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All single-stranded ‘positive-sense’ RNA viruses that
infect mammalian, insect or plant cells rearrange internal
cellular membranes to provide an environment facilitat-
ing virus replication. A striking feature of these unique
membrane structures is the induction of 70–100 nm vesi-
cles (either free within the cytoplasm, associated with
other induced vesicles or bound within a surrounding
membrane) harbouring the viral replication complex
(RC). Although similar in appearance, the cellular compo-
sition of these vesicles appears to vary for different
viruses, implying different organelle origins for the intra-
cellular sites of viral RNA replication. Genetic analysis
has revealed that induction of these membrane struc-
tures can be attributed to a particular viral gene product,
usually a non-structural protein. This review will high-
light our current knowledge of the formation and com-
position of virus RCs and describe some of the
similarities and differences in RNA-membrane interac-
tions observed between the virus families Flaviviridae
and Picornaviridae.
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Membrane wrapping is an important principle that many

viruses use during their life cycles. As a virologist, I have

learnt to appreciate that many years of evolution have

‘educated’ viruses in the ways of the cell. We have learnt

many new aspects of cell biology from existing virus mod-

els, and I am sure that many more insights are yet to

come. In this context, various laboratories have toiled

long and hard to understand the cellular principles asso-

ciated with virus replication. All RNA viruses, whether they

infect mammalian, insect or plant cells, induce membrane

structures. Replication of positive-sense RNA viruses is

intimately linked to unique membrane structures that ulti-

mately wrap around the active replication complexes

(RCs), providing a membrane-bounded microenvironment

in which RNA synthesis can occur. In many cases, these

consist of small vesicles, approximately 70–100 nm in

diameter, that accumulate in the perinuclear region of

infected cells (1–7). These vesicles or spherules appear

to be common to a number of virus families including

alphaviruses (e.g. Semliki Forest virus), rubiviruses (e.g.

Rubella virus), alphavirus-like superfamily (e.g. Brome

mosaic virus), flaviviruses (e.g. Kunjin virus), tombus-

viruses (e.g. Carnation Italian ringspot virus) and alphano-

daviruses (e.g. Flock House virus) (4–6,8–16). In each

case, the spherules/vesicles themselves present as inva-

ginations of a cellular membrane, of differing origins. Thus,

the lumen is enclosed or bounded by a membrane but still

has access to cytoplasmic constituents via an open neck.

The presence of readily visible threads within these spher-

ules/vesicles has lead to the belief that they contain the

viral RNA. This idea has been strengthened by immuno-

labelling the spherules/vesicles with antibodies to double-

stranded RNA (5,6,10,17) or exogenously added

bromouridine (4,14,18), in situ hybridization (19,20) or

treatment of infected cells with RNAse leading to the

digestion and thus absence of the threads after embedding

and microscopy (21). Hepatitis C virus (HCV), a member of

the Hepacivirus genera within the Flaviviridae family of

viruses, appears to induce more heterogenously sized

vesicles within the perinuclear region (1,22). These vesi-

cles were also shown to contain the viral RNA by in situ

hybridization and in vivo labelling with bromouridine

triphosphate (22). In contrast to the above morphology,

coronaviruses and arteriviruses induce double-membrane

vesicles (DMV) of approximately 80–100 nm in diameter

(7,23,24). In situ experiments with BrUTP and conjugated

riboprobes have established that these DMVs house the

replicating RNA (7,23,24). Picornaviruses on the other

hand still induce dramatic cytoplasmic vesiculation of cel-

lular membranes to wrap the active replicating viral RNA.

However, these membranes are much more heteroge-

nous in size and shape (3,25–27). It is quite clear though

that in each virus family the RC becomes surrounded by

cellular membranes. More than likely, this wrapping of the

RC ensures protection from host-response proteins recog-

nizing the viral RNA, i.e. protein kinase R, but in addition

also provides a stable and confined surface area for the

polymerase and RC to assemble and function. As most of

these structures appear morphologically similar, common

modes of biogenesis must exist that are ‘shared’ by the

virus families. It appears that almost each genera has its

own way of exploiting host-cell machinery. This is espe-

cially true for the picornaviruses.

