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Introduction

General features of Rotavirus

Reoviridae are 65-85 nm diameter large viruses with a icosahedral non
enveloped capsid, composed by a complex structure of 3 concentric protein
layers (also called “shells”) plus an enzymatic core containing a double
stranded RNA genome of 10 to 12 fragments. The rotavirus genus is 75 nm
diameter large and its genome is composed by 11 dsRNA segments coding
for 6 structural proteins (VP), found in mature virus particles and 5 non
structural proteins (NSP), found in infected cells. Simian rotavirus strain
SA1l was the first completely sequenced rotavirus genome, becoming the
virus prototype. The coding assignments and properties of the proteins
encoded in each of the 11 genome segments were established by in vitro
translation of rotavirus mRNA or denatured dsRNA and by analyses of

reassortant viruses (54) as summarised in figure 1.1.

The rotavirus three protein layers have been studied by structural
cryoelectron microscopy and image processing (159; 173). As summarised in
the figure 1.1, the outer layer of the virion is consisting of VP7 and by 60
spikes of VP4 dimers. VP7 is the major outer capsid glycoprotein that
represents the smooth external surface of the virus. VP4 is the rotavirus

hemagglutinin and undergoes proteolytic cleavage previous to infection,

generating VP8* and VP5* cleavage products (46, 51). The intermediate layer
is constituted by VP6 required for active virus transcription (115; 15; 37). The
inner layer is composed by the RNA binding protein VP2, with virus scaffold
role (100; 101). The RNA dependent RNA polymerase VP1 and the guanyl-



transferase VP3 are located in the inner enzymatic core, along with the genomic
dsRNA.

Although the non structural proteins (NSP1, NSP2, NSP3, NSP4, NSP5) have
been detected in various stages of the rotavirus replication cycle, their specific
functions are not yet completely established. All of them serve as helper proteins

supporting virus replication, packaging and maturation or play some role in

ssRINA stabilisation (49).
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Figure 1.1. Gene coding assignements and three-dimesional structures of rotavirus particles.

Left: a polyacrilamide gel shows the 11 segments of dsRNA of the SA11 rotavirus genome and
the proteins encoded by each of these genes. Center: schematic representation of the rotavirus
particle. The proteins in the different layers are indicated. Right: three-dimesional structures of a
complete rotavirus particle, that shows in a portion the middle and the inner layers (49).



Rotavirus replication cycle

Rotavirus infection induces profound alterations in the morphology and
biochemistry of the host cell. Rotavirus entry, activation of transcription,
morphogenesis, cell lysis and particle release as well as the distant action of
viral proteins are Ca**-dependent procésses (170). Viral protein synthesis is
sufficient to increase the intracellular calcium concentration and there are
evidences that the expression of the single rotavirus protein NSP4, directly
influence the Ca®* homeostasis (189; 190). Ca** plays also a role in the
replication cycle and pathogenesis of other viruses such as poliovirus,
Cocksackie virus, cytomegalovirus, vaccinia and measles virus and. HIV
(170).

It has been reported that differences in Ca* concentration after rotavirus
infection provokes also severe structural alterations of the cytoskeleton
network, even if not always dependent by Ca* concentration. Viral infection
in cultured cells is associated with microtubule network disassembly
(vimentin and tubulin disorganisation), F-actin disassembly and alteration in
intermediate filament (TF) keratins 8 and 18 phosphoglycoproteins (20; 130;
196; 49). In vivo, rotavirus infection reduces sucrase-isomaltase expression in
human intestinal epithelial cells by perturbing protein targeting and
organization of microvillar cytoskeleton (86).

The rotavirus infective cycle is totally cytoplasmatic and is schematised in

figure 1.2.

Entry of rotavirus into cells in culture was studied by electron microscopy
and starts with cell membrane attachment and virus cell penetration. The
rotavirus attachment to the cellular membrane is mediated by the two outer
layer proteins VP4 and VP7 (108; 59), and it is known that extracellular
matrix proteins are required for virus attachment. Some, but not all animal
rotavirus variants required the presence of sialic acid on cell membranes for

efficient binding and infectivity (34; 126).
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Figure 1.2. Major features of the rotavirus replication cycle (49).

Cell treatment with neuraminidases, which removes sialic acid, or incubation
of the viruses with sialoglycoproteins (like glycophorin A), indeed
dramatically reduces animal virus binding, with the consequent reduction of
viral infectivity of some virus variants (108; 125).

Interestingly, two rotavirus cellular receptors were recently identified in
integrins alpha2betal and alpha4betal; VP4 and VP7 outer layer viral
proteins in fact contain in their aminoacidic sequences tripeptides (DGE,
GPR, LDV) that act as viral ligand for these integrins.



Moreover, incubation of the cells with these peptides or monoclonal
antibodies directed to alpha2betal and alpha4betal integrins, block rotavirus
infection (39). Recent studies show that the level of integrin alpha2betal on
cell surface, directly correlates with rotavirus growth (105), and that non
permissive K562 cells become permissive after expression of integrins
alpha2betal or alphadbetal (76).

Rotavirus-induced membrane permeability and productive virus infection
depends on the proteolytic cleavage of VP4 into VP8* and VP5* that takes
place inside the small intestine by the action of pancreatic proteases. The
importance of VP4 cleavage was studied in culture, and demonstrated that
rotavirus replication does not occur after infection with uncleaved VP4
viruses (non-trypsin treated). Two different virus internalisation pathways
have been described depending upon the proteolytic state of VP4: direct
membrane and phagocytosis-lysosome penetration (181). However, only
when VP4 is proteolitically cleaved, the virus enters directly into the cells
and results in efficient replication (109).

Once the virus is internalised, a low cytoplasmic Ca** concentration induces
the desegregation of the outer protein layer of the viral capsid in a process
called “uncoating” (110). As a consequence, the double layered particles
become transcriptionally active (37). Immediately, a high yield of single
strand RNA with + polarity (+ssRNA) is synthesised (2). The newly made
ssRNA transcripts carry out two functions: they are translated into the
rotaviral proteins, and serve as templates for the production of — strands
during dsRNA genome replication (175). With the exception of VP7 and
NSP4, which are translated in association with the rough ER, all the other
rotavirus proteins are translated by free ribosomes (49).

The place of rotavirus genome replication and virus assembly is viroplasms,
highly electrondense protein-RNA aggregates that are detected in the
cytoplasm from the early stage of infection (23, 6, 146, 182). Core proteins
and several non structural proteins, such as NSP2 and NSP5, accumulate in
these structures and may have some role in viral replication (146; 197). Other

observations demonstrate an extensive co-localization of NSP4, VP7 and VP4



in a ring-like or semicircular structure in close association with viroplasm
(72). The regulation of the packaging by which the correct set of 11 genome
segments is encapsidated into each virion, remains a mystery. However, it is
likely that some of the viral non-structural proteins may be involved in this
process.

Nascent immature capsid particles (ICP) are budding from viroplasms and,
through binding with the viral intracellular receptor NSP4, are targeted to
ER where the final assembly of the outer layer proteins VP4 and VP7 occurs.
During this unique morphogenetic process, the viral particles under final
maturation are transiently enveloped. In the case of inefficient virus
maturation, membrane enveloped double layered virus particles are
accumulated in the cytoplasm (179). NSP4 contains a membrane
destabilisation domain involved in the removal of the transitory membrane
envelope from mature viral particles (188). Moreover, NSP4 is responsible
for modulating the intracellular calcium concentration that induces cell
death, and is important in further releasing of mature virions from infected
cell.

Rotavirus infection determines the shut-off of the cellular protein synthesis
(49), however, recently four different cellular proteins were found
specifically upregulated after virus infection. Two of them were identified as
the ER-associated proteins BiP and endoplasmin, members of a family of
glucose-regulated chaperone proteins (203). Interestingly, the transcription
of these genes is regulated directly by rotavirus ER-associated protein NSP4,
in viral infected cells as well as in cells transiently expressing NSP4 alone
(203). The mechanism by which these genes are upregulated is not known:
however, NSP4 does not seem to be associated with either of BiP and
endoplasmin. The important role of the correct viral protein glycosylation in
the mechanism of viral envelope removing, was also confirmed by treatment
of infected cells with tunicamycin, that did not abolish cell lysis but inhibited
the liberation of particles (129). In particular, the specific block of NSP4

glycosylation results in the maintaining of enveloped viral particles.



During double-shelled (ds) particle assembly, subviral particles [possibly
single-shelled (ss) particles] acquire the outer capsid proteins during their
transport across the endoplasmic reticulum membrane by an exocytosis-like
process, probably by a fusion-like mechanism. Fine reticular material is
observed around the junction area between virus particles and the ER
membrane on the cytoplasmic side of projecting ss particles, suggesting this
is the site of assembly of ds particles. On the other hand, the budding process
simply serves as a vehicle to transport ss particles from the cytoplasm to the
ER lumen (180).

Rotavirus ethiology

Rotaviruses are the leading cause of severe, life-threatening viral
gastroenteritis in infants and animals worldwide (88) and they assume a
special significance in poor countries, where they constitute a major cause of

mortality among the young (figure 1.3).

Eachdot=1000

Figure 1.3. Distribution of rotavirus infection in the world (111).



In a recent epidemiology study, it was estimated that during a single year
there were 1 billion cases of diarrhea in infants and young children in Asia,
Africa and Latin America resulting in 3.3 million of deaths (66; 14).

The outcome of the infection is age related. Although rotavirus may infect
individuals and animals of all ages, symptomatic infection (diarrhea)
generally occurs in the young (6 months up to 2 years children, and up to 14
days mice).

Despite the prevalence of rotavirus infection and extensive studies in animal
models, rotavirus pathogenesis and the mechanism underlying the intestinal
fluid loss in rotavirus diarrhea are not completely known. There are
evidences that transcription- and replication-defective rotaviruses cause
diarrhea in animal models, suggesting that rotavirus attachment or entry
into cells is sufficient for the induction of diarrhea (172). Rotaviruses have a
limited tissue tropism, with infection restricted to cells of small intestine, and
infects fully differentiated enterocytes via their apical surface. During
infection the mucosal architecture undergoes remodelling, which results in
the stunting of the villi and flattening and loss of enterocytes. The generation
of diarrhea is a multifactorial process involving Ca*"-dependent secretory
processes of mediators, water and electrolytes, as well as the induction of cell
death in the different cell types that compose the intestinal epithelium. It was
moreover reported that rotavirus-induced diarrhea causes changes in the
microcirculation of intestinal villi of neonatal mice in relation to the
induction and persistence secretion (136; 176). Recently it was demonstrated
that purified NSP4 causes diarrhea in young mice in an age-dependent,
dose-dependent and specific manner. It is proposed that NSP4 acts as an
enterotoxin, because it has toxin-like effect when transiently expressed in
cells and is capable of inducing secretory diarrhea in neonatal mice; these
effects are selectively blocked by anti-NSP4 antibodies (77; 47; 10). Moreover,
NSP4 directly causes the inhibition of the Na*-D-glucose symporter (SGLT1)
(74). This effect, implying a concomitant inhibition of water reabsorption, is
postulated to play a mechanicistic role in the pathogenesis of rotavirus

diarrhea. Another interesting hypothesis is that rotavirus evokes intestinal



fluid and electrolyte secretion by systemic activation of the nervous system
in the intestinal wall, that is the enteric nervous system (ENS). Four different
drugs that inhibit ENS were tested and significantly attenuated the intestinal
secretory response to rotavirus, strongly suggesting that ENS participates in
the virus induced electrolyte and fluid secretion, as has been shown for
bacterial enterotoxin (111). A possible interpretation of the ENS action, is that
the increasing of Ca** concentration induced by NSP4, may trigger the
release of amines or peptides from the endocrine cells of the gut to stimulate
dendrites or free nerve endings located underneath the epithelial layer,
thereby activating secretory nervous reflexes. Moreover, as a possible
therapeutic approach, the intestinal secretion that activate ENS via the
intestinal endocrine cells can be significantly inhibited by the calcium
channels blockers, which markedly attenuate the release of amines and
peptides from these cells (191).

In trying to explain how rotavirus loses its infectivity in adults, a model has
been recently proposed in which the contemporaneous presence of two
categories of cellular receptors is necessary for symptomatic diarrhea (10).
One of the two is important for virus entry and gene expression, but not
needed in disease, whereas the second may regulate NSP4-specific functions.
According to this model, the concentration of NSP4 receptor may be

substantially reduced in adult animals, thus resulting in no disease.

No vaccine is yet available, since the oral tetravalent rhesus reassortant
vaccine proposed a few years ago (89) has been withdrawn from the market
(USA only) because unsafe, causing death in a number of children treated
(201). The early attempts to develop a vaccine focused on animal forms of
rotavirus, recently are shifted to effort to create human-animal reassortants

that have been far more successful (84).
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Rotavirus genome

Rotavirus genome consists of 11 segments of base paired double stranded
RNA with a size range of 0.6 to 3.3 kilobase pairs (51). Rotavirus dsRNA
genes could be purified and resolved according to their length on 10%
polyacrilamide gels, resolving rotavirus genome fragments into 11 bands
(see figure 1.1, page 2), while possible viral single strand mRNA has lower
mobility and remain near the origin (144). Deproteinased rotavirus dsRNA
genome is not infectious, reflecting the need for the viral RNA polymerase
for genome transcription and replication. The newly replicated dsRNA
genome is formed within nascent subviral particles in viroplasms, and free
dsRNA or free ssRNA with negative polarity was never found in infected
cells.

The genome sequences of the different rotavirus strains show general
features about the structure of each genome segments, and are A+T rich (58-
- 67%) (figure 1.4). Peculiarities in rotavirus genome are also common to other
members of Reoviridae family (reovirus, cytoplasmic polyhedrosis virus,
orbivirus) and to others virus families with segmented genome

(Ortomyxoviradae, Arenaviridae, Bunyaviridae) (60, 49).

Noncoding Firsft AUGdis
: b a favore .
Base G+C _Eeque—nces_ sequence Additional
Segment? pairs (%) 5 -3 for initiation long ORF* Amino acids? References

i 3,302 34.6 18 17 Yes No 1,088 211
2 2,880 32.9 16~ 28 Yes No 881 211 .
3 2,591 28.9 49 35 Yes No 835 : - 170,211
4 2,362 34.7 9 22 Yes No 776 222
5 1,581 33.8 32 73 Yes No 481 211
6 1,356 38.6 23 139 Yes No . 397 85 -
7 1,104 33.5 25 131 No Yes (2-) . 315(312,306) 29
8 1,059 35.5 46 59 . Yes No 317 : 30
9 1,062 35.9 48 33 No Yes (1-) 326 (297) 9,31

10 751 40.2 41 182 Yes Yes (2-) 75 .32

11 667 1386 21 43 Yes Yes (1-0} 198 (82) 210

Figure 1.4a. Nucleotide sequences of rotavirus genome segments.
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Figure 1.4b. Major features of rotavirus gene structure. (49).

Rotavirus dsRNA segments contain cap structures at the 5’end of the
positive strand RINA (Imai, 1983), while lacking in the 3’-end polyadenilation
signals (122). Each RNA segment starts with a 5’-guanylate followed by a set
of conserved sequences that are part of the 5" non-coding sequences (called
untranslated region, UTR). Usually, the 5 UTR is followed by a unique open
reading frame (ORF), coding for a single protein product and ending with
the stop codon. Although some of the genes possess additional in-phase or
out-of-phase ORFs, current evidences indicate that they are monocystronic,
except possibly for genes 9 and 11 (22; 119). Gene transcription starts under
strong initiation codon based on Kozak’s rules. The 3’ set of non-coding
sequences (3° UTR) contain a subset of conserved terminal 3’ sequences, and
end with a 3’-terminal cytidine (49). The strong conservation of 5" and 3’
terminal UTRs in rotavirus genome segments suggests that they contain
signals important for transcription, RNA transport, replication and assembly
of the viral genome. Indeed cis-acting signals that promote minus-strand

synthesis were found in rotavirus UTRs (50).
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Rearrangements

An interesting aspect of segmented viruses in general, and of rotavirus in
particular, is the ability of the virions to assemble a precise set of genome
segments into newly made virions. Understanding how this occurs remains a
major challenge because this knowledge might lead to the development of
reverse genetics systems to allow dissections of the gene functions of these
viruses as well as their use as vectors for delivery of other genes. In the
absence of a reverse genetic system, genetic analysis has exploited the fact
that the genome segments can undergo reassortment during mixed
infections (49).

Analysis of the genomic electropherotypes is the popular technique for virus
detection and is used for molecular epidemiology studies. However, because
distinct RNA patterns can arise through different mechanisms, the genome
profiles can not be used as the sole criterion for the classification of a virus
strain. The electrophoretic migration rate of cognate RNA segments
(segments encoding the same protein) in different virus strains often shows
heterogeneity. In contrast, sequence data show that cognate genes from
different strains usually contain the same number of nucleotides. Therefore,
the heterogeneity in RNA segment mobility in cognate fragments is to be
attributed to sequence differences, and secondary and tertiary structures that

remain during the electrophoresis of these segments.

Whereas a total of 11 RNA segments are invariably packaged, there seem to
be much less constraint on the length of individual RNA fragment
assembled into mature virus particle. One mechanism which generates
heterogeneity in RNA segment mobility in cognate RNA fragments is
genome rearrangements that consists preliminary in concatamerisation and
duplication with evident changes in gel mobility. Virus with rearrangements
in segments 5, 6, 8, 10 and 11 have been characterised (67). Modifications in

fragment 11 are very frequent, with unknown apparent reason (33; 64). It is
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unknown whether the rearrangements in fragament 11 occur more
frequently, or if these viruses have some selective advantage (better growth
or stability), so that they are more easily detected (120). Viruses containing
rearranged genome fragments are generally not defective structurally and
functionally. Biophysical characterization of rearranged gene segment
viruses has shown that up to 1800 additional nucleotides can be packaged
into particles, without causing detectable changes in particle diameter or in
sedimentation values. However the density of particles containing
rearranged genomes may be increased proportionally to the additional base
pairs added (123). These studies indicate that rotavirus have a considerable
capacity of packaging additional RNA, although the upper limit is obscure.
Interestingly, a series of temperature-sensitive mutants that map to rotavirus
segments have been characterised (114; 160; 161; 30) and their different
infective phenotypes were important to rotavirus gene assignment and
proteins function as shown in figure 1.5.infective phenotypes were important .

to rotavirus gene assignment and proteins function as shown in figure 1.5.

% wild-type synthesis at 39C

Mutant Prototype . Host Mapped to genome
group mutant ssRNA dsRNA Protein shut-off segment (protein)

A " 1sA(778) 100 75 100 + 4 (VP4)

B 1sB(339) 5 5 25 + 3 (VP3)

C tsC(606) 5 5 25 + 1 (VP1)

D tsD(975) 100 100 150 + NA

E tsE(400) <5 , <5 20 + 8 (NSP2)

F tsF(2124) 100 <5 20 - 2 (VP2)

G tsG(2130) 100 <5 20 - 6 (VPB)

H tsH(2384) 100 100 100 - NA

! tsl(2403) ) 100 100 100 - NA

J 18J(2131) 100 75 100 + NA

Data from Gombold and Ramig (114} and Ramig and Petrig (263).
NA, no gssignmem. .

