransferase (N7-MTase) activity 
(15). Finally, the cap-1 structure is formed by the AdoMet-dependent 
(nucleoside-2’O)-methyltransferase (2’O-MTase) activity that is present in 
nsp16 (21), for which the latter needs to form a complex with nsp10 (9, 69).  

The CoV genome also encodes some enzymatic functions not found in 
other RNA viruses. In addition to the cap N7-MTase activity, nsp14 has metal 
ion-dependent 3’-to-5’ exoribonuclease (ExoN) activity (74) and contains a 
nidoviral uridylate-specific endoribonuclease (NendoU; nsp15) (50), both able 
to degrade ssRNA and dsRNA (6, 50). While the function of the NendoU 
activity in the CoV infection cycle is not known, it appears that the ExoN 



18

Chapter 1

Marne Casper Hagemeijer

activity is required to ensure high replication fidelity of the extremely large 
CoV genome (33). 

CoVs possess several other RNA-binding proteins. Nsp9, which contains 
an oligosaccharide/oligonucleotide (OB)-like fold that was not reported 
earlier for RNA viruses (34), is able to (non-specifically) bind ssRNA (34, 98). 
Dimerization of this protein, although not important for RNA binding, is 
essential for viral growth (72). Also nsp10 possesses RNA-binding properties. 
Twelve subunits of nsp10 assemble into a spherical dodecameric structure (97) 
that is able to bind (ss)RNA molecules, mediated by two zinc-finger domains 
(54, 71). Mutations engineered near the zinc-finger domains resulted in a 
decrease of viral RNA synthesis (30). 

Fighting the host immune response
Several nsps synthesized by CoVs play a role in the evasion of the anti-viral 

response of the host. Whereas nsp1 degrades host mRNAs (56), including those 
of the type I interferon (IFN) system (76), thus suppressing innate immune 
responses (107, 115), the PL2PRO activity of nsp3 inhibits phosphorylation 
and nuclear translocation of IFN-regulatory factor 3 (IRF-3) (29) by either 
deubiquitination and binding to IRF-3 (113) or by delaying dissociation of 
TANK-binding kinase-1 (TBK1) (106). Another activity exhibited by nsp3, 
that of ADP-ribose-1”-monophosphatase (ADRP), also interferes with innate 
responses as the lack of this activity gave rise to increased type I IFN responses 
(36,  65). The nsp1 protein can induce cell cycle arrest in the G0/G1 phase (14) 
and by interacting with the 40S ribosomal subunit induce the modification of 
cellular mRNA cap structures and translational host shut-off (55).

Membrane anchors and inducers of the replicative structures 
The primary structures of three nsps, i.e., nsp3, nsp4, and nsp6, contain 

hydrophobic stretches and these proteins are therefore predicted to be integral 
membrane proteins. Indeed, for the nsp3 and nsp4 proteins of SARS-CoV 
(47, 78) and MHV (58, 78) membrane association has been demonstrated. 
The nsp3 protein is co-translationally inserted into the endoplasmic reticulum 
(ER) membrane and becomes N-glycosylated (58). The nsp4 protein when 
expressed in trans, is inserted into the ER, becomes N-glycosylated, and 
relocalizes upon infection to the RTCs (78). This protein is essential for viral 
replication although the carboxy-terminal domain and the fourth predicted 
hydrophobic domain are not required (94). However, detailed information 
on the membrane anchoring, topology and processing of these (putative) 
transmembrane domain containing nsps is lacking, even while these proteins 
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are likely to play an important role in the biogenesis of the membranous 
structures that are associated with virus replication and in the anchoring of 
the RTCs to these structures.

Additional RTC-associated proteins
The function of the nsp2 protein in CoV replication is not known. Deletion 

of the nsp2-encoding region from the genome resulted in a recombinant 
virus that was viable, albeit with reduced levels of replication and reduced 
titers (45). Despite its dispensability in cell culture, nsp2 is likely to have an 
important function because evolutionary pressure did not remove the genetic 
information coding for this protein from the CoV genome.

In addition to its structural role in the coronavirion, i.e. packaging of the 
genomic RNA into the RNP complex, the multifunctional nucleocapsid (N) 
protein is also important in coronavirus replication and has been detected 
in the perinuclear region of infected cells colocalizing with markers for the 
RTCs (8, 28, 101, 105). This RNA-binding protein is able to associate with 
high affinity to all CoV mRNA species (4, 75, 96). Interestingly, the absence 
of N greatly impairs CoV replication, while addition of the N protein in trans 
early in infection enhances CoV genomic RNA synthesis significantly (1, 87). 

INTRACELLULAR MEMBRANE MODIFICATIONS

Organelle-like membranous replicative structures and RNA synthesis
During the work described in this thesis, several papers were published that 

characterized the membrane rearrangements observed in CoV-infected cells. 
The first detectable membrane rearrangements are 200 to 350 nm organelle-
like structures that have been described for both MHV-A59 (43, 101) and 
the SARS-CoV (40, 92) and consist of spherical double lipid bilayers, termed 
double-membrane vesicles (DMVs; Fig. 4A and 4B). In between the clusters 
of DMVs, reticular convoluted membrane assemblies (CMs) are present (16, 
60, 101). Later in infection large virion-containing vesicles (LVCVs) (40, 60, 
77, 101), highly organized cubic membrane structures (40, 101) and condensed 
tubular bodies (16, 101) are formed. The latter two structures are likely a 
result of the overexpression of CoV structural proteins during infection and 
do not seem to be involved in CoV replication (101). 

Electron tomography was used to show that in SARS-CoV infected cells 
the DMVs and CMs form an interconnected network that is also continuous 
with the ER (60). This latter observation is in agreement with previous reports 
describing DMVs in close proximity to the ER or continuous with it (40, 
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43, 92). Moreover, (partial) colocalization of replicase proteins together with 
the ER resident protein disulfide isomerase (PDI) has been reported (92), 
while also the translocon subunit Sec61α was found to be redistributed to 
the replicative structures upon SARS-CoV infection (61). The combined 
data indicate that the ER is the most likely membrane donor for the DMVs, 
despite the absence of most conventional ER markers on these structures (78, 
92, 101, 105).

The CoV replicative structures, i.e., DMVs and CMs, are associated with 
viral RNA synthesis, as the MHV and SARS-CoV nsps have been shown 
to localize to these structures (22, 40, 45, 60, 78, 79, 81, 91, 92, 101, 102). 
Newly synthesized viral RNA, visualized by 5-bromouridine 5’-triphosphate 
(BrUTP) labeling, colocalizes with antibodies recognizing either nsp5 or 
the C-terminal part of pp1a (102), and was observed in close proximity to 
the DMVs by immunoelectron microscopy in MHV-infected cells (43, 
102). In addition, antibodies recognizing dsRNA, the presumed replicative 
intermediates, labeled the interior of the SARS-CoV-induced DMVs (60). 
Although CoV RNA synthesis appears to be protected by membranes (103) 
it is still unclear whether synthesis of nascent viral RNA occurs at sites of 
dsRNA accumulation, as no pores connecting the interior of the coronavirus 
DMVs with the cytoplasm have been detected. 

Involvement of cellular pathways in DMV biogenesis
In agreement with the ER being the most likely membrane donor of 

the DMVs, an intimate association between the early secretory pathway 

Figure 4. Ultrastructure of CoV-induced replicative structures. HELA-CEACAM1a 
cells infected with MHV-A59 and processed for EM. (A) Cytoplasmic vesicles that contain a  
double-lipid bilayer (DMVs) are indicated by the arrowheads. In between the clusters of DMVs, 
convoluted membrane (CM) assemblies are observed that consist of small networks of membranes 
(indicated by the asterisks). (B) A higher magnification clearly demonstrating the double lipid bilayer 
of the DMVs. Pictures are kindly provided by Mustafa Ulasli and Fulvio Reggiori from the Cell Biology 
Department of the University Medical Center Utrecht, the Netherlands.
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and CoV replication has been reported. Interference with this pathway by 
blocking protein export at ER exit sites in MHV-infected cells by treatment 
with the kinase inhibitor H89 or by overexpression of a dominant active Sar1 
mutant resulted in inhibition of replication and RTC formation (78). Also 
treatment with Brefeldin A (BFA), an inhibitor of ER to Golgi trafficking, or 
knockdown of GBF1, inhibited MHV replication while reducing the number 
of DMVs (105). Similar results were published for SARS-CoV infected cells 
treated with BFA and it was noticed that the inner and outer membranes of 
the DMVs were separated in BFA-treated cells (61), which probably explains 
the observed inhibition of viral replication. 

Initial ultrastructural studies have revealed that the morphology of the 
DMVs resembles those of autophagosomes in that both structures have a 
double lipid bilayer, which is suggestive of an autophagosomal lipid origin of 
the CoV DMVs. However, conflicting data on this topic have been published. 
Thus, early studies revealed a colocalization between the autophagosomal 
protein marker microtubule-associated protein light-chain 3 (LC3/Atg8) with 
the replicative structures (80, 112); moreover, viral replication was impaired 
and DMVs were not detected in the absence of the essential autophagy protein 
Atg5 (80). Others were, however, unable to reproduce the colocalization data 
(18, 92), whereas the requirement of Atg5 seemed to be cell type specific 
(112). More recently, coronavirus replication was also shown not to be affected 
in autophagy-deficient cells lacking Atg7 (81). In contrast to autophagosomes, 
CoV replicative structures were shown to recruit the non-lipidated form of 
LC3, while they were not decorated with ectopically expressed GFP-LC3.  
Similar findings have been reported for EDEMosomes (12, 13), ER-derived 
vesicles that transport ER chaperones to lysosomes. As the EDEMosome 
cargo proteins EDEM1 and OS-9 were also detected on the CoV replicative 
structures, it was proposed that CoVs hijack EDEMosomes for their 
replication (81). 

AIM AND OUTLINE OF THE THESIS

The last few decades have provided coronavirologists with exciting new 
findings with respect to functions and structures of individual replicase 
proteins and regarding the characterization of the CoV-induced membranous 
structures. Nonetheless, fundamental questions concerning the biogenesis of 
the DMVs, the functioning of the nsps in RTC assembly, membrane anchoring 
and viral RNA synthesis, and the precise location of RNA synthesis remain 
to be elucidated.
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Essentially nothing is known about the induction of the membranous 
replicative structures in CoV-infected cells and how the individual nsps and 
other necessary constituents are recruited to these sites. It is, however, likely 
that the (putative) transmembrane-containing nsps not only function in 
the membrane anchoring of the RTCs but also induce the formation of the 
membranous structures. The involvement of these nsps in the formation of 
replication complexes is supported by the fact that for the related arterivirus 
equine arteritis virus (EAV), the mere coexpression of the counterparts of 
nsp3 and nsp4, i.e., nsp2 and nsp3, is sufficient for the induction of DMVs 
(93). Furthermore, mutations in MHV nsp4 impaired DMV formation (39). 
Yet, the topology of nsp3, 4 and 6 had not been established. As this was 
expected to provide valuable insight into the role of these proteins in the 
formation of the DMVs, chapter 2 centers on establishing an experimentally 
verified topology model of the complete coronavirus replicase polyprotein. 

One of the fundamental aspects that have so far been ignored is the dynamics 
of the CoV replicative structures and of the individual proteins present at 
the RTCs in living cells. To obtain more insight into the dynamics of the 
replicative structures, three replication-associated proteins were studied: (i) 
the cytoplasmic nsp2 protein (chapter 3), (ii) the transmembrane protein nsp4 
(chapter 5), and (iii) the structural N protein (chapter 4). Real-time imaging of 
recombinant viruses expressing fluorescently-tagged versions of these proteins 
was performed, in combination with live-cell imaging approaches including 
fluorescent recovery after photobleaching (FRAP) and fluorescent loss in 
photobleaching (FLIP). The results revealed information about the mobility 
of the CoV replicative structures, about the different diffusional mobilities of 
the proteins when associated to these structures and about the continuity of 
the membranes of the ER with those harboring the replicative structures. In 
addition, we studied the interaction of nsp4 with the other transmembrane–
containing nsps and its ability to induce membrane rearrangements (chapter 
5). 

The assembly of the CoV RTCs in infected cells serves one major purpose: 
the synthesis of viral genomic RNA. Although the CoV replicative structures, 
i.e DMVs and CMs, are associated with the generation of viral RNA, the 
exact location of this process remains a mystery. To get more insight into 
this aspect of the CoV infection cycle, CoV nascent RNA synthesis was 
investigated in time using a novel click chemistry approach (chapter 6). The 
observations reveal that the colocalization of nascent and dsRNA species and 
nsps changes in time, indicating that dsRNA foci not necessarily correspond 
with sites of active RNA synthesis.
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The final chapter of this thesis provides a summarizing discussion in which 
the data of chapter 2 to 6 are discussed in a broader perspective against the 
available literature on + ssRNA virus-induced membrane modifications, 
replication complex formation, and dynamics of replicative structures and 
individual replication-associated proteins.
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ABSTRACT

Coronaviruses express two very large replicase polyproteins, the 16 
autoproteolytic cleavage products of which collectively form the membrane-
anchored replication complexes. How these structures are assembled is still 
largely unknown, but it is likely that the membrane-spanning members of 
these nonstructural proteins (nsps) are responsible for the induction of the 
double-membrane vesicles and for anchoring the replication complexes to 
these membranes. For 3 of the 16 coronavirus nsps —nsp3, nsp4, and nsp6—
multiple transmembrane domains are predicted. Previously we showed that, 
consistent with predictions, nsp4 occurs in membranes with both of its termini 
exposed in the cytoplasm (M. Oostra et al., J. Virol. 81:12323-12336, 2007).
Strikingly, however, for both nsp3 and nsp6, predictions based on a multiple 
alignment of 27 coronavirus genome sequences indicate an uneven number of 
transmembrane domains. As a consequence, the proteinase domains present 
in nsp3 and nsp5 would be separated from their target sequences by the lipid 
bilayer. To look into this incongruity, we studied the membrane disposition of 
nsp3 and nsp6 of the severe acute respiratory syndrome coronavirus and murine 
hepatitis virus by analyzing tagged forms of the proteins expressed in cultured 
cells. Contrary to the predictions, in both viruses, both proteins had their 
amino terminus, as well as their carboxy terminus, exposed in the cytoplasm. 
We established that two of the three hydrophobic domains in nsp3 and six of 
the seven in nsp6 are membrane spanning. Subsequently, we verified that in 
nsp4, all four hydrophobic domains span the lipid bilayer. The occurrence of 
conserved non-membrane-spanning hydrophobic domains in nsp3 and nsp6 
suggests an important function for these domains in coronavirus replication.
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INTRODUCTION

Positive-strand RNA viruses induce the formation of cytoplasmic 
membrane structures in their host cells to accomplish the efficient replication 
of their genomes. These structures probably facilitate the orchestration of the 
replication process and the recruitment of the components required for RNA 
synthesis and may shield the RNA intermediates from recognition by the 
host cell’s defense mechanisms. The membranes of these structures can be 
acquired from different cellular compartments. In many virus families, such as 
Picorna-, Flavi-, and Bromoviridae, the RNA replication complex is associated 
with membranes derived from the endoplasmic reticulum (ER). However, 
endosomes and lysosomes (Togaviridae), peroxisomes and chloroplasts 
(Tombusviridae), and mitochondria (Nodaviridae) are also used as membrane 
donors [for a review, see reference (44)]. In general, viral nonstructural proteins 
(nsps) are responsible for the assembly of the replication complex at these 
specific cellular organelles and for the observed membrane rearrangements.

Coronaviruses are enveloped, plus-strand RNA viruses belonging to the 
family Coronaviridae that, together with the Arteri- and Roniviridae, belong to 
the order Nidovirales. With sizes ranging between 27 and 32 kb, coronaviruses 
possess the largest genomes among all known RNA viruses. The 5’ two-thirds 
of the coronaviral genome is occupied by open reading frames (ORFs) that 
encode the viral replicase. The remaining part of the genome codes for the 
structural proteins, which invariably comprise at least the spike (S), envelope 
(E), membrane (M), and nucleocapsid (N) proteins, and for a variable number 
of accessory proteins. Except for the replicase ORFs, all genes are translated 
from subgenomic mRNAs, which are generated by a process of discontinuous 
transcription [for a recent review, see reference (45)]. The viral replicase is 
encoded by the two most 5’ ORFs on the genomic RNA, ORF1a and ORF1b, 
which are translated into two very large precursor polyproteins, pp1a and 
pp1ab, comprising approximately 4,000 and 7,000 amino acids, respectively. 
pp1ab is translated only after a -1 frameshift induced by a slippery sequence at 
the end of ORF1a, which only occurs in a fraction of translational events (5).

The replicase polyproteins are processed by virus-encoded proteinases 
to produce 16 mature nsps (19, 63). nsp1, -2, and -3 are released through 
cleavage by a papain-like proteinase, one or two functional copies of which 
are contained within nsp3; all other cleavages are performed by the 3C-like 
main proteinase located in nsp5 (2, 11, 17, 55, 64). pp1a, which contains 
the first 11 nsps, including the proteinases, is three to five times more 
abundantly produced than pp1ab, which additionally gives rise to nsp12 to 
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nsp16 (13). Functions involving the actual replication and transcription of 
the viral genome have been assigned to several of the orf1b-encoded nsps, 
like RNA-dependent RNA polymerase (RdRp) activity in nsp12, helicase 
activity in nsp13, exonuclease activity in nsp14, endoribonuclease activity 
in nsp15, and methyltransferase activity in nsp16 (3, 7, 9, 25–27, 43, 63). 
Except for the proteases, the functions of the orf1a-encoded nsps are less 
clearly defined. ADP-ribose-1-monophosphatase activity has been identified 
in nsp3, whereas in nsp8 a second RdRp activity was discovered (24, 42). 
nsp7 and nsp8 together were shown to form a hexadecameric complex 
able to bind nucleic acids and suggested to function as a processivity factor 
for the RdRp (62). nsp9 and nsp10 were also found to bind nucleic acids, 
while nsp10, which contains two zinc-finger domains, might additionally 
be somehow involved in the processing of the polyproteins (12, 31, 52). 
 The nsps collectively assemble into membrane-associated complexes that 
constitute the sites of de novo viral RNA synthesis (47, 58). The virus-encoded 
N protein and possibly several cellular proteins are also recruited to these sites 
(4, 46). The replication complexes are found in the perinuclear region of the 
host cell anchored to double-membrane vesicles (DMVs) (6, 20, 48). The origin 
of the membranes in these structures has not unambiguously been established. 
Several cellular pathways and organelles, such as the ER, Golgi complex, 
endosomal/lysosomal system, and autophagic pathway, have been implicated 
in the formation of the replication complexes (40, 47, 48, 57). However, recent 
studies indicate the ER to be the most likely lipid donor compartment (37, 48). 
 Essentially nothing is known about how the membrane-anchored 
replication complexes are induced and assembled and how the individual 
nsps and other necessary constituents are recruited to these sites. Coronavirus 
ORF1a encodes three nsps —nsp3, nsp4, and nsp6— that are predicted 
to contain transmembrane domains. It is likely that these proteins not only 
function in the membrane anchoring of the multisubunit replication complex 
but also induce the formation of the membrane structures. The membrane 
association of mouse hepatitis virus (MHV) and severe acute respiratory 
syndrome-associated coronavirus (SARS-CoV) nsp3 has been demonstrated 
previously (22, 28). In addition, the membrane association, as well as the 
topology, of nsp4 of these two viruses has been resolved (37). The involvement 
of these nsps in the formation of replication complexes is supported by the 
fact that for the related arterivirus equine arteritis virus (EAV), coexpression 
of the counterparts of nsp3 and nsp4, i.e., nsp2 and nsp3, is sufficient for the 
induction of DMVs (49). Furthermore, mutations in MHV nsp4 or EAV 
nsp3 impaired DMV formation (8, 39).
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In this study, we wanted to fill a gap in the existing knowledge of 
coronaviruses by establishing an experimentally verified topology model 
of the complete coronavirus replicase polyprotein. When transmembrane 
predictions (51) were performed on the entire ORF1a region based on the 
multiple alignment of 27 coronavirus sequences, with representatives from each 
of the different coronavirus groups (present as reference sequences [RefSeq] 
in the NCBI CoreNucleotide database), some discrepancies were observed 
(Fig. 1). For nsp4, four transmembrane domains were predicted, which is in 
agreement with our previous experimental data that showed that both termini 
are located on the cytoplasmic face of the membrane (37). However, for both 
nsp3 and nsp6, an uneven number of transmembrane domains was predicted, 
three and seven, respectively, resulting in a model in which the proteinases, 
present in nsp3 and nsp5, would be separated from some of their target 
sequences by the lipid bilayer. Furthermore, this prediction places nsp1, nsp2, 
and most of nsp3 on the luminal side of the membrane, which is unlikely as 
pp1a lacks an amino-terminal signal sequence. In addition, several studies 
have shown that nsp1 and nsp2, as well as a number of nsps downstream of 
nsp6, localize to the cytosol (6, 21, 22, 57). To solve these discrepancies, we 
focused on the topology and membrane integration of the hydrophobic nsps, 
particularly nsp3 and nsp6. To strengthen our conclusions, the nsps of both 

Figure 1. pp1a transmembrane domain prediction based on multiple alignment. The presence of 
transmembrane domains in the pp1a precursor was predicted (51) on the basis of a multiple alignment 
of 27 different coronavirus sequences with representatives from each of the different groups (RefSeq 
in the NCBI CoreNucleotide database). The resulting hydrophobicity plot is shown in the upper 
panel, with peaks reaching the threshold (dotted line) representing predicted membrane-spanning 
domains. The black line in the middle panel represents the protein and shows, based on the known 
topology of nsp4 (37), its predicted localization on the lumenal or cytoplasmic side of the membrane, 
which is symbolized by the gray bar. At the bottom, a schematic representation of pp1a is shown in 
which the regions containing the putative transmembrane (TM) domains, the papain-like protease 
(PLpro, two in MHV and one in SARS-CoV), and the main protease (Mpro) are highlighted. The 
protease cleavage sites are indicated by arrowheads, with the nsp3-encoded PLpro cleavage sites in 
gray and the nsp5-encoded Mpro cleavage sites in black.
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MHV and SARS-CoV were studied. Contrary to the predictions, in each 
virus both nsp3 and nsp6 appeared to have the amino terminus as well as the 
carboxy terminus exposed on the cytoplasmic side of the membrane. We show 
that in both nsp3 and nsp6, not all of the predicted transmembrane domains 
are used as such. In nsp3, only two, and in nsp6, only six of the predicted 
transmembrane domains actually span the lipid bilayer. These results raise the 
question of why coronaviruses have conserved hydrophobic domains in their 
nsps that do not function as membrane-spanning domains.

MATERIALS AND METHODS

Cells, viruses, and antibodies. OST7-1 cells, obtained from B. Moss 
(16), were maintained as monolayer cultures in Dulbecco’s modified Eagle’s 
medium (DMEM) (Cambrex Bio Science Verviers) containing 10% fetal calf 
serum (FCS) (Bodinco B.V.), 100 IU of penicillin per ml, and 100 mg of 
streptomycin per ml (referred to as culture medium). Recombinant vaccinia 
virus encoding the bacteriophage T7 RNA polymerase (vTF7-3) was also 
obtained from B. Moss (18). 

Rabbit polyclonal antisera directed against the enhanced green 
fluorescentprotein (EGFP) or the influenza virus hemagglutinin (HA) tag 
were obtained from ICL. Rabbit antiserum recognizing the C-terminal 
domain of the MHV membrane (M) protein (anti-MC) has been described 
previously (30), while mouse monoclonal antibody against the amino terminus 
of MHV M (J1.3 or anti-MN) was provided by J. Fleming (53).

Plasmid constructions. First, a plasmid was created in which all gene 
fragments could be cloned behind a T7 promoter in frame with the sequence 
encoding the EGFP tag. To this end, the pEGFP-N3 vector (Clontech) was 
digested with EcoRI and NotI, of which the latter restriction site was filled 
in with Klenow polymerase (Invitrogen) and this fragment was cloned into 
the EcoRI and BamHI-digested pTUG31 vector (59), of which the BamHI 
restriction site was also filled in with Klenow polymerase (Invitrogen), thereby 
creating pTug-EGFP. An N-glycosylation site was created in the EGFP gene 
by performing site-directed mutagenesis with the QuikChange site-directed 
mutagenesis kit (Stratagene) according to the manufacturer’s instructions 
on pEGFP-N3 with primers 3212 and 3213. This mutated EGFP gene was 
cloned into the pTUG31 vector similar to the wild-type EGFP gene, thereby 
creating pTug-EGFPglyc. For the sequences and locations on the viral genomes 
of all of the primers used, see Table 1.
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The SARS-CoV nsp gene fragments were obtained by reverse transcriptase-
PCR amplification of viral RNA isolated from SARS-CoV isolate 5688 (29) 
with primers 3072 and 3073 for nsp3 (nsp3s) and primers 3070 and 3071 
for nsp6 (nsp6s). The MHV nsp gene fragments were obtained by reverse 
transcription-PCR amplification of viral genomic RNA isolated from MHV 
strain A59 with primers 3632 and 2933 for nsp3 (nsp3m) and primers 2974 and 
2975 for nsp6 (nsp6m). The PCR products were cloned into the pGEM-T Easy 
vector (Promega), and their sequences were confirmed by sequence analysis. 
Site-directed mutagenesis to mutate the N-glycosylation sites was performed 
on the pGem-T Easy constructs containing the nsp3 gene fragments with 
primers 3354 and 3355 for SARS-CoV nsp3 and primers 3630 and 3631 for 
MHV nsp3. The nsp gene fragments were cloned into the pTug-EGFP or 
pTug-EGFPglyc vector by digesting the pGem-T Easy constructs with EcoRI 
and BamHI and cloning the fragments obtained into the EcoRI-BamHI-
digested pTug-EGFP and pTug-EGFPglyc vectors. The plasmids created encode 
the different nsps fused C terminally to the wild-type or mutant EGFP tag. 
The same EcoRI-BamHI nsp3 and nsp6 fragments were also cloned into the 
EcoRI-BamHI-digested pTUG31 vector together with a primer dimer of 
primers 3050 and 3051, resulting in plasmids encoding the nsps C terminally 
fused to a HA tag. In these latter constructs, as well as in the pTug construct 
encoding MHV nsp6 fused to EGFPglyc (pTug-nsp6m-EGFPglyc), an MHV 
M (MN) tag-encoding sequence was inserted in front of the nsps by cloning 
a primer dimer of primers 3019 and 3020, coding for the 10-residue amino-
terminal sequence of the MHV M protein (MSSTTQAPEP), into the XhoI-
EcoRV-restricted plasmids, thereby creating constructs that encode nsps 
tagged at both termini.

MHV nsp6 lacking the first hydrophobic domain (nsp6mDHD1’) was 
amplified by PCR with primers 3566 and 2975. The PCR product was cloned 
into the pGEM-T Easy vector (Promega), and the sequence was confirmed 
by sequence analysis. A fragment was obtained by digestion with EcoRV 
and BamHI and cloned into the EcoRV-BamHI-digested pTugMN-nsp6m-
EGFPglyc plasmid, thereby creating a construct containing MHV nsp6 
without the first hydrophobic domain fused N terminally to the MHV M tag 
and C terminally to the EGFP tag containing the N glycosylation site. 

Progressive C-terminal deletion mutant forms lacking one or more 
hydrophobic domains were made for both nsp3 and -6. PCRs were performed 
with the same forward primers as described before; for the reverse primers 
used, see Table 1. For nsp3, the PCRs were performed on the constructs 
with the mutated N glycosylation sites. The PCR products were cloned into 
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the pGEM-T Easy vector (Promega), and the sequences were confirmed by 
sequence analysis. Fragments were obtained by digestion with EcoRI and 
BamHI and cloned into the EcoRI-BamHI-digested pTug-EGFPglyc vector. 

By using combinations of the primers used to create the C-terminal 
deletions and primers for N-terminal deletions, the sequences encoding each 
of the hydrophobic domains of MHV nsp6 were also amplified separately. 
These sequences were cloned into the pGEM-T Easy vector (Promega) and 
confirmed by sequence analysis. Fragments were obtained by digestion with 
EcoRV and BamHI and cloned into the EcoRV-BamHI-digested pTugMN-
nsp6m-EGFPglyc plasmid, thereby creating constructs encoding the MHV 
nsp6 fragments fused N terminally to the MHV M tag and C terminally to 
the EGFP tag containing the N glycosylation site. 

The construct containing SARS-CoV nsp4 in which the N glycosylation 
site had been removed by mutation has been described previously (37). This 
construct was used to create C-terminal deletion mutants lacking one to three 
of the hydrophobic domains. PCRs were performed with primer 3648 and 
primer 3848, 3650, or 3651; the products were cloned into the pGEM-T Easy 
vector (Promega); and the sequences were confirmed by sequence analysis. 
Fragments were obtained by digestion with EcoRI and BamHI and cloned 
into the EcoRI-BamHI-digested pTug-EGFPglyc vector. 

The construct containing MHV nsp4 has also been described previously 
(37). The glycosylation sites in MHV nsp4 were mutated by performing 
sequential site-directed mutagenesis reactions with primers 3758 and 3759 
and primers 3760 and 3761. The construct with the mutated glycosylation sites 
was used to create C-terminal deletion mutants by performing PCRs with 
primer 2890 and primer 3847, 3756, or 3757. The PCR products were cloned 
into the pGEM-T Easy vector (Promega), and the sequences were confirmed 
by sequence analysis. Fragments were obtained by digestion with EcoRI and 
BamHI and cloned into the EcoRI-BamHI-digested pTug-EGFPglyc vector. 

The constructs encoding the equine arterivirus (EAV) membrane 
protein N-terminally extended with the MN tag (EAV M + 9A) (10) 
and the 8a protein C-terminally tagged with the EGFP tag with or 
without the N glycosylation site (36) have been described previously.
 Infection and transfection. Subconfluent monolayers of OST7-1 cells 
grown in 10-cm2 tissue culture dishes were inoculated with vTF7-3 at a 
multiplicity of infection of 10 for 1 h, after which the medium was replaced 
with a transfection mixture consisting of 0.5 ml of DMEM without FCS but 
containing 10 ml Lipofectin (Invitrogen) and 5 mg of each selected construct. 
After a 5-min incubation at room temperature, 0.5 ml of DMEM was 
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added and incubation was continued at 37°C. At 3 h post infection (p.i.), the 
medium was replaced with culture medium. Where indicated, tunicamycin  
(5 mg/ml) or brefeldin A (6 mg/ml) was added to the culture medium at 3 h p.i.
 Metabolic labeling and immunoprecipitation. Prior to labeling, the cells 
were starved for 30 min in cysteine- and methionine-free modified Eagle’s 
medium containing 10 mM HEPES (pH 7.2) and 5% dialyzed FCS. This 
medium was replaced with 1 ml of a similar medium containing 100 mCi 
of 35S in vitro cell-labeling mixture (Amersham), after which the cells were 
further incubated for the indicated time periods. After labeling, the cells were 
washed once with phosphate-buffered saline (PBS) containing 50 mM Ca2+ 
and 50 mM Mg2+ and then lysed on ice in 1 ml of lysis buffer (0.5 mM Tris 
[pH 7.3], 1 mM EDTA, 0.1 M NaCl, 1% Triton X-100) per 10-cm2 dish. The 
lysates were cleared by centrifugation for 5 min at 15,000 rpm and 4°C. 

Coupled in vitro transcription and translation reactions were performed 
with the TNT coupled reticulocyte lysate system from Promega, according 
to manufacturer’s instructions, in the presence of 35S in vitro labeling mixture 
(Amersham) but without the use of microsomal membranes. 