As there have been two recent reviews on RCs of other

virus families (28,29), I will concentrate on two similar

virus families – the Flaviviridae and the Picornaviridae
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that differ in their mechanisms of RNA replication. Both

families contain members of great health concerns for

humans and domesticated animals.

The flavivirus replication complex and associated

membranes

The Flaviviridae family consists of three genera: Flavivirus,

Pestivirus and Hepacivirus (30). As the majority of the

studies investigating the RC have been analysed using

the flavivirus Kunjin virus (KUNV) as a model, this review

will only discuss the Flavivirus genus. The Flavivirus genus

comprises over 60 species, by far the largest member of

the Flaviviridae family. These include a range of patho-

gens, such as dengue virus (DENV), West Nile virus

(WNV), Yellow fever virus (YFV) and Tick-borne encepha-

litis virus (TBEV) that are important to both man and ani-

mals (30) (World Health Organization, Fact Sheet no. 117,

2002). Superficially, the flaviviruses appear to be relatively

simple in structure and replication. They have a membrane

and a genome consisting of an 11-kb single positive-sense

RNA molecule that encodes one long open reading frame

with no overlapping gene sequences or subgenomic RNA

species. The translated proteins are post- and co-transla-

tionally cleaved by both host and viral proteases to yield

the mature proteins (Figure 1) (30). The genes encoding

the three structural proteins core (C), premembrane (prM)

and envelope (E) are the first to be translated and are the

only proteins found in secreted virions. The remaining

seven non-structural (NS) proteins appear to play roles

primarily in replication of the viral RNA (31); however,

recent evidence suggests that some also contribute to

virion assembly and/or maturation (32,33).

Flavivirus infection of cultured cells is associated with a

reasonably long latent period of infection, approximately

12 h (34). Subsequently, replication increases exponen-

tially which is associated with the induction and prolifera-

tion of unique and characteristic cytoplasmic membrane

structures (35). These membranes have been described

as convoluted membranes (CM), paracrystalline arrays

(PC) and small vesicular structures (SMS; after chemical

fixation) or vesicle packets [VPs; after cryofixation (36);

Figure 2]. Our studies with WNV strain KUNV have pro-

vided a comprehensive and detailed analysis of the com-

position and function of the individual membranes during

KUNV replication (31,37).

The first indication that these induced membranes were

associated with RNA replication came from the seminal

experiments by Chu and Westaway (38). Membrane frac-

tions were isolated from cytoplasmic extracts separated

by sucrose density centrifugation and analysed for protein

composition and viral RNA species [either after direct

separation or for RNA-dependent RNA polymerase

(RdRp) activity in the isolated fractions]. Electron micro-

scopy (EM) of the RdRp-active fractions revealed a striking

correlation of KUNV NS proteins implicated in viral RNA

synthesis with the KUNV-induced membranes in infected

cells. Immunolabelling of thawed cryosections prepared

from DENV-infected cells revealed a significant accumula-

tion of NS1 within distinct morphological membrane struc-

tures, that we termed VP (6,36). Double-labelling with

antibodies to dsRNA revealed co-localization of both anti-

bodies only within the VP, strongly suggesting the VPs

were the intracellular sites of DENV RNA replication (6). In

situ hybridization of resin-embedded sections from DENV-

infected cells supported the proposal that the VPs are the

same structure as the SMS (19). We could show that the

NS proteins NS1, NS2A, NS3, NS4A, NS5 and dsRNA

were all localized to VP (17,39), whereas NS2B, NS3,
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Figure 1: Schematic representa-

tion of the Flavivirus genome

organization and polyprotein-

processing events associated

with replication. Cleavage sites

depicted with a . represent clea-

vage by host-signal peptidase

within the lumen of the endoplasmic

reticulum. Sites represented with a

depict cleavage by the viral-

encoded protease NS3 with cofac-

tor NS2B. The cleavage between

NS1 and NS2A is currently not well

understood but is performed by a

host-cell protease in the lumen of

the endoplasmic recticulum.