Figure 1.5. Summary of the characteristics of rotavirus temperature sensitive mutants.
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Viral proteins

Mature Number of
Genome Protein Nascent polv- protein Location in molecules
segment product peptide (M) modified virus particles per virion® Function
1 VP1 125,005 (125K) —_ Inner core ND RNA polymerase
2 VP2 102,431 (94K} Cleaved - Inner core 120 RNA binding
3 VP3 98,120 (88K) — Inner core ND Guanylyltrans-
ferase
4 VP4 86,782 (88K) Cleaved Quter capsid 120 Hemagglutinin,
(VP5* + VP8") VP5* neutralization
(529) antigen, pro-

T VP8 (247)¢ tease-enhanced
infectivity, viru-
lence, putative
fusion region,
cell attachment

5 NSP1 (NS53) 58,654 (53K) — Nonstructural Slightly basic, zinc
. finger, RNA
binding
6 VP6 44 816 (41K) —_ Inner capsid 780 Hydrophobic,
: trimer, subgroup
antigen
7 NSP3 (NS34) 34,600 (34K} — © Nonstructural Slightly acidic,
RNA binding
8 NSP2 (N535) 36,700 (35K) — Nonstructural Basic, RNA
binding
9 VP7 37,368 (38K) ‘Cleaved signal Outer capsid 780 RER integral
: sequence, ‘ membrane glyco-
high mannose protein neutraliza-
clycosylation tion antigen,
. and trimming bicistronic gene .
two hydrophobic
NH_-terminal
regions
10 NSP4 (NS28) 20,290 (28K) 29K-28K, Nenstructural RER transmem-
uncleaved brane glyco-
signal sequence, protein, role in
high mannose morphogenesis,
glycosylation three hydro-
and trimming phobic NH,-
terminal regions
11 NSP5 (NS26) 21,725 (26K) 28K, Nonstructural Slightly basic, rich
‘ phosphorylated in serine and”
O-glycosylated threonine, RNA

binding

Figure 1.6. Summary of the characteristics of rotavirus structural (VP) and non-structural (NSP)
proteins (49).
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Structural proteins

VP1 is a component of the rotavirus inner enzymatic core and is part of the
viral replicase and the transcriptase complex. Temperature-sensitive (ts)
mutants that map to rotavirus segment encoding VP1 (gene 1) (tsC) indeed
have a ss and ds RNA-negative phenotype (30; 66b). Moreover, the VP1
sequence shares the common motifs conserved in the sequences of all the
polymerase showing RNA template specificity (151). The conclusive
demonstration that VP1 is the rotavirus RNA-dependent RNA polymerase,
has been obtained with radiolabelling of rotavirus VP1 with the
photoreactable nucleotide analog 32P-8-azido-ATP, that inhibits the
transcription activity of the polymerase after UV light exposure (193).
Interestingly, VP1 specifically binds to the 3'-end of viral mRNA in the
absence of any other viral proteins, but this interaction is not sufficient to
initiate minus-strand synthesis (139). VP1 expressed in baculovirus has
replicase activity only after contemporaneous expression of VP2 (207), and
recent evidences have demonstrated that VP1 indeed requires the core shell
proteins to synthesise the double-stranded RNA genome (138). Moreover, it
has been asserted that VP1 interacts with other structural (VP2 or VP3) (208)
or non structural (NSP2) viral proteins (7; 4), in specific structural and

functional manner.

VP2 constitutes the inner protein layer of the rotavirus structure and it has
been demonstrated that its amino-terminus possesses unspecific single- and
double-stranded RNA binding activity (18). Moreover, rotavirus ts mutants
for rotavirus gene 2 (tsF), do not synthesise ss and dsRNA at the not
permissive temperature and have improper viral capsid assembly (114).

It has been demonstrated that the amino-terminus of VP2 is essential for the
final assembly of the polymerase enzyme VP1 and guanylyltransferase VP3
into the core of the virion (208). Baculovirus-expressed VP1 and VP2 have
been shown to assemble into the simplest protein structures with replicase

activity, called core-like particles (CLPs) (138). Biochemical and structural
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studies obtained with electron cryomicroscopy and image reconstruction
have thus suggested that VP2 appears to act as a scaffold for the proper

assembly of the components of the viral core (100; 101).

VP3 is a component of the inner enzymatic core with sequence independent
ssRNA-binding activity and, interestingly, with preferential affinity for
uncapped over capped RNA (137). Baculovirus expressed VP3 protein was
found to covalently bind y-[32P]-GTP, suggesting its role as rotavirus
guanylyltransferase (104; 150). In virus infected cells, VP3
guanylyltransferase activity is nonspecific and is able to cap RNAs initiating
with indifferently G or A residue (137). After UV crosslinking, VP3
covalently binds S-adenosyl-1-methionine (SAM), the usual substrate
- required for methyltransferase activity (25). These studies indicates that VP3
may be a multifunctional capping enzyme, with both guanylyltransferase
and methyltransferase activity.

The phenotype of rotavirus ts mutants (tsB) carrying a mutation in VP3
encoding gene (gene 3), was initially identified negative for viral
transcription and replication (68). Analysis of viral particles made by tsB
infected cells at the restrictive temperature, showed however that only
empty single-shelled particles were assembled (194). This indicates that viral
morphogenesis is haltered after the initial viral transcription and before
RNA replication, suggesting that VP3 may also have an eventual early

function in the replication but not in further viral particle assembly.

VP4 is an unglycosylated protein of the rotavirus outer layer that has been
implicated in cell attachment, penetration, hemagglutination, neutralization,
virulence, and host range. From three-dimensional structure it was
discovered that the sixty surface spikes that project from the outer layer of
mature virions are made up of dimer of VP4 (205; 158).

The involvement of VP4 in cell binding was suggested by analysis of VP4-
containing virus like particles expressed in baculovirus (40). Both sialic acid-

dependent and -independent virus-cell attachments are mediated by VP4

_17 -



(107; 108). It was moreover found that VP4 is directly involved in the
recognition of cellular integrin receptor. Aminoacidic sequence of VP4 (as
VP7) contains in fact a specific tripeptide (DGE) that is ligand for
alpha2betal integrin (39).

Peculiarity of VP4 protein, is its trypsin-dependent cleavage into two
polypeptides, VP8* and VP5*, that are respectively the N- and the C-terminal
portion of VP4 and that remain associated to the virus outer layer (109). The
cleavage site is highly conserved (arginine 247) and the two cleavage
products remain linked through an intrachain disulfide bond (140).
Biologically, VP4 cleavage results in enhancement of viral infectivity,
enhancing the virus penetration into cells, but not cell attachment (59; 36).
VP5* has a direct role in viral cell entry and may have a membrane
interactive domain. Recombinant expressed VP5* is able to permeabilize cell
membranes in the absence of other rotavirus proteins as demonstrated by
specific release of fluorocrome carboxyfluorescein after membrane
permeabilisation (42). Moreover, site-directed mutagenesis of the VP5*
hydrophobic domain (VP5*-HD, residues 385 to 404) has demonstrated the
importance of this region of VP5* to induce membrane permeability (44).
Studies on cell attachment, have demonstrated that the two VP4 cleavage
products, VP5* and VP8* have different functions depending on the
rotavirus variants and their dependence on sialic acid-containing cell
receptor (SA). Among the SA-dependent rhesus rotavirus (RRV), it was
isolated a virus variants (nar3) that no longer depend on the presence of SA
on the cell surface for efficient infection (126). This variant was important to
demonstrate that VP5* domain of VP4 mediates nar3 SA-dependent cells
attachment (206), while the wt RRV binds cell surface via VP8* (83). These
results were also confirmed using recombinant GST-VP8* and GST-VP5*
proteins produced in bacteria or neutralizing monoclonal antibodies directed
to VP8* or VP5* (206). SA-binding domain has been mapped between
aminoacids 93 and 208 of fragment VP8* (102), while mutations in positions
150 and 187 of VP4 mediate SA-independent cell interaction (107).
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In infected cells VP4 is located in the space between the periphery of the
viroplasm and the outside of the endoplasmic reticulum (130). However,
more recent confocal microscopy analysis revealed that early after infection a
fraction of VP4 is present at the plasma membrane and another fraction is
cytoplasmic and colocalizes with beta-tubulin of the microtubule network
(130). Recent studies performed with biotin labelling of infected cell surface
monolayers allowed the identification of the existence of the non cleaved
form of VP4 that is associated with the glycoprotein VP7 (130).

VP4 induces neutralising antibodies and protective immunity in animals and
in children (131). Using a murine rotavirus model it has been demonstrated
that intragastric administration of VP4-peptide protects subjects from
challenge with virulent rotavirus (82), suggesting their potential use in

rotavirus vaccine and therapy.

VP6 (SA11 strain segment 6) is the major structural component of the virions,
highly conserved along the different rotavirus strains, is highly hydrophobic
and immunogenic.

The structural relationship between VP6 (inner capsid polypeptide) and the
viral core was studied using chemical cross-linking, suggesting the existence
of a complex organization of VP6 with both the inner and the outer virus
protein layer (78). VP6 interacts directly with the VP4 and core polypeptide
VP2 and VP3 (171). VP6 protein expressed in baculovirus spontaneously
forms trimers and has permitted to map the domains responsible for the
trimerisation (residues 154-179 and 251-310) and for the interaction between
the different viral structural proteins (residues 353-397) (3). VP6 N-terminus
has an amphiphatic alpha-helix critical for virus assembly, and ts mutant
analysis of mutants mapping in the VP6 gene (tsG), have an assembly
negative phenotype, indicating that it possibly functions transporting VP6 to
viroplasmic inclusions for double layer particles assembly (114). Removal of
VP6 from double layered particles results in a loss of polymerase activity
associated to viral transcription (15), suggesting that it may influence the

correct structure of the transcriptase complex.
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VP7 is a component of the virus outer layer encoded by gene 9 in SA11 virus
strain. VP7 nucleotide sequence shows up to three in-frame initiation
codons, even if the second is more represented in virus infected cells.
Moreover, VP7 contains up to three glycosylation sites, of which only two
are apparently used. VP7 protein is synthesised associated to the rough ER
(200) and has an highly conserved signal peptide with a known cleavage site
at glutamine 51 (178). VP7 aminoacid sequence lacks of characteristic
sequence KDEL found to confer ER retention for some cellular proteins, but
contains a conserved region of hydrophobic aminoacids (consensus peptide
LPXTG) that acts as the signal sequence to direct VP7 ER targeting (49).
Deletions in these sequences interestingly showed an abnormal VP7
processing through the Golgi apparatus by addition of several carbohydrate
residues followed by erroneous VP7 secretion into the extracellular medium.
As VP4, VP7 is the virus protein responsible of integrin-mediated virus-cell
binding and its aminoacidic sequence contains tripeptides sequences (GPR
and LDV) that are ligands respectively for integrins alphaxbeta2 and
alpha4betal (39). In VP7, these sequences are embedded in a disintegrin-like
domain that also shows sequence similarity to fibronectin and the Tie
receptor tyrosine kinase (39).

Protein folding of VP7 requires ATP and cellular, but not viral, factors for
correct disulfide bond formation (127). Studying the relation of cellular
proteins with viral proteins, it was found indeed that the ER-associated
chaperone calnexin interacts with the ER-associated rotavirus proteins, VP7
and NSP4 (128), suggesting that calnexin promotes folding and assembly of

these glycoproteins during viral infection.
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Non structural proteins

Properties of most of the non-structural proteins are only beginning to be
understood. However, it was observed that the non-structural proteins
possess a basic charge, are able to bind RNA, are present in subviral particles
with replicase activity and that ts mutants that map to their segments have
RNA replication negative phenotype (30; 66b). These data suggest that the
rotavirus non structural proteins function as part of the replication complex,
as chaperones to transport RNAs or proteins to the sites of RNA replication,

assembly and packaging.

Rotavirus NSP1 (also previously known as NS53) is encoded by gene 5 and
is interesting for its extreme sequence diversity. Recently, the comparison of
NSP1 protein sequences among the different species showed poor amino
acid homologies (respectively 36-38% and 68%) reflecting their extreme
divergence. In infected cells NSP1 is present in association with the
cytoskeletal matrix, thus providing evidence that the subcellular localization
signal in NSP1 resides in the amino terminal half of the protein (79).
However, a large amount of NSP1 is diffused in the cytosol and studying
NSP1 mutants it was identified the domain responsible for intracellular
soluble localization of the protein (residues 84 and 176) (81).

NSP1 has RNA-binding activity specific for elements located at the 5' end of
viral mRNAs. The RNA-binding domain of NSP1 resides within the first 81
aminoacids of the protein (141). As predicted also for other RNA-binding
protein of rotavirus (as NSP2), RNA-folding predictions suggest that the 5’
end of the NSP1 mRNA interacts with itself, producing a stem-loop
structure.

Peculiarity of NSP1 aminoacid sequence is the highly conserved cysteine-
rich region forming zinc finger motif (nucleotides 156 to 248). The
importance of this region is unknown (184). The carboxyl-terminal 233 aa of
NSP1 are not required for rotavirus replication in vitro and deletion of the

cystein rich region (up to 500 nucleotides) originates in non-defective
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reassortant rotavirus mutants that normally replicate in cultured cells (79,
80). However, it is known that the cystein rich region is essential for NSP1
RNA-binding activity (134; 185).

The viral non-structural protein NSP3 is encoded by gene 7 has been
implicated in the assembly of the 11 viral positive sense ssRNAs into the
early replication intermediates during rotavirus morphogenesis (155).
Immunofluorescence technique of virus infected cells reveals that NSP3
shows a diffuse cytoplasmic distribution, thus not localising in viroplasm (8).
NSP3 is a rotavirus sequence-specific RNA binding protein that binds
specifically the non polyadenylated 3'-end of rotavirus mRNAs (155),
probably stabilising the viral ssRNA. Recombinant NSP3 protein expressed
in baculovirus and UV cross-linking, have demonstrated that the minimal
sequence recognized by NSP3 is GACC located from nucleotides 8 to 15 at
the 3-terminal end of the viral RNA (153, 154). NSP3 is a protein slightly
acidic organised in alpha-helices, with several heptad repeats of hydrophobic
aminoacids present in its carboxyl half (118). NSP3 sequence analysis did not
reveal significant homologies with other RNA binding proteins (163), thus
NSP3 proteins of rotavirus may be the prototype of a new kind of sequence-
specific RNA binding protein.

Recently it was reported that recombinant NSP3 is responsible of viral
translation enhancement in transfected cells as well as in the rabbit
reticulocyte translation system (195). These data were supported by the
important discovery that the last C-terminal 107 aminoacids of NSP3
interacts with the eukaryotic translation initiation factor 4-GI subunit (elF-
4GI) (149). Studies on NSP3 mutants and yeast two-hybrid system, have
indicated that the NSP3 RNA- and eIlF4G-binding domains are separated by
a dimerization domain (aminoacids 150 -206), that is required for strong
RNA binding (148). It was hypothesised that NSP3 may form a link between
the viral mRNA and the cellular translation machinery (195). Interestingly,
the amount of cellular poly(A)-bindirg protein (PABP) present in elF4F

complexes decreases during rotavirus infection (149), suggesting that NSP3
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is working as a functional analogue of PABP. These results also suggest that
NSP3, by taking the place of PABP on elF4GI, is responsible for the shut-off

of cellular protein synthesis.

SA11 gene 10 codes for NSP4, a non-structural glycosylated protein that
localises in the ER membrane. The amino-terminus of NSP4 contains 3
hydrophobic domains and 2 N-linked mannose glycosylation sites, that are
tunicamycin sesitive (147). The amino-terminus of NSP4 has a non-cleavable
signal sequence to ER retention, connected through a protease-resistant
alpha-helical coiled-coil stem with the C-terminus protruding in the
cytoplasm (187). The cytoplasmic C-terminal domain of NSP4 acts as viral
receptor to bind immature double layered viral particles (immature capsid
particles, ICP) and to mediate the budding of immature virions into the
lumen of the ER (9), where takes place the final steps of viral morphogenesis.
The structure model of NSP4 cytoplasmic region suggests that four NSP4
molecules tetramerise trough their four flexible C-terminal 28 aminoacids
projecting from the ER (187). The ICP-binding site was map indeed in the last
20 aminoacids of each tetramer-forming peptide (133). This organization

suggests a novel NSP4 structure for its icosahedral virus receptor function.

Purified NSP4 or a peptide corresponding to NSP4 residues 114 to 135, is
sufficient to induce diarrhea in young mice in a age-dependent and dose-
dependent manner, thus acting as a viral enterotoxin (10). This effect
depends by trans-epithelial chloride secretion by calcium-dependent
signalling pathway. NSP4 is infact the only viral protein noted to be
responsible for the increase in cytosolic calcium concentration observed in
rotavirus-infected cells (190). Studies on NSP4-induced [Ca*]i mobilisation
propose a transient stimulation of inositol 1,4,5-trisphosphate (IP3)
production through receptor-mediated phospholipase C activation (43).
Moreover, NSP4 peptide 114-135 that causes diarrhea in young rodents, is a
specific inhibitor of the Na*-D-glucose symporter (SGLT1), while peptide

464-483 inhibits Na*-L-leucine symport during rotavirus infection in vivo
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(74). Moreover, the glucose-regulated chaperone proteins BiP and
Endoplasmin, were found directly upregulated by rotavirus NSP4 (203).

It has been hypothesized that NSP4 is involved in the removal of the
transient envelope acquired during viral morphogenesis (50; 147).
Interestingly, glycosylation of NSP4 is required for removal of the transient
envelope from ER-budding mature viral particles; in fact treatment of
infected cells with tunicamycin maintains enveloped viral particles (129;
147). Consistently, NSP4 possesses a direct membrane-destabilization
activity (MDA, residues 48 - 91), that may cause ER membrane damage,
playing a role in the removing of the transient viral envelope (19; 188). Last
studies suggest that the membrane-destabilizing and the enterotoxic
properties of NSP4 may be mediated by different regions of the polypeptide
(19).

Rotavirus non-structural protein NSP5

In strain SA11, NSP5 (previously known as NS26) is the product of the
longer open reading frame of genome segment 11 and encodes for a protein
of 198 aminoacids (197). However, a second internal open reading frame
(position 52) encodes for a shorter phosphoprotein of 92 aa (22 kDa), named
NSP6 (119). No significance of the presence of NSP6 was found until now,
but NSP6 was not always synthesised in the different rotavirus strains, as in
fact absent in OSU strain. However, recently using the yeast two hybrid
system it was described the existence of NSP5-NSP6 heterodimers in infected
cells, that involve the last C-terminal 35 residues of NSP5 (192).

NSP5 aminoacid sequence is highly conserved among the different rotavirus
species (106) and no mutants in NSP5 gene was ever found, suggesting that
NSP5 may play a fundamental role in rotavirus cycle (64; 69; 70; 71). Some
rotavirus strains carry a gene 11 head-to-tail duplication that however as the
parental strain, results in identical NSP5 protein synthesis and virus
replication (33; 93; 64). There are no sequence structure predictions for NSP5

and the sequence characteristics have still unknown significance. As shown
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and the sequence characteristics have still unknown significance. As shown
in figure 1.7, NSP5 primary sequence is characterised by an overall high
content of Serine (21%) and Threonine (4.5%), that is even higher in the last
N-terminal 131 aminoacids (30.5%). Moreover, there are interesting SDS
repeats with unknown significance and a “basic-acid-basic domain” (BAB) of
highly charged 49 aminoacid residues (60% charged residues), located
between residues 131 and 179, similar to that found in other RNA binding

proteins.