Radioimmunoprecipitations were performed essentially as described 
previously (35); 200-ml aliquots of the cell lysates or 5-ml volumes of in vitro 
translation reaction mixtures were diluted in 1 ml detergent buffer (50 mM 
Tris [pH 8.0], 62.5 mM EDTA, 1% NP-40, 0.4% sodium deoxycholate, 0.1% 
sodiumdodecyl sulfate [SDS]) containing antibodies (2 ml rabbit anti-EGFP 
or rabbit anti-HA serum or 25 ml of J1.3 monoclonal anti-MHV M serum). 
The immunoprecipitation mixtures were incubated overnight at 4°C. The 
immune complexes were adsorbed to Pansorbin cells (Calbiochem) for 60 min 
at 4°C and subsequently collected by centrifugation. The pellets were washed 
three times by resuspension and centrifugation with RIPA buffer (10 mM Tris 
[pH 7.4], 150 mM NaCl, 0.1% SDS, 1% NP-40, 1% sodium deoxycholate). 
The final pellets were suspended in Laemmli sample buffer (LSB) and heated 
at 95°C for 1 min before analysis by SDS-polyacrylamide gel electrophoresis 
(PAGE) with 10 to 15% polyacrylamide gels. 

Where indicated, immunoprecipitates were treated with peptide–N-
glycosidaseF (PNGaseF; New England BioLabs). To this end, the final 
immunoprecipitation pellets were suspended in PBS instead of LSB, 2 ml 
PNGaseF was added, and the samples were incubated at 37°C for 2 h. Before 
analysis by SDS-PAGE, 0.5 volume of a three-times-concentrated solution 
of LSB was added to the samples, which were then heated at 95°C for 1 min.  
 Immunofluorescence microscopy. OST7-1 cells grown on glass 
coverslips were fixed at the indicated times post infection with 3% 
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paraformaldehyde for 1 h at room temperature. The fixed cells were washed 
with PBS and permeabilized with either 0.1% Triton X-100 for 10 min at 
room temperature or 0.5 mg/ml digitonin (diluted in 0.3 M sucrose–25 mM 
MgCl2+–0.1 M KCl–1 mM EDTA–10 mM PIPES [pH 6.8]) for 5 min at 
4°C. Next, the permeabilized cells were washed with PBS and incubated 

Table 1. Sequence, polarity, position and purpose of primers used in this study

* Coding sequences are shown in uppercase, lowercases indicate nucleotides added for cloning 
purposes with restriction enzyme recognition sites underlined.

Primer Sequence (5’ to 3’)* Polarity Position on viral genome Purpose

3212 GCGACGTAAACGGCacCAAGTTCAGCGTG + - EGFP +Nglyc
3213 CACGCTGAACTTGgtGCCGTTTACGTCGC - - EGFP +Nglyc
3050 gatccTACCCATACGACGTGCCCGACTATGCCtag + HA tag
3051 gatcctaGGCATAGTCGGGCACGTCGTATGGGTAg - HA tag
3019 tcgagattATGAGTAGTACTACGCAAGCCCCAGAGCCAgat + MN tag
3020 atcTGGCTCTGGGGCTTGCGTAGTACTACTCATaatc - MN tag

3072 gaattc gatatcaccatgGCTGCTTATGTGGAAA + 6482-6500 nsp3s C-2kb.
3073 ttaggatccACCACCCTTGAGTGAGATT - 8484-8466 nsp3s C-2kb.
3354 GCGTTAGAGAATTGTATCTTAATTCGTaTcACGTTACTA

CTATGGATTTCTG
+ 6989-7040 nsp3s ΔN-glyc

3355 CAGAAATCCATACTAGTAACGTgAtACGAATTAAGATAC
AATTCTCTAACGC

- 7040-6989 nsp3s ΔN-glyc

3460 ggatccATGAACATAGCTCTTCCATA - 7392-7373 nsp3s ΔC-term
3461 ggatccCCAAGAATTGCTGATGAAATG - 7284-7264 nsp3s ΔHD3
3576 ggatccCAATTCTCTAACGCCATTAC - 7002-6983 nsp3s ΔHD2-3

3632 gaattc gatatcatgAAGTATGTGGTTTGGACTG + 6717-6735 nsp3m C-2kb.
2933 ggatccTCCTTTAAGAGAGAACGGTG - 8717-8698 nsp3m C-2kb.
3630 GAAGTTCGTTTTGTgcTGGAAGTATGGTATG + 7255-7285 nsp3m ΔN-glyc
3631 CATACCATACTTCCAgcACAAAACGAACTTC - 7285-7255 nsp3m ΔN-glyc
3633 ggatccAGTCTCCAGCATAAAGAA - 7514-7497 nsp3m ΔHD5
3634 ggatccAAATAGGCTAATATAGTCAA - 7391-7372 nsp3m ΔHD4-5
3635 ggatccAGGCAAATAGAAGTCACTC - 7145-7127 nsp3m ΔHD3-5
3636 ggatccATTAAACGTCTGTAAGGCA - 7043-7025 nsp3m ΔHD2-5

3070 gaattc gatatcaccatgGGTAAGTTCAAGAAAATTGT + 10903-10922 nsp6s
3071 ttaggatccCTGTACAGTAGCAACCTTGA - 11772-11753 nsp6s

2974 gatatcatgAGCAAGCGCACAAGAGTTATAAAAGG + 11118-11143 nsp6m
2975 ggatccTTGGATCTGAGATACTTCAATGACTG - 11978-11953 nsp6m
3350 ggatccCTGCGGTACGTCTGTGAAG - 11726-11708 nsp6m ΔHD7
3351 ggatccGGATGTGAGGAACAATAG - 11621-11604 nsp6m ΔHD6-7
3572 ggatccGTCGTGGTTTATGCTACGC - 11519-11501 nsp6m ΔHD5-7
3573 ggatccTACAGCAGGGACAAAGTGTG - 11432-11413 nsp6m ΔHD4-7
3574 ggatccATGCTTATGCTTGATCAACA - 11306-11287 nsp6m ΔHD3-7
3575 ggatccGGTAGTAACATACATAAACATA - 11234-11213 nsp6m ΔHD2-7
3566 gatatcatgagcaagcgcacaagaTATGTTACTACCCATATGTT + 11223-11242 nsp6m ΔHD1
3567 gatatcatgagcaagcgcacaagaAAGCATAAGCATTTGTATT + 11295-11313 nsp6m ΔHD1-2
3568 gatatcatgAAACAGAGTTTTAGAGGTC + 11376-11394 nsp6m ΔHD1-3
3569 gatatcatgagcaagcgcacaagaCGTAGCATAAACCACGAC + 11502-11519 nsp6m ΔHD1-4
3570 gatatcatgAATTTAGAGGAAGAGGTACT + 11586-11605 nsp6m ΔHD1-5
3571 gatatcatgAATGTCTTGTACTTCACAGA + 11697-11716 nsp6m ΔHD1-6

3648 gaattcaccatgAAGATTGTTAGTACTTGTTTT + 8485-8505 nsp4s 
3848 ttaggatccTCCCGGCAGAAAGCTGTA - 9504-9487 nsp4s ΔHD4
3650 ttaggatccGTTGTACTCACCAAAAACAC - 9420-9401 nsp4s ΔHD3-4
3651 ttaggatccGCCAACAGCACTAAAAACAC - 8874-8855 nsp4s ΔHD2-4

3758 GGTGTTATGCACgcTGCCTCTCTGTA + 9234-9259 nsp4m ΔN-glyc1
3759 TACAGAGAGGCAgcGTGCATAACACC - 9259-9234 nsp4m ΔN-glyc1
3760 CTGCTTTAATTTTgcTCGTTCATGGGT + 9416-9442 nsp4m ΔN-glyc2
3761 ACCCATGAACGAgcAAAATTAAAGCAG - 9442-9416 nsp4m ΔN-glyc2
2890 gatatcatgGCTGTTTTTAGTAGAATGTTAC + 8721-8742 nsp4m
3847 ttaggatccACAAGCATATAAACAAGACA - 9749-9730 nsp4m ΔHD4
3756 ttaggatccAGTGTAGTCACCAAAGGCACG - 9653-9633 nsp4m ΔHD3-4
3757 ttaggatccCATAACACCCCCTGTATAAC - 9242-9223 nsp4m ΔHD2-4
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for 15 min in blocking buffer (PBS–10% normal goat serum), followed by a  
45-min incubation with antibodies directed against HA or against the C- or 
N-terminal domain of MHV M. After four washes with PBS, the cells were 
incubated for 45 min with either fluorescein isothiocyanate-conjugated goat 
anti-rabbitimmunoglobulin G antibodies (ICN) or Cy5-conjugated donkey 
anti-mouse immunoglobulin G antibodies (Jackson Laboratories). After four 
washes with PBS, the samples were mounted on glass slides in FluorSave 
(Calbiochem). The samples were examined with a confocal fluorescence 
microscope (Leica TCS SP2).

RESULTS

Processing of nsp3 and nsp6. 
We started our studies of nsp3 and nsp6 by analyzing the co- and 

posttranslational modifications of the two proteins from both SARS-CoV and 
MHV. To this end, gene fragments encoding nsp3 and nsp6 of both viruses 
were cloned into the pTUG31 vector behind a T7 promoter and fused to an 
EGFP tag, since no antibodies to the proteins themselves were available. As 
the full-length nsp3-encoding genome segments are very large (approximately 
6 kb) and difficult to clone, only the 3’-terminal 2-kb fragments, which encode 
all of the hydrophobic domains, were cloned. nsp3 of both SARS-CoV and 
MHV contains potential N glycosylation sites (NXS/T) in front of the first 
hydrophobic domain, between the first and second hydrophobic domains, and 
behind the third hydrophobic domain (Fig. 1 shows the localization of the 
hydrophobic domains). The glycosylation sites between the first and second 
hydrophobic domains, two for SARS-CoV and one for MHV, have previously 
been shown to be functional (22, 28). No potential N glycosylation sites were 
identified in the sequence of MHV nsp6, while for SARS-CoV nsp6, an 
N glycosylation site was predicted between the fifth and sixth hydrophobic 
domains. 

We studied the expression and processing of the nsps by in vitro 
translation and by using the recombinant vaccinia virus bacteriophage T7 
RNA polymerase (vTF7-3) expression system. OST7-1 cells were infected 
with vTF7-3, transfected with plasmids containing the nsp3-EGFP or nsp6-
EGFP gene, and labeled with [35S]methionine from 5 to 6 h p.i. The cells 
were lysed and processed for immunoprecipitation with a rabbit polyclonal 
antiserum directed to the EGFP tag. In parallel, in vitro translations were 
performed with the TNT coupled reticulocyte lysate system from Promega 
in the absence of membranes to analyze the electrophoretic mobility of the  
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non-processed proteins. To demonstrate the presence of the N-linked sugars 
on the nsps, the proteins were expressed in the presence and absence of 
tunicamycin, which is an inhibitor of N-linked glycosylation, and/or the 
N-linked glycans were enzymatically removed with PNGaseF. 

As shown in Fig. 2A, the electrophoretic mobility of nsp3 expressed in 
OST7-1 cells in the presence of tunicamycin was similar to that of the in 
vitro-translated product, whereas the protein expressed in the absence of 
tunicamycin migrated slower. Treatment of this latter protein with PNGaseF 
shifted its electrophoretic mobility to that of the in vitro-translated product 
and of the protein expressed in the presence of tunicamycin. This result 
confirms the addition of N-linked glycans to nsp3, as has been demonstrated 
previously (22, 28). Next, the N glycosylation sites between the first and 

Figure 2. Processing of SARS-CoV and MHV nsp3 and nsp6. vTF7-3-infected OST7-1 cells 
were transfected with the indicated constructs. The cells were labeled with [35S]methionine from 
5 to 6 h p.i., lysed, and processed for immunoprecipitation with antiserum directed to the EGFP 
tag, followed by SDS-PAGE. (A) Cells were transfected with SARS-CoV or MHV nsp3-EGFP 
(nsp3s-EGFP or nsp3m-EGFP, respectively)-encoding constructs without or with mutation (–glyc) of 
the N glycosylation sites in the presence (TM) or absence (– and P) of tunicamycin. The constructs 
with intact glycosylation sites were also transcribed and translated in vitro with the TNT coupled 
reticulocyte lysate system from Promega (ivt.). After immunoprecipitations, the samples were mock 
(TM, –) or PNGaseF (P) treated. (B) Cells were transfected with SARS-CoV or MHV nsp6-EGFP 
(nsp6s-EGFP and nsp6m-EGFP, respectively)-encoding constructs in the presence (+) or absence (–) 
of tunicamycin (TM). The same constructs were also transcribed and translated in vitro with the TNT 
coupled reticulocyte lysate system from Promega (ivt.). The positions and masses (in kilodaltons) of 
protein size markers are indicated at the left. Only the relevant portion of the gels is shown.
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second hydrophobic domains were mutated and these proteins, in fusion with 
EGFP (nsp3-glyc-EGFP), were also expressed in the presence and absence 
of tunicamycin and/or treated with PNGaseF. The presence of tunicamycin 
or treatment with PNGaseF did not influence the electrophoretic mobility 
of these mutant proteins (Fig. 2A). This clearly demonstrates that the N 
glycosylation sites between the first and second hydrophobic domains are the 
only N-glycan attachment sites. The other potential sites are likely inaccessible, 
probably because they are located on the cytoplasmic side of the membrane. 

vTF7-3-expressed nsp6 of both viruses comigrated in the gel with the 
corresponding in vitro-translated products, both in the presence and in 
the absence of tunicamycin (Fig. 2B). Also, some lower-molecular-weight 
products were observed after the in vitro translation of MHV nsp6, which 
probably resulted from translation initiation at more downstream start 
codons. Apparently, nsp6 of SARS-CoV or MHV is not N glycosylated, 
indicating that the putative glycosylation site in the region between the fifth 
and sixth hydrophobic domains of SARS-CoV nsp6 is either located on the 
cytoplasmic side of the membrane or not accessible for glycosylation for other 
reasons. Furthermore, it appeared that both nsp6 fusion proteins migrated 
with lower mobility in the gel than predicted on the basis of their amino 
acid sequences. Similar results have been obtained before for other highly 
hydrophobic proteins (37, 41).

Membrane topology of nsp3 and nsp6.
In order to elucidate the membrane topology of SARS-CoV and MHV 

nsp3 and nsp6, we studied the disposition of their amino and carboxy termini. 
Therefore, the proteins were C or N terminally extended with tags containing 
potential glycosylation sites. The C termini of the proteins were fused to an 
EGFP tag in which an N glycosylation site had been created (EGFPglyc). As 
a control, we used a fusion protein generated earlier which essentially consists 
of a cleavable signal sequence fused to the same tag (8a-EGFP) (36). For 
nsp3, the tag was fused to either the SARS-CoV or the MHV gene fragment 
in which the N glycosylation sites between the first and second hydrophobic 
domains had been disabled by mutation (nsp3-glyc) to allow discrimination 
between glycosylation of the tag and that of nsp3 itself. The fusion proteins 
were expressed with the vTF7-3 expression system in the presence and 
absence of tunicamycin. N glycosylation of the C-terminal EGFP tag would 
demonstrate that the carboxy terminus of the protein is located on the lumenal 
side of the membrane. 
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For each of the proteins (nsp3 or nsp6), a similar electrophoretic mobility 
was observed regardless of the EGFP tag used (i.e., with or without the 
N glycosylation site) or the presence of tunicamycin (Fig. 3A). The control 
protein, 8a, behaved as expected. In the presence of tunicamycin, the protein 
with the EGFPglyc tag migrated with the same mobility as the protein with 
the wild-type tag in the absence of tunicamycin, whereas in the absence of 
tunicamycin the protein with the EGFPglyc tag migrated slower (Fig. 3A). The 
results demonstrate that the carboxy termini of nsp3 and nsp6 of both SARS-
CoV and MHV are located on the cytoplasmic side of the membrane. 

To examine the disposition of the nsp3 and nsp6 amino termini, the 
N-terminal 10-residue sequence of the MHV M protein (MN), which contains 
a well-defined O glycosylation motif, was fused to the amino terminus of each 
nsp. The functionality of this tag was previously demonstrated after fusion to 

Figure 3. Glycosylation of tagged SARS-CoV and MHV nsp3 and nsp6. vTF7-3-infected OST7-
1 cells were transfected with the indicated constructs. The cells were labeled with [35S]methionine 
from 5 to 6 h p.i., lysed, and processed for immunoprecipitation, followed by SDS-PAGE. (A) 
Cells were transfected with constructs encoding SARS-CoV or MHV nsp3 or nsp6 or encoding 
the SARS-CoV orf8a protein (8a), each fused either to a wild-type EGFP tag (wt) or to an EGFP 
tag with an N glycosylation site (+glyc). The proteins were expressed in the presence (+) or absence 
(–) of tunicamycin (TM). Immunoprecipitations were performed with rabbit antiserum directed to 
the EGFP tag. (B) Cells were transfected with constructs encoding SARS-CoV or MHV nsp3 or 
nsp6 with a C-terminal HA tag and an N-terminal MN tag (‘) or with a construct encoding the EAV 
M protein with the same MN tag (EAV M + 9A). MHV nsp6 lacking the first hydrophobic domain 
(nsp6mHD1’) contains the N-terminal MN tag in combination with a C-terminal EGFP tag. The cells 
were incubated in the presence (+) or absence (–) of brefeldin A (bref A) and or tunicamycin (TM). 
Immunoprecipitations were performed with rabbit antiserum directed to the HA tag or, for EAV M, 
with monoclonal antibody J1.3 (directed against the MN tag). Only the relevant portions of the gels 
are shown.
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the EAV type III M protein, resulting in EAV M + 9A (10). This protein has 
a Nexo/Cendo topology and is retained in the ER. Yet it became O glycosylated 
upon the addition of brefeldin A, a drug which causes the redistribution of 
Golgi enzymes, including the ones involved in O glycosylation, to the ER. By a 
similar approach, the location of the N termini of nsp3 and nsp6 was assessed. 
The nsp fusion proteins, containing the N-terminal MN and a C-terminal 
HA tag, were expressed with the vTF7-3 expression system in OST7-1 cells 
in the presence or absence of brefeldin A and/or tunicamycin. Tunicamycin 
was added to the cells expressing the nsp3 fusion protein to prevent its  
N glycosylation, as this could obscure the detection of its O glycosylation.

As shown in Fig. 3B, the EAV M + 9A control protein showed a shift in 
electrophoretic mobility when it was expressed in the presence of brefeldin 
A. In contrast, the electrophoretic mobilities of the nsp3 and nsp6 fusion 
proteins were unaffected by the addition of brefeldin A. As expected, the 
presence of tunicamycin did prevent the addition of N-linked sugars to nsp3. 
These results indicate that the amino termini of SARS-CoV and MHV nsp3 
and nsp6 are not accessible to enzymes that mediate the addition of O-linked 
sugars, which is most likely explained by the cytoplasmic exposure of these 
termini, although misfolding of the amino terminal tag as the cause can also 
not be ruled out completely. We do not consider the latter explanation very 
likely, since the presence of two proline residues in the tag has previously 
been demonstrated to induce a conformation favorable for glycosylation (10). 
Indeed, when the first hydrophobic domain of MHV nsp6 was removed, the 
resulting protein carrying the amino-terminal tag (now in combination with 
a C-terminal EGFP tag) did become modified by O-linked sugars in the 
presence of brefeldin A, as shown by the appearance of an extra band which 
runs at a slightly higher position in the gel. The difference in electrophoretic 
mobility between the glycosylated and unglycosylated protein species is 
smaller for the nsp6 mutant than for the EAV M protein because of the much 
higher molecular weight of EGFP-tagged nsp6 (Fig. 3B). 

The localization of the amino and carboxy termini of each nsp was also 
determined by immunofluorescence assays. In these experiments, nsps 
were used that were tagged at both ends, containing the N-terminal MN 
and a C-terminal HA extension. OST7-1 cells were infected with vTF7-3 
and transfected with plasmids encoding the fusion proteins. The cells were 
fixed at 6 h p.i. with 3% paraformaldehyde and permeabilized under strictly 
controlled conditions with either Triton X-100, which permeabilizes all 
cellular membranes, or digitonin, which selectively permeabilizes the plasma 
membrane. The type III MHV M protein, which has a known Nexo/Cendo 
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topology and localizes to the Golgi compartment, was used as a control. A 
rabbit polyclonal antibody directed to the C terminus and a mouse monoclonal 
antibody directed to the N terminus were used to detect this protein after the use 
of each of the permeabilization methods. As expected, the antibody directed 
to the C terminus detected the protein after Triton X-100 permeabilization, 
as well as after digitonin permeabilization, whereas the antibody directed to 
the N terminus only detected the protein after permeabilization with Triton 
X-100 and not after treatment with digitonin, thereby validating the assay 
conditions (Fig. 4). 

Similar experiments were performed for SARS-CoV and MHV nsp3 and 
nsp6, with the exception that a different rabbit antiserum, directed against 
the C-terminal HA tag, was used. Both nsp3 and nsp6 appeared to localize in 
a reticular pattern reminiscent of the ER, as observed at higher magnification 
(data not shown). After permeabilization with Triton X-100 or digitonin, 
cells were stained with the rabbit antibody directed to the C terminus 
and the mouse antibody directed to the N terminus. The results, shown in  
Fig. 4, demonstrate that the amino and carboxy termini of both nsp3 and nsp6 
are located on the cytoplasmic face of the membrane and confirm the results 
obtained with the biochemical experiments shown in Fig. 3. Furthermore, 
the localization of the nsp3 amino terminus on the cytoplasmic face of the 
membrane is in agreement with the observed N glycosylation in the region 
between the first and second transmembrane domains.

Membrane integration of nsp3.
The above results show that both nsp3 and nsp6 have a Nendo/Cendo membrane 

topology, indicating that both nsps have an even number of transmembrane 
domains. This is not in agreement with the three and seven transmembrane 
domains that are predicted for nsp3 and nsp6, respectively. Therefore, we 
examined which of the predicted transmembrane domains are indeed used as 
such. To this end, constructs were made that encode progressive C-terminal 
deletion mutant forms of the nsps, lacking one or more hydrophobic domains, 
fused to the EGFPglyc tag. 

As SARS-CoV nsp3 appeared to be N glycosylated between the first 
two of its three predicted transmembrane domains, it seems most likely 
that either the second or the third hydrophobic domain does not function 
as a membrane-spanning domain. Mutant forms were made in which the 
C-terminal hydrophilic tail was deleted or in which the C-terminal deletion 
was extended to include either the third hydrophobic domain or both the third 
and second hydrophobic domains (Fig. 5A). These deletion mutant forms, 
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which were fused to the EGFPglyc tag, additionally carried the mutations that 
disrupt the N glycosylation motifs between the first and second hydrophobic 
domains. 

Figure 4. Membrane topology of SARS-CoV and MHV nsp3 and nsp6. vTF7-3-infected OST7-1 
cells were transfected with constructs encoding the proteins indicated at the left. The cells were fixed 
at 6 h p.i. and permeabilized with Triton X-100 (left two columns) or digitonin (right two columns). 
Immunofluorescence analysis was performed with antibodies against the C-terminal (C-term.) 
tag, anti-MC for MM and anti-HA for the nsps (first and third columns), or against the N-terminal 
(N-term.) tag, J1.3 (anti-MN, second and fourth columns).
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vTF7-3-infected OST7-1 cells were transfected with constructs 
encoding the different fusion proteins and labeled from 5 to 6 hp.i. in the 
presence or absence of tunicamycin. The cells were lysed and processed for 
immunoprecipitation with the anti-EGFP serum. As shown in Fig. 5B, 
complete removal of the hydrophilic C terminus of nsp3 (DC-tail) does not 
affect the glycosylation of the fusion protein, as expected. When the third 
hydrophobic domain was additionally deleted, the fusion protein still remained 

Figure 5. Membrane integration of deletion mutant forms of SARS-CoV and MHV nsp3. (A, 
D) Schematic representations of the C-terminal (C-term.) deletion mutant forms of SARS-CoV (A) 
and MHV (D) nsp3, with the hydrophobic domains presented as black rectangles and the EGFPglyc 
tag in gray. The corresponding hydrophobic domains in the two proteins are indicated by numbers. 
(B, E) vTF7-3-infected OST7-1 cells were transfected with the indicated constructs and expressed 
in the presence (+) or absence (–) of tunicamycin (TM). The cells were labeled with [35S]methionine 
from 5 to 6 h p.i., lysed, and processed for immunoprecipitation with anti-EGFP antiserum followed 
by SDS-PAGE. The positions and masses (in kilodaltons) of the protein size markers are indicated at 
the left. The asterisks indicate the position of the glycosylated protein species. Below the panels, the 
observed presence or absence of N glycosylation is indicated by a plus or a minus sign, respectively. 
(C, F) Models of the membrane structures of SARS-CoV (C) and MHV (F) nsp3, with the 
hydrophobic domains presented as black rectangles. For comparison, the MHV nsp3 model proposed 
by Baker and coworkers is shown below in gray.
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indifferent to tunicamycin and was thus not glycosylated, indicating that this 
third hydrophobic domain did not function as a transmembrane domain (Fig. 
5B). However, when the second hydrophobic domain was deleted as well, an 
extra protein species with a slightly lower electrophoretic mobility appeared 
after expression in the absence of tunicamycin compared to in its presence 
(Fig. 5B). Although the protein was only partially glycosylated, this result 
demonstrates that the carboxy-terminal EGFP tag fused to this mutant form 
of nsp3 is translocated to the lumenal side of the membrane. As nsp3DHD2-3 
was the only mutant form that became modified by N-linked sugars, we 
conclude that SARS-CoV nsp3 spans the lipid bilayer only twice and that 
the third hydrophobic domain does not function as a transmembrane domain 
(Fig. 5C). 

The transmembrane domain predictions for MHV nsp3 are somewhat 
different from those for SARS-CoV nsp3. Several programs predict the 
presence of five rather than three transmembrane domains. Three of these 
correspond to those in SARS-CoV nsp3, but additional hydrophobic domains 
are located immediately up- and downstream of the first domain (Fig. 5D). 
However, not all programs predict these additional hydrophobic domains 
to be membrane spanning (28). Earlier work by Baker and coworkers, with 
a combination of in vitro translations, carbonate extraction assays, and 
proteinase K treatments, suggested that four of the five predicted hydrophobic 
domains functioned as transmembrane domains, with only the fourth domain 
(i.e., the one corresponding to the second hydrophobic domain in SARS-
CoV nsp3) not spanning the lipid bilayer (28). As these results are in conflict 
with the results we obtained for SARS-CoV nsp3, we prepared a similar set 
of progressive C-terminal deletion mutant forms of MHV nsp3 lacking one, 
two, three, or four of the putative transmembrane domains and again fused to 
the EGFPglyc tag (Fig. 5D). 

The different constructs were expressed with the vTF7-3 system in the 
presence or absence of tunicamycin. The EGFP tag was again not glycosylated 
when fused to the unmodified carboxy terminus of nsp3 or when the last 
hydrophobic domain(HD5) was deleted, consistent with the results obtained 
for SARS-CoV nsp3 (Fig. 5E). However, when the fourth hydrophobic 
domain was deleted as well, the fusion protein became partially glycosylated, 
as shown by the presence of a protein species the appearance of which was 
inhibited by tunicamycin (Fig. 5E), indicating that the EGFP tag had become 
translocated. The same result, though with more efficient glycosylation, was 
obtained when also the third hydrophobic domain was removed. Finally, 
additional deletion of the second hydrophobic domain, which corresponds 
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to the first hydrophobic domain of SARS-CoV nsp3, resulted in an 
unglycosylated protein as its electrophoretic mobility was not affected by the 
presence of tunicamycin (Fig. 5E). As nsp3DHD4-5 and nsp3DHD3-5 were 
the only MHV nsp3 mutant constructs that became modified by N-linked 
sugars, while the other mutants showed no trace of glycosylation, we conclude 
that MHV nsp3 integrates into the membrane similarly to SARS-CoV nsp3, 
with only two membrane-spanning domains at approximately the same 
positions in the protein (Fig. 5F).

Membrane integration of nsp6.
Transmembrane domain predictions for nsp6 yielded similar results for the 

MHV and SARS-CoV proteins, as well as for other coronaviruses shown in 
the multiple alignment of the ORF1a sequence. Because SARS-CoV nsp6 
consistently appeared as a fuzzy band when analyzed by SDS-PAGE, which 

Figure 6. Membrane integration of deletion mutant forms of MHV nsp6. (A) Schematic 
representation of the MHV nsp6 C-terminal deletion mutant forms, with the hydrophobic domains 
presented in black and the EGFPglyc tag in gray. (B) vTF7-3-infected OST7-1 cells were transfected 
with the constructs presented in panel A and expressed in the presence (+) or absence (–) of tunicamycin 
(TM). The cells were labeled with [35S]methionine from 5 to 6 h p.i., lysed, and processed for 
immunoprecipitation with anti-EGFP antiserum, followed by SDS-PAGE. The positions and masses 
(in kilodaltons) of the protein size markers are indicated at the left. The asterisks indicate the positions 
of the glycosylated protein species. Below the gel, the observed presence or absence of N glycosylation 
is indicated by a plus or a minus sign, respectively. (C) Models of the membrane structures of the 
C-terminal deletion mutant forms of MHV nsp6. The hydrophobic domains are presented as black 
rectangles, and the EGFP tag is presented as a dark gray rectangle when glycosylated and in light 
gray when unglycosylated.
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will complicate the interpretation of our assay, we limited our focus to MHV 
nsp6. The observed cytoplasmic localization of both the amino and the carboxy 
termini of nsp6 implies the presence of an even number of transmembrane 
domains, although invariably seven such domains are predicted. Thus, as for 
nsp3, one of the predicted transmembrane domains is probably not used as 
such. To confirm this conclusion and identify this particular domain, we made 
progressive C-terminal deletion mutant constructs lacking one to six of the 
potential transmembrane domains and tagged once again with the EGFPglyc 
tag (Fig. 6A) and evaluated these mutant constructs as before. 

As shown in Fig. 6B, when only the first hydrophobic domain was 
present (DHD2-7), the clear electrophoretic mobility difference caused by 
tunicamycin indicated that the EGFP tag was glycosylated and thus present 
on the lumenal side of the membrane, implying that the first hydrophobic 
domain functions both as a signal sequence and as a transmembrane domain. 

Figure 7. Membrane integration of MHV nsp6 hydrophobic domains. (A) Schematic representation 
of the MHV nsp6 constructs. (B) vTF7-3-infected OST7-1 cells were transfected with the constructs 
presented in panel A and expressed in the presence (+) or absence (–) of tunicamycin (TM) or brefeldin 
A (brefA). The cells were labeled with [35S]methionine from 5 to 6 h p.i., lysed, and processed for 
immunoprecipitation with anti-EGFP antiserum, followed by SDS-PAGE. The positions and masses 
(in kilodaltons) of the protein size markers are indicated at the left. Only the relevant portion of the gel 
is shown. The asterisks indicate the position of the N-glycosylated protein species, and the arrowhead 
indicates that of the O-glycosylated protein species. Below the panels, the observed presence or 
absence of N- and or O-linked oligosaccharides is indicated. (C) Model of the membrane topologies 
of the nsp6 hydrophobic domains. The hydrophobic domains are presented as black rectangles, the 
EGFPglyc tag is presented as a gray rectangle, and the MN tag is presented as a gray circle. Dark 
gray rectangles or circles represent glycosylated tags, and light gray rectangles or circles represent 
unglycosylated tags. The dotted line connects the transmembrane domains in accordance with the 
full-length nsp6 structure, indicating that either the sixth or the seventh hydrophobic domain does 
not traverse the lipid bilayer.
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The mutant protein containing the first two hydrophobic domains (DHD3-7) 
remained unglycosylated, indicating that also the second hydrophobic domain 
spans the membrane. Mutant proteins with additional transmembrane 
domains continued to reveal alternatingly the appearance and disappearance 
of N-linked modifications, indicating that the predicted transmembrane 
domains are integrated in the lipid bilayer. However, when reaching the sixth 
hydrophobic domain, the regular succession was interrupted as this protein, 
DHD7, appeared to become glycosylated, though only marginally. The wild-
type protein showed no sign of glycosylation. These observations lead to a 
model in which only six hydrophobic domains in MHV nsp6 are actually 
used as transmembrane domains. Our data appear to indicate that the sixth 
hydrophobic domain does not span the lipid bilayer; however, in view of the 
very inefficient glycosylation of the DHD7 mutant construct, we cannot fully 
exclude the possibility that the seventh hydrophobic domain is not membrane 
spanning (Fig. 6C). 