Mackenzie

968 Traffic 2005; 6: 967–977



NS4A and NS5 localized to CM/PC (17,39), and NS4B

localized to proliferated endoplasmic recticulum (ER) and

the nucleus (40). Based on the known protease activity of

NS3 that works in concert with its cofactor NS2B, we

proposed the CM/PC to be sites of protein translation

and proteolytic cleavage of the polyprotein by the KUNV

protease NS2B-NS3 (17). Whereas localization of dsRNA

and KUNV proteins associated with RNA replication (17)

indicated that the VPs constitute the sites of viral RNA

synthesis. The role of VP in viral RNA synthesis was

additionally confirmed by in situ labelling of nascent RNA

with bromouridine (18).

The immunolocalization data, together with molecular and

biochemical results (41–44), led us to propose the follow-

ing model of the events during flavivirus RNA replication

(31). Our assumption is that on completion of translation,

NS5 binds the 3´ end of the (þ) RNA molecule. NS2A and

NS3 then also bind to the RNA and/or NS5. This preform-

ing RC is then directed to the cytoplasmic face of a mem-

brane through interaction with two additional proteins,

NS4A and NS2A. Importantly, this interaction only occurs

in the presence of viral RNA (39). At this point, we pre-

dicted that the RC-bound viral RNA becomes wrapped in

the VP (step 1 in Figure 2B) and is contained within this

invagination where efficient replication of the viral RNA

continues, hidden from the host-surveillance proteins.

This is analogous to models proposed for alphaviruses

and alphavirus-like superfamily (8,14), whereby access of

the cytoplasmic viral RNA to the active viral RC housed

within the indented vesicular pits is through an open neck.

It is presumed that other cellular factors and nucleotides

required for efficient RNA replication can also pass

through the vesicle neck. Interestingly, although NS1

translocates into the ER lumen, it is able to interact with

NS4A presumably via regions of NS4A that transverse the

ER membrane. However, genetic studies have suggested

that this interaction is mediated by residues in NS4A on

the cytoplasmic face of the membrane (45). How this

interaction occurs is not fully understood. As cyclohexi-

mide treatment does not affect replication, it is likely that

the RC is used for multiple rounds of replication/membrane

recruitment of the RC facilitated by its confined location

within the VP (18). Following replication within the VP, the

RNA is exported to the CM/PC for translation and proteoly-

tic processing (step 2 in Figure 2B). It is known that transla-

tion and replication are coupled and that replication of a

nascent RNA molecule is required for packaging (46).

Following translation, the RNA molecule is then transported

to the rER where assembly of the nucleocapsid and

immature virion occurs (47) (Step 3 in figure 2B).

An important focus for virologists is the cellular origins of

membranes and proteins involved in viral RNA replication.

For flaviviruses, this process appears bewilderingly com-

plex. As described above, there are three distinct mem-

brane structures associated with the flavivirus life cycle –

the rER, CM/PC and VP – all of which are to some extent

related to membranes derived from the early secretory

pathway (Figure 2). Interestingly, each of these mem-

brane structures contains a distinct set of viral proteins

with apparently different functions (see above).

Furthermore, each of the membrane structures appears

to contain a different subset of host proteins (48).