1/1 31/11
GGC TTT TAA AGC GCT ACA GTG atg tct ctc age att gac gta acg agt ctt ccc toa att
M s L s I D v T 8 b P s I

61/21 91/31
tet tet agt ate ttt aaa aat gaa teg tet tet aca acg tea act ctt tet gga aaa tet
s s S I F X N E 8 S s T T s T L ] G

121741 151/51
att ggt agg agt gaa cag tac att tca cca gat geca gaa goca tte aat aaa tac atg ttg
I G R g E Q ¥ I s P D A E A F N K Y M L

181/61 211/71
teg aag tet cca gag gat att GGA CCa tet gat tet get tea aac gat cca cta ace age
8 K s E D s A s N D P L T S

241/81 271/91
ttt teg att aga teg aat geca gtt aag aca aat gca gac dgot gge gtg tet atg gat tca
F S I R s v X T N A D A G v s D

301/101 331/111
tcg acg caa tca cga cct teca agt aac gtt ggg tge gat caa gtg gat ttc tcee ctg act
s T Q s R P S s N VvV @6 c D Q v

361/121 391/131
aaa ggt att aat gtt agt got aat ctt gat tca tgt gta teca atc teca act gat aat aaa
X G I N v S A N L D S [} v S I s T D N X

421/141 451/151
aag gag aaa tec aag aaa gat aaa agt agg aaa cac tac ccog ada att gaa geca gat tot
X E R s K K D K 8 R X H b4 P R I B A D ]

481/161 511/171
gac tct gaa gat tat gtt tta gat gat tea gat agt gat gac ggt aaa tgt aag aat tgt
D S E D ¥ v L D D s D = D D G K c K N c

541/181 571/191
aaa tat aag aaa aAg tAc ttc gea cta aga Atg agg atg aag caa gtc gca atg caa ttg
X Y K K K ¥ F A L R M R M K Q v A M Q L

601/201 631/211
atc gaa gat ttg taa TGT CAA CCT GAG AGC ACA CTA GGG AGC _TCC CCA CTC CCG TTT TGT
I E D L *

661/221
GAC C

Figure 1.7. Nucleotide sequence of rotavirus SA11 gene 11, and aminoacid translation of
NSP5. Underlined nucleotides represent the gene 11 5" and 3 untranslated region (UTRs).
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In NSP5 protein sequence there are phosphorylation recognition sites for
protein kinase C (SXR/KR/KXXS and K/RXS at residues 22, 30, 75, 100 and
136) and serine residues (at position 56, 154 and 165) potential substrates of
casein kinase II (SXXD/E) (17). The last 18 C-terminal aminoacids of NSP5
are highly conserved (120; 119). It was found that the last 20 C-terminal
aminoacids of NSP5 are the homomultimerization domain, which have a
predicted alpha-helical structure (192).

NSP5 was originally described with an apparent molecular mass of 26 kDa in
SDS-PAGE (45; 116) that further undergoes hyperphosphorylation and
cytoplasmatic glycosylation changing its gel mobility (5; 69). The main
modification of NSP5 is the hyperphosphorylation that produces NSP5
mature species from 28 to 32-34 kDa (figure 1.8) (5). NSP5 phosphorylation
occurs on serine and threonine residues (5) and is sensitive to A-phosphatase
treatment (\-Ppase), converting all the hyperphosphorylated species to an
unique band of 26 kDa (figure 1.8b, lane 4).

Figure 1.8. SDS-PAGE analysis of NSP5.

a. Immunoblot analysis of extracts of rotavirus infeceted cells and reacted with anti-NSP5
serum.

b. Immunoprecipitation of NSP5 from virus infected cells

¢. labelled with ¥S-Met. Calf intestinal phosphatase (CIP) and A-Ppase treatments are
indicated (5).



Phosphorylated NSP5 isolated from infected cells, is sensitive also to protein
phosphatasae 2A (PP2A) and calf intestinal phosphatase that
dephosphorylate NSP5 28- 30- and 24 kDa species and induce accumulation
of the 26 kDa form that however remain phophorylated (5; 17; 152).
Treatment of NSP5-expressing cells with staurosporine, a board-range of
protein serin/threonin kinase inhibitor (124; 183), has only a limited negative
effect on the NSP5 phosphorylation and moreover, does not inhibit
autophosphorylation of NSP5 in vitro (16). Inhibition of cellular phosphatases
(PP1 and PP2A) with okadaic acid has demonstrated that NSP5

phosphorylation partially is increased in transfected cells as in rotavirus-

infected cells, even if these last in lower extent (16). The mechanism that
regulates NSP5 phosphorylation however, is not completely known. There
‘are evidences that it may be an autophosphorylation activity. NSP5 obtained
from infected cells, could be phosphorylated in vitro by incubation of
immunoprecipitates with y-[32P]-ATP, producing mainly phosphorylated
products of 28 and 32-34 kDa, suggesting that indeed NSP5 may have a
kinase activity (5). It has been described that purified NSP5 isolated from
bacterial expressing cells, is capable of autophosphorylation but with much
lower activity than the protein isolated from rotavirus infected cells (17; 152).
However, we have never observed that NSP5 recombinant protein purified
from bacteria shows autophosphorylation activity, while it occurs in a large
extent in presence of cellular protein extracts (Vascotto, Eichwald and
Burrone, unpublished).

As it will described extensively in this thesis, NSP5 phosphorylation is
dependent by the presence of viral proteins as NSP2 as well as cellular
proteins, activating different sites responsible of the NSP5

hyperphosphorylation.

NSP5 is also modified by addition of N-acetylglucosamine (NAcGlc) on
serine residues (O-glycosylation) in the cytoplasm of infected cells (69). NSP5
in vivo labelling with 1,6-[3H]-glucosammine, shows that the NSP5
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glycosylation occurs mainly on 26 and 28 kDa species, and that the
glycosylated form of 28 kDa is converted to 26 kDa by A-Ppase treatment (5).
It was also suggested that the level of phosphorylation and/or O-
glycosylation of the NSP5 might play a fine regulatory function during viral
infection.

Early EM and specific immunofluorescence studies of viral infected cells,
show that NSP5 is associated from the early stages of infection to
cytoplasmic viroplasms, where the replication occurs (146). Moreover, as it is
described in this thesis, NSP5 and NSP2 in absence of other rotavirus
proteins, are sufficient to form cytoplasmic viroplasm-like structures (VLS),
analogous to viroplasms found in infected cells (53).

Until now, no function has yet been assigned to NSP5, even if its presence in
viroplasms and the absence of ts mutant for NSP5-encoding segment 11 ever

found, highly suggest that it may have a role in virus replication.

Rotavirus non-structural protein NSP2

NSP2 is a conserved basic protein of 35 kDa encoded in SA11 strain by gene
segment 8. NSP2 aminoacid sequence (see figure 3.1 page 57) is highly
conserved in the different rotavirus strains (141) and residues 54 and 87
show region of high similarity with bacterial metallo-proteinases (30%
identity, 70% similarity) (117).

NSP2, as also NSP5, accumulates in infected cells in viroplasms (146) and it
was found also associated to purified immature particles (“sub-viral
particles”) with replicase activity (143; 89; 75). Cells infected with NSP2
temperature sensitive mutants (tsE), contain few viroplasms, lack replication
intermediates with replicase activity and produce empty virus particles
lacking RNA (68; 30), thus suggesting that may play an essential role in RNA
packaging and may coordinate virion assembly. Moreover, at the non-
permissive temperature, the tsE strains lose the ability to synthesize dsRNA

and also have a significant reduction in the synthesis of the ssRNA (30).
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UV crosslinking of virus infected cells has demonstrated that NSP2 possesses
sequence unspecific RNA-binding capacity directed versus as viral ss- and as
dsRNA (91), even though displayed little affinity for dsSRNA (186).
Moreover, NSP2 was found bound to the partially replicated 11 dsRNA
genome fragments of the virus (7), indicating that may be directly involved
in the replication process. Chemical (DSP)-crosslinking of infected cells and
specific immunoprecipitation indeed revealed that NSP2 interacts with the
viral RNA polymerase VP1 (90; 4). Moreover, a complex with in vitro
replicase activity was recovered from infected cells only after incubation
with antibodies against NSP2 (7), suggesting that NSP2, but not other non
structural proteins, is directly linked to the replicase complex. We have also
demonstrated that the direct interaction with NSP5 and NSP2 regulates
NSP5. phosphorylation state (4). It was hypothesised that NSP2 and NSP5
may have a role in viroplasm formation, since the two proteins are sufficient
to form viroplasm-like structure in vivo (53).

Sedimentation analysis of NSP2 expressed in infected cells or in the
reticulocyte-dependent translation system, showed that it assembles into
multimers of approximately 10S (90). In a recent study in fact, it was shown
that the C-terminally His-tagged NSP2 expressed in bacteria (rINSP2) did not
exist as a monomer but rather was present as an 85-10S homomultimers
consisting of 6+2 subunits of rNSP2 (186). Interestingly, the authors assess
that enzymatic analysis on tNSP2 revealed that it possessed an associated
nucleoside triphosphatase (NTPase) activity in vitro, which in the presence of
Mg* catalyzed the hydrolysis of each of the four NTPs to NDPs with equal
efficiency (186).

Recently, the solution structure of rNSP2 was characterized revealing that
indeed NSP2 exists as an octamer, which is functional and with more
compact conformation in the binding of RNA and ADP, while undergoes
partial dissociation into smaller oligomers in the presence of magnesium.
The secondary structure of NSP2 showed a high fraction of beta-sheet. It was
proposed that NSP2 functions as a molecular motor, catalysing the

packaging of viral mRNA into core-like replication intermediates through
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the energy derived from its NTPase activity. That NSP2 can exist in different

conformations lends support this hypothesis.

Virus-like particles produced in insect cells

A peculiarity of some rotavirus structural proteins is their ability to self-
assemble in vitro. Baculovirus-expressed VP6, for example, spontaneously
forms into trimeric conformation and can further assembles with VP7 into
empty particles constituted by two concentric protein layers (165, 167, 40).
The baculovirus expression of different subsets of viral proteins, originates
sometimes in stable self-assembled empty particles, called virus-like particles
(VLP) on the bases of their virus-like structure. Interestingly, the presence of
VP2 is essential for the stabilisation of VP6-VP7 baculovirus formed virus-
iike particles (208; 97). Baculovirus expressed virus-like particles were
formed as example by VP2/6, VP2/4/6, VP2/6/7 and VP2/4/6/7) (40).
These results suggest the intrinsic properties of self assembly and the high
affinity interactions among these proteins even in absence of rotavirus non
structural proteins or nucleic acid. Baculovirus expression of viral proteins
autoassembled into triple and double layered viral particles, and has
provided an original system to study virus structure, assembly, and
replication (159, 172, 205).

Non replicating self-assembled VLP are morphologically and antigenically
similar to the native virus particles (112). For their antigenic characteristics
and their recombinant origin, VLPs have features, which are advantageous
for their use as candidate subunit vaccine (135; 38; 167). In fact, VLPs are
immunogenic when administered parentally to rabbits (35). In addition, VLP
could be useful as carriers of foreigner epitopes from heterologues
pathogens or of drugs that need to be delivered to the gastrointestinal truck
(48).
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Structure of rotavirus capsid and genome organisation

Three-dimensional structural analyses, using cryoelectron microscopy and
computer image reconstruction procedures, have been carried out on
different members of Reoviridae family, as bluetongue virus (BTV) of the
orbivirus genus and several strains of reovirus genus (49; 156). The overall
organisation is similar among these viruses. However, the distinctive
features of rotavirus genus are the presence of 120 protruding spikes and of
132 channels per virions (156).

The aqueous channels are spanning both the layers and link the outer surface

with the inner core (about 140A deep). 3 types of channels can be
distinguished based on their position and size (12 type I, 60 type II and 60
type III) (159). The base of the type I channels is closed in the centre by the
VP2 pavement (101, 157). Interestingly the VP6 intermediate layer, defines
itself the type I channels that are the only with a circular opening of around
40A diameter, while all the other channels constrict before widening in the
interior. The function of type I channels is not known but there are models in
which it was suggested that they are involved in allowing import of
metabolites required for RNA transcription and export of the nascent ssRNA
(100).

The 120A long surface spikes are composed by dimers of VP4 that extend

from the surface of the outer shell and have bilobed structure (158). These
spikes are located at an edge of type II channels (173). The described VP4-
VP7 and VP4-VP6 interactions imply that VP4 structurally may participate in
maintaining the precise geometric register between the inner and the outer
layers (156).

-31-



DLP  VLP2/6 VLP1/2/3/6

DLP 260 A

DLP RNA

Figure 1.9.

A.g;urface representation of the 3-dimenswional structure of the DLP at a reolution of 19A
viewed along the icosahedral 3-fold axis. VP6 is stained in blue. The 5-fold positions on one
of the icosahedral facets are shown. An original feature is the hole at the centre of each VP6
frimer.

B. Structural organisation of RNA inside rotavirus. Left, cutaway from the 19A structure of
the rotavirus DLP, showing internal organisation. VP2 is represented in green and VP6 in
blue. VP1-VP3 complex at the 5-fold axes is shown in red. Portions of VP2 at the 5-fold axis
are shown in green. Right, the icosahedral shell of the ordered RNA (yellow), showed
separately for clarity. Each strand is about 20 A in diameter. The strands are separated from
each other by 25-30 A. Scale bar, 100A.

These figures are modified from Prasad et al. 1996 (157).
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Recently, electron microscope of VLP obtained from baculovirus expression
system and image processing techniques have given important informations
on rotavirus ultrastructure, providing conclusive evidences of a T=13
icosahedral surface lattice for the two virus outer layers. Cryoelectron
microscopy of rotavirus inner core has demonstrated the presence of a
flower-shaped structure that may represent a portion of the enzyme
complex, constituted by VP1 and VP3. Mass calculation and biochemical
analysis indicate that there are 12 molecules of VP1-VP3 per virion (157).
Moreover it becomes evident that VP2 is icosahedrally assembled and
induces icosahedral ordering on closely interacting portions of the RNA. The
inner surface of VP2 not only provides a structural support for the RNA, but
also helps to position the transcription complex properly. The outer surface
of VP2 provides a structural platform for assembly of VP6 trimers,
preventing mis-aggregation of genome or other high hydrophobic proteins
(157).

Baculovirus-expressed VLPs were also important because they permitted to
obtain the first three-dimensional organisation of the Reoviridae genome
(157). Different types of recombinant VLPs were compared by cryoelectron
microscopy with transcriptionally active native double layered particles
(DLP) purified from viral infected cells. Interestingly, VLP-DLP comparative
structural analysis helps also for the localisation of the virus transcription
complex. Viral dsRNA forms a dodecahedral structure in which the RNA
double helices appear as a tube of 20A diameter, interacting closely with the
inner capsid layer (VP2) and packed around the enzyme complex (figure
1.9). However, icosahedral ordering of dsRNA does not seems to be
maintained in the deep core, and it has been estimated that in Reoviridae,
only 1/5 of the genomic RNA is ordered. This extensive ordering genome
may be critical for the endogenous transcriptase activity, perhaps facilitating
a RNA movement through the enzyme complex, driving the continuous exit
of newly synthesised mRNA. Although it is not possible to determine the
position of the different dsRNA segments, it is possible to hypothesised that
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a substantial portion of each of the genome fragments could interact with a
VP1-VP3 complex. The understanding in the transcription process will
improve by observing changes in conformation of RNA and proteins in
conditions of native active transcribing DLP and in DLP transcriptionally

incompetent (lacking the VP6 protein layer).
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Rotavirus transcription

Genome transcription is a critical stage in the viral life cycle, as the process
by which the viral genetic information is presented to the host cell protein
synthesis machinery for the production of viral proteins needed for genome
replication and virion assembly. De'spite numerous architectural and
organizational differences among the families of dsRNA viruses, numerous
studies suggest that the basic mechanism of mRNA production may be
similar in most, if not all, viruses having dsRNA genomes, and of them
rotavirus was chosen as the transcription model system (99). The viral
transcriptase is latent in triple layer particles and is activated by the
uncoating process after virus cell entry or experimentally by chelating agents
that destabilise the outer layer. Viruses with dsRNA genomes contain all the
necessary enzymatic machinery to synthesize complete mRNA transcripts
within the core, without virion disassembly. The synthesis of viral transcripts
is mediated by the endogenous capsid-bound RNA-dependent RNA
polymerase VP1 that directs the copy of the parental minus single strand
template to yield progeny positive strand mRNA (transcription) and
regenerates the dsRNA genome (2; 122). Interestingly, recently were
characterised the nucleotidic sequences in the viral mRNA UTR regions have
function of translation enhancer (32). The infected eukaryotic host cells
provide all the enzymatic activities needed to generate the 5'-cap required by
the eukaryotic translation machinery. Rotavirus mRNA capping is directed
by the multifunctional activity of the viral core protein VP3, that recently was
found possess guanylyltransferase and methyltransferase activities (25). Tt
has been suggested that In reovirus genus, the transcription is not an active
process, and it does not required the modification of the enzymatic complex,
but only releases the templates from structural constrains, allowing them to
move past the transcriptase catalytic site. In rotavirus however, ATP
inhibitors could block viral transcription, suggesting that this process is

dependent by ATP hydrolysis.
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One of the more striking observations about genome transcription in
rotavirus is that occurs efficiently only when the transcriptionally competent
particles (double layered particles) are fully intact (15). This observation
suggests that all of the components of the transcribing particles, including
the viral genome, the transcription enzymes, and the viral capsid, function
together to produce and release mRNA transcripts and that each component
has a specific and critical role to play in promoting the efficiency of this
process. Interesting observations confirm that the particles do indeed remain
structurally intact during transcription. The structural integrity of the
transcribing particles may be required to hold the components of the
transcription machinery in their proper arrangements throughout repeated
initiation-elongation cycles as well as to enable the efficient release of mRNA
transcripts. To understand how the conformation of the capsid could affect
the efficiency of transcription in the viral core, a series of comparative
structural and biochemical studies was carried out. The integrity of the
transcribing particles could be affected using monoclonal antibodies specific
for distinct VP6 antigenic sites that in fact have the capacity to block their
transcriptase activity (92; 65). Some of the antibodies tested, can introduce
conformational changes in the capsid, similar to those seen into
transcriptionally incompetent abnormal particle found in infected cells. As a
consequence, mRNA synthesis is prematurely arrested after limited
elongation with the resulting oligonucleotide transcripts remaining trapped

inside the particles.

The precise pathway of mRNA through the VP2 layer is still not known.
However, recently cryoelectron microscopy observations of viral particles
that are actively transcribing and releasing mRNA, have suggested the
precise route that nascent viral mRNA molecules follows in their way of exit
from viral particle. On the base of these observations, it is thus hypothesised
that the viral nascent mRNA is exported through the VP2-VP6 made type I
channels (100; 101). Antibodies directed against specific sites VP6 thus can

produce conformational and structural changes in the mRNA-release
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channels or perhaps can reduce the effective diameter of their opening (99).
These results indicate how through the integrity of the capsid is critical for
- the continuous translocation and efficient transcript elongation of nascent
mRNA.

Rotavirus replication

During replication dsRNA molecules are incorporated into virions and
remain associated to viral particles. Although not examined directly, it is
assumed that rotavirus replication takes place in a conservative manner, thus
both parental dsRNA strands remain within uncoated particles. Positive
single strand viral RNA transcripts serve as templates for the synthesis of
progeny minus strands RNA to yield dsRNA (2; 89; 145). Replication
intermediates (RI) can be separated from infected cells through
sedimentation on CsCl or sucrose gradients and consist in particles at the
different stage of genome replication. Characterisation of RI indicates that
they consist of the inner most viral structural proteins (VP1, VP2, VP3, VP6)
and of co-purified small amount of some of the NSPs (NSP3, NSP1, NSP2
and NSP5) (143).