The efficiency of glycosylation that we observed in this deletion assay 
appeared to decrease with increasing protein length. We have no clear 
explanation for this. Perhaps the accessibility of the glycosylation site differs 
between the different proteins, though this does not seem very likely, 
assuming that the EGFP moiety folds independently and similarly in all cases 
its glycosylation site is always presented in the same way. Alternatively, the 
longer proteins might adopt multiple alternative membrane topologies, though 
this is again not a very likely possibility since such behavior is not observed for 
DHD3-7, DHD5-7, and full-length nsp6, as judged by their complete lack of 
glycosylation. It seems more plausible that the functioning of the third, and 
particularly the fifth, hydrophobic domain as an internal signal sequence for 
membrane insertion is somehow hampered by the EGFP extension, resulting 
in decreased efficiency of tag translocation. 

In view of these uncertainties and to obtain further evidence for our 
model, an additional set of mutant proteins was created in which each 
one of the MHV nsp6 hydrophobic domains was individually positioned 
between a C-terminal EGFPglyc tag and an N-terminal MN tag containing 
an O glycosylation site (Fig. 7A). The HD1 protein is, in fact, identical to 
nsp6DHD2-7 (Fig. 6), except for the amino-terminal tag containing the 
O glycosylation site. The proteins were expressed with the vTF7-3 system 
in the presence and absence of brefeldin A or tunicamycin and analyzed 
as before (Fig. 7B). The fusion proteins containing hydrophobic domain 1, 
2, 3, 4, or 5 appeared in two electrophoretic forms when expressed in the 
absence of any drug. The slower-migrating form of these was not observed 
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when tunicamycin had been applied, indicating that these proteins became 
N glycosylated. The proteins that contained either hydrophobic domain 2, 4, 
6, or 7 exhibited a partial shift in electrophoretic mobility upon expression 
in the presence of brefeldin A, indicating that these proteins were modified 
by O-linked sugars. The addition of O-linked sugars was less efficient for 
the proteins containing either hydrophobic domain 6 or 7. Strikingly, the 
proteins that contained hydrophobic domain 2 or 4 were apparently able to 
adopt two alternative topologies, as both types of glycosylation were detected. 
These proteins are either N or O glycosylated, but not both, since in that case 
expression in the presence of brefeldin A would have resulted in an additional 
reduction in electrophoretic mobility relative to the N-glycosylated protein 
species. Thus, these proteins are still membrane associated. These results 
indicate that, in principle, all hydrophobic domains are able to individually 
mediate insertion into the membrane and to function as transmembrane 
domains, although with different efficiencies, where especially domains 6 and 
7 were inserted with lower efficiency (Fig. 7C). All together, the results are 
consistent with our model in which nsp6 has both of its termini exposed on 
the cytoplasmic face of the membrane while spanning the lipid bilayer six 
times. Of the seven predicted transmembrane domains, the sixth or seventh 
is least likely to function as such.

Membrane integration of nsp4.
In view of the observations with nsp3 and nsp6, we wanted to complete 

these evaluations by similarly analyzing the membrane structure of the third 
viral membrane protein involved in anchoring the replication complex, nsp4. 
Our earlier study already revealed that both termini of this protein are oriented 
cytoplasmically and that the protein, both for SARS-CoV and for MHV, 
is N glycosylated in a region between the first two of its four hydrophobic 
domains, which led us to propose a tetraspanning structure (37). Yet, we could 
not exclude the possibility that actually two of the three carboxy-terminal 
hydrophobic domains are not membrane spanning. Hence, we constructed 
progressive C-terminal deletion mutant constructs of both MHV and SARS-
CoV nsp4 in which the natural glycosylation sites had additionally been 
removed by mutagenesis and which were again fused to the EGFPglyc tag 
(Fig. 8A and D). The proteins were expressed in the presence and absence of 
tunicamycin and analyzed as before. 

The nsp4 mutant forms of both viruses gave similar results (Fig. 8B 
and E). Full-length nsp4-EGFPglyc remained unglycosylated, as expected 
(37). When only the first hydrophobic domain was present (DHD2-4), the 
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fusion proteins became efficiently N glycosylated, as shown by the complete 
shift in electrophoretic mobility due to the presence of tunicamycin. This 
is again as expected and confirms that the first hydrophobic domain spans 
the lipid bilayer. When the first two hydrophobic domains were present 
(DHD3-4), the electrophoretic mobility was not influenced by the presence of 
tunicamycin. Since this fusion protein was not N glycosylated, its C terminus 
was located on the cytoplasmic side of the membrane, implying that also the 
second hydrophobic domain spans the lipid bilayer. N glycosylation was again 
observed, though especially for MHV nsp4 not very efficiently, when only 

Figure 8. Membrane integration of deletion mutant forms of MHV and SARS-CoV nsp4.  
(A, D) Schematic representations of the MHV (A) and SARS-CoV (D) nsp4 C-terminal deletion 
mutant forms, with the hydrophobic domains presented as black rectangles and the EGFPglyc tag 
shown in gray. (B, E) vTF7-3-infected OST7-1 cells were transfected with the indicated constructs 
and expressed in the presence (+) or absence (–) of tunicamycin (TM). The cells were labeled with 
[35S]methionine from 5 to 6 h p.i., lysed, and processed for immunoprecipitation with anti-EGFP 
antiserum, followed by SDS-PAGE. The positions and masses (in kilodaltons) of the protein size 
markers are indicated at the left. Only the relevant portions of the gels are shown. The asterisks 
indicate the position of the glycosylated protein species. Below the panels, the observed presence 
or absence of N glycosylation is indicated by a plus or a minus sign, respectively (C, F). Models of 
the membrane structure of nsp4 of MHV (C) and SARS-CoV (F), with the hydrophobic domains 
presented as black rectangles.
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the fourth hydrophobic domain was deleted (DHD4), as demonstrated by 
the higher-molecular-weight band seen in the absence of tunicamycin but 
not in its presence, indicating that also the third and fourth hydrophobic 
domains span the membrane. For several nsp4 deletion mutant constructs, 
two rather than one tunicamycin-resistant protein species could be detected, 
which is explained by the partial removal of the first transmembrane domain 
by signal peptidase (37; data not shown). It appeared that signal peptidase 
cleavage of nsp4 was more efficient for the smaller deletion mutant proteins. 
N glycosylation of the SARS-CoV nsp4DHD4 mutant form combined with 
signal peptidase cleavage resulted in an electrophoretic mobility similar to 
that of the unglycosylated and uncleaved protein (hence the two asterisks in 
Fig. 8E, which indicate the position of the N-glycosylated protein species), 
similar to what has been observed previously (37). The results show that, in 
contrast to nsp3 and nsp6, all of the predicted transmembrane domains of 
nsp4 span the lipid bilayer (Fig. 8C and F).

DISCUSSION

Coronaviruses have exceptionally large RNA genomes and exhibit 
complex replication and transcription strategies. These processes take place 
at DMVs located in the perinuclear region of the host cell. Although the 
membranes of these structures are most likely derived from the ER, the way 
they are organized and modified to function as the scaffolds of the replication 
complexes is still largely unknown. Presumably, as has been demonstrated for 
other RNA viruses, the hydrophobic nsps are key organizers of the observed 
membrane rearrangements. All known members of the families Coronaviridae 
and Arteriviridae encode three nsps containing hydrophobic domains. 
Invariably, hydrophobic domains are present in the two nsps surrounding the 
3C-like main proteinase encoded by nsp5 of coronaviruses and by nsp4 of 
arteriviruses, while additional hydrophobic domains are found in the large 
nsp immediately upstream of this cluster, which further contains the papain-
like proteinase domains (19). For EAV, the coexpression of nsp2 and nsp3, 
which are the homologues of coronavirus nsp3 and nsp4, is sufficient to 
induce the formation of DMVs (49). Similar results, however, have so far not 
been reported for coronaviruses. In order to get more insight into the function 
of the coronavirus hydrophobic nsps, we studied the topology and membrane 
integration of these proteins. The results demonstrate that, similar to nsp4 
(37), both nsp3 and nsp6 have a Nendo/Cendo topology with an even number 
of transmembrane domains, although for both proteins an uneven number 
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of transmembrane domains was predicted. The conservation of hydrophobic 
domains not actually serving as transmembrane domains suggests that 
these domains may play important roles in the formation, stabilization, or 
functioning of the replication complexes.

Membrane structures of complex multispanning proteins are notoriously 
difficult to establish. Ideally,  one would like to probe the disposition of particular 
domains in such proteins by introducing or removing glycosylation sites and 
by using specific antisera raised to peptides corresponding to these domains. 
Removal of the glycosylation sites in the large luminal loops of nsp3 and 
nsp4 was relatively straightforward. Unfortunately, however, no glycosylation 
motifs occurred in the other, much smaller loops, and motifs introduced into 
such loops appeared to be nonfunctional (data not shown), probably because 
they are not accessible to the enzymes. As domain specific antibodies are not 
available —and are probably hard to generate due to the small size of most 
loops— we decided to use other frequently applied approaches, which involved 
tagging of the nsps with epitopes or EGFP carrying O or N glycosylation 
sites in combination with progressive deletions of hydrophobic domains. A 
potential drawback of these techniques is that the manipulation may affect 
the conformational behavior of the protein. Thus, deletion mutant proteins 
often appeared to be only partially glycosylated. While this might be taken as 
an indication that the protein can adopt more than one membrane topology, 
we do not consider this interpretation very likely. First of all, a large number 
of our mutant proteins did not become glycosylated at all and apparently do 
not adopt a dual topology. Furthermore, glycosylation was invariably observed 
for those deletion mutant proteins in which the glycosylatable tag replaced a 
lumenal loop with an authentic glycosylation site. It seems more likely that 
the partial glycosylation of the proteins is inherent to the type of approach and 
relates to their very hydrophobic nature and their often drastically modified 
state, which makes them prone to aggregation when expressed out of their 
natural context. Furthermore, we confirmed our results by performing 
the experiments with nsps of both SARS-CoV and MHV, which yielded 
essentially identical results.

We studied the topology and membrane integration of SARS-CoV and 
MHV hydrophobic nsps by expressing the proteins independently, i.e., out 
of their polyprotein context. Similar strategies have been employed before to 
study the membrane integration of viral nsps derived from large precursor 
proteins (33, 34, 37). Unlike for nsp4 and nsp6, we expressed only the 
C-terminal approximately 700 amino acids of nsp3, the part that contains 
all of the putative transmembrane domains. The full-size, approximately 
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2,000-amino-acid polypeptide would have been too large to detect the often 
subtle size differences inherent to our analytic approach. Moreover, it appeared 
difficult to express complete nsp3, presumably due to the presence of toxic 
sequences, as have also been reported by others to occur in approximately 
the same region of other coronavirus genomes (1, 60, 61). The N-terminal 
region of nsp3 lacking in our expression constructs does not contain any 
appreciable hydrophobic domains, and prediction programs do not identify 
any transmembrane domains in this region. Hence, we believe that the models 
obtained for the partial proteins apply as well to complete MHV and SARS-
CoV nsp3.

By using biochemical and immunofluorescence assays, we demonstrated 
that in both SARS-CoV and MHV, nsp3 has a Nendo/Cendo topology. While 
this is inconsistent with the predicted number of transmembrane domains 
(Fig. 1), it is in agreement with a previous study on the topology of MHV nsp3 
(28). A Nendo/Cendo topology obviously makes more sense than the predicted 
Nexo/Cendo orientation with respect to the localization of the PLpro domain 
and its substrates (Fig. 9). However, whereas previously four transmembrane 
domains were identified for MHV nsp3 (28), we found evidence for the 
presence of only two such domains in both of the nsps studied. We could 
not confirm the presence of additional membrane-spanning domains located 
immediately up- and downstream of the first transmembrane domain, nor were 
these additional domains predicted on the basis of the multiple alignment. 
Our study did confirm, however, the use of the previously identified N-linked 
glycosylation sites between the first and second transmembrane domains 
(22, 28). It further demonstrated that in both SARS-CoV and MHV, the 
second, but not the third predicted transmembrane domain of nsp3 is used. 
This result is in conflict with findings of Baker and coworkers, who identified 
the third rather than the second predicted transmembrane domain of MHV 
nsp3 as spanning the lipid bilayer (28). Their conclusion was mainly based 
on electrophoretic mobility measurements of hydrophobic nsp3 fragments 
obtained after proteinase K digestions. Hydrophobic proteins, including 
coronavirus nsp4 and nsp6, often exhibit anomalous migration in gels, and 
this might explain the different interpretations. Regardless of the number of 
transmembrane domains, it is striking that the first transmembrane domain in 
coronavirus pp1a and pp1ab is found only after more than 2,000 amino acids, 
while the polyproteins and mature nsp3 lack an identifiable signal sequence at 
the amino-terminal end. Apparently, the first hydrophobic domain of nsp3 is 
able to function as an internal signal sequence for membrane insertion, as we 
confirmed in our study.
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Like nsp4 and nsp3, nsp6 of SARS-CoV and MHV appeared to have a 
Nendo/Cendo membrane topology. This is again inconsistent with the prediction, 
which identified seven transmembrane domains, compatible with a  
Nendo/Cexo topology. The experimentally established topology obviously makes 
more sense, as it positions all of the main proteinase cleavage sites on the 
same side of the membrane as the proteinase itself (Fig. 9). Demonstrating 
which of the hydrophobic domains in nsp6 actually served as transmembrane 
domains was not as straightforward as it was for nsp3. It appeared that, in 
principle, all seven domains have the capacity to function as signal sequences 
and membrane anchors, irrespective of their fate in the full-length protein. 
The combined observations appear to fit best a model in which nsp6 contains 
six transmembrane domains, with the sixth or seventh hydrophobic domain 
not spanning the lipid bilayer. The transmembrane prediction program 
SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/sosuimenu0.html) also predicts 
seven transmembrane-spanning helices but additionally calculates that the 
hydrophobicity of the sixth domain, but not that of the others, is similar to 
the hydrophobicity of helices found in soluble proteins (23). This prediction 
hence supports the model in which the sixth putative transmembrane domain 
does not span the lipid bilayer.

Our experience with nsp3 and nsp6 prompted us to revisit also the 
membrane structure of nsp4. With four hydrophobic domains, the known 
Nendo/Cendo topology of this protein could, in principle, be achieved with either 
two or all of those as transmembrane domains. Our deletion assay led us to 
conclude that all four domains are membrane spanning. Remarkably, in MHV, 
the removal of the fourth domain was found by Sparks and coworkers (50) to 
yield a virus that grew in cultured cells with kinetics and to titers similar to 
those of the wild-type virus, although the kinetics of its RNA replication were 

Figure 9. Model of the membrane disposition of coronavirus pp1a. The black line represents the 
protein, with the hydrophobic domains depicted as gray rectangles, and shows its localization with 
respect to the membrane. The proteases, papain-like protease (PLpro) and main protease (Mpro), and 
their cleavage sites (arrowheads) are indicated, with the PLpro cleavage sites in gray and the Mpro 
cleavage sites in black. The confirmed N glycosylation sites of the proteins are indicated by asterisks. 
In this model, the sixth hydrophobic domain of nsp6 does not span the lipid bilayer; however, we 
cannot exclude the possibility that the seventh rather than the sixth predicted transmembrane domain 
is not used as such.
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significantly delayed. Given the topological consequences of this deletion, one 
has to assume that in this mutant virus either the third hydrophobic membrane 
is not functioning as a transmembrane domain or, as the authors suggest, 
the effect of the deletion is compensated by the region between the third 
and fourth transmembrane domains, which is also somewhat hydrophobic. 
Mutant viruses lacking any of the other three hydrophobic domains of nsp4 
could not be recovered.

Combining all of the information obtained for nsp3, -4, and -6 into one 
model, we arrive at the membrane structure of the pp1a precursor that is 
depicted in Fig. 9. As a result of the Nendo/Cendo topology of all three membrane-
anchored nsps, the major part of the polyproteins, including all known 
functional domains, is located on the cytoplasmic side of the membrane. Of 
the entire approximately 4,400-amino-acid pp1a precursor, only six relatively 
short stretches are exposed lumenally, exceptions being the glycosylated  
polypeptides occurring between the first and second transmembrane domains 
of nsp3 and nsp4, which comprise some 80 and 250 residues, respectively. 
Interestingly, both of these polypeptide loops contain several highly conserved 
cysteine residues. Mutations in the lumenally exposed part of MHV nsp4 
(and its EAV counterpart) were shown to affect DMV formation (8, 39).

Also, the pp1b precursor, which lacks membrane-spanning domains but 
carries cleavage sites processed by the nsp5-encoded main protease, and 
its cleavage products nsp12 to -16 end up cytoplasmically. This topological 
arrangement fits into a picture of the biogenesis of the replication complexes 
in which membrane proteins nsp3, -4 and -6, while still contained in the 
precursor, direct the formation of the membranous structures on which RNA 
replication is to take place. These proteins probably shape the platform onto 
which the subsequently appearing non-anchored cleavage products derived 
from pp1a and pp1b remain associated and to which cellular, as well as 
viral (e.g., N protein), components may additionally attach to generate the 
functional replication complex.

What role(s) the conserved non-membrane-spanning hydrophobic domains 
in nsp3 and -6 play in the formation and functioning of the complex remains 
to be established. A cytoplasmically exposed hydrophobic domain might 
serve as an interaction partner for other components of the complex, while 
the hydrophobic non-membrane-spanning domains might also contribute 
to the double-membrane configuration, for instance, by dipping into the 
hydrophobic phase of the membrane. The latter has been observed earlier for 
proteins containing amphipathic helices, showing that these domains can act 
as a wedge in the membrane and thereby induce curvature (32, 65).
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The induction of membrane rearrangements to create sites for RNA 
replication and transcription in infected cells is not unique to coronaviruses 
but is common among plus strand RNA viruses. These viruses generally 
encode nsps that induce membrane rearrangements. These nsps can be 
integral membrane proteins, but this is not always the case. The occurrence 
of hydrophobic/amphipathic regions that do not span the bilayer but are 
peripherally associated with membranes is not an exception; it rather is a 
common theme. Interestingly, dengue virus, which also replicates on DMVs 
(56), encodes two nonstructural membrane proteins that, in addition to 
transmembrane domains, also contain hydrophobic domains that do not span 
the lipid bilayer (33, 34). The NS4A and NS4B proteins of this virus contain 
one and two hydrophobic domains, respectively, that do not function as 
transmembrane domains in the full-length protein. Yet, the non-membrane-
spanning hydrophobic domain of NS4A is integrated into the membrane 
when expressed individually (33, 34), comparable to our observations with the 
hydrophobic domains of MHV nsp6. In the case of hepatitis C virus, which, 
like dengue virus, also belongs to the flavivirus family, the amphipathic helix 
contained in NS4B was shown to be required for the formation of replication 
sites (15). Likewise, the poliovirus 2C protein, which is able to induce the 
membrane rearrangements associated with RNA replication, also contains an 
essential amphipathic domain (14, 38, 54). In view of these observations, it 
is tempting to speculate that these similarities among the viral nonstructural 
membrane-associated proteins relate to their common ability to induce 
membrane rearrangements.
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ABSTRACT

Coronaviruses induce in infected cells the formation of double-membrane 
vesicles (DMVs) in which the replication-transcription complexes (RTCs) are 
anchored. To study the dynamics of these coronavirus replicative structures, 
we generated recombinant murine hepatitis coronaviruses that express 
tagged versions of the nonstructural protein nsp2. We demonstrated by 
using immunofluorescence assays and electron microscopy that this protein is 
recruited to the DMV-anchored RTCs, for which its C terminus is essential. 
Live-cell imaging of infected cells demonstrated that small nsp2-positive 
structures move through the cytoplasm in a microtubule-dependent manner. 
In contrast, large fluorescent structures are rather immobile. Microtubule-
mediated transport of DMVs, however, is not required for efficient replication. 
Biochemical analyses indicated that the nsp2 protein is associated with the 
cytoplasmic side of the DMVs. Yet, no recovery of fluorescence was observed 
when (part of) the nsp2-positive foci were bleached. This result was confirmed 
by the observation that preexisting RTCs did not exchange fluorescence after 
fusion of cells expressing either a green or a red fluorescent nsp2. Apparently, 
nsp2, once recruited to the RTCs, is not exchanged with nsp2 present in the 
cytoplasm or at other DMVs. Our data show a remarkable resemblance to 
results obtained recently by others with hepatitis C virus. The observations 
point to intriguing and as yet unrecognized similarities between the RTC 
dynamics of different plus-strand RNA viruses.
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INTRODUCTION

Viruses have evolved elaborate strategies to manipulate and exploit host 
cellular components and pathways to facilitate various steps of their replication 
cycle. One common feature among plus-strand RNA viruses is the assembly 
of their replication-transcription complexes (RTCs) in association with 
cytoplasmic membranes [reviewed in references (41, 44, and 54)]. The induction 
and modification of replicative vesicles seem to be beneficial to the virus  
(i) in orchestrating the recruitment of all cellular and viral constituents required 
for viral RNA synthesis and (ii) in providing a protective microenvironment 
against virus-elicited host defensive (immune) mechanisms.

The enveloped coronaviruses (CoVs) possess impressively large plus-strand 
RNA genomes, with sizes ranging from ~27 to 32 kb (22). The coronavirus 
polycistronic genome can roughly be divided into two regions: the first two-
thirds of the genome contains the large replicase gene that encodes the proteins 
collectively responsible for viral RNA replication and transcription while the 
remaining 3’-terminal part of the genome encodes the structural proteins and 
some accessory proteins that are expressed from a nested set of subgenomic 
mRNAs (sgmRNAs) (55).

Almost all of the constituents of the coronavirus RTCs are encoded by 
the large replicase gene that is comprised of two partly overlapping open 
reading frames (ORFs), ORF1a and ORF1b. Translation of these ORFs 
results in two very large polyproteins, pp1a and pp1ab, the latter of which is 
produced by translational readthrough via a -1 ribosomal frameshift induced 
by a “slippery” sequence and a pseudoknot structure at the end of ORF1a 
(46, 69). pp1a and pp1ab are extensively processed into an elaborate set of 
nonstructural proteins (nsps) via co- and posttranslational cleavages by the 
viral papain-like proteinase(s) (PLpro) residing in nsp3 and the 3C-like main 
proteinase (Mpro) in nsp5 (17, 51, 64, 66, 77). The functional domains present 
in the replicase polyproteins are conserved among all coronaviruses (77). 
The ORF1a-encoded nsps (nsp1 to nsp11) contain, among others, the viral 
proteinases (17, 51,64, 66, 77), the membrane-anchoring domains (34, 48, 49), 
anti-host immune activities (8, 32, 47, 78), and predicted and identified RNA-
binding and RNA-modifying activities (20, 27, 31, 43, 67, 76). ORF1b (nsp12 
to nsp16) encodes the key enzymes directly involved in RNA replication and 
transcription, such as the RNA-dependent RNA polymerase (RdRp) and the 
helicase (2, 7, 11, 18, 29, 30, 33, 45, 60). The nsps collectively form the RTCs; 
however, the size and complexity of these complexes are unknown.
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Coronavirus replicative structures consist of double-membrane vesicles 
(DMVs) in which the RTCs are anchored (3, 23, 65). Although hardly 
anything is known about the mechanism by which the DMVs are induced, 
recent studies by us and others indicate that the DMVs are most likely derived 
from the endoplasmic reticulum (ER). Electron microscopy (EM) analyses 
of infected cells showed the partial colocalization of nsps with an ER protein 
marker while the DMVs were often found in close proximity to the ER and, 
occasionally, in continuous association with it (35, 65). More recently, the 
DMVs were reported to be integrated into a reticulovesicular network of 
modified ER membranes, also referred to as convoluted membranes (CMs) 
(35). In addition, when expressed in the absence of a coronavirus infection, 
nsp3, nsp4, and nsp6 were inserted into the ER (26, 34, 48, 49). When 
expressed in coronavirus-infected cells, nsp4 appeared to exit the ER and 
to be recruited to the RTCs (49). Furthermore, coronavirus replication was 
severely affected when the formation of COPI- and COPII-coated vesicles 
in the early secretory pathway was inhibited by the addition of drugs, by the 
expression of dominant negative mutants, or by depletion of host proteins 
using RNA interference (49, 72).

The mechanisms underlying the assembly of membrane-associated 
replication complexes in cells infected with plus-strand RNA viruses are 
just beginning to be unraveled. Previous studies have provided valuable 
information on the formation of the virus-induced replicative structures, 
resulting, however, in a static view of these processes inherent to the cell 
biological techniques used. Thus, insight into the dynamics of these structures 
is largely lacking, certainly in the case of coronaviruses. In the present study, 
we made the first step to fill this gap by performing live-cell imaging analyses 
of mouse hepatitis coronavirus (MHV) replicative structures in combination 
with fluorescent recovery after photobleaching (FRAP) studies. This approach 
allowed us to monitor the coronavirus DMV-anchored RTCs in real-time and 
generated new insights into the dynamics of these virus-induced structures, 
revealing striking similarities between the replicative structures induced by 
MHV and those generated by the unrelated hepatitis C virus (HCV).
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MATERIALS AND METHODS

Cells, viruses, and antibodies. HeLa-CEACAM1a (75), Felis catus 
whole fetus (FCWF) cells (American Type Culture Collection) and murine 
LR7 fibroblast cells (36) were maintained as monolayer cultures in Dulbecco’s 
modified Eagle’s medium (DMEM-/-; Cambrex BioScience) containing 10% 
fetal calf serum (FCS; Bodinco BV), 100 IU/ml of penicillin, and 100 mg/ml 
of streptomycin (both from Life Technologies; this medium is referred to as 
DMEM+/+). 

MHV strain A59, recombinant wild-type MHV (MHV-WT) (13), 
recombinant MHV-ERLM (12), which expresses the Renilla luciferase (RL) 
gene, and the recombinant viruses generated in this study, MHV-nsp2GFP 
(where GFP is green fluorescent protein), MHV-nsp2mCherry, and MHV-
nsp2RL, were propagated in LR7 cells. 

Antibody directed against double-stranded RNA (dsRNA) (K1) or the 
GFP was purchased from English and Scientific Consulting Bt. (58) and 
Immunology Consultants Laboratory, Inc., respectively. The polyclonal 
anti-p22 antibody, which is directed against MHV nsp8 (39), the monoclonal 
MN antibody, recognizing the N-terminal domain of the MHV membrane 
(M) protein (68), and the polyclonal anti-D3 (nsp2/nsp3) and anti-D11 (nsp4) 
rabbit antibodies (9) were kindly provided by Mark Denison, John Flemming, 
and Susan Baker, respectively. The peptide serum recognizing the C-terminal 
tail (anti-MC) of the MHV M protein has been described before (38).

Plasmids. The MHV A59 nsp2 gene fragment was generated by reverse 
transcriptase (RT)-PCR amplification of viral genomic RNA using the 
primers indicated in Table 1. The obtained PCR product was cloned into 
the pGEM-T Easy vector (Promega), which resulted in the pGEM-nsp2 
plasmid. This plasmid was used as the starting point for the generation of the 
other nsp2-encoding plasmids that were subsequently used for the generation 
of recombinant viruses and for expression studies. Gene fragments, encoding 
C- and/or N-terminal nsp2 deletion mutants, were generated by PCR using 
the primers indicated in Table 1 and cloned into the pGEM-T Easy vector, 
generating pGEM-nsp2AB (nsp2 residues 1 to 247), pGEM-nsp2BC (nsp2 
residues 122 to 459), and pGEM-nsp2CD (nsp2 residues 247 to 585). The 
nsp2-encoding gene fragments were subsequently cloned into the pEGFP-N3 
vector (Clontech), resulting in pEGFP-nsp2 (where EGFP is enhanced GFP), 
pEGFP-nsp2AB, pEGFP-nsp2BC, and pEGFP-nsp2CD (Fig. 1B). 

Three RNA transcription vectors (pMH54-nsp2EGFP, pMH54-
nsp2mCherry, and pMH54-nsp2RL) were generated in order to create 
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recombinant MHVs expressing the gene encoding nsp2 tagged with either 
EGFP (Clontech), mCherry (Clontech), or Renilla luciferase (Invitrogen) at 
the genomic position of the hemagglutinin esterase (HE) gene. These vectors 
were constructed similarly as described previously for pMH54-nsp4EGFP 
(49), with the exception that the nsp2 rather than the nsp4 gene fragment was 
cloned in frame with either EGFP-, mCherry-, or RL-encoding sequences. 

The expression plasmid encoding alpha-tubulin as a yellow fluorescent 
protein (YFP) fusion construct (pYFP-alpha-tubulin) was obtained from 
Euroscarf (1). The pER-GFP construct encoding an ER-retained GFP protein 
was kindly provided by Frank van Kuppeveld. The GFP coding region in this 
plasmid was replaced by that of firefly luciferase (Fluc) using conventional 
cloning techniques, resulting in pER-Fluc. All constructs were confirmed by 
restriction and/or sequence analysis. 

Targeted recombination. Incorporation of the nsp2 expression cassettes 
into the MHV genome by targeted RNA recombination, resulting in 
recombinant MHV-nsp2GFP, MHV-nsp2mCherry, and MHV-nsp2RL 
viruses, was carried out as previously described (36). Briefly, donor RNA 
transcribed from the linearized transcription vectors was electroporated into 
FCWF cells that had been infected earlier with the interspecies chimeric 
coronavirus fMHV (an MHV derivative in which the spike ectodomain is 
of feline coronavirus origin) (36). These cells were plated onto a monolayer 
of murine LR7 cells. After 24 h of incubation at 37°C, progeny viruses 
released into the culture medium were harvested and plaque purified twice 
on LR7 cells before a passage 1 stock was grown. After confirmation of the 
recombinant genotypes, passage 2 stocks were grown that were subsequently 
used in the experiments.

Infection and transfection. Subconfluent monolayers of LR7 cells were 
transfected by overlaying the cells with a mixture of 0.5 ml of OptiMem 
(Invitrogen), 1 ml of Lipofectamine 2000 (Invitrogen), and 1 mg of each 
selected construct, followed by incubation at 37°C. Three hours after 
transfection, the medium was replaced by DMEM+/+. Where indicated, 24 h 
after transfection the cells were inoculated with (recombinant) MHV A59 at 

Primer no. Polarity Sequence 5’ to 3’ Postion in the viral genome (nt)a

3327 + GAATTCGATATCATGGTTAAGCCGATCCTGTTTG 951
3328 - AGATCTCGCACAGGGAAACCTCCAG 2705
3524 + GATATCATGGAATTCTGTTATAAAACCAAGC 1314
3525 - AGATCTACCAACTACTCCTGTATAAG 1691
3527 + GATATCATGGGTTGTAAGGCAATTGTTC 1689
3528 - AGATCTAACCTTGAAAAATGCCTTG 2328

Table 1. Sequence, polarity and position used of primers in this study.

a nt, nucleotide
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a multiplicity of infection (MOI) of 1 to 10 for 1 h before the inoculum was 
replaced by fresh DMEM+/+.

One-step growth curve(s). LR7 cells grown in 0.33-cm2 tissue culture 
dishes were infected in parallel using an MOI of 10 for 1 h at 37°C in 5% 
CO2. After adsorption, the cells were washed with phosphate-buffered saline 
(PBS) supplemented with 50 mM Ca2+ and 50 mM Mg2+ three times, and 
incubation was continued in DMEM+/+. Viral infectivity in culture medium 
at different times post infection (p.i.) was determined by a quantal assay on 
LR7 cells, and the 50% tissue culture infective dose (TCID50) values were 
calculated.