Significantly, the trans-Golgi marker b-1,4-galactosyltrans-
ferase (GalT) localized to the VPs in KUNV-infected Vero

cells (48); GalT was especially concentrated in membranes

of the vesicles within the packet and not the bounding

membrane itself. Other trans-Golgi network (TGN) mar-

kers such as p230 and TGN46 also localize within the

VP, whereas p200 and g-adaptin were not observed

(Jason Mackenzie, unpublished observations). Notably,

although much of the GalT, TGN46 and p230 redistributed

to the VP, a subset of these proteins remained associated

with the Golgi apparatus, which appeared morphologically

unperturbed and had the normal distribution of the Golgi

cis- and medial-cisternae protein Giantin (48). An intact

Golgi apparatus is a strict requirement for flavivirus repli-

cation, because the fully assembled virions exit the cell

through the Golgi apparatus (47), and furin cleavage of

prM (which occurs at the trans side of the Golgi) to M is

essential for virus infectivity (49). In contrast to TGN pro-

teins, ERGIC-53, a recognized marker for the intermediate

compartment (IC) (50), did not localize to the VP but accu-

mulated within the CM/PC. Protein disulphide isomerase

(PDI; an rER resident protein) was observed to label rER

continuous with the CM/PC but was not significantly

found within the CM/PC (48). Thus, it would appear that

a subset of TGN/Golgi protein associates intimately with

the ER/IC-derived CM/PC and that the CM/PC are physi-

cally continuous with the rER.

Our data offer insights into the long-standing controversy

about the organization of the IC. In one, still popular view,

the IC is considered as a compartment distinct from the

ER and the Golgi (51–53). Others propose that the IC is

continuous with the ER and the cis Golgi (52,53). Our data,

in flavivirus-infected cells, show clearly that the rER and IC

appear as continuous structures: the rER (identified with

anti-PDI antibodies) and the CM/PC (defined as the IC by

its labelling with anti-ERGIC-53 antibodies). Our observa-

tions strongly support a transport model, whereby pro-

teins are transported from the rER to the IC via a

continuous membrane rather than via vesicular steps.

Brefeldin A (BFA) is a fungal metabolite and a potent

inhibitor of anterograde membrane transport due to its

effects on the activity of ADP ribosylation factor (ARF).

Among other activities, the action of BFA prevents coat-

omer proteins binding to membranes (54), culminating in

the disassembly of the Golgi apparatus and redistribution

of Golgi proteins to the ER. Our studies with BFA-treated,

KUNV-infected cells have clearly indicated that antero-

grade membrane and/or protein transport are required for

biogenesis of the KUNV membrane structures, but only at

an early step in the replication cycle (48). Membrane

Membrane Replication Complexes of RNA Viruses
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induction was not inhibited once the membranes them-

selves were formed, after the latent period (48).

Additionally, GalT localized within the VP was also resis-

tant to dispersion; this is in contrast to the redistribution of

GalT observed in uninfected cells treated under similar

conditions (48).

It is not clear at present which of the flaviviral proteins are

responsible for membrane induction. However, after

examination of cell lines bearing KUNV replicons of vari-

able replication efficiencies, the ‘induced’ membranes

were only found in cell lines that harboured efficiently

replicating replicons (55). This suggested that one or

more of the NS proteins is required for membrane induc-

tion and indicated a direct correlation between the extents

of viral protein synthesis/accumulation and membrane

proliferation/alteration. Analysis of the cellular origins of

these membranes in replicon-transduced cells was in
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Figure 2: Ultrastructural observations of Kunjin virus-infected Vero cells at 24 h post-infection. Panel A reveals immunogold

labelling of a thawed cryosection prepared from Kunjin virus-infected cells with antibodies raised against protein disulphide isomerase
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total agreement with that observed during virus infection,

except for the notable difference in the distribution of

dsRNA and GalT (55). The subcellular distribution of the

replicon dsRNA appeared as small foci scattered through-

out the cytoplasm by immunofluorescence (IF) that pre-

sented as isolated foci on the cytoplasmic face of the ER

when observed by cryo-immunoelectron microscopy with

anti-dsRNA antibodies (55). This labelling pattern is strik-

ingly similar to the pattern obtained in cell lines harbouring

HCV replicons, using in situ hybridization or in vivo label-

ling of nascent viral RNA with BrUTP (22). Recent evi-

dence has indicated that the HCV NS4B proteins has the

capacity to induce membrane rearrangements resembling

those observed in cell lines replicating a HCV replicon

(1,56). However, our recent results argue that at least

the KUNV polyprotein NS2B-NS3-NS4A by itself contains

the required attributes to induce cytoplasmic membrane

structures analogous to those observed during flavivirus

infection (Jason Mackenzie, unpublished observations).