Rotavirus RI, purified at the initial stage of virus replication, are associated to
the nuclease-sensitive positive ssRNA template and were called sub-viral
particles (SVP). Interestingly, these particles could support in vitro, in a cell
free system, the synthesis of their own dsRNA genome, mRNAs and proteins
(144; 145; 142; 75; 41). SVP in vitro genome synthesis represents the
elongation of nascent minus strands RNA on a positive strand RNA
rotavirus template co-purified together with SVP, resulting in fully packaged
newly made dsRNA protected to nuclease digestion (143; 145). From these
experiments it was hypothesised that the replication of rotavirus genome
consists in the moving of the RNA templates from outside to inside the

replicative active particles as dsRNA synthesis occurs. Moreover,
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biochemical analysis of RI reveals that they undergo continuous decrease in
overall size as dsRNA is synthesised, thus replication and packaging confer a
change in density and diameter to the viral particles (142; 89; 75).

Surprisingly, purified SVP works as an in vitro replication system supporting
the initiation and synthesis of rotavirus (-) strands on (+) strand template
RNA (27) and it has been extensively used to examine several parameters
related to rotavirus RNA replication. Native rotavirus mRNAs or
exogenously added in vitro transcripts, with bona fide 3' and 5' termini,
derived from rotavirus cDNAs, works as templates and efficiently interacts
with SVP components. After RNA replication, dsRNA is fully packaged into
SVP becoming nuclease resistant (27; 145). De novo synthesis of full-size
input ssRNA by previously nuclease treated SVP, indicates that SVP indeed
support both the initiation and the complete elongation of the exogenous
RNA. Recently it was described that the initiation of the minus strand RNA
by the rotavirus RNA polymerase in a cell-free system, involves a novel
mechanism of initiation. It consists in the formation of a ternary complex
consisting of the viral RNA-dependent RNA polymerase VP1, viral (+)
strand RNA, and possibly a 5'-phosphorylated dinucleotide, that is, pGpG or

ppGpG (24).

The synthesis of input reporter RNA to generate dsRNA is supported not
only by SVP obtained from infected cells, but also by recombinant core-like
particles, purified from baculovirus that structurally have the characteristics
of empty rotavirus double-layered particles. Equally replicative active in vitro
are also structurally destroyed mature rotavirus called “open cores” that
have loosed the outer and the intermediate proteins layers and the viral
dsRNA genome. These results suggest that the replication itself is an intrinsic
spontaneous process and does not require viral non structural proteins.
Preliminary data indicate that VP1 in the absence of other viral proteins lacks
replicase activity, even if alone is sufficient to bind viral ssRNA (139).
Analysis of different baculovirus expressed VLPs has demonstrated in fact

that VP2 is required for the replicative activity and VP1/2 is the minimal
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replicase particle. Moreover, the role of VP2 in the replicase activity is most
likely structural and VP3 is not required for replicase activity of VLPs (208).

In vitro replication reactions, using reporter template, were performed to
map cis-acting elements that regulate replication. Templates with internal
deletions indicated that no essential replication signals were present within
the open reading frame of the different rotavirus RNA genes and that key
elements were present in the 5 and 3' non coding UTRs. Terminal
truncations of the reporter RNA showed that the minimum requirement for
replication (minimal promoter) of (-) strand synthesis was contained in the
3'-terminal 7 nucleotides (nt 1056-1062) (5'-UGUGACC-3") and the conserved
the 3'-terminal -CC residues of all rotavirus genes are required for efficient
replication (198; 199). Analysis of additional chimeric templates
demonstrated that sequences capable of enhancing replication from the
minimal promoter were located immediately upstream of the 3’end minimal

promoter and at the extreme 5' terminus of the template (198).

In addition to RNA polymerase activity, open cores have been shown to
contain a nonspecific guanylyltransferase activity that caps viral and
nonviral RNAs in vitro (137). However, the majority (approximately 70%) of
caps made by open cores contain an extra GMP moiety with unknown
significance and the tetraphosphate linkage, GppppG, rather than the
triphosphate linkage, GpppG, found on mRNAs made by rotavirus double-
layered particles. Enzymatic analysis indicated these GppppG caps result
from the lack of a functional RNA 5'-triphosphatase in open cores, that
removes the gamma-phosphate from the RNA prior to capping (25).
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Methods

Cells and stable transfectants

MA104 cells are monkey epithelial kidney cells and are the permissive cell line
for rotavirus infection.

MA104 cells were routinely cultured in Dulbecco modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine and
50 ug/ml gentamycin (Gibco Laboratories).

For virus infection or DNA transfection, cell culture was maintained in absence

~of serum and antibiotics (serum free medium, SF).

Viruses and infection

Rotavirus simian 11 rotavirus (SA1l strain) was propagated and grown in
MA104 cells as described (52). Briefly, the inoculum was activated in presence of
0.25 mg/ml of Tripsin for 30 min at 37°C and let to absorb on the cell monolayer
for 1 h. Cells were thus washed and cultured in SF medium with 0.25 mg/ml
Tripsin until complete cytopathic effect (c.p.e.). For current virus propagation,
cells were infected with virus at a multiplicity of infection (m.o.i.) of 5-10. Using
this virus title the infection was completed usually after 15 h. The infective
medium was frozen and thaw 3 times and than centrifugated at the maximum
speed to eliminate cellular debris. The inoculum was aliquoted and stored at -80
°C. k

To assay NSP2 or NSP5 viral proteins, the cells were lysed 3-4 h post-infection.
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Anti-NSP5 and anti-NSP2 antibodies
Guinea pig anti-NSP5 polyclonal antiserum was obtained by Susana Gianbiagi

(5).

Mouse anti-NSP2 serum was obtained with the DNA-immunisation technique

(164; 61). Balb/c mice, 6-7 weeks old, were injected intradermally in the tail base
with plasmid DNA used as immunogen. In each boost, it was injected a total
amount of 100 ug of DNA in 100 pl of NaCl 0.8%. The DNA immunisation
mixture account 50 ug of pcDNA-NSP2-ss plus 50 nug of pCDNA3-GM-CSF
encoding for the human Granulocyte monocyte colony stimulation factor, used
as immunisation enhancer (187b). The boosts were repeated three times every 7
days. Thus the animal were bleeded 3 weeks later (after 42 days from the first
boost). From each blood extraction was recovered 200 pl of serum.

Anti-NSP2 serum was checked by immunofluorescence, immunoprecipitation
and western immonoblot analysis of extracts of infected cells (see figure 3.2,
page 61).

Hyperimmune sera were aliquoted and stored at -20°C in presence of 0.02%
Sodium Azide (NaN3).

Transient transfections of MA104 cells

Cell transfections were performed in presence of Vaccinia virus infection.
Vaccinia strain vTF7.3, recombinant for the T7 RNA polymerase gene (57; 58), is
used to obtain an efficient transient expression of genes under the control of the
T7 promoter. Since vaccinia virus cycle is cytoplasmatic, exogenous gene
transcription and translation are coupled in the cytoplasm of the transfected
cells.

Before transfection, cells were infected with Vaccinia virus (kindly prepared by
Maria Elena Lopez) at multiplicity of 20 PFU/cell. One hour later, the cells were

incubated with a mixture of 5 |l of Transfectam reagent (Promega) and 5 pg of
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plasmid DNA (Qiagen purified). The Transfectam-DNA complex was
maintained onto the cells for 15 h in the incubator in SF medium. Cells were
then washed two times with PBS and analysed either by immunoprecipitation,
western immunoblots or immunofluorescence usually at 16 h post-transfection.
For co-transfection experiments, they were transfected 3 g of pCDNA3-NSP5
(or mutants) and 2 pg of pCDNA3-NSP2 (or pCDNA3 empty vector). The ratio
of the amount of NSP5 and NSP2 plasmids used in co-transfection experiments
was 1:0.6 and optimised to detect VLS by immunofluorescence.

In all cases in which NSP2 was co-transfected with either wt NSP5 or mutants,
the expression of NSP2 was assessed by western immunoblot or double

immunofluorescence.

To detect EGFP or NSP5-EGFP fusion proteins, 2 jig of pN1-EGFP or pNSP5-
EGFP plasmids were transfected into MA104 cells with classic liposome-
mediated protocols, in absence of vaccinia virus infection. EGFP gene
expression was dirved by CMV promoter. To detect GFP green fluorescence
living cells were analysed 36h after transfection. To obtain the localisation of the
recombinant NSP5-EGFP in specific rotavirus viroplasms, cells were infected
with rotavirus 30 h after NSP5-EGFP transfection. Viroplasms were analysed 10
h later.

Cellular extracts

Lysates (corresponding to 0.5x10° cells), were prepared in 100 ul of TNN lysis
buffer (100 mM Tris-HCI pHS8; 250 mM NaCl; 0.5% NP40; ITmM PMSF) at 40C.

Extracts were spun at 10000 g for 10 min and supernatants were stored at -80°C.
Usually, 1/10 of extracts was loaded on SDS-PAGE for western immunoblot

and 1/3 of eventually labelled extracts was used for immunoprecipitation.
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Immunofluorescence microscopy and immunohistocheimistry

For indirect immunofluorescence microscopy, cells were washed twice with PBS
supplemented with Ca™/Mg™* (ImM each), fixed and permeabilized with ice-
cold acetone for 2 min at -20°C. The coverslips were let to dry, re-hydrated in
PBS and blocked with 0.25% of gelatin (Sigma) in PBS for 30 min at RT. Slides
were incubated with the guinea pig anti-NSP5 or a mouse anti-NSP2 antisera at
a dilution of 1:50 in PBS-3% BSA for 1 h in a moist chamber at RT. After three 5-
min washing in PBS, a secondary reaction was performed with FITC-conjugated
goat anti-guinea pig (Sigma) for 40 min. Samples were thus washed and
mounted with KPL mounting medium (Gaithersburg, MD) and analysed either
with the Argon-Helium double laser confocal microscopy (Zeiss) or with
conventional UV-lamp microscopy (Nikon).

For double immunofluorescence experiments, two distinct rounds of primary
antibodies incubation were performed, followed by a single secondary
immunoreaction with a mixture of RITC-conjugated goat anti-guinea pig
(Sigma) and FITC-conjugated goat anti-mouse (Dako) antibodies (both used at a
dilution of 1:50 in PBS-3% BSA).

To detect EGFP or NSP5-EGFP, cells were observed alternatively living or fixed
in 3% paraformaldeyde (PFA) for 20 min at RT. Fixed cells were mounted on
glasses and analysed.

For immunohystocheimistry, the glasses were fixed with 2% PFA plus 0.2%
gluteraldehyde in 0.1M Na-cocodilate buffer pH7.4 and incubated with specific
mouse anti-NSP5 or mouse anti-NSP2 antisera. As secondary antibody was used
an HRP-conjugated anti-mouse antibody (Dako). The immunodetection was
obtained with diaminobenzidine (Sigma) and analysed with the conventional

microscopy under transmitted light.
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Electron microscopy

The electron microscopy experiments were obtained with the help and the

supervision of Piero Giulianini of the University of Trieste.

Morphological electronical analysis of viroplasms or VLS
Cell monolayers were fixed for 30 min with 2% PFA and 2.5%
glutaraldehyde in 0.1M cacodylate buffer (pH 7.5), at RT and post-fixed in

1% osmium tetroxide in the same buffer. They were dehydrated in a graded

series of ethanol (70%, 96%, 100%) and embedded, via propylene oxide, in
Araldite 502/ Embed 812 (Electron Microscopy Sciences).
Immunogold labelling of viroplasms

Cells were fixed as before, washed four times with ice-cold PBS and
permeabilized with 0.1% Triton X-100 in PBS for 5 minutes, at RT. Free
aldehyde groups were then blocked with 0.02% glycine in PBS for 10
minutes. Cells were then incubated for 20 min with PBS-0.5% BSA (PBSA)
containing 20% of normal goat serum. Incubation with the primary
antibodies was then performed for 1 h at RT. Cells were washed six times (5
min each) with PBSA, at RT, and incubated for 1 hr at RT with the secondary
antibodies (goat anti-mouse and rabbit anti-goat IgG 1nm gold conjugates
(British Biocell International), diluted 1:100 in PBSA. After several rounds of
PBSA/PBS washings, cells were treated with 1% glutaraldehyde in PBS for
15 minutes, washed again and treated with 0.5% osmium tetroxide in PBS for
15 minutes, at RT. After 3 washes with deionized water (milliQ water), gold-
labelled cells were silver enhanced with HQ SilverTM Enhancement Kit
(Nanoprobes) for 3 min, at RT and in the dark. Cells were rinsed 3 times with
water and dehydrated with ethanol (70, 96 and 100%). Once dehydrated,
cells were scraped off the plates, pelleted at 7,000 rpm for 10 min and
embedded.For pre-embedding EM of infected or transfected cells,
monolayers were fixed directly on petri dish with EM grade 2% PFA and
0.2% gluteraldehyde in 0.1M
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Na-cocodilate buffer pH7.4. After permeabilisation with Triton 0.1% and
specific immunostaining, cells were post-fixed in 1% gluteraldehyde and in 05%
osmium tetraoxide.

Sections were cut using an ultramicrotome (Pabisch Top Ultra 150) and placed
on 300 mesh uncoated nickel grids. The latter were stained with 2% aqueous
uranyl acetate and 0.5% lead citrate (10 minutes each). Sections were observed
under a Philips EM 208 transmission electron microscope, at 80 kV acceleration
voltage. All measurements and statistical analyses were performed with an

Image-Pro Plus ver 4.1 software (Media Cybernetics), on digitized images.

E.coli protein expression and in vitro binding assay

GST-NSP5 fusion protein was expressed in pGEX-NSP5 transformed E.coli cells
and purified using the RediPack GST purification modules (Pharmacia). pGEX-
NSPS5 expressing bacteria were inoculated and induced with 3 mM IPTG for 3-4
h at 379C (56). The GST-NSP5 fusion protein was purified on Glutathion-
Agarose beads (Pharmacia) for 1 h at 4°C. After boiling of the resin, GST-NSP5
protein was loaded directly on SDS-PAGE and analysed by Comassie staining.

The in vitro binding assay was performed by incubation of 1 ug of GST-NSP5
protein (Commassie determined) still attached to the Glutathion-Sepharose
resin with 1/5 of unpurified in vitro synthetised *S-Met-labelled NSP2. The
binding reaction was performed at 37°C for 1 h in a PBS-1% BSA buffer under
continuous agitation. The beads were thus washed several times with RIPA
buffer (50mM Tris-HCI pHS; 150mM NaCl; 1% NP40; 0.5% DOC, 0.1% SDS),
boiled and the supernatant loaded onto 12% SDS-PAGE. The protein binding

was thus analysed after autoradiography.
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Western immunoblot analysisFor western immunoblots, lysates were
resolved on a SDS-PAGE, transferred onto a PVDF membrane (Millipore),

previously activated in methanol (2 min at RT). Transfer occurred in a Tris-
Glycine buffer (Tris-HC1 12.12 g/1 and Glycine 57.04 g/1) supplemented with
20% methanol. The membrane saturation, antibodies incubation and membrane
washes were performed in TBS buffer (Tris-HC1 50mM pH?7.5, NaCl 150mM)
containing 5% milk at RT.

The transferred proteins were reacted to guinea pig anti-NSP5 serum (dil.
1:1000) or to mouse anti-NSP2 serum (dil. 1:300) polyclonal primary antibodies
for 1 h at RT. As secondary antibodies were used commercial anti-guinea pig or
anti-mouse HRP-conjugated antibodies (DAKO immunoglobulins) (dil. 1:1000).
Commercial mouse anti-EGFP antiserum (dil. 1:1000) (Clontech) was used to
verify the quality of EGFP or NSP5-EGFP expression.

The immunoreaction was analysed developing the membranes with the ECL-

chemioluminescence system (Amersham).

Immunoprecipitations
1/3 of *°S or **P labelled cellular extracts were diluted up to 100 pl with TNN

buffer and incubated from 2 h to o/n at 4°C in presence of 1 pl of specific
antisera (anti-NSP5 or anti-NSP2 antibody) and with 40 ul of 50% Protein-A
Sepharose CL-4B beads (Pharmacia). Beads were than washed three times with
RIPA buffer. The immunoprecipitates were eluted from the sepharose by boiling
in 2x Laemmli’s sample loading buffer and the supernatants were loaded onto
SDS-PAGE. In reducing electrophoresis conditions, the samples were eluted in

the Laemmli loading buffer containing 4% of B-mercaptoethanol. Radioactive

355-Met gel electrophoresis were incubated with Fluorografy-Amplifyer

(Amersham) for 30 min at RT to enhance the intensity of the radioactive signal.
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Immunoprecipitated proteins were detected by autoradiography (-80°C o/n on
Kodak film).

Reticolocyte dependent transcription and translation

In vitro protein translation, were performed using the Reticolocyte dependent
transcription and translation coupled system (TNT) (Promega). 2 ug of circular
template DNA plasmid encoding for the protein of interest under the
transcriptional control of the T7 RNA polymerase promoter, were added to the
TNT reaction mix in presence of 15 U of T7 RNA polymerase (Promega) and 10
uCi of *°S-Met. The reaction was incubated at 30°C for 1 h. 1/10 of the in vitro
transcribed polypeptides were immunoprecipitated with specific antibodies and
analysed on SDS-PAGE gel.

Phosphatase treatment

Lambda protein phosphatase (A-Ppase) (New England Biolabs) treatment was
performed by resuspending the immunoprecipitated Sepharose beads in a total
volume of 40 ul of a reaction buffer (50mM Tris-HCI pH7.8; 5mM DTT, 2mM
MnClp, 100 pg/ml BSA) in presence of 80 U/ul A-Ppase. The reaction was

incubated at 30°C for 1h. The reaction was boiled in 2x Laemmly sample buffer
and the supernatant loaded on SDS-PAGE.

In vitro “degradation assay”

35S-Met-labelled protein polypeptides (wt NSP5 or Ad81-130) were incubated
with NSP2 obtained from transient cell transfection or from in vitro translation
of pCDNA3-NSP2 plasmid. In vitro synthetised polypeptides were prepared
using 1 ug of template DNA and 1/10 of the translation reaction was used in the
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assay. The reaction was performed in TNN buffer at either 37°C or 4°C,
immunoprecipitated with anti-NSP5 antibody and analysed on 15% SDS-PAGE.
pCDNA3-VP4 plasmid and anti-VP4 antibody, used to perform internal

negative experimental controls, were provided by Cecilia Miozzo.

356 _Met in vivo labelling

For in vivo labelling of Rotavirus proteins with %S-Met, rotavirus infected cells
were starved with 2 ml of Met-free DMEM SF medium for 30 min. The labelling

was performed with 2.5 uCi of 3S-Met for 1 h. Total cellular extracts were
prepared in TNN buffer and 1/3 of the cell lysate was used for

immunoprecipitation.

Radiolabeling with *P inorganic ortophosphate

For 32Pi labeling, cells were transfected with the interested plasmids and 12 h
later were fed with 2 ml of phosphate-free DMEM SF medium for 30 min.

Afterwards cells were incubated for 1 h with 1 mCi of *Pi ortophosphate for 30

min and thus lysed and analysed by immunoprecipitation.