Metabolic labeling and immunoprecipitation. Subconfluent monolayers 
of LR7 cells in 10-cm2 tissue culture dishes were infected with the viruses 
indicated in Fig. 2F for 1 h at an MOI of 10, after which the inoculum 
was removed; the cells were then washed three times with DMEM+/+, 
and incubation was continued in DMEM+/+. At 5.5 h p.i., the cells were 
starved for 30 min in cysteine and methionine-free modified Eagle’s medium 
containing 10 mM HEPES (pH 7.2) and 5% dialyzed FCS. This medium 
was replaced with 1 ml of a similar medium containing 100 mCi of 35S 
in vitro cell labeling mixture (Amersham), after which the cells were further 
incubated for 3 h. The cells were washed once with PBS supplemented with 
50 mM Ca2+ and 50 mM Mg2+ and then lysed on ice in 1 ml of lysis buffer 
(0.5 mM Tris [pH 7.3], 1 mM EDTA, 0.1 M NaCl, 1% Triton X-100). The 
lysates were cleared by centrifugation for 5 min at 15,000 rpm and 4°C and 
used in radioimmunoprecipitation studies. Aliquots of the cell lysates were 
diluted in 1 ml of detergent buffer (50 mM Tris [pH 8.0], 62.5 mM EDTA, 
1% NP-40, 0.4% sodium deoxycholate, 0.1% SDS) containing antibodies  
(4 ml of rabbit anti-nsp2/nsp3). After overnight incubation at 4°C, the immune 
complexes were adsorbed to Pansorbin cells (Calbiochem) for 60 min at 4°C 
and subsequently collected by centrifugation. The pellets were washed three 
times by resuspension and centrifugation with radioimmunoprecipitation 
assay (RIPA) buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.1% SDS, 
1% NP-40, 1% sodiumdeoxycholate). The final pellets were suspended in 
Laemmli sample buffer (LSB) and heated at 95°C for 1 min before analysis by 
SDS-polyacrylamide gel electrophoresis (PAGE) with 12.5% polyacrylamide 
gels. The radioactivity in protein bands was quantitated in dried gels using a 
PhosphorImager (Molecular Dynamics).

Quantitative RT-PCR. Total RNA was isolated from infected cells 
using TRIzol reagent (Invitrogen), after which it was purified using an 
RNeasy minikit (Qiagen), both according to the manufacturer’s instructions. 
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Relative gene expression levels of viral (sub)genomic RNA was determined 
by performing quantitative RT-PCR using Assay-On-Demand reagents 
(PE Applied Biosystems) as described previously (14, 52). Reactions were 
performed using an ABI Prism 7000 sequence detection system. The 
comparative threshold cycle (CT) method was used to determine the fold 
change for each individual gene.

Immunofluorescence confocal microscopy. LR7 cells grown on glass 
coverslips were fixed at the times indicated in the text and figure legends after 
transfection or infection using a 4% paraformaldehyde (PFA) solution in PBS 
for 30 min at room temperature. The fixed cells were washed with PBS and 
permeabilized using either 0.1% Triton X-100 for 10 min at room temperature 
or 0.5 mg/ml digitonin (diluted in 0.3 M sucrose, 25 mM MgCl2+, 0.1 M KCl, 
1 mM EDTA, 10 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 
pH 6.8) for 5 min at 4°C. Next, the permeabilized cells were washed with 
PBS and incubated for 15 min in blocking buffer (PBS–10% normal goat 
serum), followed by a 60-min incubation with antibodies directed against 
either nsp4, nsp8, MHV M, EGFP, or dsRNA. After three washes with 
PBS, the cells were incubated for 45 min with Cy3-conjugated donkey anti-
rabbit immunoglobulin G antibodies (Jackson Laboratories), fluorescein 
isothiocyanate-conjugated goat anti-rabbit immunoglobulin G antibodies 
(ICN), or Cy3-conjugated donkey anti-mouse immunoglobulin G antibodies 
(Jackson Laboratories). Where indicated, nuclei of cells were stained with 
TOPRO 3 iodide (Molecular Probes). After four washes with PBS, the 
samples were mounted on glass slides in FluorSave (Calbiochem). The samples 
were examined with a confocal fluorescence microscope (Leica TCS SP), or 
fluorescence intensities were quantified using a DeltaVision RT microscope 
and software from Applied Precision, Inc. (API).

Time-lapse live-cell imaging and photobleaching. Subconfluent 
monolayers of LR7 cells were grown in 0.8-cm2 Lab-Tek Chambered 
Coverglasses (ThermoFisher Scientific and Nunc GmbH & Co. KG). The 
cells were transfected and infected as described above. Where indicated in the 
text and figure legends, cells were incubated with or without 1 mM nocodazole 
in DMEM +/+ at 4°C for 1 h, after which the cells were transferred to 37°C, 
and incubation was continued. Live-cell digital images of cells, placed in an 
environmental chamber at 37°C, were acquired at x100 magnification by 
the DeltaVision RT microscope from Applied Precision, Inc. (API). Images 
were deconvolved and analyzed using SoftWorx software (API). Time-
lapse movies in QuickTime format were generated using ImageJ software, 
version 1.41 (W. S. Rasband, NIH, Bethesda, MD [http://rsb.info.nih.gov/
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ij/]). Particle tracking was performed using the MTrackJ plug-in for ImageJ 
developed by Erik Meijering at the Biomedical Imaging Group Rotterdam 
(Erasmus Medical Centre, Rotterdam, the Netherlands). 

FRAP experiments were performed using the quantifiable laser module 
(QLM) of the DeltaVision RT microscope at 37°C. For each FRAP 
experiment, five prebleach images were collected, followed by a 1-s, 488-nm 
laser pulse with a radius of 0.500 mm to bleach the regions of interest (ROI). 
In a time frame of 60 s, 52 additional images were captured. Quantitative 
analysis of the FRAP data was performed using SoftWorx software.

Differential ultracentrifugation and protease protection assay. 
Subconfluent monolayers of LR7 cells were transfected and/or infected 
as described above and washed once with PBS before being scraped in 
homogenization buffer (HB; 50 mM Tris-HCl [pH 7.2] and 10 mM sucrose) 
and centrifuged for 5 min at 1,200 rpm. Cells were subsequently resuspended 
in HB, and homogenized cell lysates were prepared by repeated passage 
through a 21-gauge needle. The differential ultracentrifugation was performed 
in a Beckman Coulter Optima Max-E ultracentrifuge using a TLA-55 rotor. 
First, the homogenized cells were centrifuged for 10 min at 3,000 rpm to 
remove the nuclei and the cellular debris. The resulting supernatant was next 
centrifuged for 20 min at 23,000 rpm to separate the intracellular membranes 
(pellet) from the cytosol (supernatant). Where indicated in the text and figure 
legends, the intracellular membrane fractions were mock treated or treated 
with 20 mg/ml proteinase K for 10 min at 20°C in the presence or absence of 
0.05% TX-100 before proteinase K was inactivated by the addition of 2 mM 
phenylmethylsulfonyl fluoride (PMSF). Renilla and firefly luciferase activity 
in the different fractions was determined using a Dual-Luciferase Assay Kit 
(Promega) according to the manufacturer’s instructions.

EM procedures. HeLa-CEACAM1a cells infected with recombinant 
MHV-nsp2GFP were processed for conventional EM and cryo-immuno-
EM (IEM) at 8 h p.i. as previously described (63, 72). Cryo-sections were 
immunolabeled using a polyclonal anti-GFP (Abcam, Cambridge, United 
Kingdom) antibody, followed by incubation with protein A-gold conjugates 
prepared following an established protocol (63). Sections were viewed in a 
JEOL 1010 or a JEOL 1200 electron microscope (JEOL, Tokyo, Japan), and 
images were recorded on Kodak 4489 sheet films (Kodak, Rochester, NY).
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RESULTS

MHV nsp2 is efficiently recruited to the RTCs. 
To enable live-cell imaging of coronavirus RTCs in infected cells, we 

needed to visualize these structures in living cells. Previously, we along 
with others have shown that (GFP-tagged) nsp2 is efficiently recruited to 
perinuclear foci in MHV-infected cells (24, 72). To confirm and extend 
these observations, GFP-tagged nsp2 (nsp2-GFP) was expressed in trans in 
mouse cells that were subsequently infected with MHV or mock infected. 
Next, the colocalization of nsp2-GFP with nsp8, an established marker for 
the RTCs (39), was monitored. In the absence of a MHV infection, nsp2-
GFP demonstrated a diffuse cytosolic and nuclear fluorescence pattern  
(Fig. 1A). Upon infection with MHV, nsp2 appeared to be efficiently recruited 
to the RTCs as this protein was redistributed almost completely to punctuate 
perinuclear foci, colocalizing with nsp8 (Fig. 1A). 

To investigate the recruitment of nsp2 to the RTCs in more detail, we 
investigated which part of the protein was responsible for this phenotype. To 
this end, we generated plasmids that encoded nsp2 truncations C-terminally 
fused with GFP (Fig. 1B). In the absence of a MHV infection, all proteins 
demonstrated a cytosolic and nuclear expression pattern (Fig. 1C). The 
different nsp2 truncation mutants displayed very similar expression levels, 
which were only slightly lower than the level of the full-length nsp2-GFP 
fusion protein (Fig. 1D). 

Next, these plasmids were used in the redistribution assay as described 
above. Cells expressing the nsp2AB and nsp2BC truncations exhibited a 
diffuse nuclear and cytoplasmic fluorescence, regardless of whether these 
cells were mock infected (Fig. 1C) or infected with MHV (Fig. 1E). No 
colocalization of these proteins with the nsp8 RTC marker protein was 
observed. In contrast, the nsp2CD truncation localized to perinuclear dots 
positive for nsp8 in infected cells. Based on these results, we concluded that 

Figure 1. Recruitment of MHV nsp2 to the RTCs. (A) LR7 cells transfected with pEGFP-nsp2 
were mock infected (–MHV) or infected with MHV A59 (+MHV). Cells were fixed at 6 h p.i. and 
subsequently processed for immunofluorescence analysis using antibodies against nsp8. (B) Schematic 
representation of the C- and N-terminal truncations of MHV nsp2. The amino acids remaining 
are indicated. The EGFP tag at the C-terminal end of nsp2 is not indicated. (C and D) LR7 cells 
transfected with pEGFP-nsp2, pEGFP-nsp2AB, pEGFP-nsp2BC, or pEGFP-nsp2CD were fixed 
at 30 h posttransfection and processed for microscopic analysis (C); in addition, the mean arbitrary 
fluorescent intensities of 25 cells were determined using a DeltaVision RT microscope and software 
from Applied Precision (D). (E) LR7 cells transfected with pEGFP-nsp2AB, pEGFP-nsp2BC, or 
pEGFP-nsp2CD were mock infected or infected with MHV-A59. At 6 h p.i. the cells were fixed and 
processed for immunofluorescence analysis using nsp8 antibodies.
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the carboxy-terminal part of the nsp2 protein is required and sufficient to 
target the nsp2-GFP fusion proteins to the replication sites.

Recombinant MHVs expressing nsp2 fusion proteins.
To facilitate the live-cell imaging of coronavirus RTCs during coronavirus 

infection, we next generated recombinant MHVs expressing nsp2 tagged 
either with GFP (MHV-nsp2GFP) or with a red fluorescent protein (MHV-
nsp2mCherry). In these viruses, the gene encoding the nsp2 fusion protein 
was incorporated into the viral genome as an additional expression cassette, 
using a previously described targeted RNA recombination system (36). The 
nsp2-GFP or the nsp2-mCherry gene, each one preceded by a transcription- 
regulatory sequence, replaced the nonfunctional HE gene. 

The generated recombinant viruses were evaluated for their growth 
kinetics and viral RNA synthesis. As a control, we used a recombinant wild-
type MHV A59 (MHV-WT). MHV-nsp2GFP replicated efficiently in cell 
culture with titers that were only slightly lower than those of MHV-WT 
in a one-step growth curve (Fig. 2A). In agreement with these results, viral 
RNA synthesis, as determined by quantitative RT-PCR on the 1b and the N 
gene, was only slightly affected by the insertion of the nsp2-GFP expression 
cassette into the viral genome (Fig. 2B). MHV-nsp2mCherry replicated to 
the same extent as MHV-nsp2GFP (data not shown). 

Next, we studied the subcellular localization of the nsp2 fusion proteins by 
immunofluorescence. Only the results for MHV-nsp2GFP are shown since 
essentially identical results were obtained for MHV-nsp2mCherry. As shown 
in Fig. 2C, cells infected with MHV-nsp2GFP revealed at 6 h p.i. a GFP 
fluorescence distribution pattern identical to the one observed when nsp2-

Figure 2. Characterization of recombinant MHV-nsp2GFP and subcellular localization of 
nsp2GFP. (A and B) LR7 cells were infected with MHV-nsp2GFP or MHV-WT (MOI of 10). 
(A) Culture medium was collected at different time points p.i., after which the viral infectivity was 
determined by a quantal assay on LR7 cells. The TCID50 values are indicated. (B) Intracellular viral 
RNA (vRNA) levels were determined by a quantitative RT-PCR on the 1b and the N genes. The 
data are presented as relative vRNA levels. (C) LR7 cells infected with recombinant MHV-nsp2GFP 
were fixed and processed for immunofluorescence analysis using antibodies directed against nsp8 and 
dsRNA. (D and E) LR7 cells infected with recombinant MHV-nsp2GFP were fixed at the indicated 
time points and processed for immunofluorescence analysis using antibodies directed against nsp4. 
Images taken from the cells at the different time points were obtained at identical settings (D) while 
the settings were adjusted to demonstrate the colocalization between nsp2GFP and nsp4 at the 8-h 
time point (E). (F) Mock-, MHV-WT-, or MHV-nsp2GFP-infected cells were radiolabeled from  
6 till 9 h p.i. Cells were lysed and processed for immunoprecipitation with antibodies directed against 
the nsp2 protein and analyzed by 12.5% SDS-PAGE. The filled triangle indicates the nsp2-GFP 
protein, the open triangle indicates the endogenous mature nsp2 protein, and the asterisk indicates an 
additional unidentified protein species.
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GFP was expressed from a plasmid in MHV-infected cells (compare Fig. 1A 
and 2C). Importantly, nsp2-GFP localized to perinuclear foci positive not 
only for nsp8 but also for dsRNA, with the latter probably corresponding to 
replicative intermediates produced during viral replication (49, 55). 

Since the tagged nsp2 was expressed from an additional subgenomic RNA 
(sgRNA) rather than from the genomic RNA as part of pp1a and pp1ab, we 
analyzed the expression level of the nsp2-GFP fusion protein. To this end, 
LR7 cells were infected with either MHV-nsp2GFP or MHV-WT at an 
MOI of 10 and labeled for 3 h with 35S-labeled methionine, starting at 6 h p.i. 
Cell lysates were processed for immunoprecipitation, followed by SDS-PAGE 
analysis. The results are shown in Fig. 2F. Antibodies directed against the nsp2 
protein precipitated proteins with the expected molecular masses (endogenous 
mature nsp2, 65 kDa; nsp2-GFP fusion protein, 95kDa). In addition, a 
protein with an intermediated molecular mass (71 kDa) was detected, which, 
like the nsp2-GFP fusion protein, could also be precipitated with antibodies 
against the GFP tag. The nature of this protein species is unknown, but it was 
also observed when the nsp2-GFP protein was expressed from a plasmid (data 
not shown). The radioactivity precipitated was quantified by using Phosphor 
Imager scanning and corrected for the amount of methionines present in 
the proteins. The results demonstrate that the nsp2-GFP fusion protein was 
approximately 10-fold more abundant than the endogenous mature nsp2. 

Next, we analyzed whether overexpression of the tagged nsp2 affected its 
localization to the RTCs throughout the infection. To this end, we performed 
a time-lapse experiment in which MHV-nsp2GFP-infected cells were fixed at 
different time points p.i. and subsequently processed for immunofluorescence 
analysis. In this experiment, antibodies directed against nsp4 were used to 
identify the RTCs (49). The results are shown in Fig. 2D and E. Expression 
of nsp4, present in distinct foci, could be detected from 4 h p.i. onwards. The 
maximum level of nsp4 staining was observed at 7 h p.i. Expression of nsp2-
GFP could be detected from 5 h p.i., after which the expression level increased 
until 8 h p.i. Although the cytoplasmic GFP fluorescence at this late time point 
was higher than at the earlier time points, possibly indicating a saturation of 
RTCs with nsp2-GFP, the majority of nsp2-GFP was still present in distinct 
cytoplasmic foci which colocalize with nsp4 (Fig. 2E). In summary, nsp2-
GFP or nsp2-mCherry fusion proteins expressed from recombinant MHVs 
localized to the RTCs, as demonstrated by their colocalization with dsRNA, 
nsp8, and nsp4 throughout the infection (at least from the time point these 
fusion proteins become detectable). Importantly, this localization corresponds 
with the previously reported distribution of nsp2 (5, 21, 24, 62).
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Nsp2-GFP localizes to DMVs and CMs. 
To confirm the targeting of nsp2-GFP to the DMV-anchored RTCs, we 

performed electron microscopy (EM) on infected cells to localize the protein at 
the ultrastructural level. First, conventional EM was used to demonstrate the 
appearance of the DMVs. Their morphology and dimensions (approximately 
160 nm in diameter) nicely resembled the structures described previously (23, 
61, 65, 72) (Fig. 3A, indicated by the arrowheads). The DMVs often appeared 
clustered together in the perinuclear region of the cell (data not shown). In 
between these DMV clusters, reticular inclusions, probably corresponding to 
the recently described CMs (35), were also observed (Fig. 3A, indicated by 
the asterisk). 

Subsequently, immuno-EM was performed on ultrathin cryo-preparations 
of MHV-nsp2GFP-infected cells with immunogold labeling specifically 
directed against the GFP tag. Although the general cellular architecture was 

Figure 3. nsp2-GFP localizes to DMVs and CMs. HeLa-CEACAM1a cells, infected with 
recombinant MHV-nsp2GFP, were fixed at 8 h p.i. and processed for ultrastructural analysis by 
chemical fixation and epon embedding (A). Alternatively, cryosections were prepared that were 
incubated with antibodies directed against the GFP tag, followed by immunogold labeling (B and C). 
Convoluted membranes are indicated by the asterisks. nsp2 labeling is indicated by the arrowheads. 
Scale bar, 200 nm.
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preserved, DMVs appeared as empty vesicles in the cryo-sections compared 
to the ones observed by conventional EM. This dissimilarity is likely due to 
differences in the fixation methods (35, 65). Mock-infected cells revealed no 
labeling and no DMVs (data not shown), whereas in MHV-nsp2GFP-infected 
cells the specific immunogold labeling of nsp2-GFP was observed on both 
clustered and individual DMVs (Fig. 3B and C, respectively). In addition, 
nsp2-GFP also decorated CMs (Fig. 3B, asterisk) in between the DMV 
clusters. These results demonstrate that the nsp2-GFP fusion protein localizes 
to the MHV-induced DMVs and CMs, confirming the immunofluorescence 
data, which showed the recruitment of the fusion protein to the RTCs.

Localization of nsp2 on the cytosolic face of the DMVs.
The nsp2 protein may either be associated to the cytoplasmic side of the 

DMVs or, alternatively, be incorporated into the virus-induced vesicles, 
thereby being shielded from the cytoplasm. Discriminating between these 
two possibilities was of interest by itself and also because the intended FRAP 
experiments would only make sense when the nsp2 fusion proteins are not 
being shielded. In order to facilitate our biochemical analyses of the membrane 
association of nsp2, we generated another recombinant virus (MHV-nsp2RL) 
expressing nsp2 fused to Renilla luciferase (nsp2-RL). MHV-ERLM (12), 
which expresses the Renilla luciferase (RL) per se was used as a control for our 
experiments. 

First, we verified the membrane recruitment of the nsp2 fusion protein 
in infected cells. To this end, cells infected with either MHV-ERLM or 
MHV-nsp2RL were homogenized and subsequently subjected to differential 
ultracentrifugation such that the cellular membranes were pelleted and 
separated from the cytosolic fraction. The luciferase expression levels in the 
different fractions were determined as described in the Materials and Methods 
section (Fig. 4A). As expected, the majority of the RL protein activity (~90%) 
was present in the cytosolic fraction of MHV-ERLM-infected cells. In 
contrast, the large majority of the nsp2-RL fusion protein (~80%) was found 
in the membrane fraction, in agreement with the idea that nsp2 is recruited 
to DMVs and CMs. 

Next, we performed a protease protection assay on the membrane pellets 
obtained from the MHV-nsp2RL-infected cells to determine whether the 
fusion protein was present on the cytosolic face of the DMVs/CMs (i.e., 
sensitive to protease treatment) or in the interior of these vesicles (i.e., not 
sensitive to protease treatment). As an internal control, prior to infection cells 
were transfected with a plasmid expressing a firefly luciferase protein carrying 
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Figure 4. nsp2 associates to the cytoplasmic face of the DMVs and CMs. (A) LR7 cells infected 
with MHV-nsp2RL or MHV-ERLM were processed for ultracentrifugation as described in the 
Materials and Methods section. The luciferase activity in the indicated fractions was determined, 
corrected for the volume of the fraction, and plotted as the percentage of the total amount of luciferase 
activity. (B) LR7 cells transfected with pER-Fluc were infected with MHV-nsp2RL. Membrane 
fractions, prepared as described in the Materials and Methods section, were mock treated with  
20 mg/ml proteinase K in the presence or absence of 0.05% TX-100. Renilla and firefly luciferase 
activities in the differently treated samples were measured and are depicted relative to the mock-
treated samples, which are set at 100%. (C) MHV-nsp2GFP-infected LR7 cells were fixed at 
6 h p.i. and permeabilized with buffers containing either 0.5 mg/ml digitonin or 0.1% TX-100. 
Immunofluorescence was performed using antibodies directed against the N terminus (anti-MN) or 
the C terminus (anti-MC) of the MHV M protein or against the GFP tag (anti-GFP).

a signal peptide and a KDEL retention signal at its amino and carboxy termini, 
respectively, which direct the protein to the ER lumen. The membrane pellets 
were treated with the serine endopeptidase proteinase K, either in the presence 
or in the absence of 0.05% Triton X-100, before the protein expression levels 
of both the firefly and Renilla luciferase were assessed. The luciferase levels 
in the various samples are depicted in Fig. 4B relative to the mock-treated 
samples. As expected, the ER-localized firefly luciferase protein present in 
the membrane pellet was almost completely resistant to the proteinase K 
treatment in the absence, but not in the presence, of Triton X-100, consistent 
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with its localization in the ER lumen. In contrast, regardless of the absence 
or presence of detergent, nsp2-RL was very sensitive to proteinase K and 
degraded almost completely. Overall, these results demonstrate that at least 
the large majority of the nsp2-RL protein is exposed at the exterior of the 
DMVs/CMs. 

To further confirm the localization of nsp2 on the cytoplasmic face of the 
DMVs/CMs by a different approach, cells were infected wth MHV-nsp2GFP 
and subsequently subjected to selective permeabilization of the plasma 
membrane using digitonin before the availability of the GFP tag to specific 
antibodies was assayed. Triton X-100 was used as a control to permeabilize 
all cellular membranes. The assay was validated with the MHV membrane 
(M) protein, the amino and carboxy termini of which are known to reside 
in the lumen of the secretory pathway and in the cytoplasm, respectively  
(i.e., N terminus in lumen/C terminus in cytoplasm [Nexo/Cendo] topology) 
(53). As shown in Fig. 4C, the MHV M protein could be detected with 
antibodies directed against its N terminus (anti-MN) after permeabilization 
of all cellular membranes with Triton X-100 but not after the selective 
dissolution of the plasma membrane with digitonin. In contrast, antibodies 
directed against the carboxy-terminal part of the M protein (anti-MC) were 
able to bind the protein after permeabilization with both Triton X-100 and 
digitonin. As these observations were in perfect agreement with the known 
topology of the type III M protein, the approach was subsequently applied 
to cells infected with MHV-nsp2GFP. As shown in Fig. 4C, antibodies 
directed against the GFP tag were able to readily recognize the fusion protein 
after permeabilization of cells with digitonin, which is in agreement with the 
results of the protease protection assay, confirming that the nsp2 protein is 
exposed on the cytoplasmic face of the DMVs and CMs.

Trafficking of replicative structures. 
Having established that the nsp2 fusion proteins are recruited to the 

DMV-anchored RTCs and are suitable for live-cell imaging studies and 
FRAP analyses, we investigated the real-time dynamics of the nsp2-positive 
structures. To this end, cells were infected with recombinant MHV expressing 
either nsp2-GFP or nsp2-mCherry, after which time-lapse recordings were 
generated over a period of 2 to 2.5 min, with image acquisition every 200 to 
300 ms. First, we explored whether the nsp2-positive structures were static or 
able to move through the cell. 

Live-cell imaging of cells infected with MHV-nsp2GFP essentially 
revealed the presence of two classes of nsp2-GFP positive structures. One 
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class consisted of relatively large, immobile fluorescent foci (indicated by 
arrowheads in Fig. 5A). Their only movement appeared to correlate with 
movementsof the cell(s) itself. The other class consisted of small cytoplasmic 
fluorescent foci, a considerable fraction of which demonstrated a relatively 
high mobility. In view of the ultrastructural data, we think that the small and 
large fluorescent foci likely correspond to single DMVs and clusters of DMVs 
and CMs, respectively. 

Two types of movement could be observed for the small fluorescent 
structures: nsp2-positive foci either (i) demonstrated confined movement 
(42.3% out of 200 foci tracked) or (ii) moved in a stop-and-go fashion on 
what appeared to be specific cellular tracks (saltatory movement, 15.0%). 
The movements of several of the small nsp2-GFP-positive foci were tracked, 
as indicated by the white lines in Fig. 5A. The complete recording of this 

Figure 5. Trafficking of MHV replicative structures. Time-lapse recordings of MHV-nsp2GFP-
infected LR7 cells were obtained using DeltaVision Core (API). Trafficking of selected nsp2-positive 
structures was determined. Tracks are indicated by white lines and numbered. (A) Tracks 1 to 4, 6, 
and 8 to 10 represent saltatory movements while tracks 5, 7, and 12 represent confined movements of 
small nsp2-GFP-positive structures. Track 11 represents confined movement followed by saltatory 
trafficking. Large, immobile nsp2-positive structures are indicated by the arrowheads. (B) The very 
long track taken by a small RTC demonstrating saltatory movement is shown. See also Videos S1 and 
S2 in the supplemental material.
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movie is shown in Video S1 in the supplemental material. The nsp2-GFP-
positive structures numbered 5, 7, and 12 in Fig. 5A displayed confined 
movements while the others are examples of structures that exhibited saltatory 
movements. The mean velocity of these latter movements was calculated at  
1.3 ± 0.7 μm/s, with a peak velocity of 4.1 μm/s.  Occasionally, fluorescent 
puncta were observed that traveled particularly large distances, clearly 
revealing the saltatory movement. An example is shown in Fig. 5B (track 
1) and in Video S2 in the supplemental material. The peak velocity of this 
specific displacement was 3.7 μm/s, with a mean velocity of 1.7 μm/s. 

The characteristics of the movements of the small nsp2-GFP-positive foci 
(velocity and cellular tracks taken) are suggestive of microtubule-dependent 
transport (40). Therefore, we investigated whether these structures were 
associated to microtubules in infected cells. Staining for a-tubulin (Fig. 6A) 
suggested that the small nsp2-positive foci were associated with or in close 
proximity to the microtubules. Given the extensive network of microtubules 
present in the cells, we next performed live-cell imaging experiments to 
confirm that the mobility of these small structures was indeed dependent 

Figure 6. The role of microtubules in transport. (A) Cells infected with MHV-nsp2mCherry were 
fixed at 6 h p.i. and processed for immunofluorescence analysis using the a-tubulin antibody to 
visualize microtubules. (B to D) LR7 cells were infected with MHV-nsp2RL or MHV-nsp2GFP 
either in the presence (+NOC) or absence (–NOC) of 1 μM nocodazole. Cells were lysed or fixed 
at the indicated time point, followed by determination of the luciferase expression levels (B); the 
TCID50 value of the culture medium was determined (C), or cells were processed for microscopical 
analysis (D). The white lines in panel D indicate the contours of the cell. T, time.
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on microtubules. In MHV-nsp2mCherry-infected cells, microtubules were 
visualized by prior transfection with the plasmid expressing a YFP-alpha-
tubulin fusion protein, followed by live-cell imaging. As can be seen in Video 
S3 in the supplemental material, the small fluorescent foci were in close 
proximity to the microtubules and appeared to move along these cellular 
tracks. Furthermore, live-cell imaging was performed in the absence of a 
functional microtubular network. To this end, cells were treated with 1 μM 
nocodazole, a drug that interferes with the polymerization of microtubules. 
Treatment of cells with this drug resulted in a complete disruption of the 
microtubules (data not shown). Importantly, no movement of the fluorescent 
puncta could be observed under these conditions, as demonstrated in Video 
S4  in the supplemental material. 

Next, we studied whether breakdown of the microtubules affected MHV 
RNA replication and production of infectious virus particles. To this end, 
cells treated with nocodazole or mock treated were infected with a luciferase-
expressing recombinant MHV. At different time points p.i., luciferase 
expression, which is directly correlated to RNA replication (15), and virus 
production were measured. The nocodazole was kept present throughout the 
experiment. As shown in Fig. 6B, luciferase expression was not affected by the 
disruption of microtubules by nocodazole. Moreover, nocodazole treatment 
also did not affect virus production (Fig. 6C). In agreement with these results, 
RTCs were still formed in the presence of nocodazole, as demonstrated by 
the appearance of nsp2-GFP positive foci at 7 h p.i. (Fig. 6D). However, 
while in the mock treated cells the RTCs appeared to be concentrated in 
the perinuclear region of the cell, in the nocodazole-treated cells, the nsp2-
positive foci were scattered throughout the cells. In summary, the results show 
that the small, but not the large, fluorescent foci were able to move through the 
cell in a microtubule-dependent fashion. This movement was not, however, 
essential for MHV RNA replication and the production of infectious virus.

Replicative structures are static entities. 
Essentially, nothing is known about the dynamics of the coronavirus 

nsps present at the DMV-anchored RTCs. The RTCs might be relatively 
static entities, which allow little exchange of proteins with other RTCs, even 
when these RTCs are anchored to the same DMV; the nsps might be able 
to move around on a DMV; or the RTCs might even display a continuous 
exchange of proteins with their cellular environment. We took advantage 
of our recombinant viruses expressing the fluorescent nsp2 fusion proteins 
to investigate the dynamics of the replicative structures by means of FRAP 
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analysis. This technique allows measuring the recovery rates of proteins in 
specific regions of interest (ROI), after irreversible photobleaching, by non-
bleached counterparts [reviewed in reference (37)]. With this assay we are 
able to determine whether nsp2 recruited to the RTCs is exchanged with 
nsp2 located outside of the ROI, in the cytoplasm, or at other DMVs. In 
our experimental set up, ROI were photobleached for 1 s, followed by signal 
acquisition every second during a period of 60 s. The FRAP assay was first 
performed on cells infected with MHV-nsp2GFP. Representative images of 
such an experiment are shown in Fig. 7A. The corresponding fluorescence 
recovery graphs are depicted in Fig. 7B to D. Photobleached nsp2-GFP-
positive structures (n = 11) in infected cells (Fig. 7B) demonstrated a reduction 
of about 60 to 80% of the prebleached fluorescent signal. Essentially no 
recovery of the fluorescent signal in the ROI was observed over time. Identical 
results were obtained when only part of a larger fluorescent structure was 
bleached (data not shown). 