Replication complex of the picornaviridae

Investigation of the RCs of picornaviruses has been pio-

neered by the elegant and comprehensive studies of Kurt

Bienz and Denise Egger (Basel, Switzerland). Their sys-

tematic approach has been an inspiration for other inves-

tigators (including myself) who have studied the RCs of

their own viruses.

Like the Flaviviridae, the Picornaviridae genomic RNA is

translated as a polyprotein, albeit initiated by an internal

ribosomal entry site and post- and co-translationally

cleaved by host- and viral-encoded proteases (Figure 3).

The mature proteins assemble on the 3´ end of the (þ)-

strand RNA to initiate (–)-strand synthesis. It is proposed

that this occurs on the cytoplasmic face of membranes

facilitated by the interaction of the hydrophobic viral pro-

teins with host membranes. Poliovirus (PV) proteins 2B,

2C and 3A are all tightly associated with ER membranes,

and 2C binds specifically to the 3´ end of the minus-strand

RNA, and 3Dpol specifically associates with the input

positive-sense RNA to generate minus-strand RNA.

Specific protein–protein interactions within the RC are

difficult to dissect, as all the PV proteins, both structural

and NS, reside within the RC (Figure 4). Furthermore, the

presence of different polyprotein species makes it difficult

to specifically identify individual proteins by immunolabel-

ling. An antibody raised against one protein could also

recognize the polyprotein it is derived from. The early

stages of replication likely occur on rER membranes until

sufficient viral protein accumulates and cellular mem-

branes are rearranged.

The initial connection between ‘induced’ vesicles and RNA

replication was revealed by high-resolution autoradiogra-

phy (2) and subsequently extended using detailed in situ

hybridization and immunogold labelling of prepared

embedded sections from PV-infected cells (57,58); similar

techniques were used on membranes isolated from

sucrose density gradient fractions containing active RNA

polymerase activity (58–60). These experiments showed

not only that the viral RNA and proteins involved in replica-

tion were associated with the proliferating membranes,

but also that these membranes supported active replica-

tion (61). More intriguing was the appearance of the iso-

lated membranes which were observed as vesicle

rosettes (60). An interesting property of these rosettes

was that they readily dissociate at low temperature or

under low ionic conditions into tubulo vesicular structures

and can reassemble into a functional complex on

increased incubation at 30 �C (61).

Infection of mammalian cells with members of the

Picornaviridae family results in a dramatic vesiculation

and disintegration of internal membrane structures

(3,25,62–64). The vesicles within these clusters range in

size from 70 to 500 nm in diameter and appear to accu-

mulate within the perinuclear area (Figure 4). Evidence for

a requirement for continuous lipid synthesis to facilitate
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Figure 3: Schematic representa-

tion of the genomic organization

of the Picornavirus genome and
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via virus-specific proteolysis.

Many of these polyprotein species

have specific roles during replica-

tion of picornaviruses.
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viral RNA replication has emerged from two independent

observations. Firstly, experiments using the phospholipid

synthesis inhibitor cerulenin showed that replication and

infectivity of members of the Picornaviridae was greatly

reduced in the presence of the drug (65–67). Subsequent

studies indicated that many other RNA viruses are equally

sensitive to the action of cerulenin suggesting a broad

spectrum activity against viruses requiring lipid moieties

(68,69). Secondly, PV-induced vesicles, and thus the RC

formed from defective viruses, cannot support the replica-

tion of superinfecting wild-type PV (26,70). This suggests

that each membranous RC must be formed in cis from

nascent translated viral proteins recruiting cellular mem-

branes. This inability to ‘recycle’ RCs may explain some of

the difficulties in trans-complementing defective PV gen-

omes (71).