Chemical DSP-crosslinking

Living *S-Met labelled cell monolayers were washed twice with washing buffer

(PBS-Ca**Mg**) and incubated with 600 pM (final concentration) of DSP

(dithiobis succinimidylpropionate) chemical crosslinker (Pierce) in 1.5 ml
washing buffer at 4°C for 10 min. After this time, the crosslinker was removed

with 3 steps washings and the excess of DSP was quenched with two 5 min
steps of washings in 1.5 ml of washing buffer (50mM Tris pH 7.5, 150mM NaCl).

Cellular extracts were thus prepared in TNN plus 20 mM iodoacetamide
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(Sigma) used as antioxidant. After the immunoprecipitation, the crosslinked

species were analysed in reducing conditions in 12% SDS-PAGE.

UV treatment of living cells

For UV treatment of cell monolayers, PBS washed cells were overlayed with 1

ml of TBS buffer and exposed to a UV-Stratalinker %1800 for 5 min (total dose:
486000 mJ) on ice. The distance between the cell monolayer and the UV lamp
was kept to 10 cm. Cell extracts were prepared in RIPA buffer cointaining 20
mM iodoacetamide and thus subjected to immunoprecipitation.

To evaluate the presence of crosslinked RNA, before immunoprecipitation, UV

crosslinked extracts were incubated with RNAseH (Sigma) at 37 °C for 1 h.

In vitro phosphorylation assays

‘To perform the in vitro phosphorylation of *S-Met labelled DSP crosslinked
virus infected cells or *S-Met labelled precursors, the immunoprecipitates were
incubated with 10 mM of cold ATP for 30 min at 37 °C a kinase buffer containing
50 mM Tris-HCI pH 8.0, 1.5 mM spermidine, 5 mM MgCl2, 1 mM DTT and 5%
glycerol.

To test the phosphorylation of NSP5 different deletion mutants obtained from
specific transient transfected cells, cell extracts were immunoprecipitated with

anti-NSP5 antibody. Afterwards, the immunoprecipitates were labelled with 0.1

uCi of y-*P-ATP in the kinase buffer. The reaction was performed at 37°C for 1
h.

In both the cases, at the end of the kinase reaction the immunoprecipitated
beads were washed in RIPA buffer and loaded in 12% SDS-PAGE.
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Plasmid constructs

NSP5 containing plasmids

NSP5 original ¢cDNA fragment, completed of its proper 5 and 3' ends
untranslated regions (UTR), was cloned by Susana Gianbiagi from rotavirus
total RNA in pBluescript (pBlue-NSP5) and further subcloned in a pUC-
derivated plasmid containing the T7 promoter recognition region, to generate
pI7+1/0SU11. Kpnl-HindIII NSP5 full lenght fragment, was thus subcloned
under the control of the CMV and T7 promoter region in pCDNA3 (pCDNA3-
NSPS5).

To obtain GST-NSP5 fusion protein, BamHI-NSP5 restriction fragment was
subcloned from pBlue-NSP5 to p-GEX-2T (pGEX-NSP5).

To obtain NSP5-EGFP fusion protein, the coding region of NSP5 was amplified
from pCDNA3-NSP5 with the oligonucleotides EcoRI-ATG-NSP5 (5'-
AAgaattcATGTCTCTCAGCATTGAC-3") and NSP5-Pstl-up (5'-
GATCCTTActgcagCAAATCTTCGATCAATTGCA-3') to obtain an NSP5 PCR fragment,

that was restricted with EcoRI-Pstl to lack of the 3'-end stop codon. To frame at
the amino terminus NSP5 sequence with EGFP (eukariotic mutagenised version)
obtaining pNSP5-EGFP plasmid, the fragment was thus cloned in the respective
polylinker sites of the original pN1-EGEP vector (Clontech).
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NSP5 deletion mutants plasmids

All the oligonucleotides used for the NSP5 deletion mutants constructions are
summarised in figure 2.1.

AN33 SAATGETACCATGATTGGTAGGAGS'
GGATCCTTACAAATCTTCGATCS
ANBO CTACCATGGTTAAGACAAATGS'
GOATGCTTACAAATCTTCGATCS'
AC18 5 AATGGTACCATGTCTCTCAGCATTGACGS!
SAATGGATCCTTAGTACTTITIC 3
AC29 QGTACCATGTCTCTCAGCATTGACGS!
5GG TAACCGTCATCACTATS'
ACA48 5'GETACCATGTCTCTCAGCATTGACGS!
5 GGATCCTTAAATTCTCGGGTAGT3!
ACES 5'GGTACCATGTCTCTCAGCATTGACGS'
5'GGATCOTTAAGTTGAGATTGATACS!
. T AGAAAG3'
Ad34-80 AATGCAGACGS'
- 51 CGAAAAS’
Ad81-130 5' GATAA TAAAAAGGAGAAATCS'
5' TTGATACS'
Ad131-179 5" TAAGAATGS’
1+2 5'CGCGGATCCTTATGCATTCGATCTAATCS’
4T 5'CGGEGTACCATGGATAATAAAAAGGAGS'
1+4T s AAAGGAGS'
AGA3S’

Figure 2.1. Oligonucleotides sequences.

Start codon (A%“G) and stop codon (TAA) are labelled in red.
KpnI-BamHI restriction enzymes are labelled in blue.
Overlapping sequences are labelled in yellow.
Oligonucleotides ovelrlapping sequences are in green.



All the deletion mutants were obtained by PCR truncation of the original NSP5
cDNA (pCDNA3-NSP5) using specific primers on either the 5" or the 3' end
either internal, generating a variable length of Kpnl-BamHI fragments. After
PUC intermediate cloning, they were fully sequenced with external (Forward
and Reverse pUC based oligonucleotides) and proper internal primers. Thus
they were subcloned using Kpnl-BamHI restriction sites in pcDNA3 vector
(Invitrogen) under the control of T7 RNA polymerase promoter, to generate
pCDNA3- different NSP5 mutants constructs.

pCDNA3-AN18, pCDNA3-AN33, pCDNA3-AN80, pCDNA3-AC29, pCDNA3-
AC48, pCDNA3-AC68 were obtained by PCR and were prepared by Ivka
Afrikanova as described (4). In particular, for AN33 The 34-Isoleucine was

mutated to Methionine (using 5-N33 primer); and for AC68 a stop codon was
introduced immediately downstream of Thr130 (using 3’-C68).

To obtain the pCDNA3-Ad34-80, pCDNA3-Ad81-130, pCDNA3-Ad131-179,

NSP5 internal deletion mutants, three different PCR amplifications were

performed on pCDNA3-NSP5 template, as explained in figure 2.2. A first round
of PCR involved two separate amplifications of the regions that span the
domain to delete, using the NSP5 peripheral primers and specific internal
oligonucleotides (figure 2.2). The specific internal oligonucleotides have an
overlapping region that permits the aneeling of the two PCR purified fragments.
The internal deletion fragment was thus extended and reamplified using the
peripheral NSP5 primers (containing Kpnl or BamHI restriction sites).

The same strategy was also used to obtain pCDNA3-1+4, but as PCR template
was used pCDNA3-131-180 NSP5 internal deletion mutant.

To obtain pCDNA3-2+4T, pCDNA3-1+2T and pCDNA3-4 unique PCR
amplifications were performed using as templates respectively pPCDNA3-Ad81-
130, pCDNA3-AC29 and pCDNA3-NSP5 using external either specific primers
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as summarised in figure 2.1. All Kpnl/BamHI deletion fragments were cloned in
pcDNA3 (Invitrogen) and checked by complete sequencing of both strands.

1
31/11

atg tct -ctc agc att gac gta acg agt ctt ccc teca att

61/21 91/31
tot tot agt atc ttt aaa aat gaa tceg tet tot aca acg tca act ctt tet gga ama tet

121/41 151/51
att ggt agg agt gaa cag tac att tca cca gat gca gaa gca tte aat aaa tac atg ttg

181/61 211/71

tcg aag tot coa gag gat att GGA CCa tct gat tect got tca aac gat cca cta acc agc

241/81 271/91

{itt tog anwooamm fowy ma ;.elgtt aag aca aat gca gac gct gge gtg tot atg gat tca
s e

301/101 331/111

tog acg caa tca cga cct tca agt aac gtt ggg tgc gat caa gtg gat ttc tcec ctg act

act!gat aat aaa
4 451/151
aag gag aaa tcc|aag aaa gat aaa agt agg aaa cac tac ccg aga att gaa geoa gat tct

%
wd

361/121 391/131
aaa ggt att aat gtt agt get aat ctt gat tca tgt gta

481/161 5117171
gac tct gaa gat tat gtt tta gat gat tca gat agt gat gac ggt aaa tgt aag aat tgt

541/181 571/191
aaa tat aag aaa aBAg tAc ttc gea cta aga Atg agg atg aag caa gtc gca atg caa ttg

601/201
atc gaa gat ttg taa

3

NSP5 template

B W "
internal deletion mutant

Figure 2.2. Sheme of the construction to obtain the NSP5 internal deletion mutants.
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NSP2 containing plasmidsThe complete NSP2 coding region was amplified by

Cecilia Miozzo from total SA11 rotavirus genomic RNA by RT-PCR specific
oligonucleotides (5"-ATGGATCCGGCTTTTAAAGCGTCTCA-3" and 5'-
ACTTCAGAGGTCACATAAGCGCTTTCT-3’). The resulting 1060 nt-long band
(BamHI-Xbal) corresponded to the complete NSP2 ORF and is flanked by the
entire 5 and 3’ untranslated region (UTR), was cloned in p-BluescriptKS (pBlu-
NSP2) and fully sequenced with external and internal primers.

To eukariotic transient expression, NSP2 full length fragment (BamHI-Xbal) was
subcloned into pCDNAS3 under the T7 promoter, to generate pPCDNA3-NSP2.

To obtain pCDNA3-NSP2-ss, used for the DNA immunisation technique, NSP2

was framed with a leader secretion peptide to permit the extracellular secretion

into the immunised animals. To obtain that, NSP2-ORF was at first subcloned in
a modified version of pUT-SEC plasmid (103) that has a shortest ApaLl-Spel-
Kpnl poly-linker (pUT-SEC-linker). To frame NSP2 with the secretion peptide,
Nhel-Sacl NSP2 fragment was subcloned from pBlu-NSP2 to pUT-SEC-linker
open by Sacl-Spel restriction enzymes, obtaining pUT-SEC-NSP2. Finally,
HindIII-Xbal fragment was subcloned into pCDNA3 (pCDNA3-NSP2-ss).

The pUT-SEC vector was designed to provide the recombinant proteins with a

leader peptide required for secretion of proteins in the extracellular medium.
PUT-SEC is a Tetracycline-selectable vector, based on pUC-19 (Neb-Biolabs),
that it contains a HindIlI/ApaLl fragment constituted by 163 bp genomic
sequence encoding the mouse heavy-chain immunoglobuline secretion signal. A
82 bp-long intron is present, efficiently spliced into eukariotic nuclei, generating

a mature transcript that is translated into a 18 aa-long peptide.
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Results

Introduction

In the past few years, the characterization of the rotavirus structural and non
structural proteins had a big improvement. In particular in our laboratory, it
was extensively characterised the phosphorylation of NSP5 bot in vivo and in
vitro. When NSP5 is specifically immunoprecipitated from infected cells,
different gel mobility forms, from 26 to 34 kDa are detected (see figure 1.8,
page 26) (5). All these species are sensitive to treatment with A-phosphatase
(L-Ppase) demonstrating the phosphorylated origin of the same NSP5
protein (26 kDa). Thus A-Ppase was often used to confirm the origin of the
hyper-phosphorylated mobility forms of NSP5. Interestingly, in mild
washing conditions, anti-NSP5 antibody co-immunoprecipitated an extra
band of 35 kDa unsensitive to A-Ppase (4). We hypothesised that the 35 kDa
protein involved was NSP2, another rotavirus non structural protein that, as
NSP5, localises in the cytoplasmic viroplasms (146; 197), where viral
replication and packaging occur.

The aim of my work was to study the NSP5 interaction with NSP2 and its

functional and biochemical consequences.
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Cloning of Rotavirus NSP2 and specific anti-NSP2 antibodies

To test the possibility of a direct or indirect NSP5-NSP2 interaction in virus
infected cells, we decide to clone NSP2 gene from total genomic RNA of
rotavirus SA11 strain and to produce specific anti-NSP2 antibody. In panel A
of figure 3.1 is represented the sequence of Rotavirus OSU NSP2 gene (OSU
fragment 8) and its relative aminoacidic translation. NSP2 aminoacids
sequence between residues 54 and 87, corresponds to the region with high
homology to metalloproteinases and comprehends a Proline rich region
(position 53-55) (117).
To produce anti-NSP2 antibodies we decided to use the DNA immunisation
technique, that offer the advantage of immunising mice directly with the
DNA plasmid encoding the antigen to obtain specific sera of high quality, in
a few weeks.
The mechanism by which the DNA itself can be used for in vivo expression to
stimulate the immune system of the animals is not completely clear.
.However, recent studies have demonstrated the involvement of the
epidermal dendritic cells in antigen presentation and in selective activation
of the immune system. The current hypothesis is that epidermic cells are able
to efficient internalisation of the plasmid, followed by expression and
secretion of the encoded immunogen. The antigen is thus captured by B cells
and epidermal dendritic cells and presented to the immune system (13).
As described in detail in the methods section (page 54), the immunogen ORF-
NSP2 was cloned under CMV promoter (pCDNA3-NSP2-ss) and framed at
the amino-terminus with a leader peptide that is required for protein
secretion. The final pCDNA3-NSP2-ss construction is shown in the panel B of
figure 3.1. The leader peptide sequence chosen was a 163 bp genomic
sequence encoding a mouse heavy-chain immunoglobulin secretion signal

(103), that is translated into a 18 aminoacid long peptide after a nuclear

splicing of 82 nt (see figure 3.1B).
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3/11
atg gct g tge ttt tge tat cct cat ttg gag aat gat age tat aaa ttt att
M A E L A C F C Y P H L E N D S Y K F I
113/21 143/31

cet ttt aat aat tta got att aaa got atg ctg aca gct aaa gta gac aaa aag gac atg
P F N N L A I X A M L T A K vV D K K D M

173/41 203/51

gat aag ttt tat gat tca att att tat gga ata gca ccgject cct caa ttt aag aaa cgg
D K F Y D ) I I Y G I A i3 ® ¥ Q F K K R
233761 2634071

tat aat act aat gat aat tca aga gge atg aat ttt gaa aca att atg ttt act aag gtg
Y N T N D N s R G M N F B T I M F T K \'
JLJI’:IL

gct atg ttg ata tgt gaa gct| cta aat tca ttg aaa gtg acg caa gea aac gtc tet aat
A M L I C E A L N S L K v T Q A N v

3537101 383/111

gta tta tca cga gta gta tca ata agg cat tta gaa aat ttg gtg ata cgt aaa gaa aat
vV L S R Vv vV S I R H L B N L v

413/121 443/131

cca cag gat att cta ttt cat tca aaa gat tta ctt ttg aaa tca aca ctg att get att
P Q D D L L L K s T L I A I
473/141 503/151

gga cag tct aaa gaa att gaa act aca ata act gca gaa gga gga gaa att gta ttt caa
G Q S K E I E T T I T A E G G B I v

533/161 563/171

aac got gec tte acc atg tgg aaa cta act tat tta gaa cat caa ttg atg cca att ctg
N A A F T M W K L T XY L E H Qo L M P I L
593/181 623/191

gat cag aat ttt att gaa tat aaa gtt aca ttg aac gaa gat aaa cca att teca gat gtt
D Q v T L N E D K P I S D v
653/201 683/211

cat gtt aaa gaa tta gtc got gaa ctt cga tgg caa tat aac aag ttt get gta ate aca
H v K E L v A E L R w Q AV
713/221 743/231
cat ggt aag ggt cat tat aga att gta aag tat tca teca gtt geot aat cac get gac aga
H G G v K Y S s v A N H A

773/241 803/251

gta tat gca act ttc aag agt aat gtt aaa act gga gtt aat aat gat ttt aac cta ctt
v Y A T F K S N v K T G Vv N N D F N L L
833/261 863/271

gat caa aga att att tgg caa aac tgg tat gca ttt aca tca aca atg aaa cag ggt aat
D Q R I I w Q N W Y A F T s T M K Q G
893/281 923/291

aca ctt gac gtg tgt aaa agg ttg ctt ttc caa aaa atg aaa cca gaa aaa aat cca ttt
T L D v C K R L L F Q K M K P E K N P F
953/301 983/311

aaa ggg ctg tca acg gat aga aaa atg gac gaa gtt tet caa gtt gge
K G L ] T D R K M D E v S Q v G
1013/321

1043/331

[&

'GTCGACC ATG GGC TGG AGC CTG ATC CTC CTIG TTC CTC GTC GCT GTG GCT ACA &4
M G W S L I L L F L v A v A T

TAAGGGGCTCACAGTAGCAGGCTTGAGGTCTGGACATATATATGGGTGACAATGACATCCACTTTGCCTTTCTCTCCACA

GGT GTG CAC tcg gaa cta get) tge ttt tge tat cot cat
v B s E T7A7c F ¢ ¥ P H

NSP2

Figure 3.1. NSP2 sequence and secretion peptide.

A. Nucleotide sequence and aminoacid translation of Rotavirus OSU NSP2. Blue: characteristic
5’ and 3’ untranslated region (UTR). Underlined: sequence with high homology to metalloproteases

(aa 54-87). Pink: proline rich region (aa 53-55).

B. Schematic representation of the resulting cloning of NSP2 downstream the IgG-derived secretion
leader peptide. NSP2 gene cloning Spel restriction site (position 61) is indicated. In the fusion

construct, the first two aminoacids of NSP2 are missing.
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Plasmid DNA was intradermally injected and anti-NSP2 serum was
recovered after 3 weeks from the first DNA injection.

The quality of the antibody was very good as shown in figure 3.2. From each
mouse bleeding, around 200 microliters of immune serum was obtained.

The activity of the sera obtained from immunised animals was tested for
specific Rotavirus OSU NSP2 protein recognition by western immunoblot of
MA104 non infected and infected cells (figure 3.2A, respectively lanes 1 and
2). NSP5 immunodetection performed on the same extracts (lane 4), indicates
the relative migration of NSP5 in infected cell. Anti-NSP2 antibody
immunoprecipitation of in vitro synthesised NSP2 polypeptide (TNT) was
also performed (figure 3.2B, lane 2), as well as specific immunofluorescence
of pCDNA3-NSP2 transfected MA104 cells (figure 3.2C). Anti-NSP2
immunofluorescence of untransfected cells did not show any specific signal

(left panel of figure 3.2C).
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Figure 3.2. Characterisation of mouse anti-NSP2 antiserum obtained with DNA immunisation.
A. Western immunoblot of MA 104 uninfected (lane 1) and rotavirus infected (lane 2) cell exiracts reacted with anti-
NSP2 antibody. As control, rotavirus NSP5 protein detected with anti-NSP5 antibody in infected cell extracts (lane

4).

B. Anti-NSP2 immunoprecipitation of in vitro synthesised NSP2 polypeptide (TNT) (lanes 1 and 2). Preimmune mouse
serum was also tested (lane 1).

C. Anti-NSP?2 indirect immunofluorescence of untransfected (left) and NSP2 transfected (right) MA 104 cells stained
with anti-NSP2 antibody and anti-mouse FITC-conjugated secondary antibody. No unspecific background is present
in untransfected cells.
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NSP5 chemical crosslinking

As previously mentioned, mild washing conditions of anti-NSP5 immunoprecipitates
from virus infected cells, coprecipitated an additional band of 35 kDa. To better
investigate NSP5 interaction with other viral or cellular proteins we decided to
perform chemical crosslinking of rotavirus infected cells, followed by
immunoprecipitation.