As a control, cells were transfected with a plasmid encoding the nsp2-
GFP fusion protein and subsequently infected with MHV A59 or mock 
infected. Next, FRAP experiments were performed as described above. In the 
absence of an infection, the nsp2-GFP protein revealed a diffuse cytoplasmic 
localization, which is in agreement with previous observations (Fig. 1). The 
photobleached ROI (n = 8) in these cells demonstrated a fast recovery of 
fluorescence within 10 s (Fig. 7C). Moreover, we were unable to bleach the 
fluorescent signal below ~75% intensity of the prebleach intensity, probably 
because of the high mobility of the cytoplasmic nsp2-GFP. In contrast, upon 
infection of the transfected cells with MHV, nsp2-GFP localized to distinct 
fluorescent foci in the perinuclear region of the cell. When these fluorescent 
foci were photobleached, no recovery of fluorescence in the ROI (n = 13) was 
observed (Fig. 7D). Apparently, nsp2, once recruited to the RTCs, is not 
exchanged with nsp2 present in the cytoplasm or in other DMVs. 

To verify the lack of exchangeability of nsp2 once recruited to the RTCs, 

Figure 7. Coronavirus RTCs are static entities. (A) FRAP was performed on MHV-nsp2GFP-
infected cells at 7 h p.i. using the quantifiable laser module of the DeltaVision Core (API). A 
representative FRAP experiment is depicted, with the bleached area indicated by the white 
arrowheads in the magnification in the top right corners. (B to D) Fluorescence recovery graphs were 
generated of bleached ROI either in MHV-nsp2GFP-infected cells (B) or in cells transfected with 
nsp2-GFP which were subsequently mock infected with MHV-A59 (C) or infected with MHV-A59 
(D). (E) Two LR7 cell cultures were infected with either MHV-nsp2GFP or MHV-nsp2mCherry, 
followed by incubation in the presence of HR2 peptide. At 6 h p.i., the HR2 peptide was removed; 
cells were trypsinized, mixed, and subsequently plated in the presence (+) or absence (–) of CHX. At 
9 h p.i. the cells were processed for immunofluorescence analysis. Nuclear staining was obtained by 
TOPRO 3 iodide.
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another experiment was performed in which we studied the exchange of 
fluorescence between preexisting RTCs after fusion of cells expressing either 
a green or a red fluorescent nsp2. To this end, two LR7 cell cultures were 
infected, one with MHV-nsp2GFP and the other with MHV-nsp2mCherry, 
both in the presence of a heptad repeat 2 (HR2) fusion-inhibitory peptide (4). 
The HR2 peptide was removed at 6 h p.i., after which cells were trypsinized, 
mixed, and subsequently plated in the presence or absence of cycloheximide 
(CHX), an inhibitor of protein synthesis. The HR2 peptide was omitted from 
these cultures to enable cell-cell fusion. The cells were then fixed and processed 
for microscopy at 9 h p.i. Both in the presence and in the absence of CHX, 
the formation of syncytia could be observed, as was obvious by the appearance 
of multinucleated cells. In the absence of CHX, many multinucleated cells 
were observed that exhibited both green (nsp2-GFP) and red (nsp2-mCherry) 
fluorescent foci (Fig. 7E, top row). The large majority of these nsp2-GFP- and 
nsp2-mCherry-positive fluorescent foci were found to colocalize. In contrast, 
in the presence of CHX, when viral protein synthesis and formation of new 
RTCs was inhibited (49, 56, 70), no colocalizaton between nsp2-GFP- and 
nsp2-mCherry-positive structures was observed in multinucleated cells that 
were positive for both fusion proteins (Fig. 7E, bottom row). Apparently, 
while newly synthesized RTCs are able to recruit both fusion proteins, already 
existing RTCs are not able to exchange or to recruit fluorescent nsp2 fusion 
proteins. These results are consistent with the lack of fluorescence recovery 
after photobleaching of nsp2-positive structures and demonstrate that once 
formed, the replicative structures are static entities.

DISCUSSION

In this study, the dynamics of the coronavirus replicative structures was 
analyzed for the first time by performing live-cell imaging of coronavirus-
infected cells in combination with FRAP analyses. Ideally, one may prefer 
to visualize these structures by using recombinant viruses expressing tagged 
versions of an nsp in the context of the replicase precursor proteins; however, 
such recombinants are currently not available. Therefore, we applied an 
alternative approach in which the replicative structures were visualized 
by the expression of fluorescently marked nsp2 proteins in trans in MHV-
infected cells. Although this protein is dispensable in virus replication and the 
formation of the viral RTCs (24), this protein was more efficiently recruited to 
the RTCs than other nsps, at least when expressed in trans (data no shown). 
The tagged nsp2 proteins were found by immunofluorescence analyses to 
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colocalize with several RTC markers, such as nsp8, nsp4, and dsRNA. 
nsp8 was recently shown to contain RdRp activity and has been proposed 
to function as a primase (27) while nsp4 has a critical role in directing 
coronavirus RTC/DMV assembly (9). dsRNA molecules, which are readily 
detected in coronavirus-infected cells (49), are likely to represent replicative 
intermediates. Consistently, nsp2-GFP was shown by immuno-EM analysis 
to be efficiently recruited to the virus-induced DMVs and CMs in MHV-
nsp2GFP-infected cells. Previously, newly synthesized viral RNA as well as 
(viral) dsRNA had been found to be associated with the DMVs (23, 35, 65) 
while all nsps studied to date have been localized to the DMVs and CMs (16, 
24, 49, 51, 61). Taking all these observations together, we conclude that the 
expressed nsp2 fusion proteins are recruited to the coronavirus RTCs, which 
are anchored to DMVs. Importantly, this localization corresponds with the 
previously reported distribution of nsp2 (5, 21, 24, 62).

The nsp2 fusion proteins were associated with the cytoplasmic face of 
the DMVs/CMs. After selective permeabilization of the plasma membrane, 
antibodies directed against the GFP tag were able to detect the nsp2 fusion 
protein. Furthermore, the large majority of the membrane-associated nsp2 
was sensitive to protease treatment in the absence of detergents. Apparently, 
no appreciable fraction of nsp2 was protected by the membranes, which 
indicates that this protein is not targeted into the lumen of the DMVs. In 
agreement with the association of nsp2 to the DMV external surface, nsp2-
GFP could also be detected in the sections prepared for immuno-EM, in 
which the DMVs appeared as empty vesicles that lacked the inner membrane. 
Recently, van Hemert and coworkers (70) demonstrated that dsRNA, nsp5, 
and nsp8 present in partially purified severe acute respiratory syndrome 
(SARS)-CoV RTC preparations were protected by membranes from nuclease 
or protease treatment. Interestingly, however, this was not the case for the 
very large nsp3. Thus, it appears that some nsps (e.g., nsp5 and nsp8) are 
protected by membranes, e.g., by their localization inside the DMVs, while 
others are not (e.g., nsp2 and nsp3). This raises intriguing questions about the 
overall structure of the coronavirus RTCs and their association with cellular 
membranes.

As nsp2-GFP was recruited both to single DMVs and to DMV/CM 
assemblies but not to any other cytoplasmic structure, we conclude that 
the small, mobile nsp2-positive structures are likely to correspond to single 
DMVs while the large immobile nsp2-positive structures probably represent 
the DMV/CM assemblies. Correlative light-electron microscopy, in which 
live-cell imaging of fluorescently tagged proteins together with immunogold 
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labeling of ultrathin cryosections of the same cells is combined (71), will be 
required to unequivocally prove this point. As our results indicate that single 
DMVs are mobile but that the DMV/CM assemblies are not, one might 
speculate that newly formed DMVs are able to freely move around until they 
are “captured” by the DMV/CM assemblies.

The small nsp2-positive foci, supposedly corresponding to single DMVs, 
traffic through the cell in a microtubule-dependent fashion. Several lines of 
evidence support this conclusion. The fluorescent structures appeared to traffic 
on specific cellular tracks, displaying velocities and saltatory movements 
typical for microtubule-mediated transport (40), while such movements were 
not observed in the presence of nocodazole. Furthermore, when cells lacking a 
microtubular network were infected with MHV, the nsp2-positive structures 
did not accumulate in the perinuclear region of the cell but, rather, were 
scattered throughout the cytoplasm. Disruption of microtubule-mediated 
transport of DMVs, however, had no significant impact on coronavirus RNA 
replication. Trafficking of viral replication complexes along microtubule 
tracks has previously also been observed for other plus-strand RNA viruses, 
e.g., HCV (74), poliovirus (10, 19), and the double-stranded DNA vaccinia 
virus (57). Strikingly, also for these viruses replication was not affected or only 
modestly affected by the disruption of microtubules (6, 19, 59).

While the trafficking of viral replication complexes along microtubule tracks 
has been documented for several viruses, the dynamics of these structures 
has so far been reported in detail only for HCV (74) and vaccinia virus (59). 
Live-cell imaging of vaccinia virus RTCs demonstrated that only the small 
(early), and not the large (late), replication sites displayed microtubule motor-
mediated motility (59). In the case of HCV, Wölk and coworkers used replicons 
harboring a GFP insertion in NS5A. Again, two distinct patterns of NS5A-
GFP fluorescence were reported: (i) large structures which showed restricted 
motility and (ii) small structures which showed fast, saltatory movements over 
large distances. Interestingly, the NS5A-GFP-positive structures displayed a 
static internal architecture without detectable exchange of NS5A within or 
in between these structures, as determined by FRAP analyses. Although the 
experimental approach of this study differs from ours (i.e., the HCV NS5A 
is an essential replicase protein and was expressed in the context of the viral 
polyprotein), the dynamics of the HCV replicative structures show several 
remarkable similarities with those of MHV.

The large MHV DMV/CM assemblies very likely correspond to the 
recently reported reticulovesicular network of modified ER membranes that is 
connected to clusters of interconnected DMVs found in SARS-CoV-infected 
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cells (35). From this perspective, it is not surprising that these large assemblies 
of interconnected ER and DMVs are not able to traffic on microtubule tracks. 
Interestingly and similar to our observations, movement in HCV and vaccinia 
virus was observed for only the small RTC assemblies and not the large ones 
(59, 74). The fast saltatory movements of the small HCV fluorescent foci 
were shown to occur independently of ER dynamics (74). Whether this also 
holds true for MHV remains to be established. Despite the movement of 
the small nsp2-positive foci, the coronavirus replicative structures turn out to 
be inherently static entities. No recovery of fluorescence was observed when 
(part of) the nsp2-positive structures were photobleached. Apparently, the 
nsp2 protein, once recruited to the RTCs, is not exchanged by nsp2 protein 
occurring in the cytoplasm or at other DMVs. This result was confirmed by 
the observation that preexisting RTCs did not exchange fluorescence after 
fusion of cells expressing either a green or a red fluorescent nsp2. Our data 
thus indicate that recruitment of nsp2 occurs only during RTC assembly. 
Again, similar results were obtained for the HCV RTCs, which also displayed 
a lack of fluorescence recovery after photobleaching (74). We hypothesize that 
during RTC assembly, the coronavirus nsp2 is captured within an elaborate 
network of protein-protein interactions. Indeed, for the nsp2 of SARS-CoV, 
a large number of viral protein interaction partners have been identified 
including nsp2, nsp3, nsp6, nsp8, and nsp11 (50, 73). Other coronavirus nsps 
also appear to be contained in rigid protein-protein interaction networks (28, 
50, 73; also unpublished results).

Our findings have important consequences for our understanding of 
RTC assembly and functioning. The lack of exchange of nsps present in 
different RTCs fits well with the model of RTC maturation/aging, as has 
been proposed for coronaviruses (56). In this model, the RNA synthesizing 
activity of the RTC changes in time, possibly by proteolytic turnover of the 
replicase polyprotein. Moreover, were nsps generally contained within static 
networks, complementation between different (e.g., temperature sensitive) 
viruses carrying a mutation in one of these nsps would have to occur during 
the formation of these networks at the time of RTC/DMV assembly and 
would not be possible once these replicative structures had been assembled.

So far, live-cell imaging of viral infections has been limited mainly to the 
processes of entry and release of viral particles (25, 42). Trafficking and the 
dynamics of viral replicative structures have received much less attention and 
for plus-strand RNA viruses have, so far, essentially been reported only for 
HCV (74) and MHV (this study). Considering that these viruses belong to 
different virus families (the Coronaviridae and the Flaviviridae, respectively), 
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the similarities observed between the two viruses are, at least in our opinion, 
quite remarkable. One feature is the occurrence of differently sized replicative 
structures, and we have now shown that the small but not the large ones 
traffic along microtubule tracks. Another, perhaps even more intriguing, 
feature is that in both cases structures appear to function as rigid entities. 
In view of the parallels observed between MHV and HCV, it is tempting 
to hypothesize that our findings reflect general features of the replication of 
plus-strand RNA viruses.
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ABSTRACT

The coronavirus nucleocapsid (N) protein is a virion structural protein. It 
also functions, however, in an unknown way in viral replication and localizes 
to the viral replication-transcription complexes (RTCs). Here we investigated, 
using recombinant murine coronaviruses expressing green fluorescent protein 
(GFP)-tagged versions of the N protein, the dynamics of its interactions 
with the RTCs and the domain(s) involved. Using fluorescent recovery after 
photobleaching, we showed that the N protein, unlike the nonstructural 
protein 2, is dynamically associated with the RTCs. Recruitment of the N 
protein to the RTCs requires the C-terminal N2b domain, which interacts 
with other N proteins in an RNA-independent manner.
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All positive-strand RNA viruses assemble their replication complexes 
in association with intracellular membranes. Coronaviruses, enveloped 
plus-strand RNA viruses, induce in infected cells the formation of double-
membrane vesicles (DMVs) and convoluted membranes (CMs). These 
structures harbor the nonstructural proteins (nsps) (9, 14, 25, 26, 28) and are 
associated with viral RNA synthesis (1, 9, 20, 22). The nsps, which jointly 
form the replication-transcription complexes (RTCs), presumably mediate 
the formation of these membranous structures by modifying endoplasmic 
reticulum-derived membranes and by recruiting cellular components to their 
need.

In addition to the nsps, coronaviruses express several structural proteins, 
including at least the spike (S), envelope (E), membrane (M), and nucleocapsid 
(N) proteins (6). The N protein packages the viral genomic RNA to form 
the helical nucleocapsid that is incorporated into the budding particle but 
also fulfills additional roles during the viral infection. It has been shown to 
function as an RNA chaperone (33) and to facilitate viral RNA synthesis (2, 
5, 16). Not surprisingly, the N protein localizes to DMVs and CMs, the sites 
where the RTCs are concentrated, in addition to the virion assembly sites 
(3, 7, 23, 28, 29). Furthermore, the nucleocapsid protein contributes to the 
perturbation of several host cellular processes [reviewed in reference (27)].

Recently, we demonstrated that nsp2, once recruited to the RTCs, is not 
exchanged for nsp2 molecules present in the cytoplasm and in other DMVs/
CMs. That is, no recovery of fluorescence was observed when (part of) the 
nsp2-positive foci were photobleached (10). Whether the other nsps or the 
N protein pool associated with the RTCs also lacks mobility at these sites 
remains unknown. Of particular interest are the dynamics of the N protein, 
as it is involved in different, spatially and temporally separated steps of the 
viral life cycle. We hypothesized that the N protein is not permanently bound 
to the RTCs but rather possesses a manifest intracellular mobility, as it is 
probably not involved only in viral RNA synthesis but also in its transport 
from the site of synthesis to the virion assembly sites, where it participates in 
virion assembly.

To test our hypothesis, we studied the dynamics of the N protein localized 
at the RTCs by live-cell imaging. To this end, we generated a recombinant 
mouse hepatitis coronavirus (MHV) expressing an additional copy of the N 
protein C terminally fused to green fluorescent protein (N-GFP). The coding 
sequence for N-GFP was introduced into the viral genome as an additional 
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expression cassette between genes 2a and S by targeted RNA recombination as 
previously described (18), thereby replacing the nonfunctional hemagglutinin-
esterase gene (Fig. 1A). The resulting recombinant virus, MHV–N-GFP, was 
viable; however, it was rapidly outcompeted by viruses that had lost expression 
of the N fusion protein. As we were unable to demonstrate incorporation of 
N-GFP into progeny virions, we speculated that the fusion protein acts as a 
dominant negative during virion assembly. Of passage 2, approximately 10 to 
20% of the virus population expressed detectable levels of N-GFP (data not 
shown), which was sufficient for our experimental goal.

To determine whether the N-GFP fusion protein, when expressed from 
the viral genome, was recruited to the RTCs, LR7 cells were inoculated with 
MHV–N-GFP, fixed at 6 h post infection (p.i.), and subsequently processed for 
immunofluorescence analysis. The results show that the N-GFP was present 
throughout the cytoplasm at a low level and was concentrated in cytoplasmic 
foci that were colocalizing with the RTC protein markers nsp2/3 (antibody 
D4) and nsp8 (anti-p22 antibody). Similar colocalization of the N protein 
with nsp2/3 was observed in cells infected with wild-type MHV (Fig. 1B). 
To confirm the recruitment of N-GFP to the sites of viral RNA synthesis, we 
also studied the colocalization of N-GFP with newly synthesized viral RNA, 
using the Click-iT RNA detection assay (Invitrogen). Essentially all N-GFP-
positive foci were also positive for newly synthesized viral RNA. Subsequently, 
immunoelectron microscopy was performed on MHV–N-GFP-infected cells, 
with the GFP tag labeled as described before (10). Although only few gold 
particles per cell could be detected, the profiles clearly show that N-GFP 
localized to the DMVs (Fig. 1C), which appeared here as empty vesicles as 
observed before when using the same immunoelectron microscopy procedure 
(10, 28), as well as to the CMs (data not shown). All together, these results 
show that the N-GFP fusion proteins, when expressed from the viral genome, 
are recruited to the coronavirus replicative structures, which are corresponding 
with the active RTCs, similarly to the nontagged N protein (28).

Figure 1. Recruitment and localization of the N protein to the RTCs and DMVs. (A) Schematic 
outline of the MHV-N-GFP recombinant virus (not drawn to scale). UTR, untranslated region.  
(B) LR7 cells inoculated with MHV or MHV-N-GFP were fixed at 6 h p.i. and stained with 
antibodies directed against nsp2/3 (D4 [24]; kind gift of S. Baker) or nsp8 (anti-p22 antibody [15]; 
kind gift of M. Denison). Production of newly synthesized viral RNA was visualized by using Click-
It detection of RNA. To this end, infected cells were fed with 5-ethynyl uridine from 5.5 to 6.5 h 
p.i., after which the cells were fixed. (C) HeLa-CEACAM1a cells infected with MHV-N-GFP 
and control cells (mock) were fixed at 6 h p.i. and processed for immunoelectron microscopy using 
antibodies against GFP. Arrowheads indicate colocalization sites between N-GFP and either RTC 
protein markers (B) or DMVs (C).
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To study the dynamics of the N protein association with the RTCs, we 
performed fluorescence recovery after photobleaching (FRAP) analysis of 
MHV–N-GFP-infected LR7 cells. At 6 h p.i., specific regions of interest 
(ROI) that contained one N-GFP-positive structure were irreversibly 
photobleached and recovery rates were determined as previously described 
(10). The photobleached N-GFP-positive structures had a reduction in signals 
to about 35% of that of the prebleached structures (Fig. 2A and D; see also 
Movie S1A in the supplemental material). Within 60 s, the signal at the ROI 
recovered to 60% of the original signal intensity, indicating an exchange of 
N-GFP with its surrounding environment. Recovery after photobleaching 
was also observed when N-GFP was expressed from a plasmid transfected 
into cells prior to infection with wild-type MHV (Fig. 2B and D; see also 
Movie S1B in the supplemental material). However, the mobility fraction 
(Mf) of N-GFP-positive foci in these cells was higher (Mf = 63%) than 

Figure 2. Recovery of nucleocapsid protein N on DMVs after photobleaching. (A to C) FRAP was 
performed using the quantifiable laser module of the DeltaVision Core (API) at 6 h p.i. on LR7 cells 
infected with MHV-N-GFP (A), transfected with the N-GFP plasmid and subsequently infected 
with MHV-A59 (B), or cotransfected with pN-GFP (green) and pnsp2-mCherry (red) expression 
vectors and subsequently infected with MHV-A59 (C). Representative-experiment snapshots with 
the ROI indicated by white circles are depicted. (D) Fluorescence recovery graphs for photobleached 
ROIs from panels A (n = 5) and B (n = 4) are shown and compared with identically generated graphs for 
MHV-nsp2-GFP (n = 10) from a different study (10). Mf, mobile fraction, defined as the percentage 
of fluorescence recovery at the bleached site.
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that of N-GFP in MHV–N-GFP-infected cells (Mf = 40%) (Fig. 2D). This 
might be attributed to the higher N-GFP expression levels in the transfected 
cells (compare Fig. 2A and B) (also data not shown). Although we previously 
did not observe any recovery of the nsp2-GFP signal in FRAP experiments 
(10) (Fig. 2D), we decided to simultaneously compare the recovery rates of 
N with those of nsp2 in the same cell. To this end, we cotransfected cells 
with plasmids expressing N-GFP and nsp2-mCherry (10) before infecting 
them with MHV. After subsequent infection with MHV, the N-GFP and 
nsp2-mCherry localized to partly overlapping cytoplasmic foci. Again, 
recovery of the N protein signal, but not that of nsp2, was detected after 
photobleaching (Fig. 2C; see also Movie S1C in the supplemental material), 
although the recovery of the N protein appeared to be less efficient than that 
in nsp2-mCherry-negative cells (Fig. 2B). This difference might be caused by 
differences in expression level. Alternatively, overexpression of nsp2 might 
affect the recovery of N-GFP, for instance, by yet-unrevealed protein-protein 
interactions. In conclusion, at 6 to 7 h p.i., the nsp2 and N protein present at 
the RTCs display different motilities, with the nsp2 being much less mobile 
in the cell than the N protein. It will be interesting to analyze the motility of 
the N protein at other time points of the infection cycle as well.

Next, we elucidated which part of the N protein is required for its dynamic 
recruitment to the RTCs. We made use of the recently described set of 
recombinant MHVs (12), each expressing, in addition to the full-length N 
protein, one of the following N-terminally GFP-tagged N segments: N1a 
(amino terminus), N1b (corresponding to the previously designated N-terminal 
domain [NTD]), N2a (region linking N1b and N2b), N2b (corresponding to 
the previously designated C terminal domain [CTD]), and NBd3 (carboxyl 
terminus) (Fig.3A) [see references in reference (12)]. We infected cells with 
these recombinant MHVs and analyzed at 6 h p.i. the recruitment of GFP-N 
domains to the RTCs after immunostaining them with antibodies directed 
against nsp8 (Fig. 3B). None of the N protein segments, with the exception 
of GFP-N2b (Fig. 3B), was efficiently recruited to the RTCs. As a result, 
the N2b domain probably contains the information required for recruitment 
of the N protein to the RTCs, at least in the presence of a full-length N 
protein. To a minor extent, some colocalization of GFP-N2a with nsp8 was 
also observed, which is in agreement with this domain interacting with 
nsp3 (12a). Importantly, the FRAP experiments showed that the dynamic 
association/dissociation of GFP-N2b with the RTCs was similar to that of 
the full-length N-GFP (data not shown). Interestingly, all of the N protein 
segments except N2b also localized to the nucleus. Also, the full-length 
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protein hardly localized to the nucleus (Fig. 1B). The biological significance 
of these observations is not clear at present.

The N2b segment has been demonstrated to be involved in both N protein 
self-interaction and binding to the RNA [see references in reference (12)]. 
To determine which of these two interactions is essential for the recruitment 
of the N2b fragment to the RTCs, we performed coimmunoprecipitation 
experiments. To this end, cells infected with the different recombinant 
MHVs were metabolically labeled as previously described (10) from 5 h to  
7 h p.i. Subsequently, cell lysates were prepared and immunoprecipitations 
were performed essentially as described previously (31) either in the presence 
or absence of the anti-GFP antibody (Fig. 4A). When immuno-precipitations 
were performed in the absence of the anti-GFP antibody, very low levels of 
full-length N protein were detected, likely due to the nonspecific binding to 
protein A Sepharose. In the presence of anti-GFP antibody, protein bands 
corresponding to the different fusion proteins were observed. Importantly, 
wild-type, nontagged N protein was efficiently coimmunoprecipitated in cells 
infected with viruses expressing N-GFP, GFP-N1b, or GFP-N2b (Fig. 4A). 
Since GFP-N2b, but not GFP-N1b, was recruited to the RTCs (Fig. 3B), 
we subsequently investigated whether these interactions were dependent on 
the presence of viral RNA. To this end, the immunoprecipitates were treated 
with RNase A (17). As expected, the interaction between wild-type N protein 
and full-length N-GFP protein was lost after RNase A treatment (Fig. 4B) 
(17). The same result was obtained for the GFP-N1b protein, whereas for the 
GFP-N2b protein, the interaction with N was maintained after RNase A 
incubation (Fig. 4B).

In this study, we show that the N protein, in contrast to nsp2 (10), is 
dynamically associated with the RTCs. The dynamics of other proteins 
present at the RTCs have not yet been evaluated. Whereas nsp2 may be 
immobilized within an elaborate network of protein-protein interactions (10, 
19, 30), this is apparently not the case for the N protein. We hypothesize that 
the difference in mobility between nsp2 and N likely reflects their different 
functions in the viral life cycle. Although the function of nsp2 at the RTC is 
not known, the N protein is a multifunctional protein that facilitates RNA 
synthesis but also plays an essential role in virus assembly and is presumably 
involved in facilitating the transport of the viral genome from its location of 

Figure 3. Role of N domains in RTC recruitment. (A) Schematic outline of the MHV-GFP-N 
domain recombinant viruses (not drawn to scale). (B) LR7 cells infected with MHV-GFP-N 
domain viruses were fixed and processed for immunofluorescence at 6 h p.i. using the RTC protein 
marker nsp8. Examples of GFP-N2a and -N2b-positive foci colocalizing with nsp8 are indicated by 
arrowheads.
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synthesis to the virion assembly sites. The dynamic nature of the N protein at 
the RTCs may be a prerequisite for the N protein to exert and coordinate its 
diverse functions. 

The N2b domain appeared to be required for N protein recruitment to the 
RTCs and was furthermore engaged in RNA-independent N-N interactions. 
The latter observation is consistent with previous studies that showed the 
importance of the CTD domain in N protein self-interactions (4, 8, 11, 13, 21, 
32). Conceivably, GFP-N2b is recruited to the RTCs by binding a wild-type 
N protein molecule. We can, however, not rule out that its association with the 
DMVs is mediated by another RTC component. Strikingly, in contrast to N1b 
and NBd3, the N2b domain hardly appeared to be incorporated into progeny 
virions (12). This was ascribed to its presumed inability to compete with full-
length N monomers as the nucleocapsid condenses to be incorporated into 
the budding virion. Another explanation might be that RNA binding is an 
essential requirement for incorporation of N into virions, a feature the N2b did 
not seem to possess (12). Apparently, different N protein requirements exist 
with respect to its recruitment to the RTCs (this study) and its incorporation 
into virus particles (12). Differences in protein behavior are also observed 
between GFP-N2b and N-GFP. While the full-length N-GFP protein was 
efficiently recruited to the RTCs, more so than with GFP-N2b (compare Fig. 
1B and 3B), its interaction with wild-type N protein was largely sensitive to 
RNase A treatment in the same manner as was GFP-N1b, which was not 
recruited to the RTCs. We speculate that while protein-protein interactions 

Figure 4. Intracellular N-N interactions and their RNA dependency. LR7 cells were infected 
with MHV-GFP-N domain viruses and radioactively labeled from 5 h to 7 h p.i. before cell lysates 
were prepared. (A and B) Immunoprecipitations were performed in the absence (–) or presence (+) 
of GFP antibody (Immunology Consultants Laboratory, Inc.). Where indicated in panel B, the 
immunoprecipitates were treated with protease-free RNase A (Fermentas GmbH, St. Leon-Rot, 
Germany) and extensively washed prior to SDS-PAGE analysis. Of note, in the second lane in panels 
A and B, the small amount of coprecipitated N-GFP compared to that of nontagged N protein is 
likely due to only 10 to 20% of the MHV-N-GFP stock expressing N-GFP.
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between N molecules are required for RTC recruitment, these interactions 
are somehow additionally influenced or converted by the presence of other N 
protein domains, for example, via N-RNA interactions.
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ABSTRACT

Green fluorescent protein (GFP)-tagged mouse hepatitis coronavirus 
nonstructural protein 4 (nsp4) was shown to localize to the endoplasmic 
reticulum (ER) and to be recruited to the coronavirus replicative structures. 
Fluorescence loss in photobleaching and fluorescence recovery after 
photobleaching experiments demonstrated that while the membranes of the 
ER are continuous with those harboring the replicative structures, the mobility 
of nsp4 at the latter structures is relatively restricted. In agreement with that 
observation, nsp4 was shown to be engaged in homotypic and heterotypic 
interactions, the latter with nsp3 and nsp6. In addition, the coexpression of 
nsp4 with nsp3 affected the subcellular localization of the two proteins.
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All positive-strand RNA viruses induce modified cellular membranes in 
infected cells, onto which their replication complexes are anchored [reviewed 
in references (23) and (30)]. Coronaviruses induce the formation of double-
membrane vesicles (DMVs) and convoluted membranes (CMs) (14, 18, 24, 
29, 32, 34), which form a large reticulovesicular network with which viral 
replication and transcription are associated (14, 18, 37). The nonstructural 
proteins (nsps) localize to the CMs and the DMVs (16, 18, 34, 37), while 
double-stranded RNA (dsRNA), probably corresponding to replicative 
intermediates, has been detected at the DMV interior (18, 34). Not much is 
known about the mechanism by which the coronavirus replicative structures 
(DMVs and CMs) are formed (4, 26), let alone about the functioning of the 
different structures in viral RNA synthesis (18, 37).

The coronavirus nsps 3, 4, and 6 are integral membrane proteins. These 
proteins, the membrane topology of which was recently established (1, 17, 24, 
25), are supposed to drive the induction of the membrane rearrangements and 
to provide the scaffold onto which the replication complexes are assembled. 
Key roles have been attributed in particular to nsp3 and nsp4 in the induction 
of the typical membrane structures, as ectopic coexpression of the arterivirus 
nsp3 and nsp4 counterparts results in the appearance of the corresponding 
structures (35). The importance of coronavirus nsp4 in DMV biogenesis is 
indicated by several other observations. nsp4 was shown to be an essential 
protein (36), while mutation of residue 258 resulted in a temperature-
sensitive phenotype, with reduced numbers of DMVs and nsp4 localizing to 
the mitochondria at the restrictive temperature (3). Abrogation of the nsp4 
glycosylation sites led to an impairment of viral RNA synthesis accompanied 
by the appearance of aberrant DMVs and increased numbers of CMs (13).

In view of the essential role of nsp4 in replication and the assembly of 
the replicative structures, we analyzed its dynamics using fluorescence loss 
in photobleaching (FLIP) and fluorescence recovery after photobleaching 
(FRAP) approaches. As we have been unable to generate recombinant viruses 
expressing green fluorescent protein (GFP)-tagged nsp4 in the context of 
the replicase precursor proteins, we used a recombinant mouse hepatitis 
virus (MHV) in which a GFP-tagged version of nsp4 was expressed as an 
additional expression cassette (MHV-nsp4GFP) (25).