One model in the PV field speculates that the virally

induced membranes in the peri-nuclear area of the cell

reflect the inhibition of the host secretory pathway leading

to an accumulation of anterograde transport carriers. Such

a process is potentially blocked by BFA, as this drug stops

anterograde transport by inhibiting the ARF-exchange fac-

tor resulting in dissociation of the COP1 coat. However,

experiments using BFA have revealed that different

viruses within the Picornaviridae family have different sus-

ceptibilities to BFA (3,72,73) and may use different host

membrane components. Poliovirus and Echovirus 11 are

extremely sensitive to BFA treatment (3,73), whereas

foot-and-mouth disease virus (FMDV) and encephalomyo-

carditis virus (EMCV) are resistant to BFA effects (3,27),

and Parechovirus displays some partial sensitivity (3). For

the susceptible viruses, the effects of BFA can be rationa-

lized by results indicating a role for host coat proteins in

the formation of picornavirus RCs. Poliovirus appears to

use COPII proteins early in the formation of the RC to

induce the viral vesicles (74). However, late in infection,

most cellular proteins are also associated with the PV
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vesicles (75). Based on these observations, it was pro-

posed that the PV vesicle induction using COPII compo-

nents occurred in a manner similar to the formation of

transport vesicles in uninfected cells (74). Like antero-

grade transport vesicles, the PV vesicles were also

observed to exclude ER-resident marker proteins (e.g.

p63) (74,76,77). Nevertheless, the apparent COPII-depen-

dent formation of the PV vesicles does not explain why PV

replication is sensitive to BFA. The dynamics and activity

of COPII proteins is generally assumed to be unaffected

by this drug (78). Rather, BFA sensitivity and some in vitro

experiments strongly implicate ARF directly in the virus

replication process (79,80). Recent data has implied that

the PV proteins 3A or 3CD can induce ARF translocation to

membranes facilitating active PV replication (79). It is

interesting to note that the PV 2C protein is a GTPase

(81,82), and a single point mutation within 2C was

observed to render PV resistant to BFA (83). Perhaps,

the PV 2C protein may stabilize coatomer proteins on the

vesicles within the clusters. In contrast to PV, Echovirus

11 infections lead to an active redistribution of COPI to the

viral replication sites, and infection is also extremely sen-

sitive to BFA (3). Therefore, a direct role of COPI proteins

can be assumed in the replication of Echovirus 11.

Interestingly, Parechovirus infection dispersed COPI

throughout the cytoplasm (3), similar to the action of

BFA itself, with some COPI also observed within the RC.

Additionally, we and others have observed GalT to localize

to the RC (Jason Mackenzie and E. Gazina, unpublished

observations) (62) suggesting a possible Golgi origin of

these vesicles. In contrast, EMCV and FMDV appear to

require neither COPI or COPII and are both resistant to the

effects of BFA (3,27). In this context, it is surprising that

very little research has sought to investigate the role of

the IC during picornavirus replication, especially consider-

ing that the IC represents a crossroads within the

secretory pathway, where a switching of COPII to COPI

proteins on transport carriers is thought to occur (84).

Experiments with FMDV showed a slight dispersion of

ERGIC-53 from the perinuclear region to scattered foci

within the cytoplasm (27). However, our preliminary data

suggest some excellent co-localization of Echovirus 11

and EMCV RC with anti-ERGIC-53 antibodies by IF

(Figure 5). The distribution of ERGIC-53 appears relatively

unaffected during these infections with coincident label-

ling observed both in the perinuclear region and in isolated

cytoplasmic foci (Figure 5).