DSP is a water insoluble (membrane permeable) thiol cleavable homobifunctional
crosslinker, with a 12 A spacer arm. 355-Met-labeled rotavirus infected cells were
incubated with DSP, lysed, immunoprecipitated with anti-NSP5 and characterised
by SDS-PAGE, to determine the conjugated proteins. The results of these experiments
are shown in figure 3.3A.

(\/
&
3
3 B
anti-NSP5 &
—+

DSP - -+ 4+
A-Ppase - + -+ -
kDa

anti-NSP5

120 —

35 |
32-24

28 —

26 —

igure 3.3. Analysis of DSP-crosslinked extracts.

S-labelled MA104 SA11 rotavirus infected cells were DSP crosslinked and subjected to
immunoprecipitation.
A. Extracts were analysed in reducing SDS-PAGE conditions. Immunoprecipitates from
non-crosslinked or DSP crosslinked extracts were eventually treated with 1-Ppase before
SDS-PAGE analysis (lanes 2 and 4). Total virus-infected cell extract is analysed in a parallel
lane (lane 6). As control, anti-NSP2 immunoprecipitation of virus-infected cell extracts is
also shown (lane 5).
B. Anti-NSP5 immunoprecipitates from non crosslinked or crosslinked extracts from virus

infected cells analysed by SDS-PAGE in non reducing conditions (lanes 1 and 2).
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As a consequence of the crosslinking, two new proteins of molecular masses,
respectively of 120 and 35 kDa, were immunoprecipitated together with the
different phosphorylated isoforms of NSP5 (lane 3). Total 355-Met-labeled
extracts of rotavirus infected cells analysed on SDS-PAGE (lane 7), showed
that the new NSP5 associated proteins migrated identically to the viral
proteins VP1 (120 kDa) and NSP2 (35 kDa) (lanes 6 and 7). A-Ppase treatment
of the immunoprecipitates characterised the hyper-phosphorylated species
(lane 4) producing the 26 kDa form corresponding to dephosphorylated
NSP5, while the two other components of 35 and 120 kDa remained
unchanged.

This result confirmed that all the bands smaller than 35 kDa corresponded to
the different phosphorylated isoforms of NSP5. The specificity of the 35 kDa
band was also confirmed by co-migration with NSP2 following specific
immunoprecipitation from 35G-labelled virus infected cells (lane 5).
Surprisingly, our anti-NSP2 antibody was not able to co-precipitate NSP5
from crosslinked extracts (not shown). However, DSP crosslinking
experiments and specific anti-NSP2 immunoprecipitation performed on
rotavirus infected cells, co-immunoprecipitated NSP2 and VP1 but not NSP5
(90). This suggests that most of the NSP2 interacting with NSP5, is hidden
and not available for recognition by the antibody.

As expected, when analysed in non-reducing SDS-PAGE, NSP5
immunoprecipitates from DSP treated cells consist of a complex of high
molecular mass, with most of the material remaining in the top of the gel,
and some free NSP2 and NSP5 (figure 3.3B, lane 2).

_63 -



UV crosslinking

By in vivo UV-crosslinking, NSP2 had been shown to have ss and ds RNA binding
capacity suggesting a putative role in viral RNA stabilisation (91).
To analyse if RNA molecules are present in the NSP5-NSP2 complex, we decided to
perform UV crosslinking of 355-Met labeled virus infected cells.
Figure 3.4 shows the result of the immunoprecipitations of untreated or UV treated
extracts (lanes 1 and 3). Anti-NSP5 co-immunoprecipitated NSP2 (lane 3), thus
confirming the NSP5-NSP2 interaction as observed by the chemical crosslinking
(figure 3.3, lane 3). Interestingly, in this case no VP1 was co-immunoprecipitated.
A-Ppase treatment was also performed on the UV crosslinked immunoprecipitates
(lane 2).

uw - + +
A-Ppase

Figure 3.4. UV crosslinking.

SDS-ZSAGE analysis of anti-NSP5 immunoprecipitation
from~ S-labelled rotavirus infected cells that were irradiated
(lane 3) or not with UV light (lane 1). 1-Ppase treatment of
UV immunoprecipitates demonstrated the hyper-
phosphorylated species (lane 2). |- NSP2

§ NSP5




As expected, NSP5 and NSP2 recovered from UV treated extracts, showed
the same migration in reducing and non reducing conditions (not shown),
demonstrating the non covalent nature of the interaction. However, the UV
crosslinking is a technique used to covalently link nucleic acids to proteins
(RNA/DNA binding proteins), and not protein to protein (21). For this
reason, we consider the possibility that after UV crosslinking an RNA
molecule could form a link between the two proteins. To evaluate this
hypothesis, we incubated the UV treated cellular extracts with RNAseA
before immunoprecipitation, without affecting the capacity of antibody
against NSP5 to co-immunoprecipitate NSP2 (not shown). No differences in
gel mobility of NSP2 or NSP5 were detected.

From these experiments, we conclude that, in this case, the NSP5-NSP2 co-
precipitation could be the consequence of NSP2 conformational
modifications induced by UV treatment. It could be that NSP2 crosslinked to
a viral RNA molecule increases its affinity for NSP5, so that a non-covalent
interaction would be sufficiently stable to resist immunoprecipitate

washings.

INSP5-NSP2 in vitro_binding assay
To evaluate the NSP2-NSP5 binding in vitro, we performed a pull-down

experiment using a GST-NSP5 fusion protein purified from bacteria and the
in vitro synthesised 3°S-Met-labeled NSP2.

The experiment was performed incubating NSP2 polypeptide at 37°C for 1 h
using GST-NSP5 protein still bound to the GST-Sepharose resin. The amount
of GST-NSP5 used is shown in a Coomassie stained gel shown in figure 3.5A.
The NSP5-NSP2 binding, shown in the lane 1 of figure 3.5B, confirm that the
two proteins have high intrinsic binding affinity. The binding is dramatically
reduced when the reaction is performed at 4°C (lane 2). As internal negative
controls, GST-NSP5 fusion protein was incubated at 37°C with mock

reticulocyte extracts (lane 4) and with another in vitro synthesised rotavirus
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protein VP4 (87 kDa) (lane 5). The amount of the input NSP2 and VP4 used in the

reactions are also shown (lanes 6 and 7, respectively).
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Figure 3.5. NSP2-NSP5 in vitro binding assay.
A. Coomassie staining of the GST-NSP} fusion p

B. SDS-PAGE analysis of pull down °S-Met-labelled NSP2
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Biochemical and morphological consequences of NSP2-NSP5

interaction:
Phosphorylation of NSP5

NSP5 phosphorylation appears as a complex process, that involves the
cooperation of different cellular and viral proteins. Indeed, only cell extracts
from virus infected cells have a role in the phosphorylation of the in vitro
synthesised NSP5 polypeptide, producing a shift from 26 kDa to 28 kDa after
incubation with ATP (see figure 1.8, in the introduction) (5).

On the other hand, the crosslinking experiments indicated that in infected
cells one of the NSP5 closer proteins is NSP2. We thus decided to investigate
if its presence could regulate NSP5 phosphorylation.

355-Met-labelled non crosslinked and DSP crosslinked infected cell extracts
were immunoprecipitated and the immunoprecipitates subjected to an in
vitro kinase assay by incubation with [y -32P]-ATP. Figure 3.6A shows two
autoradiographs of the same gel, where the right panel represents the 32P-
labelling only. Interestingly, a substantial increase in the 32-34 kDa
hyperphosphorylated forms of NSP5 was obtained (lane 3), compared with
the non-crosslinked immunoprecipitate (lane 1).

The total amount of NSP5 present in the immunoprecipitates subjected to the
assay was the same for the non crosslinked and the crosslinked extracts, as
evidenced by A-Ppase treatment (left panel, lanes 2 and 4), that removed the
phosphate residues.

This result suggested that the association of NSP5 with NSP2 have an
enhancer effect on the phosphorylation of NSP5. An interesting hypothesis
was that the binding of NSP2 to NSP5 regulates the accessibility of the NSP5
phosphorylation sites.
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Figure 3.6A. NSP2 regulates NSP5 hyperphosphorylation in vitro.

A. Immunoprecipitates of ~S-labelled rotavirus NSP5 from DSP non-crggslinked and crosslinked infected
cell extracts, were subjected to in vitro phosphorylation in presence of [y- P]-ATP and analysed in reducing
conditigns by SDS—P%GE. Left and right panels are two expositions of the same gel, corresponding to
["S1+[ P] and only [ P], respectively. A-Ppase treatment of the immunoprecipitates is indicated (lanes 2
and 4).

pCDNA3-NSP5

pBCL1 + -
pCDNA3-NSP2 — +
Figure 3.6 B.
kDa Combined anti-NSP2/anti-NSPS western immunoblot of MA 104
35 | ~— NSP2 cells extracts transfected with pPCDNA3-NSPS5 (lane 1) or co-

transfected with pPCDNA3-NSP5 and pCDNA3-NSP2 (lane 2).
Control plasmid pBCL1 was used as the control (lane 1). Open
~d NSP5 and closed arrowheads indicate the NSP5 26 kDa precursor
< and the phosphorylated forms, respectively.

28 _
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Although NSP2 appears to regulate NSP5 hyperphosphorylation, the
involvement of other viral proteins, such as VP1, present in the crosslinked
extracts could not be ruled out. To investigate this aspect, we co-transfected
MA104 cells with plasmids containing the complete ORF of NSP5 and NSP2
(pCDNA3-NSP5 and pCDNA3-NSP2) in the absence of other rotavirus
proteins. The extracts were analysed by western immunoblot as shown in
figure 3.6B. When NSP5 is co-expressed together with NSP2, it was indeed
hyperphosphorylated producing species of mobility of 32-34 kDa (lane 2). A-
Ppase treatment performed on total cell extracts confirmed the presence of

phosphate residues in NSP5 (not shown) (4).

At this stage, there was no data to support this functional role for rotavirus
non-structural protein NSP2. Now we have proved, in two different assays,
in vivo and in vitro, that NSP5 hyperphosphorylation in highly dependent on
the presence of NSP2. Moreover, these results indirectly confirmed the
NSP2-NSP5 interaction in vivo.

Viroplasms in rotavirus infected cells

Early electron microscopy studies have demonstrated that both rotavirus
non structural proteins NSP5 and NSP2 are found in viroplasms of infected
cells at the early stages of infection (146).

Figure 3.7 shows an immunohystochemistry of rotavirus infected cells. NSP5
localisation in viroplasms was evidenced with an specific anti-NSP5
antibody and indirect immunoperoxidase reaction. Rotavirus viroplasms
(arrows) appear as circular cytoplasmic structures with a strong NSP5
staining on the rim, suggesting a large accumulation of this protein on their

surface.
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Figure 3.7. Immunohystochemistry of rotavirus infected cell.
Rotavirus viroplasms (arrows) are visualised with anti-NSP5 antibody and HRP
immunostaining.

The significance of the presence of NSP5 and NSP2 in viroplasms is not
known, although it has been hypothesised that both these proteins are
involved in RNA stabilisation and in the support of virus packaging and
replication. In part, the crosslinked of NSP5 with NSP2 and VP1 supports
this view. In the same context, NSP5 does not crosslink with VP6, a highly
abundant viroplasmic protein.

To further investigate the structure and, eventually, the relative spatial
ultrastructural localisation of NSP5 and NSP2 in viroplasms, we decided to
perform electron microscopy (EM) experiments.

Figure 3.8 shows an electronic transmission of rotavirus infected cells. The
result is an image where the different subcellular compartments can be seen
highly contrasted. Rotavirus viroplasms appear highly electrondense
structures (vir) of a variable size from around 300 to 500 nm. Enveloped (e)
and mature non enveloped (ne) virions in the lumen of the ER can be also

clearly detected.
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To identify the NSP5 ultralocalisation inside rotavirus viroplasms, we
decided to performe immuno-electron microscopy experiments. Rotavirus
infected cell monolayers were first reacted with a polyclonal mouse anti-
NSP5 antibody and then embedded in the resin (pre-embedding technique).
For the secondary immunoreaction, we chose 1 nm-diameter large gold-
conjugated anti-mouse antibody, because are clearly distinguishable from
the less defined biological structures. As shown in figure 3.9, anti-NSP5 gold
immunolabelling identified specifically viroplasms (vir) and no unspecific
reaction was found diffused in the cytoplasm or associated to immature
viruses (arrows). Interestingly, fine cytoskeleton elements (sk) are also

evident that seem to originate from viroplasms.
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Figure 3.8. Transmission electron micrograph.

Electron microscopy of a rotavirus infected cell. Viroplasms are highly electrondense structures
(vir). Immature enveloped (e) and non enveloped (ne) virions are emerging from the ER. Scale bar,
300 nm.

Figure 3.9. Immunogold NSP5 localisation.

Electron anti-NSP5 immunolocalization of rotavirus infected cells. 1 nm-diameter large gold-
conjugated secondary anti-mouse antibody revealed that NSP5 protein is accumulated specifically
in viroplasms (vir). Interestingly, virions under maturation (arrows), do not show gold labelling.
Long cytoskeleton elements could be seen (sk). Scale bar, 300 nm.
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Viroplasm-like particles

In the previous experiments, we had demonstrated that NSP5-NSP2
interaction had a biochemical consequence regarding the phosphorylation
level of NSP5. However, since both proteins are found in virus infected cells
in the viroplasm compartment, it suggésts they could be involved in virion
maturation. Thus, we decided to investigate their distribution in transfected
cells, in the absence of any other rotavirus protein and rotavirus replication.

To achieve this, we used the T7 DNA polymerase recombinant vaccinia virus
(strain vTF7.3) (57; 58), that represents an efficient cytoplasmatic expression
system for T7-dependent constructs. After vaccinia infection, we transfected
MA104 cells with plasmids containing the complete ORF of NSP5 and NSP2
(pCDNA3-NSP5 and pCDNA3-NSP2). We assayed the expression of both
expressed NSP5 and NSP2 proteins by immunofluorescence with specific
antibodies. As shown in figure 3.10, NSP5 and NSP2 independent expression
resulted in homogeneous distribution in the cytoplasm of the transfected
cells (panels ¢ and f). However, when both proteins were co-expressed,
organisation of discrete structures with regular spherical shape became
evident (panels g and h). For their similarity to rotavirus viroplasms (panels

a and b), we called them viroplasm-like structures (VLS).
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anti-NSP2 anti-NSP5

Figure 3.10. Cytoplasmatic localization of NSP2 and NSP5 in transfected cells.
Anti-NSP2 (left) and anti-NSP5 (right) specific immunofluorescence microsocopy analysis. Viroplasms
in SA11 rotavirus infected cells are evidenced (a, b). pPCDNA3-NSP2 and pCDNA3-NSP5 single
transfected cells showed an homogeneous protein cytoplasmatic distribution and no protein
backﬁound (c, d and e, f). Viroplasm-like structures (VLS) are evidenced after pPCDNA3-NSP2 and
pCDNAS3-NSP5 co-transfection (g, h).
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NSP2 and NSP5 colocalise in viroplasms

The finding that in vivo NSP2 and NSP5 are sufficient to organise VLS in the
absence of viral infection was an indirect confirmation of the NSP2-NSP5
interaction previously demonstrated biochemically. However, to
demonstrate that NSP5 and NSP2 truly interact in VLS, we performed
confocal (laser scanning) light microscopy analysis.

As demonstrated by the double staining immunofluorescence analysis
presented in figure 3.11, rotavirus viroplasms as well as VLS can be
visualised with both anti-NSP2 and anti-NSP5 antibodies, seen respectively
in green and in red, showing a precise co-localisation of both NSP2 and
NSPS5.

VLS obtained by NSP5 and NSP2 co-expression are quite similar to rotavirus
viroplasms, but a difference on protein "density" can be appreciated. While
VLS appear as "empty" spheres, viroplasms are complex structures. The
presence of the other viral proteins as well as the RNA in virus infected cells,
could certainly account for the difference in morphology between
viroplasms and VLS. However, this morphology in part could also depend

on the conditions used for fixing the samples.

In addition, interesting informations resulted from analysis of images
obtained by serial confocal sections. Figure 3.12B represents four different
longitudinal planes (collected in 0.5 um steps) of the same NSP5-NSP2 co-
transfected cell. The result highly suggested that NSP5 immunostained VLS

have a near spherical shape.
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Rotavirus
infection

NSP2-NSP5
co-transfection

Figure 3.11. Double immunofluorescence of Viroplasm and VLS.

Rotavirus infected cells (A) and NSP5-NSP2 co-expressing cells (B) were subjected to double
immunofluorescence to detect viroplasms and VLS. FITC and RITC contemporaneous immunostaining
permitted to visualise respectively NSP2 (green) and NSP5 (red) localisation.
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anti-NSP2 anti-NSP5

Viroplasm

VLS

serial confocal image

Figure 3.12. Confocal immunofluorescence microscopy.

A.MA104 cells, either infected with rotavirus SA11 or co-transfected with NSP2 and NSP5 as

indicated, were reacted simultaneously with anti-NSP2 (green) and anti-NSP5 (red). The rightmost
anel shows the superimposition of the two independently acquired images.
. Serial laser confocal images of a NSP2 and NSP5 co-transfected cell. Ceﬁ; were immunoreacted

with anti-NSP5 antibody to detect VLS. Parallel confocal sections were collected in 0.5 um steps.
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Under standard assay conditions, cells were fixed at 3 h post infection to
visualise viroplasms and at 16 h post transfection to visualise VLS.
Interestingly, in both the cases, at these times most of the total amount of
NSP5 expressed is localised in viroplasms or in VLS with practically no
NSP5 background diffused in the citosol (see figure 3.10 and 3.11). This
suggest an efficient relocalisation of NSP5 in presence of NSP2, and
moreover, it could presume an eventual NSP5 degradation mechanism of the
protein not localised in VLS (see page 98). On the contrary, at longer times
post-transfection (more than 20 h) NSP5 staining was almost absent and VLS

were hardly detectable (not shown).
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NSP5 mutants

To better characterise NSP5 in terms of VLS formation capacity and
hyperphosphorylation, we decided to construct a series of NSP5 deletion
mutants. NSP5 does not share any homology with other known proteins, so
we had no hypothesis on its tertiaryvstructure. We decided to divide it
arbitrarily in 4 regions and a short C-terminus sequence of 18 aa long (“tail”).
A schematic representation of wt NSP5 and all the N-, C- and internal

deletion mutants obtained, is shown in figure 3.13.

33 80 130 149 168 179 204

WT

AN33

ANBO

AC67

AC48

AC29

AC18

Ad34-80

Ad81-130

Ad131-180

Figure 3.13. Schematic representation of internal NSP5 deletion mutants.

In each region of wt NSP5 is indicated the relative Ser+Thr content. B-A-B indicates
the 49 aa long highly charged (61% of charged reidues) basic-acid-basic domain.
The last 18 aa represent the "tail" (=T).
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In wt NSP5, the number of Serine and Threonine residues per domain is
indicated, as well as the basic-acid-basic region (BAB), characterised by
highly charged aminoacids and the interesting S-D-S repetitions (for the
NSP5 aminoacidic sequence, see in the introduction figure 1.7, page 25). The
mutants were named according to the specific regions deleted.