MHV-nsp4GFP replication kinetics and peak titers in LR7 cells were 
similar to those of recombinant wild-type MHV (MHV-WT) (5) (Fig. 1A). 
Apparently, expression of nsp4-GFP, which was expressed approximately  
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12-fold more abundantly than the endogenous mature nsp4 protein (data not 
shown), did not interfere with virus replication. Consistent with our earlier 
observations (25), the protein displayed a reticular staining pattern that 
coincided with the endoplasmic reticulum (ER) marker calreticulin (Fig. 1B). 
In addition, nsp4-GFP was also present in puncta that colocalized not with 
calreticulin but with markers for the coronavirus replicative structures, such 
as nsp8 and nsp2/3 (Fig. 1B) (25). Most nsp4-GFP-positive foci colocalized 
with or were found adjacent to newly synthesized viral RNA (Fig. 1C), which 
was detected by feeding cells with an alkyne-modified nucleoside, 5-ethynyl 

Figure 1. Characterization of recombinant MHV-nsp4GFP virus. (A) LR7 cells were infected 
with either MHV-nsp4GFP or recombinant wild-type MHV (MHV-WT; [5]) at a multiplicity of 
infection (MOI) of 10. Culture media were collected at the indicated time points post infection (p.i.), 
and viral infectivity was determined by performing quantal assays with LR7 cells. TCID50, 50% 
tissue culture infective dose. (B) LR7 cells were infected with MHV-nsp4GFP, fixed, and subjected 
to immunofluorescence analysis using antibodies directed against calreticulin (Sigma) and nsp2/3 
(31). (C) The sites of viral RNA synthesis in MHV-nsp4GFP-infected cells were visualized by EU 
labeling at 6 h p.i., followed by fixation and coupling of an Alexa 594 fluorophore to the incorporated 
EU using click chemistry (Click-iT; Invitrogen). (D) Cryosections of MHV-nsp4GFP-infected cells 
were prepared and incubated with antibodies directed against the GFP tag (Abcam), followed by 
immunogold labeling (indicated by the arrowheads) (33). The asterisk indicates the ER and/or the 
convoluted membrane assemblies. Bar, 200 nm.
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uridine (EU), as described previously (39), indicating that nsp4-GFP is 
recruited to sites of active RNA synthesis. Finally, we studied the localization 
of nsp4-GFP by analyzing MHV-nsp4GFP-infected cells by immunoelectron 
microscopy (IEM) using anti-GFP antibodies as described previously (16, 33, 
37, 38). Although the labeling was weak, it was specific and showed nsp4-
GFP localization on the surface of the DMVs, which appeared as empty holes 
inherent to the method used (Fig. 1D) (16, 37, 39). Some additional staining 
could be observed on membranes that probably correspond to either the CMs 
or the ER. No labeling of noninfected cells was observed (data not shown).

The presence of nsp4-GFP in ER membranes and its recruitment to the 
viral replicative structures allowed us to assess whether the membranes of 
the DMVs/CMs and the ER are interconnected in MHV-infected cells. 
We applied FLIP to MHV-nsp4GFP-infected cells to verify whether this 
continuity existed. With this technique, a specific area of the cell is repeatedly 
photobleached, and loss of fluorescence outside the bleached area is monitored 
[for more details, see references (19) and (20)]. After a specific area has been 
photobleached, fluorescence is recovered by diffusion. When the same area 
gets repeatedly bleached, the fluorescence of the whole organelle will be lost. 
Thus, while loss of fluorescence outside the photobleached area is indicative 
of membrane continuity, a persisting signal indicates the lack of connectivity 
between membrane systems. At 6 h p.i., a defined region targeting the ER 
in MHV-nsp4GFP-infected cells was repeatedly photobleached, each time 
followed by the acquisition of postbleaching images at different locations in 
the cell. No fluorescence loss was observed for neighboring cells. Repeated 
photobleaching of infected cells resulted in fluorescence loss of the nsp4-
GFP present in the ER as well as in the replicative structures (Fig. 2A 
and B) (see Video S1 in the supplemental material). However, significantly 
less fluorescence was lost after repeated photobleaching over a period of  
30 min in the replicative structures than that lost in the ER (60% versus 80%). 
Furthermore, nsp4-GFP fluorescence decreased significantly faster in the ER 
than in the replicative structures (P = 0.011).

These results revealed continuity between the ER and the replicative 
structures. Although we cannot exclude the possibility that this continuity 
results from (rapid) vesicular transport between these structures, direct 
continuity between the membranes of the ER and of the replicative structures 
appears a more likely explanation in view of an electron tomography study 
of severe acute respiratory syndrome coronavirus (SARS-CoV)-infected cells 
(18). For MHV-A59, electron tomography may be required to demonstrate 
this kind of continuity, as it was previously not observed for MHV-infected 
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Figure 2. FLIP and FRAP analyses of MHV-nsp4GFP-infected cells. (A) In the FLIP 
experiments, the ER of MHV-nsp4GFP-infected cells was repeatedly photobleached, 25 times for  
1 s every 60 s, and fluorescence loss was monitored at the nsp4GFP-positive replicative structures 
(dots) or at sites that contain reticular nsp4-GFP fluorescence. Representative images of such an 
experiment are depicted and were enhanced using the “hot” look-up table of ImageJ (28), in which 
the observed fluorescence is represented as colors corresponding to the strength of the fluorescence 
intensities, ranging from white/yellow (high intensities) to purple/black (low intensities). The bleached 
area is indicated by the white box. t, time. (B) The recovery fractions of the FLIP experiments were 
obtained by background correction of the measured fluorescence intensities and by normalizing these 
to the prebleach fluorescence intensities at the indicated cellular locations. The mean results from 
five experiments are shown. The error bars indicate the standard errors of the means. (C) FRAP 
was performed as previously described (16), using MHV-nsp4GFP-infected cells, thereby targeting 
nsp4-GFP-positive dots or sites containing reticular nsp4-GFP fluorescence only. The corresponding 
fluorescence recovery graphs, after background correction and normalization of the measured 
fluorescence intensities, are depicted, and calculated mobile fractions (MF) are indicated. The mean 
results from six and nine experiments are shown for nsp4-GFP-positive dots and reticular nsp4-GFP, 
respectively. The error bars indicate the standard errors of the means. FR, fluorescence recovery; norm 
factor, normalization factor. (D) Representative images of such FRAP experiments are depicted, with 
the bleached area indicated by the white box. For all live-cell imaging experiments, the spike protein 
heptad repeat 2 (HR2) peptide (2) was added to inhibit cell-cell fusion.
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cells by conventional electron microscopy (37). The electron tomography study 
of SARS-CoV-infected cells also showed that the inner membranes of the 
DMVs are sealed and do not display continuity with the other membranes. The 
absence of any “pockets” of fluorescence, i.e., regions of restricted mobility, in 
our FLIP experiments indicates either that nsp4 is present at minimal levels 
in the inner lipid bilayer of the DMVs or that continuity between the inner 
and the outer membranes exists.

The FLIP experiments indicated that the nsp4-GFP proteins display 
different diffusion properties depending on their subcellular localization. To 
confirm this observation, we investigated the mobility of nsp4-GFP in more 
detail by performing FRAP experiments, as previously described [for details, 
see references (16, 20, 21, and 39)], targeting the nsp4-GFP fluorescence 
in MHV-nsp4GFP-infected cells either at the ER (reticular staining) or at 
the replicative structures (dots); representative images and corresponding 
fluorescence recovery graphs are depicted in Fig. 2C and D. Bleaching of 
reticular nsp4-GFP resulted in a reduction of ~50% of the prebleaching 
fluorescent signal. Within 30 s, ~35% of the nsp4-GFP fluorescent signal 
was recovered, with a calculated mobile fraction (Mf) of 64.9%. These results 
indicate that nsp4-GFP is able to laterally diffuse through the lipid bilayers of 
the ER, in agreement with our FLIP experiments. Photobleaching of nsp4-
GFP-positive dots resulted in a reduction of ~60% of the prebleached signal. 
Much less recovery of the fluorescent signal was observed at these structures 
(Mf of 33.1%). Furthermore, it appeared that the measured recovery resulted 
largely from mobility of nsp4-GFP in ER membranes, which are also present 
in the bleached areas, rather than from recovery in the replicative structures.

The FRAP experiments are consistent with the FLIP data and show 
that while the nsp4-GFP protein pool present at the replicative structures 
is mobile, its mobility is clearly less than that of the nsp4-GFP present in 
ER membranes. Apparently, the protein experiences some kind of diffusion 
barrier when present at the replicative structures. Until now, we have analyzed 
the mobility of two other proteins at the replicative structures: nsp2 (16) and 
the nucleocapsid protein N (39). While nsp2, once recruited to the replication-
transcription complexes (RTCs), was immobilized (16), the N protein was 
dynamically associated to the RTCs (39). Although the recovery of nsp4 
and nsp2 to the bleached replicative structures cannot be compared directly, 
as nsp2 is a cytosolic protein and nsp4 is an integral membrane protein, it 
appears that nsp2 is constrained at the replicative structures to a much greater 
extent than is nsp4.



118

Chapter 5

Marne Casper Hagemeijer

As all nsps studied to date are located at the replicative structures (8, 15, 25, 
27, 31, 34), the local interaction of nsp4-GFP with other nsps may very well 
account for the observed differences in diffusion. Therefore, we investigated 
whether nsp4 binds to other nsps. We decided to focus on the coronavirus 
integral membrane nsps (nsp3, nsp4, and nsp6), as the equine arterivirus (EAV) 
counterparts of the coronavirus nsp3 and nsp4 have previously been shown to 
interact with each other (35). The proteins were expressed in OST7-1 cells 
using the recombinant vaccinia virus encoding the bacteriophage T7 RNA 
polymerase (vTF7-3) expression system (11, 12), after which cells were labeled 
with 35S-labeled amino acids and coimmunoprecipitation (coIP) experiments 
were performed as described previously (6, 7). The gene fragments encoding 
the nsps were fused to either GFP- or hemagglutinin (HA)-encoding 
sequences and cloned under the control of a T7 promoter (24, 25). For nsp3, 
only the fragment encoding the C-terminal domain (nsp3C), which contains 
all transmembrane domains, was cloned (24), as the gene encoding the full-
length protein appeared to be too toxic to clone and express. Interaction 
between the coexpressed proteins is monitored by the coprecipitation of HA-
tagged proteins using anti-GFP antibodies and vice versa. As a control for the 
specificity of the detected interactions, lysates of cells singly expressing the 
nsps were pooled and subsequently processed similarly for IP, as described 
previously (6). As an additional control, the coIP assay was also applied after 
coexpression of nsp4 with the MHV triple-spanning membrane (M) protein. 
Antibodies directed against the GFP or HA tag of nsp4 did not coprecipitate 
the MHV M protein, and M protein-specific antibodies did not coprecipitate 
the nsp4 fusion proteins (data not shown). We first investigated whether nsp4 
is engaged in homotypic interactions (Fig. 3A). The pooled lysates of separately 
expressed nsp4 proteins did not demonstrate coIP of nsp4, demonstrating 
the specificity of the assay and of the anti-GFP and anti-HA antibodies. 
When coexpressed, however, nsp4-GFP was coprecipitated with nsp4-HA 
and vice versa. Similar results were obtained when nsp4 fusion proteins were 
coexpressed with nsp3C or nsp6 fusion proteins (Fig. 3B and C).

As a second independent assay to detect these interactions, we made use 
of the yellow fluorescent Venus protein-based protein complementation assay 
(PCA) (22). In this assay, two complementary Venus reporter fragments, V1 
and V2, are fused to the protein(s) of interest. Upon interaction of the fusion 
proteins, the Venus fluorescent reporter activity is reconstituted. C-terminal 
V1 and V2 reporter fusion constructs of nsp3C, nsp4, and nsp6 were generated 
and coexpressed in different combinations using the vTF7-3 expression 
system, after which the cells were processed for (quantitative) fluorescence 
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analysis. Cotransfection of the empty V1 or empty V2 plasmid with the 
nsp4-V2 or nsp4-V1 construct did not result in reconstitution of the Venus 
fluorescence and served as a negative control (Fig. 3D and E), in agreement 
with the inability of the Venus reporter fragments to spontaneously refold 
in their native structure in the absence of interacting partners being fused 
to them (22). With this assay, we were able to confirm the interaction of 
nsp4 with itself and with nsp6, as a reticular fluorescence signal was observed 
when these gene fragments were coexpressed (Fig. 3D and E). However, we 
were not able to demonstrate interaction between nsp4-V1 and nsp3C-V2, 

Figure 3. CoIP and PCA analysis of homo- and heterotypic interactions of nsp4. GFP- and 
HA-tagged nsp constructs were expressed in OST7-1 cells, either alone or in the following 
combinations: (A) nsp4-GFP with nsp4-HA, (B) nsp3C-GFP with nsp4-HA and nsp3C-HA with 
nsp4-GFP, and (C) nsp4-GFP with nsp6-HA and nsp4-HA with nsp6-GFP. Cells were radiolabeled 
for 1 h. Cell lysates were prepared and subjected to IP with either anti-GFP (α-GFP) or anti-HA 
(α-HA) antibodies (Immunology Consultants Laboratory, Inc.). Precipitates were analyzed using 
SDS-PAGE. As a control for the coexpression (co), lysates of singly expressed proteins were pooled 
(pl) and processed similarly for IP. The black and gray arrowheads indicate the positions in the gel 
of GFP- and HA-tagged proteins, respectively. (D) vTF7-3-infected OST7-1 cells were transfected 
with the indicated combinations of the split-Venus PCA fragments, after which the cells were fixed 
at 6 h p.i. and processed for immunofluorescence microscopy. Representative images are shown.  
(E) The mean arbitrary fluorescence intensities of 10 randomly chosen cells per cotransfection in the 
PCA experiments were determined using a Deltavision RT microscope and the Volocity software 
package from Improvision. V1 and V2 indicate Venus fragments 1 and 2.
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and only occasionally was a weakly positive cell found for the nsp4-V2 and 
nsp3C-V1 combination. The absence of fluorescence was not due to the nsp3C 
constructs themselves, as coexpression of nsp3C-V1 and nsp3C-V2 clearly 
resulted in reconstitution of fluorescence, indicative of nsp3 homotypic 
interactions (data not shown). The fact that the interaction between nsp4 and 
nsp3C was not observed with PCA may be caused by the C termini of the 
two proteins not being oriented in a configuration allowing the reconstitution 
of the fluorescence activity. In agreement with the coIP results, interaction 
between nsp4 and nsp3 was observed using yeast two-hybrid assays (data 
not shown). These results show that nsp4 is contained within a network of 
protein-protein interactions and probably explain the recruitment of nsp4 to 
the RTCs when expressed in trans [reference (25) and this study]. Moreover, 
nsp4 is likely to play a central role within this network, as the infection of cells 
with a temperature-sensitive MHV, carrying a mutation in nsp4, resulted in 
a partial localization not only of nsp4 but also of nsp3 and possibly other nsps 

Figure 4. Coexpression of nsp4 and nsp3C results in altered subcellular localization of these 
proteins. vTF7-3-infected OST7-1 cells were (co)transfected with plasmids encoding, nsp3C-HA, 
nsp4-HA, nsp6-HA, nsp3C-GFP, nsp4-mCherry, nsp4-GFP, or nsp6-GFP as indicated in the 
figure. Six hours p.i., cells were fixed and processed for confocal microscopy. (A) Single expression. 
Cells were subjected to immunofluorescence analysis using antibodies directed against the HA tag and 
calreticulin. α, anti. (B) Coexpression experiments with nsp3C, nsp4, and nsp6. The arrowhead points 
to a cell demonstrating perinuclear fluorescent foci as observed in nsp3C- and nsp4-cotransfected 
cells, whereas the arrow points to a single transfected cell expressing only reticular nsp3C-GFP, for 
which these dots are not observed. (C) Coexpression of nsp3C-HA and nsp4-GFP also results in the 
appearance of perinuclear fluorescent foci. The panel shows multiple cells in a field.
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to mitochondria at the restrictive temperature (3).
Finally, we analyzed whether coexpression of nsp4 with nsp3C or nsp6 

would affect the localization of the proteins, similarly to what has been 
described for EAV nsp2 and nsp3 (35). First, we studied the subcellular 
localization of the C-terminally tagged membrane proteins using the vTF7-
3 expression system. As shown in Fig. 4A and in agreement with previous 
reports (1, 17, 24, 25), individually expressed nsp3C, nsp4, and nsp6 exhibited 
a reticular pattern and colocalized with the ER marker calreticulin regardless 
of the identity of the C-terminal tag (data not shown). Next, we coexpressed 
nsp3C, nsp4, and nsp6 in various combinations. While the reticular staining 
pattern of these proteins by coexpression of nsp6 with either nsp4 or nsp3C 
was not affected, coexpression of nsp4 with nsp3C resulted in the formation of 
perinuclear fluorescent foci in which these proteins appeared to be concentrated  
(Fig. 4B). Similar results were obtained when nsp4 or nsp3C carried different 
tags (Fig. 4C). We hypothesize that the coexpression of nsp3C and nsp4 
results in a rearrangement of host cell membranes. We are currently studying 
to what extent these rearrangements resemble the membrane modifications 
in MHV-infected cells (37). For several other plus-strand RNA viruses, the 
viral proteins responsible for the membrane rearrangements, with which viral 
RNA synthesis is associated, have been identified [reviewed in references (9, 
10)]. These key organizers of plus-strand RNA virus replication complexes 
appear to have in common the characteristic of exerting their function as 
oligomeric complexes. In this respect, this study shows that the coronavirus 
transmembrane-containing nsps are no exception.
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ABSTRACT

Like all other plus-strand RNA viruses, coronaviruses induce in infected 
cells the formation of membranous structures that are associated with RNA 
synthesis. The coronavirus replicative structures consist of a network of 
double-membrane vesicles (DMVs) and convoluted membranes (CMs), to 
which the nonstructural proteins (nsps) localize. Double-stranded (ds) RNA 
replicative intermediates, which are a hallmark for plus-strand RNA virus 
genome replication, are localized to the DMV interior. However, as pores 
connecting the DMV interior with the cytoplasm have not been detected, it is 
unclear whether coronaviral RNA synthesis occurs at the same sites where the 
presumed dsRNA intermediates accumulate. Here, we studied coronavirus 
RNA synthesis with a new approach in which cells are fed with a uridine 
analogue, after which nascent viral RNAs are detected using click chemistry. 
The observations, while illustrating the potential of the click chemistry 
technology for detection of nascent viral RNA, indicate that early in infection 
nascent viral RNA and nsps colocalized with or occurred adjacent to dsRNA 
dots. Late in infection the correlation between dsRNA dots, then found 
dispersed throughout the cytoplasm, and nsps and nascent RNAs was less 
obvious, suggestive of maturation of the replicative structures. However, foci 
of nascent RNAs were always found to colocalize with the nsp12-encoded 
RNA-dependent RNA polymerase. These results demonstrate the feasibility 
of detecting viral RNA synthesis by using click chemistry and indicate 
that dsRNA dots not necessarily correspond with sites of active viral RNA 
synthesis. Rather, the DMVs may harbor dsRNA molecules that are not 
(longer) functioning as intermediates in RNA synthesis. 
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INTRODUCTION

Plus-strand RNA viruses induce dramatic membrane rearrangements 
in infected cells, thereby generating a subcellular microenvironment that 
facilitates RNA replication. A general feature of the membrane rearrangements 
is the induction of invaginations, giving rise to the formation of vesicles 
which are tethered to a cellular membrane. These spherules probably shield 
the viral double-stranded RNA (dsRNA) replication intermediates from 
immune surveillance, while at the same time providing access of cytoplasmic 
constituents to the replication machinery and means of exit for the newly 
synthesized RNA to enter the cytoplasm (8, 9).   

Mouse hepatitis virus (MHV) belongs to the Coronaviridae, which is a 
family of enveloped, plus-strand RNA viruses that infect a wide variety of 
animals. MHV strain A59 is the prototype coronavirus (CoV) and serves as 
a model for the illustrious severe acute respiratory syndrome (SARS)-CoV. 
CoVs have a very large genome (~27 to 32 kb), the first two-thirds of which 
encode the replicase nonstructural proteins (nsps) that collectively form the 
replication-transcription complexes (RTCs). The nsps contain enzymatic 
activities required for RNA synthesis, including the RNA-dependent RNA 
polymerase [RdRp; residing in nsp12 (5)], but also transmembrane domains 
[residing in nsp3, 4 and 6 (1, 15, 22, 23)] that anchor the RTCs to the modified 
cellular membranes. The remaining part of the genome encodes the structural 
and accessory proteins, including the nucleocapsid protein (N), which is also 
found in association with the RTCs (4, 10, 38, 40, 41). 

The CoV RTCs synthesize both full-length genomic RNA (gRNA; 
replication) and subgenomic RNAs (sgRNAs; transcription) [reviewed in (31)]. 
While a negative-sense full-length RNA strand functions as a template for 
new (positive-sense) gRNA, the 3’ coterminal nested set of sgRNAs are 
synthesized via a discontinuous transcription mechanism during subgenome-
length minus strand synthesis (30); as a consequence, all sgRNAs contain 
a short 5’-leader sequence corresponding to the 5’-end of the genome. The 
plus-strand RNAs are synthesized more abundantly than their negative-sense 
counterparts, approximately in a 100-fold excess (28).  During CoV replication 
and transcription various complete and partially double-stranded RNA 
(dsRNA) intermediates are produced, which are either active in transcription 
(termed transcriptive intermediates and forms) or active in replication [termed 
replicative intermediates and forms; (28, 31)]. These dsRNA intermediates are 
generally considered to be a good marker for the location of the sites of active 
viral RNA synthesis in infected cells (31).
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The replicative structures induced by CoVs in infected cells consist of a 
network of double-membrane vesicles (DMVs) and convoluted membranes 
(CMs), to which the nsps localize (12, 13, 18, 23, 27, 35, 36, 38). dsRNA, 
which is considered a hallmark for plus-strand RNA virus genome replication, 
is localized to the DMV interior (18). Strikingly, while tomography studies for 
flock house virus, dengue virus and Kunjin virus reveal the presence of a neck 
between the virus-induced vesicles and host membranes (11, 19, 44), the inner 
vesicles of the coronavirus-induced DMVs appear to be closed structures (18).  

Studies with other viruses show that viral genome replication occurs 
at the same sites where dsRNA is accumulated [reviewed in (8, 9)]. 
However, as no pores have been observed that connect the interior of the 
inner vesicles of the coronaviral DMVs with the cytoplasm, the role of the 
dsRNA-containing DMVs in coronavirus RNA synthesis remains obscure. 
Therefore, we explored the feasibility of studying coronavirus RNA synthesis 
using a recently developed chemical method. This method is based on the 
biosynthetic incorporation of the alkyne-modified uridine analog 5-ethynyl 
uridine (EU) into newly transcribed RNA. EU-labeled RNA is subsequently 
detected by using a copper (I)-catalyzed cycloaddition reaction (referred to as 
click chemistry) with azide-derivatized fluorophores, followed by microscopic 
imaging (14). By performing a time course analysis we were able to visualize 
newly synthesized viral RNAs early in infection to localize at or adjacent 
to concentrated patches of dsRNA foci and nsps, including the CoV RdRp. 
At later time points post infection (p.i.) the dsRNA dots have become 
dispersed throughout the cytoplasm and colocalization between foci of newly 
synthesized RNA and dsRNA is less apparent. Many dsRNA dots are then 
no longer associated with newly synthesized RNA, indicating that they are 
not transcriptionally active. Moreover, at these later times not all foci of newly 
synthesized RNA are observed at the same sites where dsRNA dots reside. 
However, at all times the foci of newly synthesized RNA had the nsp12-
encoding RdRp associated with them indicating that these foci correspond 
with the active RTCs. 

MATERIALS AND METHODS

Cells and viruses. Murine LR7 fibroblast cells (20) were maintained as 
monolayer cultures in Dulbecco's modified Eagle's medium (DMEM–/–; 
Cambrex BioScience) containing 10% fetal calf serum (FCS; Bodinco BV), 
100 IU/ml of penicillin, and 100 μg/ml of streptomycin (both from Life 
Technologies; this medium is referred to as DMEM+/+). MHV strain A59, 
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recombinant MHV-EFLM (7) and MHV-nsp2GFP (13), which express the 
firefly luciferase (FL) gene and the nsp2 coding sequence fused to that of 
green fluorescent protein (GFP) from an additional expression cassette, were 
propagated in LR7 cells. 

Antibodies and plasmids. Antibodies directed against double-stranded 
RNA [dsRNA; K1; (33)] or α-tubulin were purchased from English and 
Scientific Consulting Bt. and Sigma, respectively. The polyclonal antibodies 
VU145 [α-pol; (5)] and anti-D3 (34), which are directed against MHV nsp12 
or nsp2/3, respectively, were kindly provided by Mark Denison and Susan 
Baker, respectively. The monoclonal antibody MN, recognizing the N-terminal 
domain of the MHV membrane (M) protein (37), was kindly provided by 
John Flemming. The expression plasmid encoding Gaussia luciferase under 
the control of a CMV promoter was obtained from New England Biolabs, 
while the vector encoding the stress granule marker RasGAP-associated 
endoribonuclease fused to GFP (G3BP-GFP), which was kindly provided by 
Paul Anderson, has been described before (17).

5-ethynyl uridine (EU) labeling. LR7 cells grown on glass coverslips 
were fed with different concentrations of EU (Invitrogen) in DMEM+/+ at 
the times and for the time periods indicated in the text and figure legends, 
after which they were fixed using a 4% paraformaldehyde (PFA) solution in 
PBS. Where indicated in the text, cells were transfected with the G3BP-
GFP expression plasmid as previously described (13). The fixed cells were 
washed with PBS and permeabilized using 0.1% Triton X-100 for 10 min 
at room temperature.  EU labeling of cells was visualized according to the 
manufacturer’s instructions (Invitrogen; Click-iT RNA Imaging Kits). Briefly, 
the samples were incubated with a 1X working solution of Click-iT reaction 
cocktail, containing among others the Alexa Fluor 594 azide and CuSO4, for 
30 min at room temperature. After removal of the reaction cocktail, cells were 
washed once with Click-iT reaction rinse buffer. After this step, samples were 
washed with PBS and mounted on glass slides in FluorSave (Calbiochem),  
or samples were processed further for antibody staining as described below. 

Antibody staining and fluorescence confocal microscopy. Permeabilized 
cells were washed with PBS and incubated for 15 min in blocking buffer 
(PBS-10% normal goat serum), followed by a 60 min incubation with 
antibodies directed against either nsp2/3 or dsRNA. RNasin (0,125 U/ml) 
was added to all incubation and washing steps.  After washing the cells three 
times with PBS-containing 0,05% Tween-20, they were incubated for 60 
min with Cy3-conjugated donkey anti-rabbit immunoglobulin G antibodies 
(Jackson Laboratories), fluorescein isothiocyanate-conjugated goat anti-rabbit 
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immunoglobulin G antibodies (ICN), or Cy3-conjugated donkey anti-mouse 
immunoglobulin G antibodies (Jackson Laboratories).  After four washes with 
PBS, the samples were mounted on glass slides in FluorSave (Calbiochem). 
The samples were examined using a confocal fluorescence microscope (Leica 
TCS SP). Pearson’s correlation coefficients of the different fluorescent signals 
were determined using the JACoP plugin (2) for the ImageJ processing and 
analyses software, version 1.41 (26). 

Analysis of luciferase expression levels. Virus replication was quantified 
by determining the virus-driven firefly luciferase expression levels. To this end, 
LR7 cells were infected with MHV-EFLM. At the indicated time points, 
the luciferase expression levels in the cells was determined using the firefly 
luciferase assay system (Promega) according to manufacturer's instructions 
and using a Berthold Centro LB 960 plate luminometer.

RESULTS

EU labeling of nascent viral RNA in CoV-infected cells
We started our experiments by analyzing the feasibility of labeling and 

detecting newly synthesized viral RNAs by metabolic labeling of cells with 
the uridine analog EU. To this end, cells were either infected with MHV 
or mock-infected, after which they were (mock-) treated with the inhibitor 
of (cellular) DNA-dependent RNA transcription actinomycin D. Replication 
of MHV is not inhibited by this drug (21). At 5 h p.i. cells were fed with 
1mM EU for 1 h, after which they were fixed and prepared for detection 
of the incorporated alkyne-modified uridine analog by using click chemistry 
with azide-derivatized Alexa 594 fluorophores. As shown in Fig. 1A, in 
mock-infected cells EU was incorporated into RNA in the nuclei, which 
was inhibited by the presence of actinomycin D. In infected cells, EU was 
incorporated into perinuclear cytoplasmic foci, besides the nuclei, while 
in the presence of actinomycin D, only the cytoplasmic foci were labeled. 
Apparently, this cytoplasmic staining corresponds to newly synthesized viral 
RNA. Next, we determined the minimal time of EU labeling needed to 
visualize these newly synthesized RNAs. As shown in Fig. 1B, hardly any 
labeling of viral RNAs could be detected when cells were fed the uridine 
analog for 15 or 30 min. However, viral RNAs could readily be detected 
after 45 min of labeling, which resulted in a staining pattern that was still 
very similar to the one obtained after a 60 min labeling. Subsequently, we 
studied whether labeling of newly synthesized viral RNAs could be inhibited 
by cycloheximide (CHX), an inhibitor of protein synthesis, shown earlier to 
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affect MHV RNA synthesis (29). In agreement with the previous results, the 
addition of CHX inhibited the labeling of viral RNAs (Fig. 1C) in a time-
dependent manner. Our results indicate that in the presence of an inhibitor 
of cellular transcription, labeling of cells with EU can be used to specifically 
detect viral RNA synthesis.

Next, we wanted to analyze whether addition of EU to infected cells 
would affect replication of MHV. Therefore, cells infected with a recombinant 
MHV expressing the luciferase reporter gene (MHV-EFLM) were treated 
with various concentrations of EU (0 to 4 mM) from 2 till 7 h p.i. The results  
(Fig. 2A) show that replication of MHV, as determined by the luciferase 

Figure 1. EU labeling of nascent viral RNA. MHV- or mock-infected LR7 cells were fed with 
1 mM of EU for 1 h (or for the indicated time period). Fixation of the cells was followed by detection 
of incorporated alkyne-modified EU with azide-derivatized Alexa 594 fluophores by using click 
chemistry. (A) When indicated in the figure, 20 μM actinomycin D (Act D) was added to the infected 
cells at t = 1 h p.i. to inhibit cellular DNA-dependent RNA transcription. Cells were fed with EU 
at 5 h p.i.  (B) Representative images of a time-course analysis of EU labeling in the presence of 
actinomycin D in infected cells are shown, performed as described above, with the EU labeling times 
indicated (C) 35 μM of cycloheximide (CHX) was added to the infected cells at 5 h p.i. to inhibit 
protein synthesis. Cells were fed with 1mM EU at 5 h (1 h CHX), 6 h (2 h CHX) or 7 h (3 h CHX) 
p.i. Cells were also fed with EU in the absence of cycloheximide at 5 h p.i. (-CHX).  At the end of 
the EU labeling period cells were fixed. 
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expression levels, was inhibited by EU in a concentration dependent manner. 
Similarly, expression of a Gaussia luciferase reporter enzyme under the control 
of a CMV promoter was also affected by addition of EU to the cells. To confirm 
these results, we also analyzed the inhibition of MHV replication by EU by 
performing immunofluorescence analysis using dsRNA specific antibodies. 
As shown in Fig. 2B, dsRNA was detected in cells infected with MHV, but 
not in mock-infected cells.  When EU had been present from 2 to 6 h p.i., 
clearly much less dsRNA was present in the infected cells, consistent with the 
reduced luciferase expression levels. These results indicate that MHV RNA 
synthesis and/or translation is affected by feeding cells with EU. However, this 
inhibition is not specific for the viral RNAs as also the synthesis of a reporter 
enzyme expressed under the control of a CMV promotor was affected.