The results summarized above strongly implicate a

dynamic association of ARF, COPI and COPII components

with picornavirus replication, possibly regulated and/or

stabilized by the viral proteins 2C, 3A and 3CD. The effect

of BFA may relate to the activity of protein 2C, to release

COPII and/or bind and stabilize COPI to the vesicle mem-

branes. This stabilizing of COPI and ARF to cellular mem-

branes may explain why large vesicles are observed

during picornavirus infection, as the COPI-bound vesicles

would retain the capacity to fuse to other membranes

bearing the appropriate tether. Whether or not the COP

proteins are directly required for RNA replication and/or

virus assembly is not currently known, but siRNA knock-

down experiments may provide a better understanding in

the future. It has been speculated that perhaps this dis-

mantling of the secretory pathway is an active measure to

prevent cell-surface expression of immunoregulatory

molecules such as MHC I (85–87). It is important to

note that picornaviruses do not require an intact secretory

pathway for virion maturation, as the virions have no

membranes and consist of assembled capsid subunits

that are released via a lytic process (rather than through

exocytosis; Figure 4C). Additionally, the capsid proteins

required for virus assembly are also intimately associated

A B

EMCV-inf Echo11-inf

Figure 5: Immunofluorescene analysis of EMCV-infected (A) and Echovirus 11-infected (B) BSC-1 cells at 6 h post-infection. Co-

localization of anti-dsRNA (labelled with Alexa Fluor 488; green) and anti-ERGIC53 (labelled with Alexa Fluor 568; red) antibodies is

observed within discrete cytoplasmic foci representing the picornavirus replication complex (highlighted with arrowheads). Dual localiza-

tion is recognized as a yellow hue in both panels.
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with the vesicle clusters (61,88) (Figure 4C), exemplifying

the organized membranous microenvironment facilitating

virus replication.

Another model proposed by the Kirkegaard laboratory

(Stanford, USA) suggests a role for autophagy in the gen-

eration of the PV vesicle clusters (75,77). Autophagy is a

membrane-dependent engulfment of cytoplasmic consti-

tuent destined for degradation typified by the presence of

DMV structures (89). Using high-pressure freezing and

EM, the PV vesicles were presented as DMVs resembling

autophagic vesicles (75). Earlier studies investigating

Mouse Hepatitis virus (MHV) and Equine Arterivirus RNA

replication revealed the presence of DMVs harbouring the

viral RC (23,24,90). The studies by van der Meer et al. (24)

identified the presence of the endosomal markers lamp-1

and endocytosed BSA-gold in the MHV RC; however, the

role of autophagy was not investigated. Recent studies on

MHV have suggested that the process of autophagy may

contribute to the formation and stability of MHV RCs, as

MHV replication was impaired in an autophagy knock-out

cell line (91). Immunogold labelling indicated the presence

of the autophagosomal protein LC3 (92–94) as well as

cellular markers from different organelles within the PV

RC (75). Additionally, when MHV- and PV-infected cells

were incubated in the presence of a chemical inhibitor of

autophagy, 3-methyladenine, there was decreased viral

replication (91,94). Consistent with this biogenesis model

is the fact that although dramatic breakdown of the Golgi

apparatus occurs during PV infection, an intact Golgi appa-

ratus or trans-Golgi network is not essential for the forma-

tion of autophagic vacuoles (95). Yet in contrast, BFA does

not seem to prevent the formation of autophagic vacuoles

but rather tends to increase the volume fraction of auto-

phagic vacuoles (95). These contradictory results could

suggest that more than one mechanism underlies PV

vesicle formation, perhaps implying a combined use of

anterograde membrane transport and autophagy. It can

be envisaged that on prevention and accumulation of ante-

rogade transport vesicles, the Golgi apparatus breaks

down due to the retrograde movement of Golgi enzymes

and proteins to the ER (as observed during treatment of

uninfected cells with BFA). This accumulation of proteins

within the ER may trigger host-cell responses to signal

proteolysis of the accumulated proteins within the ER,

possibly initiating autophagy. With such a rapid life cycle,

the window of opportunity for researchers to dissect the

steps of picornavirus replication is limited.