All mutant constructs were fully sequenced and some of them (AN33, AC68,
Ad34-80, Ad81-130 and Ad131-179) initially characterised by anti-NSP5
immunoprecipitation of the respective in vitro translated polypeptides
(figure 3.14). Interestingly, their mobility in SDS-PAGE resulted strongly
different from the one expected (see figure 3.14, right panel). In some cases
(such as in AN33), a shorter band can be seen that corresponded to an

internal translation initiation site.

=3 6®$
& AN
2 <&
& PN N
wt NSP5 198 26
AN33 165 18.1
Ad131-180 | 149 16.4
Ad81-130 149 16.4
Ad34-80 152 16.7
L 6 ACB8 130 143

Figure 3.14. Mobility of NSP5 deletion mutants.
Immunoprecipitation of different in vitro synthesised **S-Met-labelled NSP5 deletion
mutants. The relative theoretical molecular weights are also summarised on the right.
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The different NSP5 mutants were thus co-expressed together with NSP2 and
tested for their capacity to assemble VLS. Figure 3.15 shows a series of
different anti-NSP5 immunofluorescence assays of cells transfected either
with the single NSP5 deletion mutants (left) or co-transfected together with
NSP2 (right). Mutants lacking either N-terminal (AN33, AN80) or C-terminal
(AC18, AC29, AC48, AC68) portions were completely inactive in forming VLS.
In panels a and b of figure 3.15 are presented AN33 as an example of one of
the NSP5 mutants unable to organise VLS. Cells transfected with AN33 alone
(a) or co-transfected together with NSP2 (b), showed the same diffuse
localisation of AN33 protein. Similar results were obtained with mutants
ANS8O, AC18, AC29, AC48 and AC68 (not shown). Interestingly, the NSP5
internal deletion mutant which lacks the third domain (Ad81-130), was the
only one able to produce VLS when co-expressed with NSP2 (d), even
though smaller than the ones obtained with wt NSP5. Two other internal
deletion mutants, Ad34-80 and Ad131-179, lacking respectively the second
and the fourth B-A-B region, were not sufficient to form VLS in presence of
NSP2 (respectively f and h). Ad131-179, however, showed a non
homogeneous distribution with irregular spots and short spikes produced
even in the absence of NSP2 (g). On the other hand, mutant Ad34-80, even
though sensitive to the presence of NSP2, produced irregular structures
rather than the spherical VLS (h). Taken together these data indicate that
both N- and C-terminal region of NSP5 are required for VLS formation.
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Figure 3.15. NSP5 mutants and VLS formation.

Anti-NSP2 (right) and anti-NSP5 (left) immunofluorescence of cells expressing NSP5 deletion mutants either
alone (a, ¢, e, g) or in presence of NSP2 (b, d, f, h). As example of VLS negative phenotype, AN33 co-
expression with NSP2 is shown (b). VLS were detected when Ad81-130 is co-expressed with NSP2 (d).
Peculiar phenotype is observed with mutants Ad34-80 and Ad131-179 (f, h).
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EGEFP could be an NSP5 marker for its localisation in viroplasms

Until now, rotavirus reverse genetic has not been possible and recombiant
virus for specific fragments was never obtained. The study of the viral
proteins directly involved in viroplasms organisation during rotavirus
infection thus is not possible. The importance of viroplasms in the virus
replicative cycle has been suggested by early studies of temperature sensitive
(ts) rotavirus mutants. In particular, mutants mapping in the NSP2 gene, are
completely replication deficient with a viroplasm negative phenothype at the
non permissive temperature (68). On the other hand, the sequence of NSP5 is
conserved among the different rotavirus strains (106) and no NSP5 rotavirus
mutants have been described (49), highly suggesting that NSP5 should play
a key role in rotavirus replication. From these observations it has been
concluded that viroplasms localisation of NSP5 might reflect a relevant
aspect of the activity of this protein. However, rotavirus experimental
models efficient to demonstrate the role of NSP5 are not available.

We decided to approach to this problem, investigating the effective role of
NSP5 in viroplasms organisation expressing a recombinant form of NSP5
during rotavirus infection. Our question was whether the presence of a
recombinant NSP5 during rotavirus infection could functionally interact
with the other rotavirus proteins (such as NSP2 and wt NSP5) and thus be
driven into true viroplasms, rather than VLS. To follow its intracellular
destination and to discriminate from the original rotavirus NSP5, we fused
NSP5 ORF at the N-terminus of the Green Fluorescent Protein (EGFP). We
transiently transfected pEGFP-NSP5 plasmid DNA in MA104 cells and 48 h
later approximately 70% of the cells showed green fluorescence. We then
infected the NSP5-EGFP expressing cells with rotavirus and 4 h later we
looked for NSP5-EGEFP localisation in living cells.
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Figure 3.16. Viroplasm localisation of NSP5-EGFP fusion protein

A. Living NSP5-EGFP transfected cells shows homogenous green autofluorescence. B. Double
fluorescence analysis performed on confocal microscope of rotavirus superinfected NSP5-EGFP
expressing cells. Confocal co-localisation of recombinant NSP5-EGFP (green autofluorecence) and
rotavirus NSP2 protein (red). Confocal image superimposition is also shown.



As shown in figure 3.16, in rotavirus infected cells GFP fluorescence was
observed in viroplasms, demonstrating the correct localisation of the non
viral fusion protein NSP5-EGFP, while in non-infected cells NSP5-EGFP had
a normal homogeneous and diffuse cytoplasmatic distribution. Co-
localisation of NSP5-EGFP and rotavirus NSP2 in viroplasms was confirmed
by confocal specific immunofluorescence microscopy.

These last results permit to underline the intrinsic behaviour of NSP5 to
localise in viroplasms. This approach opens the possibility to further
investigate the behaviour of the different NSP5 mutants in the context of the
capacity to localise in true viroplasms. In particular, it would be interesting
to see if any of the NSP5 mutants could compromise viroplasm formation

and rotavirus infection, thus working as dominant negative mutants.

In vivo expression and phosphorylation of NSP5 mutants

Since NSP5 phosphorylation and VLS formation are both related to the
NSP5/NSP2 interaction, we decided to investigate the capacity of the
different NSP5 mutants to be phosphorylated in vivo.

- Hyperphosphorylation of wt NSP5 can be easily assessed because it largely
affects its migration on SDS-PAGE and is A-Ppase sensitive, even though, we
know that NSP5 can also be phosphorylated without changes in mobility (5).
NSP5 deletion mutants single transfections were tested by western
immunoblot (figure 3.17A) and by 32Pi in wvivo labelling and
inmmunoprecipitation (figure 3.17B).

As shown in figure 3.17, only AN33 and Ad81-130 mutants were

characterised by spontaneous hyperphosphorylation detectable in western
immunoblot (panel A, lanes 3 and 9) as well as in 32P; in vivo labelling (panel

B, lanes 2 and 4).
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Figure 3.17. In vivo phosphorylation of NSP5 deletion mutants

A. Anti-NSP5 western immunoblot of extracts of each independently transfected NSP5
deletion construct. Filled arrowheads indicate 1-Ppase sensitive hyperphosphorylated
species with reduced gel mobility.

B. Immunoprecipitations of cells trapsfected with the indicated NSP5 deletion mutant
constructs and labelled in vivo with = Pj.

Relative molecular masses in kDa are shown to the left.
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In particular, Ad81-130 hyperphosphorylation produced an enourmous
mobility shift from around 21 to forms of up to 29-30 kDa (figure 3.17A lane
9). All the other N- and C-terminal deletion mutants (AC18, AC68, AC29,
AC48 and ANS8Q) did not show any mobility change in SDS-PAGE (figure
3.17A, lanes 2, 4, 5, 6 and 7), eventough AN80, AC18 and AC29 can be labelled
in vivo with 32P; (figure 3.17B, lanes 3, 6 and 7). Interestingly, none of the two
other internal deletion mutants Ad34-80 and Ad131-179 were phosphorylated
(figure 3.17A, lanes 8 and 10; figure 3.17B, lanes 5 and 10). As expected, wt
NSP5 phosphorylation was also observed (figure 3.17, lane 1).

The hyperphosphorylation of the deletion suggests that in wt NSP5 there are
structural inhibitory constrains whose elimination allows the exposure of
new phosphorylation sites. The different NSP5 domains might interact in a
such way to mantain a general inhibitory effect, that is removed by NSP2
interaction, as suggested by the enhanced phosphorylation of NSP5 after
crosslinking and in co-transfected cells (see figure 3.6A and B, page 66). Our
hypothesis was that NSP2 have a key role in the activation of NSP5 during

the virus infection.

In vitro phosphorylation of NSP5 mutants

Since NSP5 immunoprecipitates from virus infected cells were
phosphorylated in vitro and moreover the in vitro synthesised 25 kDa NSP5
precursor was converted in vitro to 28 kDa phosphorylated form (5), we and
other authors considered the possibility that NSP5 was the rotavirus kinase.
Therefore we decided to set up an in vitro kinase assay to map the
phosphorylated domains and eventually to characterise the domains
required for NSP5 phosphorylation.

For that reason, the different NSP5 deletion mutants were transfected and

the extracts immunoprecipitated and subsequently subjected to an in vitro

kinase reaction in the presence of y->?P-ATP (figure 3.18A).
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Figure 3.18. In vitro phosphorylation gf NSP5 deletion mutants

A. SDS-PAGE analysis of in vitro [g- P]-ATP-labelled NSP5 deletion mutants immunoprecipitates. MA104
cells were transfected with the different mutant constructs, immuoprecipitated with specific anti-NSP5 antibody

and thus subjected to the in vitro kinase assay.
B. Anti-NSP5 western immunoblot of the different extracts used for the kinase assay.
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The immunoprecipitates were so labelled depending on their auto-
phosphorylation ability. The results confirmed that the two mutants that in
vivo underwent hyper-phosphorylation (Ad81-130 and AN33) (see figure
3.17B), were also able to auto-phosphorylation in vitro (figure 3.18A lanes 4
and 9). Interestingly, among all the other mutants that are phosphorylated in
vivo ¥Pi-labelling (see figure 3.17B), AN80 was the only one which showed
autophosphorylation ability (figure 3.18A, lane 2). This activity was however
not present in AC18 and AC29. It is possible that different phosphorylation
sites are regulated by different cellular kinases, or that the AC18 and AC29
phosphorylation sites were already completely saturated in vivo. The quality
of the extracts used was checked in western immunoblot (figure 3.18B).
However, we can not exclude that cellular contaminants working as kinase
or phosphoprotein activator could also be present in our

immunoprecipitates, and have some role in NSP5 mutants phosphorylation.
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New NSP5 domain combination mutants and their characterisation

At this point it was clear that the division of NSP5 in different domains results in
differently characterised phenotypes. To better investigate the role of the NSP5 domains
in the phosphorylation, we decided to construct a second series of constructs derived
from NSP5, summarised in figure 3.19. We named them according to the presence of
the specific regions and of the C-terminal 18 aminoacids tail (“T”): 1+2, 2+3, 1+4T,
2+4T and 4T.

130 149 168 179 204

COOH

142

1+4T

2+4T

243

AT

Figure 3.19. Schematic representation of different NSP5 domain combinations.
Shortest NSP5 deletion mutants composed by different combinations of 2 NSP5 domains only. They

are named them for their presence of specific domains and of the last C-terminal 18 aa (= tail, “T™).
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A preliminary series of experiments was performed to characterise the new
NSP5 domain combinations by in vitro translation assays (TNT) (figure
3.20A) and by in vivo expression and western immunoblot (figure 3.20B). All
of them in vitro or in vivo showed higher molecular weight than the one
expected. Mutant 1+2 was efficiently translated in vitro and correctly
immunoprecipitated by anti-NSP5 polyclonal antibody (part A, lane 1), but

was not stable in vivo (part B, lanes 3 and 4).

The most interesting result derived from the analysis of the in vivo
expression of mutant 2+4T, as shown in figure 3.21. Its in vivo expression was
characterised by western immunoblot and by in vivo **Pi-labelling (parts A
and B) demonstrating that 2+4T is hyper-phosphorylated in vivo and in vitro.
Interestingly, MA104 cell expression of 2+4T showed that 2+4T, when co-
expressed together with NSP2, is able to organise original peculiar structures
that, even if less homogeneous, remember VLS (part C, right panel).
Interestingly, mutant Ad81-130 that, in addition to domain 1, also contains
domains 2+4T, the same phenotype that 2+4T in terms of
hyperphosphorylation and VLS formation.

The colocalisation of NSP2 and NSP5 or mutants Ad81-130 and 2+4T in VLS,
strongly suggested that the interaction is also required for VLS formation.
The NSP5 region involved in the interaction with NSP2 is not easy to be
hypothesised. The NSP5 domain study indicates that the minimum NSP5
domains required for localisation in VLS are the second and the fourth-tail,
(2+4T), suggesting that the NSP5 portion that interacts with NSP2 should

also map in these regions.
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Figure 3.20. Gel mobility of NSP5 domain combinations,;

A. SDS-PAGE analysis of different in vitro synthesised = S-Met-labelled NSP5 domain combinations. The
relative theoretical molecular weights expected are also summarised.

B. Western immunoblot of cellullar extracts of different NSP5 domain combinations transfected cells. The
first 81 aa of NSP5 are not stable in vivo, as demonstrated by two independent transfections of mutant 1+2
(lanes 3 and 4).



kDa

21—

Western

C

kDa
26—

21—

32pj in vivo
labelling

- NSP2 + NSP2

anti-NSP5
immunofluorescence
of 2+4T

Figure 3.21. Characterisation of 2+4T in vivo.
A. Anti-NSP5 western immunoblot of 2+4T transfected cells.

B. Invivo ~ Pi-labelling of 2+4T transfected cells; as control, wt NSP5 protein was also in vivo

(lane 1).

C. Immunofluorescence of 2+4T and 2+4T/NSP2 co-expressing cells.
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In_attempt to complement hyperphosphorylation negative

mutants

From the previous studies, we hypothesised that the NSP5 enzymatic
activity was concentrated on the C-terminal portion of the protein, since the
absence of the last 68 aminoacids abolished any phopshorylation activity. It
has also been reported that NSP5-NSP5 homodimerisation has a functional
role in virus infection (192). Thus, it was possible that NSP5 would auto-
phosphorylate by a trans-molecular phosphorylation event. Our efforts were
thus oriented to the mapping of the substrate and the kinase regions of
NSP5.

Since AN33 was hyperphosphorylated in vivo, we tested the possibility that
this molecule could complement with AC68 (hyperphosphorylation negative
mutant) (Figure 3.22).

AN33 + + AN33 + +
AC68 - 2+3 T
kDa kDa
21—
14— T ———
] 5 3 4 5

Figure 3.22. In vivo trans kinase activity of AN33.
Anti-NSP5 western immunoblot of cell extracts transfected with pCDNA3-AN33 and
pCDNA3-AC68 (A) or pPCDNA3-AN33 and pCDNA3-(2+3) (B).
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Figure 3.22A shows a western immunoblot of total extract of AN33 and AC68
co-transfected cells. This approach was unsuccessful; in spite of the fact that
the two species can be clearly separated on SDS-PAGE, it was never
observed AC68 hyperphosphorylation. Using the same strategy, AN33 was
tested as enzyme on mutant 2+3 (see figure 3.19). Also in this case, AN33 did
not change the mobility of the mutant (ﬁgure 3.22B).

In vitro kinase assay

After the previous preliminary negative experiments, we started to
characterise the substrate and kinase domains of NSP5 with a different
approach.

We decided to express AN33 mutant in MA104 cells (MA-N33) and to test its
eventual kinase activity in vitro on different in vitro synthethised 355-Met-
labelled polypeptides (Ad81-130, 2+3 and 2+4T) (figure 3.23).

Since the incubation with infected cell extracts is required for NSP5
precursor in vitro phosphorylation (5) we supposed that the best opportunity
to obtain a positive result was the direct incubation of kinase and substrates
without further purifications, to mantain eventual factors present in the cell
lysates. After 1 h of reaction at 37°C, the 3°S-Met-labelled substrates were
immunoprecipitated and analysed on SDS-PAGE for gel mobility changes.
None of the mutants tested were phosphorylated by AN33 (figure 3.23). As a
control, the substrates were incubated also with untransfected cell extracts
(MA104) or with extracts from vaccinia infected cells (MA-VACC).
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Figure 3.23. In vitro trans kinase assay. 35

Anti-NSP5 immunoprecipitation of different in vitro synthesised S-Met-labelled NSP5 mutants
polypeptides (1+2, 2+3 and 2+4T) previously incubated with extract of pPCDNA3-AN33 transfected
cells (MA-AN33). Immunoprecipitation of 1+2, 2+3 and 2+4T polypeptides incubated with
untransfected (MA104) or vaccinia infected cells (MA-VA C) is also shown.

experiment 1 experiment 2
Ad81-130 Ad81-130
Ad81-130 MA-AN33 + L
A-Ppase - + MA-VACC + +
MA-104  +

Fig. 3.24. Peculiarities of Ad81-130 deletion mutant. 5

A. Anti-NSP5 immunoprecipitation of in vitro synthesised S-Met labelled Ad81-130 deletion mutant
hyperphosphorylated during the TNT assay (lane 1). A-Ppase treatment demonstrates the phosphate
origin of the lower mobility forms (lane 2). o

B and C. MA-AN33 extract up-regulates the phosphorylation of Ad81-130 i vifro syntesised mutant
(lane 3), in a such extent that however was depended by the retyculocyte extracts batch (lane 6).

As control, Ad81-130 was also incubated with untransfected (MA104) or vaccinia infected cells (MA-
VACCQC).
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Performing this type of assays and testing Ad81-130 mutant as a putative
substrate, we discover that Ad81-130 synthetised in vitro sometimes
underwent spontaneous hyper-phosphorylation independent from AN33 or
any other cellular extracts (figure 3.24A, lane 1). The gel shift obtained was of
10 kDa, similar to what was observed when it was expressed in vivo (see
figure 3.17A, lane 9). We confirmed the phosphorylated origin of these lower
mobility forms by A-Ppase treatment performed on the Ad81-130
immunoprecipitates (figure 3.24A, lane 2). This feature was not under our
control and was strictly dependent on the retyculocite extract batch used.
Probably some of them contain unknown cellular factors indispensable for
Ad81-130 precursor maturation.

Interestingly, as shown in figure 3.24B, after incubation of in vitro translated
Ad81-130 with MA-N33 extracts, an increase in the Ad81-130
phosphorylation was seen (lane 3). This feature was specifically depended
on AN33, while untransfected or vaccinia infected cell extracts had no effect
(lanes 1 and 2). This result was confirmed with two different reticulocyte
batches, but nevertheless other times it was either not observed or observed
in for less extent (figure 3.24C, lane 6).

This work was continued by Fulvia Vascotto and Cathrine Eichwald in the
laboratory of Oscar Burrone. Using the same type of assay, they were able to
discover that NSP5 have indeed a kinase enzymatic activity and that,
interestingly, it was associated to the second and the fourth-tail domains

only (2+4T mutant, and not AN33).
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Investications on NSP5 degradation

Analysis of the aminoacids sequence of NSP2 has revealed partial homology
to a particular class of proteases, the metalloproteases (117). Matrix
metalloproteases (MMP) are secreted zinc-containing, metallo-enzymes with
specificity for degradation of components of the extra cellular matrix. Until
now no experimental evidences have been reported to justify a possible
involvement of rotavirus NSP2 as protease in the virus cell cycle.