Newly synthesized viral RNA localizes to RTCs but not to stress granules
Copper (I)-catalyzed click chemistry has been reported to affect the 

detection of GFP fluorescence (Invitrogen). To study whether detection of 
EU labeling and of GFP fluorescence was compatible in our experiments, we 
analyzed the expression of newly synthesized RNAs by EU labeling in cells 
infected with a recombinant MHV, which expresses an additional expression 
cassette encoding GFP-tagged nsp2 (MHV-nsp2GFP). Nsp2-GFP was 
previously shown by electron microscopy to localize to the replicative structures 
(DMVs and CMs) induced by MHV in infected cells (13). As can be seen in 
Fig. 3A, perinuclear nsp2-GFP fluorescence was evident in combination with 
newly synthesized viral RNA using copper (I)-dependent click chemistry, 

Figure 2. MHV replication is inhibited by prolonged labeling of cells with EU. (A) LR7 cells were 
either infected with MHV-EFLM at a MOI of 10 or transfected with a plasmid expressing Gaussia 
luciferase, followed by treatment with different concentrations of EU from 2 till 7 h p.i. After lysis, 
the luciferase activity was determined and plotted as a percentage normalized to the control. The error 
bars indicate the standard error of the mean. (B) Immunofluorescence analysis of dsRNA synthesis 
in MHV-infected LR7 cells after EU labeling from 2-6 h p.i. in the presence of actinomycin D.  
A negative control is also shown.
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Figure 3. Nascent viral RNA localizes to nsp2GFP-positive foci but is excluded from stress 
granules. (A) LR7 cells were infected with either MHV-nsp2GFP or MHV-WT at a MOI of 10. 
At 7 h p.i., cells were labeled for 45 min with EU, fixed and subsequently processed for 
immunofluorescence analysis. (B) Prior to infection with MHV-WT, cells were transfected with a 
plasmid expressing the stress granule marker G3BP-GFP, labeled for 45 min at t = 7 h p.i., fixed and 
subsequently processed for immunofluorescence analysis. 
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although the fluorescent signal was somewhat lower than in non-treated cells 
(compare the top row with the bottom row of Fig. 3A). The newly synthesized 
RNA colocalized with the nsp2-GFP fluorescent foci, confirming that this 
fusion protein when expressed in trans localized to the structures involved in 
viral RNA synthesis (13).  

The compatibility of fluorescence detection of GFP and viral RNAs allowed 
us to study to what extent the viral RNAs were localizing to stress granules in 
infected cells. Stress granules are cytoplasmic foci containing mRNAs stalled 
in translation (17). MHV is known to induce these cytoplasmic structures 
in infected cells (24). As is shown in Fig. 3B, the stress granule marker 
G3BP-GFP was distributed throughout the cytoplasm in non-infected 
cells, indicating the absence of stress granules. In infected cells, the protein 
concentrated in cytoplasmic foci corresponding to stress granules. Clearly, 
the newly synthesized RNA was not localizing to these foci indicating that 
EU-positive foci do not correspond to stress granules and that it is not nascent 
viral RNAs that accumulate in stress granules.  

Colocalization of nascent viral RNA with dsRNA and nsp2/3
As a next step, we evaluated the possibility of combining the EU-mediated 

detection of nascent viral RNAs with immunocytochemistry using antibodies 
directed to viral components. Strikingly, the EU labeling was readily detected 
without, but not with additional immunofluorescence staining of dsRNA 
in MHV-infected cells (Fig. 4). However, when we added an inhibitor 
of RNase-A like enzymes (RNasin), the EU signal was preserved after 
immunofluorescence analysis of viral proteins and/or dsRNA. We hypothesize 
that the EU-containing viral RNAs are sensitive to RNases present in one of 
the components used in the immunocytochemical assay, presumably the FCS. 
Interestingly, we never observed a similar sensitivity when detecting dsRNA 
by immunofluorescence analysis. From these results we conclude that EU is 
mainly incorporated into RNase-sensitive, single-stranded RNA and not to 
detectable levels into dsRNA.

When performing the analyses described above, we noticed that the 
dsRNA foci were distributed in the infected cells in one of two distinct 
patterns, as exemplified in Fig. 5A. When cells were fixed at 6 h p.i., dsRNA 
foci were either spread throughout the cytoplasm or appeared to be more 
concentrated in perinuclear foci. Interestingly, the newly synthesized RNAs 
appeared to colocalize to a larger extent with the dsRNA foci when present 
in the concentrated patches. To extend these observations, we performed a 
timecourse experiment in which cells were EU-labeled for 45 min at different 
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times p.i., after which the cells were fixed and processed for EU visualization 
and for immunofluorescence detection of dsRNA (see Fig. 5B). At early 
time points p.i. (4.15-5 h p.i.) the concentrated patches of dsRNA were 
observed, while at later time points (8.15-9 h p.i.), when RNA synthesis has 
started to decline, mainly the dispersed pattern of dsRNA foci was detected. 
Colocalization of newly synthesized RNA with dsRNA was more apparent at 
early than at later infection times. Close inspection of magnifications of cells 
at early times (for an example see Fig. 6A) revealed that the EU labeling and 
dsRNA foci were present at closely adjacent locations rather than at identical 

Figure 4. EU-labeled viral RNAs are more sensitive to RNAse than dsRNA. LR7 cells were 
infected with MHV-WT at a MOI of 10, followed by EU labeling for 45 min at 6 h p.i., fixed and 
processed for immunofluorescence analysis using antibodies directed against dsRNA, either in the 
presence or in the absence of RNase inhibitors (RNasin).
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sites. At the later times, the EU labeling did not appear to correlate to the 
same extent with the dsRNA foci now spread throughout the cell. Many 
dsRNA foci were not located adjacent to newly synthesized RNA, indicating 
that they were transcriptionally silent. In addition, the EU labeling was more 
spread throughout the cell, while foci containing concentrated EU labeling 
were located at areas in the cell that were devoid of bright dsRNA dots. This 
observation was confirmed by determining the Pearson’s correlation coefficients 
of the two fluorescent signals at early and late time points of infection  
(Fig. 6B). The Pearson’s correlation coefficient is one of the standard parameters 
used in pattern recognition to describe the degree of overlap between two 
patterns. A relatively high correlation was found at the early time point p.i.  
(~ 0,60), while this correlation dropped significantly (P = 0.004) at the later 
time point (~ 0,33).

To further extend these observations, we performed a triple fluorescent 
labeling experiment in which, in addition to the EU labeling and dsRNA 
detection, also the nsp2/3 proteins were visualized (Fig. 7A). Antibodies to 
these nsps label the coronavirus replicative structures (DMVs and CMs) as 
has been demonstrated by immunoelectron microscopy (38). While at the 

Figure 5. Time-course analysis of dsRNA and nascent viral RNA in MHV-infected cells. (A and 
B) LR7 cells were infected with MHV-WT at a MOI of 10, EU-labeled at the indicated times p.i. 
for 45 min, fixed and processed for immunofluorescence detection of EU and dsRNA. The arrowhead 
and the arrow in the cells indicate dispersed foci and concentrated perinuclear foci, respectively.
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early time point, the signals for EU, dsRNA and nsp2/3 labeling colocalized 
or were closely juxtaposted, this picture was much less apparent at the later 
times. The observation was again confirmed by determining the Pearson’s 
correlation coefficients between the different staining patterns, which were all 
significantly lower at the later time points (see Fig. 7B).

Dispersal of dsRNA does not depend on a functional microtubular  
or actin network

Previously, we demonstrated that nsp2-GFP positive foci are mobile and 
move through MHV-infected cell using microtubular tracks (13). Hence, we 
hypothesized that the dispersal of the dsRNA foci might be dependent on an 
intact microtubular network as well. Therefore the (co)localization of the EU 
labeling and the dsRNA foci was analyzed when cells were (mock)-treated 
with 1 mM nocodazole, a microtubule disturbing agent. Disruption of the 
microtubular network by the drug was confirmed by immunofluorescence 
analysis of α-tubulin (data not shown). As a control, we also stained for the 
nsp2/3 proteins and found, consistent with our previous results (13), the nsp2/3 
positive foci to be concentrated in the perinuclear region in the absence, but 
much less so in the presence of nocodazole, as illustrated in Fig. 8A. However, 
the dispersal of the dsRNA foci was not affected by nocodazole. From these 
results we conclude that dispersal of the dsRNA foci is not dependent on an 
intact microtubular network. Subsequently, we investigated whether intact 
actin filaments were required for the dispersal of the dsRNA foci. To this 
end, we (mock)-treated cells with 20 μM of cytochalasin B or with 1 μM of 

Figure 6. Distinct dsRNA patterns at early and late times of infection. (A)  Magnification of 
individual infected cells that were fed with EU either at the early time points (4 or 5 h p.i.) or at the 
later time points (8 or 9 h p.i.). EU-labeling and dsRNA staining is shown (see also the legend of  
Fig. 5.). (B) Quantification of the colocalization by determining the Pearson’s correlation coefficients 
of EU and dsRNA at both the early and the late times (n = 4). Error bars indicate the standard error 
of the mean.
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jasplakinolide to disrupt the actin network in MHV-infected cells. Complete 
disruption of the actin filaments was observed in these cells (data not shown). 
In mock-treated cells, the localization of nsp2/3 and dsRNA was similar to 
the previous observations in the earlier experiments (Fig. 8B). Treatment 
of infected cells with jasplakinolide or cytochalasin B did not inhibit the 
dispersal of the dsRNA foci at the late infection times (Fig. 8B). Furthermore, 
disruption of the actin filaments also resulted in the dispersal of the nsp2/3-
positive fluorescent foci, also at early times. In conclusion, dispersal of the 
dsRNA foci is not dependent on a functional microtubular or actin network 
whereas both networks appear to be required for the efficient perinuclear 
accumulation of the nsp2/3-positive foci.

Identifying the active sites of viral RNA replication
Our results indicated that not all DMVs, despite them being the structures 

that harbor the dsRNAs, are actively involved in RNA synthesis. On the 
other hand, while, the EU-positive foci may very well correspond with active 
RTCs, the EU-labeled nascent RNAs might as well be transported away from 
their original sites of synthesis. As several foci containing the EU labeling at 
the later time points did not display apparent colocalization with the dsRNA 
dots, these EU-positive foci might correspond to the virion assembly sites, 
where newly synthesized genomic RNA is packaged into budding virions. 
Because the membrane (M) protein is the key player in the assembly of 
progeny virions (6), we studied the relative localization of the EU label and 
the M protein. No colocalization between nascent RNA and M proteins was 

Figure 7. Temporal analysis of colocalization of EU with dsRNA and nsp2/3. LR7 cells were 
infected with MHV-WT at a MOI of 10 and labeled with EU for 45 min starting at 5 or 8 h p.i., 
fixed and processed for EU visualization and immunofluorescence using antibodies against dsRNA 
or nsp2/3 (A). Quantification of the colocalization of EU–dsRNA, EU–nsp2/3 and nsp2/3–dsRNA 
was performed by calculation of the Pearson’s correlation coefficients for both the early and the late 
times p.i. (n = 6). Error bars indicate the standard error of the mean.
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observed, neither at early nor at late times of infection, thereby excluding this 
possibility (data not shown).   

To confirm that EU positive foci indeed correspond to the active sites of 
CoV RNA synthesis we investigated whether the CoV RdRp (residing in 
nsp12) was also present at these sites. As shown in Fig. 9, early in infection 
nascent RNAs (EU labeling) and dsRNA dots colocalized with each other 
and with nsp12. At later time points, dsRNA dots were dispersed throughout 
the cell and RNA synthesis was decreased although foci of EU labeling were 
readily detectable in many cells, which is in agreement with our previous 
results. At this later time point, the nsp12 staining appeared less intense 
and somewhat more dispersed. However, EU-positive foci were still clearly 
colocalizing with nsp12 at this stage. Vice versa, not all nsp12 staining was 
associated with EU-positive foci, which was most apparent in cells exhibiting 
only very limited viral RNA synthesis. Taken together, our results indicate 
that foci of EU-labeled viral RNAs correspond with active RTCs as they 
colocalize with the RdRp throughout the infection. Furthermore, our results 
indicate that while at early time points the RdRp is a good marker for sites 
of active RNA synthesis, this is not the case at late stages, when viral RNA 
synthesis is decreasing.

Figure 8. Microtubule- and actin-independent movement of dsRNA foci. LR7 cells were infected 
with MHV-WT at a MOI of 10 and labeled for 45 min starting at 7 h p.i. either in the presence or in 
the absence (DMSO) of 1 μM nocodazole (A), 20 μM cytochalasin B, or 1 μM jasplakinolide (B), to 
disrupt the microtubular or actin network, respectively, followed by fixation and processing for EU 
visualization and immunofluorescence using antibodies against nsp2/3 or dsRNA. The cytoskeleton-
disrupting drugs were added to the culture media from 2 h p.i. onwards.
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DISCUSSION

To visualize viral RNA (synthesis) at the (sub)cellular level in infected 
cells, various methods have been used, like in situ hybridization -using 
fluorescently labeled probes- or dsRNA detection –using antibodies specific 
for dsRNA- and have been of great value but provide information only on 
the steady state localization of specific RNA species. For the plus-strand 
RNA viruses, dsRNAs are thought to function as intermediates in RNA 
synthesis (23, 31) and have been shown to localize to the membrane-wrapped 
compartments dedicated to this process (18). Analysis of transcription rates 
of nascent RNAs, however, requires the labeling of newly synthesized RNAs 
with tritiated nucleotides or with uridine analogs, such a 5-bromouridine 
(BrU). BrU is usually delivered to cells as BrUTP. However, as BrUTP is 
not taken up by cells, labor intensive and cumbersome delivery methods 
such as microinjection or liposome transfection of BrUTP are needed. In the 
present study we have employed yet another, novel method suitable for the 
detection of nascent RNAs, based on the biosynthetic incorporation of an 
alkyne-modified EU, followed by click chemistry to attach fluorescent azide 
derivatives to the synthesized RNA. We show that this method is suitable 
for the specific visualization of newly synthesized coronaviral RNAs in the 

Figure 9. Identifying the active sites of CoV RNA synthesis. LR7 cells were infected with 
MHV-WT at a MOI of 10, EU-labeled at early and late times p.i. and fixed and processed for 
immunofluorescence detection of EU, dsRNA and nsp12. Arrowhead indicates a nsp12-postive cell 
lacking most EU labeling and the white boxes indicate examples of colocalization of EU and nsp12-
positive foci at late times of infection.
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presence of actinomycin D. Furthermore, we show that this method can 
be combined with the detection of viral and host proteins by using GFP-
tags or immunohistochemistry. Our results indicate that foci of EU labeling 
correspond with active sites of coronaviral RNA synthesis throughout the 
infection. In contrast, at later times of infection many dsRNA-positive 
foci, the presumed intermediates generated during plus-strand RNA virus 
replication, as well as foci positive for the RdRP-containing protein nsp12 
do not correspond with coronaviral replicative structures actively involved in 
RNA synthesis. 

Upon infection, CoVs induce a network of DMVs, which harbor dsRNA, 
and CMs. It is not clear, however, which of these structures are actually 
associated with the biosynthesis of the CoV RNA, even though BrUTP 
incorporation was detected in the vicinity of the presumed CoV-induced DMVs 
(12). Although dsRNA molecules function as intermediates of replication or 
transcription, their presence at certain sites per se does not imply (all) these 
structures to be actively involved in RNA synthesis. Likewise, the location of 
viral enzymes that are required for RNA synthesis does not need to correlate 
with active RTCs. Moreover, nascent RNAs are not necessarily located at 
their site of synthesis as they may diffuse or be transported away to other 
subcellular locations. Even so, our results indicate that foci of nascent RNAs 
detected in MHV-infected cells correspond with sites of active coronaviral 
RNA synthesis. Although the colocalization of EU-labeling with nsp2/3 
and dsRNA, which was obvious early in infection (Fig. 6 and 7), appeared 
to decrease in time, the foci of nascent RNAs colocalized with the RdRp-
containing nsp12 throughout the infection (Fig. 9). Furthermore, these foci 
did not colocalize with a marker for stress granules (Fig. 3), i.e., cytoplasmic 
structures containing mRNAs halted in their translation (17), which are 
induced upon infection with MHV (24) or with the M protein, which is the 
key player in viral assembly (data not shown).  As an obvious next step, it will 
be interesting to further characterize the site(s) of coronaviral RNA synthesis 
at the ultrastructural level. We are currently initiating such studies.   

Simultaneous visualization of dsRNA, which is localized to the DMV 
interior (18), and EU incorporation revealed that while early in infection 
nascent RNAs were found colocalizing at or adjacent to patches of dsRNA 
dots, this correlation was much less apparent at later times when the dsRNA 
dots had spread throughout the cell. Many dsRNA dots were apparently not 
transcriptionally active as no EU labeling was associated with them, while 
many foci of EU labeling did not appear to colocalize with the dsRNA dots. 
Since dsRNA molecules are known to function as intermediates in replication 
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and transcription, it is conceivable that at later times, when RNA synthesis 
has decreased, DMVs (or other structures) actively involved in RNA synthesis 
contain only little dsRNA resulting in less apparent colocalization of dsRNA 
and EU labeling. However, the results may also be explained by assuming that 
the DMVs are not actively involved in RNA synthesis but harbor dsRNAs 
that are not (longer) functioning as intermediates in RNA synthesis. In other 
words, dsRNA-containing DMVs may represent non-functional end-stage 
structures. According to this model, the DMVs might serve the important 
function of shielding dsRNA molecules from the innate immune system of 
the cell (16). In agreement herewith is the apparent lack of obvious pores that 
connect their inside with the cytoplasm. Also consistent are observations that 
CoVs prevent early induction of interferon synthesis (25, 43)  presumably by 
keeping viral RNA away from host cell sensors (42). If DMVs would not 
be the active sites of RNA synthesis, the only plausible alternative would be 
the CMs. These latter structures harbor most nsps studied to date (18, 38) 
although nsp12 (RdRp) has not been localized at the ultrastructural level 
yet, and may provide the RTCs with the membrane-protective environment 
(39). Of note, these different models do not necessarily exclude each other as 
DMVs may be the initial site of active RNA synthesis, particularly early in 
infection, while at a later state the membranes become sealed and connections 
are lost and RNA synthesis shifts to the CM assemblies. 

Whatever model is correct, our results show that the CoV replicative 
structures evolve over time as exemplified by the changing relations between 
different components (dsRNA, nsps and nascent RNA). Accordingly, others 
have reported the segregation of MHV replicase proteins and viral RNA into 
distinct populations of intracellular membranes (35), which became physically 
separated during the course of infection (3). Maturation of the CoV RTCs, 
which may involve processing of the replicase polyproteins, has also been 
suggested by others to be important in regulating the plus- and minus-strand 
RNA synthesizing capacity of the RTCs (29, 32). One of the most notable 
changes during infection in our experiments was the dispersal of the dsRNA-
containing DMVs. These changes, however, are difficult to reconcile with 
the previous observation of the DMVs forming an interconnected network 
via their outer membranes (18). We expect that more extensive electron 
tomography studies as well as correlative light electron microscopy, ideally 
combined with labeling of nascent RNAs, will be required to really understand 
the biogenesis, maturation and function of these remarkable structures. 
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The replication of positive single-stranded RNA (+ ssRNA) viruses is 
intimately associated with host cellular membranes that are remodeled into 
organelle-like replicative structures to which the viral replication-transcription 
complexes (RTCs) associate. Coronaviruses (CoVs) are no exception as they 
induce the formation of an interconnected network of double membrane 
vesicles (DMVs) and convoluted membranes (CMs), i.e., the replicative 
structures, to both of which the nonstructural proteins (nsps) that are involved 
in RNA synthesis localize. 

Insight into the biogenesis and functioning of these replicative structures/
RTCs requires research of the properties of the individual components as well 
as of the complicated interplay between all constituents that make up these 
intricate structures. In this thesis, we have applied diverse techniques such as 
(co-)immunoprecipitation (coIP) analyses, confocal and electron microscopy 
(EM), live-cell imaging, and metabolic labeling of nascent viral RNAs in 
order to investigate different aspects of the CoV replicative structures and its 
individual components.

In this final chapter, the implications of our results will be discussed and 
placed in a broader perspective.

CoV-INDUCED MEMBRANE REARRANGEMENTS

Membrane topology of the CoV replicase polyproteins  
CoVs encode three hydrophobic nonstructural proteins (nsps), nsp3, nsp4 

and nsp6, which are hypothesized to play an important role in the biogenesis 
of the membranous structures associated with viral replication and in the 
anchoring of the RTCs to these structures. At the start of this work, detailed 
information on the membrane anchoring and topology of nsp3, nsp4 and 
nsp6 was lacking. The transmembrane domain predictions based on the 
multiple alignment of 27 CoV replicase polyprotein sequences presented in 
chapter 2, revealed an uneven number of hydrophobic domains for both nsp3 
and nsp6. This prediction was peculiar as it separated the viral proteinases 
residing in nsp3 and nsp5 from their target sequences, implying that some 
of these hydrophobic domains might actually not span the membrane. Our 
experimental data presented in chapter 2 demonstrate that this is indeed the 
case. Contrary to the predictions all three transmembrane proteins have their 
amino terminus as well as their carboxy terminus exposed in the cytoplasm. 
While all four hydrophobic domains of nsp4 span the lipid bilayer, this is 
the case for only two of the three hydrophobic domains in nsp3 and six of 
the seven in nsp6. This experimentally established topology model obviously 
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makes more sense, as it positions all of the proteinase cleavage sites on the 
same side of the membrane as the viral proteinases themselves.

Whereas we were unable to determine whether the sixth or the seventh 
hydrophobic domain was actually membrane-spanning, Baliji et al. (2) showed 
that the seventh hydrophobic domain is most likely not crossing the lipid 
bilayer. The occurrence of conserved non-membrane spanning hydrophobic 
domains in nsp3 and nsp6, which are likely to be peripherally associated with 
the membrane, suggests an important function for these domains, possibly in 
the biogenesis of the CoV replicative structures. In this respect it is of interest 
to mention that the seventh hydrophobic domain of nsp6 contains putative 
palmitoylation sites [our own predictions and (2)]. The addition of palmitic 
acid to this hydrophobic domain may reinforce its peripheral membrane 
association.

 
Biogenesis of the replicative structures: protein interactions and  
hydrophobic domains

In chapter 5 we demonstrate that nsp3, nsp4, and nsp6 are engaged 
in homo- and heterotypic protein interactions and that co-expression 
of nsp4 with the C-terminal one-third part of nsp3 (nsp3C) results in the 
relocalization of these proteins from the endoplasmic reticulum (ER) to 
the perinuclear region of the cell. Although nsp6 was not required for the 
observed relocalization, it was recruited to the perinuclear foci when co-
expressed (unpublished results), in agreement with this protein interacting 
with nsp4 (chapter 5). Ultrastructural analysis of cells co-expressing nsp4 and 
nsp3C revealed membranous rearrangements with apposing membranes and 
spaghetti-like structures (unpublished results). However, these membrane 
rearrangements did not resemble the DMVs that have been reported for CoV-
infected cells, which may not be surprising as only the C-terminal part of 
nsp3, which lacks a major, cytoplasmically expressed domain, was used in 
these co-expressions with nsp4, while the other membrane protein nsp6, was 
lacking entirely. Preliminary results indicate that some of the loops of nsp3 and 
nsp4 are crucial in the relocalization of these proteins (unpublished results). 
Membrane rearrangements were not observed when nsp3 of MHV and nsp4 
of SARS-CoV, or vice versa, were co-expressed (unpublished results). While 
coIP and immunofluorescence assays indicate that nsp3 and nsp4 of MHV 
interact, this interaction could not be confirmed using the Venus protein-
fragment complementation assay (PCA; chapter 5). We hypothesize that the 
interactions between nsp3 and nsp4 mediate some kind of “zippering” of the 
lipid bilayers of the ER, which ultimately leads to the formation of the DMVs. 
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In this model nsp3 and nsp4 interact via their luminal loops in such a way that 
their interaction prevents reconstitution of a functional Venus protein.      

Several other studies also suggest an important role for nsp4 in the generation 
of the replicative structures. Although the fourth hydrophobic domain of nsp4 
is dispensable, the other three transmembrane regions are required for CoV 
replication (69). In addition, disruption of the nsp4 glycosylation sites, which 
are present in the loop between the first and second hydrophobic region, leads 
to the formation of aberrant DMVs in which the inner and outer membranes 
are detached, together with an increase in number of CMs (22). Furthermore, 
although the topology of these proteins has not been studied in any detail,  
co-expression of the EAV nsp2 and nsp3 proteins (the EAV counterparts 
of CoV nsp3 and nsp4) in the form of a self-cleaving nsp2/3 polyprotein, 
resulted in the rearrangement of host cell membranes into DMVs, albeit 
with a morphology (68) differing from that observed in EAV-infected cells 
(53). Mutations of cysteine residues present in the luminal loop of EAV nsp3 
resulted in altered morphologies of the DMVs, while the introduction of a 
N-glycosylation site in the loop also affected their morphology to some extent 
(55).

Similar to the CoVs, other + ssRNA viruses also somehow induce 
the membrane rearrangements that are required for their replication and 
transcription. For several of these viruses (co-)expression of nsps has been 
shown to result in membrane rearrangements similar to those observed in 
virus-infected cells [for reviews see (13, 14, 46)]. These proteins can be integral 
transmembrane proteins, examples being the NS4A proteins of Dengue virus 
(DENV) (45) and Kunjin virus (60) and the NS4B protein of hepatitis C 
virus (HCV) (18). Alternatively, they are only peripherally associated to the 
lipid bilayer, such as the 1a protein of brome mosaic virus (BMV) (15) and the 
2C protein of poliovirus (PV) (17). Strikingly, however, also for the integral 
membrane proteins the occurrence of hydrophobic/amphipathic regions that 
do not span the lipid bilayer but are peripherally associated with membranes 
appears to be a common feature [chapter 2 and (41, 44, 45, 47)]. Yet another 
similarity, among the nsps of different + ssRNA viruses, appears to be the 
ability of these proteins to assemble into larger protein complexes. In chapter 
5 we demonstrated that nsp3, nsp4 and nsp6 of CoVs are engaged in extensive 
homo- and heterotypic interactions. Such protein-protein interactions have 
also been reported for the nsps of other + ssRNA viruses, such as the BMV 1a 
protein (49, 50) and the flavivirus NS4A and NS4B proteins (42, 52). 

How are the nsps of + ssRNA viruses able to induce the observed membrane 
rearrangements? We speculate that the similarities between the membrane-
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associated nsps of different + ssRNA viruses relate to their common ability 
to remodel membranes. Rearrangement of host cellular membranes involves 
the induction of curvature in lipid bilayers. The membrane-associated viral 
proteins may act as multimeric scaffolds, that are able to impose curvature 
of the membrane protein(s) onto the lipid bilayers to which they associate,  
and/or act as wedges by inserting their amphipatic helices partially into one 
side of the bilayer [reviewed in (43, 66, 81)]. In this respect, the viral proteins 
may function similar to host cellular proteins known to induce membrane 
bending via a scaffold mechanism, as exemplified by the COPI and COPII 
complexes and/or via the insertion of amphipathic domains into the lipid 
bilayer, as has been proposed for the small GTPase Sar1, which is one of the 
core COPII proteins [reviewed in (43, 81)].

Replicative structures, host proteins and lipids: a largely unexplored territory
Remodeling of eukaryotic cellular membranes to generate the replicative 

structures is likely dependent on the combined effects of both viral and 
cellular proteins and probably also on the specific lipid composition of the 
membranes themselves. Nevertheless, only few studies have been published 
concerning the involvement of cellular constituents in CoV replication and the 
generation of the replicative structures. It is conceivable that CoVs, just like 
any other virus, hijack cellular pathways for their replication, consequently, 
adopting intrinsic properties of the utilized pathways themselves. Previous 
studies have demonstrated a role for several host proteins, involved in the 
formation of COPI and COPII coated vesicles such as Arf1, GBF1 (36, 75) 
and Sar1 (48), in CoV infection. Inhibition of the proteasome severely affected 
CoV RNA synthesis (57, 58). More recently, the LC3 protein was shown to 
be critically required for CoV replication, albeit independently of its known 
role in the cellular process of autophagy (59). MHV was proposed to hijack 
EDEMosomes, ER-derived vesicles involved in the transport of chaperones 
to lysosomes, for its replication (6, 7). 

One of the difficulties associated with these studies is the complexity to 
discriminate whether host proteins are directly involved in the formation of 
the replicative structures themselves or in RNA synthesis per se, as inhibition 
of either process will result in reduced RNA synthesis, protein expression and 
DMV formation. To provide answers to these questions assays are needed 
in which the formation of replicative structures can be studied independent 
of viral replication. One such assay may be provided by co-expression of 
nsp3C with nsp4 (chapter 5), which resulted in the rearrangement of cellular 
membranes, although DMVs similarly to those seen in infected cells have not 
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been observed (unpublished results). 
Recently, by using such a replication-independent assay, reticulons, which 

form a family of ER membrane-shaping proteins, were implicated in the 
formation of the BMV-induced, ER-derived spherules that are associated 
with viral RNA synthesis (16). Reticulons are involved in the induction of 
high ER membrane curvature (30, 31, 76) and for BMV seem to be required 
for stabilizing the spherule necks and to determine spherule diameter (16). It 
will be of interest to study the role of these proteins in CoV replication and 
in reshaping of the ER membranes by CoV nsps. Other proteins playing a 
role in shaping and remodeling of the ER are the atlastins and CLIMP-63 
(30, 34). Also these proteins are putative candidates involved in CoV-induced 
membrane remodeling and would deserve to be investigated.

In addition to the role of virus and host proteins in formation of the replicative 
structures, lipids may also be important in this process. Dynamic alteration 
of the lipid composition can induce low curvature of membranes (20, 43, 66, 
81), which is, however, unlikely to be sufficient to generate the organelle-like 
structures observed in + ssRNA virus-infected cells. It is more likely that 
lipids, together with lipid-modifying enzymes, contribute to the formation of 
the replicative structures by providing a suitable microenvironment to which 
the viral (and cellular) membrane shaping proteins are recruited. Even more, 
+ ssRNA viruses may specifically hijack lipid-modifying enzymes for their 
own advantage (29). This is underscored by several studies, which show that 
inhibition of lipid synthesis by using either drugs or small interfering RNAs 
dramatically affects the replication of + ssRNA viruses (27-29, 54).

LIVE-CELL IMAGING OF CoV REPLICATIVE STRUCTURES

The last few decades have provided virologists with exciting new information 
regarding the functions and structures of individual nsps during replication 
and the characterization and formation of the membranous structures induced 
by + ssRNA viruses. These insights were obtained by classical biochemical, 
immunofluorescent and ultrastructural approaches. Unfortunately, one 
of the essential aspects that have been ignored until now is the dynamics 
of the (viral) proteins present at the membranous replicative structures in 
living cells. Such studies are important as classical approaches only provide 
static views of cellular processes and do not necessarily reflect the dynamics 
underlying virus replication in living cells. Additionally, the use of genetically 
encoded fluorescent proteins allows studying the localization, dynamics, 
kinetic properties and interactions of these proteins during replication in 
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a non-invasive way, i.e., without interfering with the temporal and spatial 
organization of these processes. The dynamic studies described in chapters 3, 
4 and 5 have provided further information on the CoV replicative structures, 
but also on some of its individual components (nsp2, the nucleocapsid (N) 
protein and nsp4) that could not have been obtained using classical approaches.  

Dynamics of the CoV replicative structures
The live-cell imaging data presented in chapter 3 demonstrate that the 

CoV replicative structures consist of two classes that demonstrate different 
mobilities: large structures lacking any displacement and smaller structures 
with relatively high saltatory mobility. We hypothesize that the smaller 
replicative structures correspond to individual DMVs and the larger ones to 
the DMV/CM assemblies as have been observed in ultrastructural studies 
of CoV-infected cells (35, 72). In SARS-CoV-infected cells the DMVs are 
confined to a reticulovesicular network (35). We therefore speculate that the 
small structures have not yet been ‘captured’ into this network. However, 
correlative light-electron microscopy studies will be required to solve this issue. 
Live-cell imaging studies of HCV- and SFV-infected cells also reported the 
presence of replicative structures that could be discriminated on the basis of 
their size and mobility. HCV induces the formation of a so-called membranous 
web, in which DMVs can be observed (18). Large HCV structures, probably 
representing membranous webs, exhibited limited movement, whereas smaller 
ones were mobile and could travel long distances throughout the cytoplasm 
(80). Semliki Forest virus (SFV)-induced vacuoles are assembled at the plasma 
membrane after which they are transported to modified lysosomes (38, 70). 
SFV-infected cells also harbor large acidic immobile perinuclear vesicles 
and smaller acidic cytoplasmic vesicles that showed saltatory movements. In 
addition to these acidic vesicles, SFV-infected cells contain a class of non-
acidic highly mobile vesicles that displayed multidirectional short-distance 
movements. Moreover, fusion of the neutral mobile structures with the 
mobile acidic structures resulted in the formation of the large acidic structures 
(70). Such events of fusion of smaller replicative structures into larger ones 
have not been observed (yet) for the CoV and HCV replicative structures  
[chapter 3 and (80)].  