To gain additional insights into the process of membrane

induction in the absence of viral replication, viral proteins

have been expressed individually. Such studies have been

successful in identifying viral factors involved in mem-

brane proliferation for a number of picornaviruses. In

each case, expression of proteins from the P2 and P3

region of the genome leads to membrane alterations ana-

logous to those observed during wild-type infection.

Further experiments indicate a role for the polyprotein

precursor 2BC and 2C itself in inducing vesicle clusters

(96–98). Expression of each of the individual proteins

alone has highlighted the membrane association and

destabilizing effects of proteins 2B, 2C and 3A (99,100).

Both 2B and 3A are efficient immobilizers of membrane

and protein trafficking through the secretory pathway,

with 2B displaying some specificity for the Golgi apparatus

(101). By contrast, 3A appears to restrict protein export

from the ER (102) perhaps inducing the dispersion of coat

proteins from newly forming transport vesicles. However,

recent observations have indicated that only the FMDV

protein 2BC can inhibit protein trafficking to the cell plasma

membrane, and FMDV proteins 2B, 2C and 3A do not

convey these properties (100). On the other hand, protein

2C does not block protein transport, yet induces vesicle

clusters analogous to those observed in the cytoplasm

during wild-type infection (98,103). The PV protein 3D –

the virus encoded RdRp – has been the focus of many

structural analyses. The goal of these studies has been to

identify peptide-binding pockets that might be targets for

chemical inhibitors. Nevertheless, some interesting obser-

vations were made after EM analysis of the purified

protein. The higher order structure of purified 3D was

observed to be an ordered sheet or lattice (104). These

arrays also had the capacity to form tubules. It was thus

proposed that 3D is recruited to the membrane via interac-

tion with 3AB and that this physical interaction between the

3D molecules induces assembly of the observed lattices

forming a uniform surface area that can subsequently be

utilized for RNA replication (104).

Concluding Remarks

In reviewing our current knowledge of the replication of

two well-studied families of viruses, it is clear that we still

have a long way to go. Like all viruses, the subversion of

cellular machinery and pathways is crucial for virus propa-

gation and survival. The specific interaction and recruit-

ment of host factors and distinct membrane domains to

virus replication sites imply different strategies for the

manipulation of host components. Dissection of the

steps taken during biogenesis of the viral RC has high-

lighted some basic cell biology principles, especially relat-

ing to membrane traffic from the ER to IC and Golgi

apparatus and possible subdomains within the trans-

Golgi. Questions still remain as to why different picorna-

viruses use distinct host components in producing

morphologically similar vesicle structures. Also, what role

does the apparent dynamic exchange of ARF and COP

proteins play in the virus lifecycle? Is it merely a mechan-

ism to prevent surface expression and secretion of

immune regulatory molecules or is it directly involved in

the assembly process? In contrast, flaviviruses redistri-

bute trans-Golgi proteins to their sites of viral RNA replica-

tion. What roles do host glycosylation and sorting proteins

play in viral RNA replication and why do positive-sense

RNA viruses wrap their replicative machinery? Is it simply
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to ensure greater efficiency of replication by concentrating

proteins and molecules within a desired membranous

environment? Is it to provide a greater membrane surface

area for RC assembly and increased cellular machinery for

translation and subsequent post-translational modifica-

tions? Or are the viruses hiding potential cell activators

(i.e. dsRNA) from host surveillance molecules like double-

stranded RNA-dependent protein kinase (PKR)? In any

case, viruses have provided us with models to understand

and dissect many cellular trafficking pathways and will no

doubt continue to do so. I hope that eventually we can

‘wrap up’ the events associated with the replication of

these families of pathogenic positive-sense RNA viruses.
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