The calculated velocities of the saltatory movements of the smaller nsp2-
positive structures in CoV-infected cells correspond to those measured for 
microtubule-mediated transport. The inhibition of trafficking in the presence 
of a microtubule network-disturbing drug and by the observed association 
of these structures with microtubules confirmed the transport of the smaller 
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structures using microtubules (chapter 3). A role of the cytoskeleton in the 
movement of replicative structures has also been described for HCV, SFV, and 
PV (9, 19, 70, 80). Disruption of a functional microtubular network inhibited 
the movement of the small HCV and nascent PV replicative structures (19, 
80) and the trafficking of SFV neutral vesicles to acidic organelles (70), 
concomitant with dispersal of these structures throughout the cytoplasm. 
Strikingly, inhibition of microtubule-dependent trafficking did not or only 
modestly affect virus replication (5, 19). In chapter 6 we demonstrate that 
disruption of the actin network also did not affect CoV replication much, 
although the replicative structures failed to accumulate in the perinuclear 
area. Our results (chapter 3 and chapter 5) show that the cytoskeleton is 
required for the perinuclear accumulation of the replicative structure rather 
than for replication per se. Additional studies are required to clarify the role of 
the perinuclear targeting of the CoV replicative structures during infection.

Mobility of replicative structure-associated proteins
The CoV replicase polyproteins are extensively processed by viral proteinases, 

resulting in the generation of sixteen nsps that collectively form the RTCs. 
Predicted and identified functions have been assigned to the individual nsps 
(for a complete overview see chapter 1) but not much is known with respect 
to the dynamics of the individual proteins when present at the replicative 
structures. In chapters 3, 4 and 5 we analyzed the dynamic properties of three 
replication-associated proteins, i.e., the soluble nsp2 and N proteins and the 
integral membrane protein nsp4, and demonstrated that these proteins display 
different diffusional mobilities when present at the replicative structures.

In Chapter 3 we demonstrate among others by FRAP analyses that nsp2, 
when expressed in trans was recruited to and immobilized at the RTCs. In 
other words, nsp2 present at the replicative structures was not exchanged 
by nsp2 present at other locations in the cell. Similar results have been 
demonstrated for other + ssRNA virus replicase-associated proteins, although 
the published literature on this subject is limited. Also in HCV-infected cells, 
NS5A-positive structures showed a static internal architecture when (part 
of) the NS5A fluorescent protein pool was bleached (80). When expressed 
individually, NS5A is highly mobile (33), similar to nsp2. Apparently, in the 
context of a viral infection, when other viral proteins are present, MHV nsp2 
and HCV NS5A are immobilized, presumably due to protein-RNA or protein-
protein interactions at the replicative structures. In agreement herewith, large-
scale protein-protein interaction studies demonstrated that nsp2 of MHV and 
SARS-CoV is engaged in a multitude of interactions with itself, nsp3, nsp4, 
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nsp6, nsp7, nsp8, nsp11, nsp15 and nsp16 [(32, 51, 77) and unpublished data]. 
These observations are remarkable in view of the dispensability of nsp2 during 
CoV infection in vitro (25). Yet, nsp2 has to be somehow important in vivo 
as evolutionary pressure has not discarded its coding sequence from the CoV 
genome.

In contrast to nsp2, the structural N protein is not immobilized at the CoV 
replicative structures but is associated with it rather dynamically (chapter 4). 
This may not be surprising, as the multifunctional N protein is both involved 
in viral replication (1, 8, 63) and virion assembly (11). As the CoV replicative 
structures and virion assembly sites appear to be spatially separated, the newly 
synthesized genomic viral RNA needs to be transported from the replication 
sites to the assembly sites. The N protein presumably facilitates this transport, 
consistent with its dynamic association.

When expressed in trans in infected cells, the nsp4-GFP fusion protein 
was detected at the ER and the replicative structures [(48) and chapter 5]. 
By performing fluorescence loss in photobleaching (FLIP) experiments 
we demonstrated continuity between the membranes of the ER and the 
replicative structures that harbor nsp4, in agreement with the model that the 
DMVs and CMs form an interconnected network that is continuous with 
the ER (35). The nsp4 protein present at the different subcellular locations 
displayed different diffusional mobilities (chapter 5). Nsp4 present in the ER 
was more mobile than when present at the replicative structures. This reduced 
mobility may be (partly) explained by nsp4 being engaged in protein-protein 
interactions with the other transmembrane-containing nsps as well as with 
itself (chapter 5). Also the mobility of the HCV NS4B protein, which is an 
integral transmembrane protein as well, depends on its intracellular location. 
When expressed in the absence of other viral proteins, this protein is present 
at the ER and at so-called membrane-associated foci (MAFs) that are induced 
upon expression of this protein (26). Live-cell imaging (FRAP analysis) 
showed that NS4B present at the MAFs had a reduced mobility compared to 
NS4B at the ER, which was suggested to result from NS4B being engaged in 
different interactions when present on MAFs or the ER (26).

CoV REPLICATIVE STRUCTURES AND RNA SYNTHESIS

At the moment, perhaps one of the most enigmatic issues is the precise 
localization of the sites of active viral RNA synthesis. Upon infection CoVs 
induce a network of DMVs, which harbor dsRNA, and CMs. It is not 
clear, however, which of these structures are actually associated with the 
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biosynthesis of the CoV RNA, as the nsps localize to both structures (12, 
24, 25, 35, 48, 56, 59, 65, 67, 72, 73), while the dsRNA-containing inner 
vesicles of the DMVs appear to be closed structures (35). To identify sites 
of nascent viral RNA synthesis, one has to define what actually constitutes 
the active viral replication complexes. Although dsRNA molecules function 
as intermediates of replication and transcription, their presence at certain 
sites per se does not imply (all) these structures to be actively involved in 
RNA synthesis. Likewise, the location of viral enzymes that are required 
for RNA synthesis does not need to correlate with active RTCs. Moreover, 
nascent RNAs are not necessarily located at their site of synthesis as they may 
diffuse or be transported away to other subcellular locations. In view of these 
considerations, sites active in RNA synthesis are expected to contain at least 
three components: the RNA-dependent RNA polymerase (RdRp), dsRNA 
intermediates active in replication/transcription and nascent viral RNA.   

In chapter 6 we employed a novel method to detect and visualize newly 
synthesized RNA by incorporation of an alkyne-modified uridine analog, 
5-ethynyl uridine (EU), onto which an azide-derivatized fluophore was 
coupled via a copper (I)-catalyzed cycloaddition reaction (click chemistry). 
Our data show that throughout the infection foci of nascent RNAs detected 
in MHV-infected cells colocalize with the nsp12-encoded RdRp, indicating 
that they correspond with sites of active coronaviral RNA synthesis. The 
relationship between nascent RNA and dsRNA is, however, less clear. While 
early in infection nascent RNAs colocalize at or adjacent to patches of dsRNA 
dots, this correlation is much less apparent at later times when the dsRNA 
dots are spread throughout the cell. Many dsRNA dots are apparently not 
transcriptionally active as no EU labeling was associated with them, while 
many foci of EU labeling did not appear to colocalize with the dsRNA dots. 

Different models can be put forward to explain these observations. In one 
model, DMVs function as the sites of active RNA synthesis. At the later 
times in infection, many DMVs are no longer active, while the ones that are 
active may contain only little dsRNA, resulting in less apparent colocalization 
of dsRNA and EU labeling. In another model, DMVs are non-functional 
end-stage products. They are not actively involved in RNA synthesis, but 
rather harbor dsRNAs that are not (longer) functioning as intermediates in 
RNA synthesis. In this model, which is in agreement with the presumed 
absence of pores in these structures (35), the CMs would be the only plausible 
alternative for the sites of active RNA synthesis. In yet another model, DMVs 
may be the initial sites of active RNA synthesis, particularly early in infection, 
while at later times the membranes become sealed, connections are lost and 
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RNA synthesis shifts to the CM assemblies. Clearly, ultrastructural studies 
will be required, ideally (co)localizing nascent RNAs as well as the RdRp, to 
definitely determine the precise localization of CoV RNA synthesis.

For most other + ssRNA viruses the identification of the sites of active 
RNA synthesis appears less complicated. Nascent RNAs, as well as nsps, 
have been shown to label the spherules that are observed in BMV- (64), 
SFV- (38) or flock house virus (FHV)- (37) infected cells at the modified ER, 
lysosomes and mitochondria, respectively, indicating that these structures 
correspond with the sites of active RNA synthesis. Nascent RNAs were 
previously also shown to colocalize with dsRNA in Kunjin flavivirus-infected 
cells (79).  Electron tomography of the membrane rearrangements observed 
in flavirus-infected cells revealed that the inner content of the DMVs, which 
contains nsps and dsRNA, are connected to the cytoplasm via a pore (23, 78), 
indicating that these DMVs are actually spherule-like invaginations (once) 
active in RNA synthesis. 

FINAL REMARKS AND FUTURE DIRECTIONS

The research described in this thesis focused on the assembly and dynamics 
of the CoV replicative structures. Knowledge of the dynamic biological 
processes that underlie the formation of the RTCs and the induction of the 
membrane rearrangements is essential for understanding how these viruses 
replicate and interact with their host cells at the molecular level. 

In this thesis we focused mainly on individual nsps. Yet, CoV RTCs are 
macromolecular structures and (in agreement with our results) engaged in 
multiple protein-protein interactions (32, 51, 77). Currently, the exact protein 
composition of the replicative structures/RTCs is not known, let alone the 
full arsenal of protein-protein interactions. Moreover, as indicated by our 
studies (chapter 5) and those of others (12, 61, 62), these structures are likely 
to be subject to some form of maturation, suggesting that the protein-protein 
interactions may change in time. Therefore, it will be of interest to confirm 
and extend the previously published protein-protein interactome studies that 
have been published for SARS-CoV (32, 51, 77), for example by investigating 
protein-protein interactions of other CoVs using novel (large-scale) screening 
approaches. Likewise, it will be of interest to get more insight into the 
involvement of host proteins in the formation of these structures, for example 
by screening for host proteins that interact with the CoV nsps or by elucidating 
the protein content of purified replicative structures using mass spectrometry. 
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It is also desirable to get more insight into the dynamic nature of the 
replicative structures using alternative live-cell imaging approaches. For 
example, photoactivatable fluorescent proteins can be used to investigate the 
formation of the replicative structures in real-time by ‘optical pulse-labeling’ 
in living cells, while the behavior of individual nsps associated with the RTCs 
can be studied by selectively ‘switching-on’ (sub)populations of proteins  
(39, 40). Furthermore, tagging of viral RNA by genetic incorporation of 
specific RNA sequences that bind fluorescently-tagged RNA-binding proteins 
(10, 21), hybridization of fluorescent ‘molecular beacons’ to the viral RNAs 
(71), or combining metabolic labeling of viral RNAs with Cu-independent 
click chemistry (3), will allow visualization and tracking of these ribonucleic 
acid species in living cells. Concomitant live-cell imaging of viral RNA and 
the N proteins may be used to investigate the transport of nascent RNA from 
the replication to the assembly sites.   

Additionally, super resolution microscopy techniques, like photoactivated 
localization microscopy [PALM, (4)], can be applied to investigate the CoV 
RTCs and the membranous replicative structures at the ultrastructural 
level using fluorescently-tagged proteins, while EU-labeling of viral RNA 
in combination with correlative light-electron microscopy may provide the 
resolution to indisputably pinpoint the exact location of viral RNA synthesis 
(74). 

Taken together, the research described in this thesis, in which both 
‘classical’ molecular and biochemical virology was combined with state-of-
the-art cell biological techniques, has provided new information regarding 
the assembly, functioning and dynamics of the CoV replicative structures. 
In the end, these new insights will not only provide information about basic 
cellular processes, but may also contribute to the development of new antiviral 
therapies.  
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Virussen (Latijn voor vergif) zijn zeer kleine ziekteverwekkers voor 
zowel mens als dier. Het zijn obligaat intracellulaire parasieten die volledig 
afhankelijk zijn van de geïnfecteerde gastheercel om zichzelf te reproduceren. 
Ze bestaan uit (cellulaire) eiwitten, nucleïnezuren, lipiden en koolhydraten. 
Van alle verschillende soorten virussen komen degenen die als erfelijk materiaal 
een enkelstrengs positief RNA (+ ssRNA) genoom bevatten het meest in de 
natuur voor.  Tot deze klasse van virussen behoren relevante humane virussen, 
waaronder het poliovirus, het hepatitis C virus en het ‘severe acute respiratory 
syndrome’ (SARS)-coronavirus. 

Coronavirussen (CoVs) zijn + ssRNA virussen die tot de familie van de 
Coronaviridae in de orde van de Nidovirales behoren. Vanuit een historisch 
oogpunt zijn het belangrijke ziekteverwekkers die verantwoordelijk zijn voor 
luchtweg- en darminfecties in vee en huisdieren. In het algemeen veroorzaken 
humane CoVs vooral milde luchtweginfecties zoals ordinaire verkoudheden. 
Echter, in 2002-2003 was er een ernstige uitbraak van het dodelijke SARS-
CoV wat duidelijk maakte dat CoVs ook levensbedreigende infectieziekten in 
mensen kunnen veroorzaken. 

Het CoV viruspartikel bezit een lipide omhulsel (envelop) waarin zich drie 
structurele membraan eiwitten bevinden: het membraan (M) eiwit, het envelop 
(E) eiwit en het ‘spike’ (S) eiwit. Het viruspartikel bevat het virale genomische 
RNA dat met het nucleocapside (N) eiwit gezamenlijk  het ribonucleoprotein 
(RNP) complex vormt. Het lineaire CoV genoom is extreem groot  
(~26 – 32 kb) voor een + ssRNA virus en bevat genetische informatie voor 
zowel replicatie (de synthese van genomisch RNA) als transcriptie (de productie 
van subgenoom mRNA). Tevens bevat het virale genoom een 5’ ‘cap’ structuur 
en is het 3’ gepolyadenyleerd waardoor het op cellulair mRNA lijkt en direct 
door de machinerie van de gastheer kan worden getransleerd. Translatie van 
de twee 5’ open leesramen (ORFs) ORF1a en ORF1b resulteert in twee grote 
multi-eiwitten die door virale proteinases in 16 kleinere eiwitten worden 
geknipt, de zogenaamde niet-structurele eiwitten (nsps). Deze nsps bevatten 
enzymatische activiteiten; onder andere proteinase activiteit (nsp3 en nsp5), 
RNA-afhankelijke RNA polymerase activiteit (nsp8 en nsp12), voorspelde en 
bewezen RNA-modificerende functies (nsp13-nsp16) en activiteiten die de 
aangeboren antivirale immuunrespons onderdrukken (nsp1 en nsp3). Tezamen 
met het structurele N eiwit, en tot nu toe nog onbekende gastheer eiwitten, 
vormen deze 16 nsps de CoV replicatie-transcriptie complexen (RTCs).

Een karakteristiek kenmerk voor + ssRNA virussen in het algemeen is 
de reorganisatie van cellulaire membranen in gespecialiseerde membraan 
compartimenten welke betrokken zijn bij de synthese van viraal RNA.  
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CoVs zijn geen uitzondering op deze regel. De meest prominente 
membraanbevattende structuren in CoV-geïnfecteerde cellen zijn blaasjes van 
ongeveer 200 tot 350 nm in grootte bestaande uit een dubbele lipide bilaag, 
de zogenaamde ‘double-membrane vesicles’ (DMVs). Tussen de DMVs 
bevinden zich reticulaire ‘convoluted membranes’ (CMs). Tezamen worden 
deze membraan structuren,  die zich bevinden in de perinucleaire regio van 
geïnfecteerde cellen, de replicatie structuren genoemd. De replicatie structuren 
worden gevormd van membranen van het endoplasmatisch reticulum (ER), 
zijn fysiek met elkaar verbonden en vormen een continue netwerk van 
membranen. In het algemeen wordt aangenomen dat CoV RNA synthese 
plaatsvindt aan deze replicatie structuren. 

Er is nog weinig bekend over de vorming van de CoV replicatie structuren, 
het functioneren van de nsps tijdens de assemblage van de RTCs en de 
replicatie structuren, de membraanverankering van de RTCs en de precieze 
lokalisatie van de virale RNA synthese. Het onderzoek beschreven in dit 
proefschrift richt zich specifiek op (i) de mechanismen die ten grondslag liggen 
aan de vorming van de replicatie structuren, (ii) de interacties en dynamiek 
van eiwitten behorende tot de replicatie structuren en (iii) het ontrafelen van 
de exacte locatie van CoV RNA synthese. In onze studies werd het prototype 
muizen hepatitis virus (MHV) als model CoV gebruikt.

Drie van de 16 nsps bevatten transmembraan domeinen en functioneren 
waarschijnlijk als integraal membraan eiwitten die verantwoordelijk zijn voor de 
vorming van de replicatie structuren en de verankering van de RTCs daaraan. 
Om meer inzicht te krijgen in de rol van deze eiwitten met betrekking tot de 
vorming van de replicatie structuren, hebben we in hoofdstuk 2 de topologie 
van nsp3, nsp4 en nsp6 bestudeerd, voor zowel MHV-A59 als het SARS-
CoV. Voor beide virussen bevinden de amino- en carboxy-termini van nsp3, 
nsp4 en nsp6 zich in het cytoplasma. Nsp3, nsp4 en nsp6 blijken respectievelijk 
twee, vier en zes  transmembraan domeinen te bevatten. Bovendien bezitten 
nsp3 en nsp6 beiden hydrofobe domeinen die niet door de lipide bilaag heen 
gaan. De aanwezigheid van zulke hydrofobe, waarschijnlijk perifeer aan het 
membraan geassocieerde domeinen, komt vaker voor bij + ssRNA virussen en 
deze spelen waarschijnlijk een belangrijke rol in de vorming van de  de virale 
replicatie structuren. 

Om een beter inzicht in de dynamiek van de CoV replicatie structuren 
en de individuele componenten van de RTCs (nsp2, nsp4 en het N eiwit) te 
krijgen hebben we met behulp van fluorescentie microscopie fluorescerende 
versies van deze eiwitten in levende cellen bestudeerd (hoofdstukken  
3 t/m 5). Onze studies in hoofdstuk 3 laten zien dat er in principe twee typen 
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CoV replicatie structuren bestaan: (i) grote statische structuren en (ii) kleine 
structuren met een hoge beweeglijkheid. Deze kleine structuren bewegen door 
de cel door gebruik te maken van de microtubuli. We veronderstellen dat de 
kleine mobiele structuren overeenkomen met individuele DMVs en de grote 
statische structuren met de assemblages van DMV/CMs. Het nsp2 eiwit, 
wanneer geëxpreseerd in niet-geïnfecteerde cellen, is zeer mobiel. Echter, in 
geïnfecteerde cellen, wanneer het aanwezig is in de replicatie structuren, is het 
eiwit onbeweeglijk. Een verklaring voor deze observatie is waarschijnlijk dat 
het nsp2 eiwit verschillende eiwit-eiwit interacties aangaat wanneer het een 
onderdeel van de RTCs is. 

Het N eiwit is een structureel eiwit dat een belangrijke rol speelt tijdens 
de assemblage van het coronavirion, maar ook tijdens de replicatie van het 
virale genoom. Onder meer om deze reden hebben wij de dynamiek van dit 
eiwit bestudeerd (hoofdstuk 4). Onze data laten zien dat in tegenstelling tot 
nsp2 het N eiwit dynamisch is geassocieerd met de replicatie structuren. Dit 
lijkt logisch omdat het N eiwit een multifunctioneel eiwit is dat vermoedelijk 
een belangrijke rol speelt in het transport van nieuw gesynthetiseerd RNA 
van de plaats van replicatie naar de plaats van assemblage. Waarschijnlijk is 
deze dynamiek van het N eiwit een vereiste om deze taak te kunnen vervullen 
tijdens de CoV levenscyclus.

Het integraal transmembraan eiwit nsp4 speelt waarschijnlijk een 
belangrijke rol bij de vorming van de CoV replicatie structuren. In hoofdstuk 5 
focussen we op de dynamiek en eiwit-eiwit interacties van nsp4. Expressie van 
nsp4 in geïnfecteerde cellen leidt tot een tweeledige subcellulaire lokalisatie 
van dit eiwit in zowel het ER als de replicatie structuren. Dit gegeven 
maakte het mogelijk om met behulp van microscopische technieken vast te 
stellen dat er continuïteit tussen beide membraan compartimenten bestaat. 
Dit resultaat komt overeen met het eerder beschreven continue membraan 
netwerk dat geobserveerd werd in SARS-CoV-geïnfecteerde cellen door 
Eric Snijder en zijn medewerkers in Leiden. De mobiliteit van nsp4 hangt af 
van de subcellulaire lokalisatie van dit eiwit. Wanneer het aanwezig is in de 
membranen van het ER is het mobieler dan wanneer het aanwezig is bij de 
replicatie structuren. Dit verschil in mobiliteit komt waarschijnlijk doordat 
nsp4 in de replicatie structuren niet alleen eiwit-eiwit interacties aangaat met 
zichzelf, maar ook met de andere transmembraan eiwitten nsp3 en nsp6.  
Co-expressie van het gedeelte van nsp3 dat de hydrofobe domeinen bevat met 
nsp4 bleek zelfs te resulteren in een herlokalisatie van deze twee eiwitten van 
het ER naar de perinucleaire regio van de cel. We denken dat de interactie 
tussen nsp3 en nsp4 essentieel is  in de vorming van de DMVs en/of de CMs.
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Het reorganiseren van cellulaire membranen in de speciale compartimenten 
dient maar één specifiek doel: het synthetiseren van nieuw viraal RNA. Ook 
CoV RNA synthese vindt plaats aan/bij de replicatie structuren. Echter, of 
dit de DMVs en/of de CMs zijn is nog niet bekend. De nsps zijn op beide 
membraan structuren aanwezig, maar dubbelstrengs (ds)RNA, waarvan 
gedacht wordt dat het overeenkomt met intermediairen in de RNA synthese, 
is alleen maar aangetroffen in de DMVs. Momenteel wordt de locatie van 
dsRNA in geïnfecteerde cellen gezien als een goede indicatie voor de locatie 
van actieve RNA synthese. De DMVs lijken echter gesloten structuren te 
zijn. Er zijn geen poriën waargenomen die de inhoud van de DMVs met 
het cytoplasma verbinden, waardoor het maar de vraag is of CoV RNA 
synthese plaats vindt op dezelfde locatie als waar het dsRNA zich bevindt. In 
hoofdstuk 6 hebben we een nieuwe techniek, waarbij gebruik gemaakt wordt 
van zogenaamde klik chemie, toegepast om nieuw gesynthetiseerd viraal 
RNA in geïnfecteerde cellen te visualiseren. Vroeg in de infectie is er een 
duidelijke correlatie tussen nieuw gesynthetiseerd RNA en dsRNA. Later in 
de infectie is deze correlatie veel minder duidelijk. Deze resultaten  laten zien 
dat dsRNA geen goede indicator is voor de plek van actieve RNA synthese 
en suggereren dat de replicatie structuren en/of de RTCs ‘rijpen’ gedurende 
de infectie. Tijdens de gehele duur van de infectiecyclus is er wel een sterke 
correlatie tussen de lokalisatie van het nieuw gesynthetiseerde RNA en het 
RNA-afhankelijke RNA polymerase bevattende nsp12. RNA synthese vindt 
dus hoogstwaarschijnlijk plaats daar waar deze twee colokaliseren. 

Samenvattend kunnen we stellen dat het onderzoek beschreven in dit 
proefschrift ons fundamentele inzicht in de assemblage, dynamiek en 
functioneren van de replicatie structuren van + ssRNA virussen in het algemeen 
en van CoVs in het bijzonder heeft vergroot. Het gebruik van vernieuwende 
technieken zoals 'live-cell imaging' en RNA detectie met behulp van 'klik 
chemie' heeft hier in belangrijke mate aan bijgedragen.





 
 Dankwoord
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Dit is waarschijnlijk het meest lastigste hoofdstuk om te schrijven, omdat  
(in tegenstelling tot de rest van het proefschrift) zo goed als iedereen het zal 
lezen en je natuurlijk niemand (onbedoeld) wilt vergeten in je dankbetuigingen. 
Als ik per ongeluk toch mensen ben vergeten, mijn welgemeende excuses, er 
is geen opzet in het spel. Graag wil ik van de gelegenheid gebruik maken 
om enkele personen in het bijzonder te bedanken. Ik zal proberen het kort te 
houden.

Allereerst wil ik mijn promotor en co-promotor bedanken. Beste Peter, 
bedankt voor alle hulp tijdens mijn promotietraject. Ik heb de afgelopen jaren 
zeer veel van je geleerd en zal deze kennis optimaal benutten in mijn verdere 
wetenschappelijke carrière. Beste Xander, ik vond het geweldig om samen 
met jou de afgelopen jaren onderzoek te doen en heb op wetenschappelijk 
gebied zeer veel van je geleerd. Jouw enthousiasme en gedrevenheid voor 
de wetenschap werken zeer motiverend, maar bovenal waardeer ik je 
betrokkenheid bij het onderzoek. Heel erg bedankt daarvoor! Ik hoop dat ik 
met jullie beiden contact zal houden in de toekomst.

Mijn ‘oude’ kamergenootjes van kamer 514 op de 5e verdieping van het 
Androclus gebouw wil ik ook graag bedanken. Eddie, ik vond het heel 
gezellig om met jou op dezelfde kamer te zitten en samen te werken. Bedankt 
voor alle experimentele bijdragen die je hebt geleverd aan sommige artikelen. 
Hela, oftewel Hélène, bedankt voor de gezelligheid op onze ‘oude’ kamer 
en de fijne samenwerking. Ik zal onze live-cell imaging experimenten in het 
UMC nooit vergeten. Ik ben er trots op dat dit heeft geresulteerd in twee 
prachtige artikelen voor ons beiden.

Natuurlijk mag ik de (oud)leden van de “coronavirus replicatie groep” niet 
vergeten (twee ervan heb ik hierboven al genoemd). Iryna, je bent een top 
collega om mee samen te werken, alleen jammer dat we nooit zijn toegekomen 
aan het daadwerkelijke live-cell imagen. Misschien kunnen we dit nog in de 
laatste maanden na mijn promotie doen? Annelotte, jij ook hartstikke bedankt 
voor al het harde (pipetteer)werk en gezelligheid. Ik weet zeker dat dit tot een 
mooie publicatie zal leiden waar we samen als auteurs op zullen staan!

Onze “collaborators” van de afdeling celbiologie van het UMC, Mustafa en 
Fulvio. Mustafa, hartelijk dank voor alle tijd en moeite die jij hebt gestopt in het 
maken van de mooie EM plaatjes. Fulvio, onze maandelijkse werkdiscussies 
waren altijd zeer productief en ik heb hier zeer veel van geleerd. 

Monique, Matthijs, Mijke, Martijn, Matthijn en Robbert, ofwel de M-en 
(en Robbert). Jullie zijn mijn (ex)-AIO collega’s waar ik het meest mee ben 
opgetrokken. Jullie zorgden voor een fantastische sfeer die het plezierig 
maakte om op het lab te werken en die tijd zal ik de rest van mijn leven niet 
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meer vergeten. Sommige van jullie zijn uit het onderzoek gegaan, anderen 
zijn erin gebleven of nog bezig met promoveren, desalniettemin hoop ik dat 
we elkaar nog regelmatig zullen zien en/of spreken in de toekomst! 

Willem, Pepijn en Esther, jullie hebben de Virologie afdeling al verlaten, 
maar waren er wel toen ik AIO was. Hartstikke bedankt voor alle gezelligheid 
en hulp zowel binnenin als buiten het lab. We houden contact! 

Ik wil ook graag mijn nieuwe kamergenoten/AIO’s Christine, Ole en  
Qiushi bedanken voor de gezelligheid en de vele wetenschappelijke discussies 
die op kamer 514 worden gevoerd. Christine, heel erg bedankt voor het 
doorlezen van mijn proefschrift op fouten! Heel veel succes met jullie 
promotietraject, ik weet zeker dat het succesvol zal zijn en er mooie publicaties 
uit voort zullen komen!

In mijn promotieonderzoek heb ik veel microscopische technieken 
gebruikt. Helaas ging dit niet altijd even soepel en had ik af en toe hulp 
nodig van ervaren microscopisten. Bij deze wil ik dan ook Richard, Esther 
en Corlinda bedanken voor alle hulp met betrekking tot de microscopie-
gerelateerde zaken.

Tijdens de jaren dat ik AIO was heb ik enkele Bachelor en Master 
studenten mogen begeleiden. Ik wil vooral Arjan, Indra, Marieke en Boaz 
bedanken voor al het harde en belangrijke pipetteerwerk dat zij tijdens hun 
stages hebben verzet. 

Bij deze wil ik ook alle andere collega’s van de afdeling Virologie bedanken. 
Allereerst de ‘oude’ rotten van de afdeling: Berend Jan, Raoul, Herman en 
Erik. Jullie wetenschappelijke input werd zeer gewaardeerd. De ‘harde kern’ 
van de afdeling: Nancy en Arno. Beiden zorgen jullie ervoor dat veel zaken 
draaiende blijven op de afdeling zonder dat veel mensen zich dat eigenlijk 
realiseren. Marleen, Wen, Alan, Martine, Ivy en Inge Marie. De meeste 
van onze gesprekken waren in de koffiekamer maar dat maakte ze zeker niet 
minder gezellig (en belangrijk!). De ‘nieuwe aanwinsten’: Mandy en Marleen. 
Ik ken jullie nog maar kort, maar jullie zijn gezellige collega’s. Veel succes en 
plezier op de afdeling.

Tot slot wil ik naast collega’s van het werk ook vrienden en familie 
bedanken. Het hebben van goede vrienden die begrijpen wat het inhoudt om 
te promoveren (het werken van onregelmatige tijden en het maken van lange 
dagen) en daar begrip voor tonen is zeer belangrijk. Matthijs, Loek, Joery, 
Teun en Emiel, bedankt! Menno, jouw vriendschap is heel belangrijk voor 
mij. Ik ben blij dat mijn beste vriend straks tijdens mijn verdediging achter 
mij staat als paranimf. Mijn lieve kleine tweelingzusje Xenia. Ik vind het 
fantastisch dat ook jij mijn paranimf wilt zijn en me zal bijstaan tijdens mijn 
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verdediging. Mijn grote broer, Rouven. Jij bent geweldig! Altijd sta je voor mij 
klaar als er wat is, zelfs voor de meest onbenullige dingen. Ik vind het jammer 
dat ik niet drie paranimfen mag hebben, maar ik ben blij dat je het niet erg 
vind dat ons zusje deze keer de honneurs waarneemt bij mijn verdediging.

Als allerlaatste wil ik mijn lieve ouders bedanken. Mama en papa, jullie 
zijn zeer belangrijk in mijn leven. Ik ben jullie enorm dankbaar dat jullie mij 
alle kansen hebben geboden om dit te bereiken en om te doen wat ik echt leuk 
vind. Zonder jullie steun en liefde was me dit nooit gelukt. Ik hou van jullie!

Marne Hagemeijer

Utrecht, September 2011
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