However, in immunofluorescence experiments of co-transfection of NSP2
and NSP5, at the usual time of VLS detection (16 h post-transfection) we
have observed that, most of NSP5 expressed was localised into VLS with
almost complete absence of NSP5 protein from the background. At the same
time, single NSP5 expression results in high amount of stable NSP5
homogeneously distributed in the cytoplasm of the transfected cells (see
figures at page 74). Moreover, during rotavirus infection, NSP5 levels start to
decrease 6 h after infection (16), suggesting that NSP5 may be modulated
during infection, not only in terms of post-translational modifications, but
also perhaps in terms of half-life.

In particular, from different evidences obtained in immunofluorescence
experiments, I have tried to verify the hypothesis that NSP2 could affect
NSP5 stability in a direct or indirect way. The hypothesis was that NSP2
could play a role in the degradation of NSP5 protein “not recruited” into
VLS. Moreover, at approximately 20 h post-transfection, VLS are not any
longer visible suggesting a possible NSP5 degradation and consequent VLS
disagregation. However, during rotavirus infection, other specific
contemporaneous viral events (such as replication and packaging) may

modulate organisation of viroplasms and perhaps also NSP5 stability.

In order to study and eventually confirm the hypothesis, I performed a

quantitative analysis of NSP5 expression in transient transfection
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experiments in relation to the contemporaneous presence of NSP2 and VLS
formation.
Different co-transfections of NSP5 and NSP2 were carried out in the presence
of an equimolar ratio of plasmids encoding both proteins (ratio 1:1), that
corresponds to the conditions used to visualise VLS. We decided also to test
‘the effect of NSP2 when present in ‘excess with respect to NSP5, co-
transfecting the two plasmids in a ratio 3:1. Control experiments where
performed co-transfecting pPCDNA3-NSP5 with a different construct, pBCL1
(provided by Federica Benvenuti), that encodes a polypeptide of
approximately 45 kDa, in the same pCDNAS3 vector.
Figure 3.25A shows a time course of the transient expression of NSP2 and
NSP5 in transfected cells. NSP5 or NSP5-NSP2 co-transfected extracts (ratio
1:3), were harvested at different times after transfection (12, 16, 18 and 20h)
and analysed by anti-NSP5 western immunoblot. In this experiment, NSP5
expression was evident at 16 h post-transfection and, when expressed in the
présence of NSP2, it becomes less stable, suggesting an NSP2-mediated
degradation. However, figure 3.25B shows a combined anti-NSP5/anti-NSP2
western immunoblot of cell extracts co-transfected with NSP5 and NSP2 in a
ratio 1:1 or 1:3 (respectively lanes 1 and 2) and assayed at 16 and 18 h post-
transfection, showing a moderate effect of NSP2 on NSP5 levels.
These experiments are not easily reproducible, probably because the intrinsic
difficulties of co-transfections and also differences in the vaccinia virus stock.
In fact in same other cases, NSP5 was clearly sensitive to NSP2-induced
degradation (figure 3.25C). These data thus suggest but not unequivocally
support a direct NSP2 involvement in the regulation of the NSP5 stability.
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Figure 3.25.
A.Anti-NSP5 western immunoblot of the expression of NSP2 and NSP5 harvested at different times

post-transfection.

B. Combined anti-NSP5/anti-NSP2 western immunoblot of NSP5/NSP2 co-transfected cell extracts
1:1 or 1:3 ratio, as indicated and analysed 16 and 18 h post-transfection.

C. Anti-NSP5 western immunoblot of the expression of NSP2 and NSP5 (ratio 1:3), harvested at 16
h post-transfectio.
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In vitro degradation assay

As it was previdusly demonstrated, NSP5-NSP2 binding occurs also in vitro
(see figure 3.5). To investigate if NSP2 itself could directly determine NSP5
degradation, I performed different in vitro assays (figure 3.26).

At first, we decided to use unpurified **S-Met-labelled in vitro translated

material. The reaction was performed incubating in vitro translated NSP5

and NSP2 polypeptides together for 1 h at 37°C, followed by specific
immunoprecipitation and analysis on SDS-PAGE. As shown in figure 3.26A,
no degradation of NSP5 was observed when incubated either alone or with
NSP2 or VP4, as negative control. We also tested in vitro synthesised Ad81-
130 mutant because of its different degradation kinetic (see below), without
any effect. Using an alternative approach, NSP5 and NSP2 where also
contemporaneously synthesised in the same in vitro translation and analysed
for NSP5 protein stability at short times of incubation (10-15-30 min) (not
shown). Also in these cases a no significative difference on the in vitro
expression of NSP5 was observed, suggesting that in vitro translated NSP2
can not affect directly the stability of in vitro translated NSP5.

Thus, we decided to investigate if NSP2 obtained from transfected cells
could have any effect on the stability of in vitro translated NSP5. Once more,
this assay did not give a positive result (figure 3.26B).

These series of negative results indicate that, contrary to what observed in
vivo, in vitro translated NSP2 or extracts from NSP2 transfected cells do not
have a sensible protease activity. However, since it is known the different
post-translational modifications of NSP5 in vivo, we can not exclude that the
eventual NSP2-mediated degradation be dependent of the
phosphorylated /hyperphosphorylated state of NSP5.
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Figure 3.26. Study of the in vitro protease activity of NSP2.

A.PS5-Met labelled wt NSP5 or Ad81-130 in vitro synthethised polypeptides were incubated with
in vitro synthetised NSP2 (lanes 3 and 5) and thus immunoprecipitated using anti-NSP5 and anti-
NSP2 antibodies (lane 3) or ani-NSP5 alone (lane 5). As control, °S-Met labelled wt NSP5 was also
incubated with in vitro synthethised rotavirus VP4 and thus immunoprecipitated using anti-NSP5
antibody (lane 2).

B. NSPZ transfected cell extracts were incubated with in vitro synthethised *S-Met labelled NSP5
(lane 2) or with extracts of empty pCDNA3 transfected cells (lane 1).
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Degradation of Ad81-130 and 2+4T mutants

Mutants Ad81-130 and 2+4T are both highly hyper-phosphorylated in vivo
and, when expressed in the presence of NSP2, both of them form VLS. For
that reason, among the other NSP5 mutants I decided to analyse them in the
presence of NSP2 by western immunoblot (figure 3.27A and C).
Interestingly, the results showed that both these two mutants were more
sensitive to NSP2 than the wtNSP5, suggesting that NSP2 mediates in a
direct or indirect way their degradation.

As it is shown in figure 3.27A, the total amount of mutant 2+4T was clearly
decreased when was expressed in the presence of an excess of NSP2 (co-
transfection ratio 3:1). To justify the higher amount of NSP2 used in this co-
transfection, figure 3.27B shows a combined anti-NSP5/anti-NSP2 western
immunoblot of extracts-obtained by co-transfection of a fixed amount of
pCDNA3-2+4T plasmid (1 pug), with a crescent amount of pCDNA3-N5P2
(from 0.1 to 3.5 pg). This experiment demonstrates clearly, the NSP2 dose-
effect on the NSP5 mutant 2+4T.

Mutant Ad81-130 was even higher sensitive to the presence of NSP2 than
mutant 2+4T, since already when co-transfected with an equivalent amount
of NSP2 (ratio 1:1), Ad81-130 underwent specific protein degradation (figure
3.27C). Surprisingly, only the Ad81-130 lower mobility bands (arrow, lane 2),
representing the hyperphosphorylated forms (see page 86), were NSP2-
resistant, while all the Ad81-130 unphosphorylated forms were completely
disappeared.
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Figure 3.27. Degradation on NSP5 deletion mutants
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A. Combined anti-NSP5/anti-NSP2 western immunoblot of 2+4T co-transfected with NSP2 in a ratio 1:1 or 1:3 (lanes 3

and 4).

B. Combined anti-NSP5/anti-NSP2 western immunoblot of a constant amount of pCDNA3-2+4T co-transfected with

crescent amount of pCDNA3-NSP2.

C. Anti-NSP5 western immunoblot of Ad81-130 co-transfected with NSP2. Ad81-130 is sensitive to NSP2, also at low

ratio (ratio 1:1) (lane 2). Resistant hyperphosphorylated species are indicated by an arrow.
D. Anti-VP4 (left) or anti-NSP2 (right) western immunoblot of VP4:NSP2 co-transfected extracts (ratio 1:3).
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The effect of NSP2 on mutants Ad81-130 and 2+4T was specific, since the
level of a different rotaviral protein, VP4, was completely unaffected by the
presence of an excess of co-transfected NSP2 (ratio 1:3) (figure 3.27D, lane 2).
These results indicate that indeed NSP2 has some effect on NSP5 stability,
that can be more clearly detected on 2+4T and Ad81-130 mutants, highly
phosphorylated in vivo, in a NSP2 independent way (see page 86 an 93).

However, at present it is not yet clear whether these observations reflect a
functional consequence in terms of VLS formation. The phosphorylation and
degradation of the two NSP5 mutants Ad81-130 and 2+4T seem, at least in
part, linked to the formation of VLS. An interesting hypothesis could be that
the different NSP5 modifications could support different NSP5 roles during

rotavirus replicative cycle.
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Discussion

In virus infected cells, NSP5 was originally described as a polypeptide with
an apparent molecular mass of 26 kDa in SDS-PAGE (45; 116). It was later
shown that NSP5 is a glycoprotein with a main constituent of 28 kDa form
that is further phosphorylated. In 1996, Afrikanova et al. (5) has
demonstrated that this protein was able to undergo a complex
phosphorylation process describing the existence of polypeptides with
mobility of 32-34 kDa (hyperphosphorylated species).

The NSP5 O-glycosylation occurs in the cytoplasm of infected cells by
addition of monomeric residues of N-Acetyl glucosamine (GlcNAc) (69). It
was found that the highest phosphorylated isoforms are also the ones that
contain less GlcNAc (5). In eukaryotic cells, O-glycosylation is known to be
involved in the regulation of the degree of serine/ threonine phosphorylation
of many cellular and nuclear phosphoproteins, suggesting that this could
also be the case of NSP5. ‘

NSP5 phosphorylation is a very complex process with still unknown
physiological significance. In this thesis we have demonstrated that in virus
infected cells, NSP5 directly interacts with NSP2 with important biochemical

and functional consequences.

To investigate the possible interactions between NSP5 and other proteins
during rotaviral infection, we used a 12A-long arm chemical crosslinker
(DSP), cleavable by reducing agents. We have found that after crosslinking,
the rotavirus non-structural protein NSP2 and the viral polymerase VP1 co-

precipitated together with NSP5, using a polyclonal anti-NSP5 antibody.

NSP2 accumulates in viroplasms, sites of genome RNA replication and of the

assembly of immature viral particles (146). NSP2 is an RNA binding protein
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(91), and is a component of rotavirus replicase complex (7). The NSP2 RNA
binding is cooperative, independent of sequence and with strong preference
for single-stranded RNA over double-stranded RNA, for which it displayed
little affinity (186).

The DSP crosslinker reagent was also used in the past to demonstrate that
NSP2 interacts with VP1 (90). Surprisingly, after crosslinking, our anti-NSP2
antibody was not able to co-precipitate the same set of proteins, but only the
free NSP2 not involved in the complex. A possible explanation is that the
DSP-formed NSP5-VP1-NSP2 complex has a structure in which NSP2 is
completely hidden, and therefore not available for anto-NSP2 recognition.
We still don’t have evidences of a functional interaction between NSP5 and
VP1 and so, the presence of VP1 in anti-NSP5 immunoprecipitates from
crosslinked extracts most likely corresponds to co-precipitation of the
already described NSP2-VP1 interaction (90). In its purified form,
recombinant NSP2 as the one derived from rotavirus infected cells, did not
exist as a monomer but was present as an 85-10S homomultimers consisting
of 622 subunits of NSP2, also confirmed by crystallographic analysis (90; 174;
186).

NSP2, but not VP1, can be co-immunoprecipitated by anti-NSP5 antibody in
mild washing conditions. This interaction was strongly stabilised after UV
treatment. UV-mediated association does not involve covalent disulfide or
other bonds since the two proteins are separated in SDS-PAGE under both
reducing and non-reducing conditions (4). UV irradiation is usually used to
detect nudleic acids-binding proteins, since it catalyses covalent binding of
these molecules to aminoacid residues (21). Even though we have not
detected any RNA in our immunoprecipitates, it is known that UV treatment
induces crosslinking of NSP2 to RNA in vivo (91). Recently in our lab, it has
been found that NSP5 and NSP2 expressed in co-transfected cells can also be
co-immunoprecipitated after UV treatment, as it happens in infected cells
(Catherine Eichwald, unpublished), thus suggesting that viral RNA has not a
direct influence in the NSP5-NSP2 stabilisation. Further experiments are
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needed to confirm the importance of the RNA in the stabilisation of NSP2-
NSP5 interaction. It is therefore possible that following UV treatment, NSP2
may acquire a conformation that favour and stabilise a non-covalent
interaction with NSP5. The interaction between NSP5 and NSP2 would be
facilitated when the latter is bound to RNA. Recently, crystallographic
informations of the conformation of recombinant NSP2 in solution were
obtained, demonstrating that this protein may acquire two different
conformations, depending upon the presence of different ligands (free
nucleotides or magnesium) (174). It was proposed that NSP2 functions as a
molecular motor, catalysing the packaging of viral mRNA into core-like
replication intermediates through the energy derived from its recently
demonstrated NTPase activity (174; 186). The fact that NSP2 can exist in
different conformations, supports this hypothesis.

VP1 does not co-precipitate from UV-treated extracts, suggesting that the
nature of the interactions NSP5-NSP2 and NSP5-VP1 if this latter exists, are
different. An alternative possibility is that the same NSP2 has different
domains involved in the NSP5-NSP2 or in NSP2-VP1 interaction, that are
differently stabilised after UV treatment. Moreover, the presence of N5P2
homomultimers suggests that inside a multimer, different NSP2 molecules

could be connected to different viral proteins.

NSP5-NSP2 interaction influences important biochemical and functional
consequences in virus infected cells. We have demonstrated in fact that NSP2
is responsible of the up-regulation of the NSP5 phosphorylation
(hyperphosphorylation) and that this appears to be essential for NSP5
localisation in viroplasms. Moreover, we found that NSP2 is also responsible
to trigger destabilisation of NSP5, suggesting for NSP2 a peculiar role during
the infection, as a regulator of the NSP5 half-life.

The in vitro phosphorylation assays performed on DSP-crosslinked
immunoprecipitated extracts, showed that NSP5 was phosphorylated to an
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extent very similar to that observed in infected cells. This feature was also
observed in vivo in transient NSP5-NSP2 co-expression experiments, when
the two proteins are co-expressed in an effective concentration, that facilitate
their interaction. We favor the idea that the direct NSP2 and NSP5 interaction
is essential for NSP5 final maturation, enhancing its hyperphosphorylation
(until 32-34 kDa isoforms) in vivo and in vitro.

Recently enzymatic studies on recombinant NSP2 purified from bacteria,
reveled that it is associated to a nucleoside triphosphate activity, producing a
transient the covalent linkage of the y-phosphate to NSP2 (186). In addition,
in vitro experiments confirmed that NSP2 associated to purified immature
viral particles (sub-viral particles) is significantly phosphorylated (186).
Additional in vivo *Pi labelling experiments, however, showed that NSP2 in
virus infected cells or transiently expressed in MA014 cells, is poorly or not
phosphorylated (186), as also confirmed by the results obtained in our lab.
 The significance of NSP2 phosphorylation is not clear. A possible
explanation is that in vivo phosphorylation of NSP2, if it exists, is extremely
transient. An interesting scenario was proposed, suggesting that in virus
infected cells a cascade of events initiated by the NTPase activity of NSP2
could cause the final phosphorylation of NSP5. In this view, the interaction
of NSP5 with phosphorylated NSP2, would catalyse the transfer of the y-
phosphate from NSP2 to NSP5 and causes the hyperphosphorylation of
NSP5 (186). However, we had never noted an NSP2 phosphorylation in vivo
and moreover, purified NSP2 is unable to phosphorylate NSP5 in vitro
(unpublished results of Fulvia Vascotto and Catherine Eichwald).

A characteristic feature of rotavirus infected cells is the formation of large
accumulations of viral proteins and viral RNA in precise sites of the
cytoplasm, called viroplasms. From previous study, NSP2 and NSP5 were
shown to localise in viroplasms from the early stages of infection (146). The
study of the phenotype of different rotavirus ts-mutant strains, has

suggested that rotavirus viroplasms are the elective subcellular place of
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replication and packaging of newly made virus particles. At the non-
permissive temperature, cells infected with replication defective ts-mutants
(as in mutant tsE, mapping in gene encoding NSP2), lack viroplasms (68),
thus suggesting that an efficient replication requires also a correct
organisation and formation of viroplasms. NSP5 function in viroplasms is
still not known, since no ts-mutants NSP5 were ever found nor any other
NSP5 negative mutant, strongly suggesting NSP5 importance in the

replicative virus cycle.

The presence of NSP2 and NSP5 in viroplasms and the NSP5 biochemical
modifications consequent to its interaction with NSP2
(hyperphosphorylation), prompted us to investigate the cytoplasmatic
distribution of the two proteins in transfected cells. These experiments have
shown that co-expression of NSP2 and NSP5 in the absence of any other
rotaviral protein and rotavirus replication, is sufficient to organise structures
significantly similar to those found in infected cells, that we have called
viroplasm-like structures (VLS). Moreover, confocal microscopy has
demonstrated the precise spatial co-localisation of the two proteins in
viroplasm as well as in VLS, strongly confirming their interaction. However,
in viroplasms found in infected cells all the replication machinery, RNA and
other structural and non-structural proteins are present, thus these
viroplasms are less homogeneously defined and reflect a more complex

structure than VLS.

Our data permit to link NSP5 protein in the complex contest of rotavirus
morphogenesis. Replication components are not yet full characterised, but
the purification of an active replicase complex with anti-NSP2 antibody (7),
has permitted to hypothesise that NSP2 may have a fundamental role in
rotavirus replication. In particular NSP2 has higher affinity for ss- rather
than for ds-RNA (186), suggesting that it may stabilise ssRNA template to
present it to the polymerase VP1. The formation of VLS in the absence of the
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replication context, suggests the possibility that viroplasms could be
structurally organised by a primary protein-protein interaction that does not
require other components. This suggests that NSP5 and NSP2 have an early
"structural” function in virus replicative cycle as organisers of replicative
functional viroplasm. |

The results described are of particular interest if considered in the context of
NSP5 post-translational modifications. We have demonstrated that NSP5 in
vitro hyperphosphorylation is regulated by interaction with NSP2. This
observation was also extended to the interaction in vivo, which resulted in
the organisation of VLS. In order to map the NSP5 domains relevant for VLS
formation and to verify the importance of NSP5 hyperphosphorylation in
this process, we analysed a number of different NSP5 deletion mutants.
From this analysis, we found that Ad81-130 and AN33 have lost the
regulatory inhibition characteristic of the wt molecule and in fact, undergo
spontaneous hyperphosphorylation in vivo generating species of decreased
gel mobility, without any further dependence from NSP2. Mutant 2+4T has
the same behavior as Ad81-130, differing from it only for the absence of the
first domain. Interestingly, this mutants undergo spontaneous hyper-
phosphorylation, and are able to organise VLS when co-express together
with NSP2. All the N- and C-terminal NSP5 deletion mutants (AN80, AC1S,
AC29, AC48 and AC68) did not show a change in mobility, even though
ANB80, AC18, AC29 become phosphorylated, without any sensitivity to NSP2

presence.

From these results, we concluded that NSP5 hyperphosphorylation itself is
not sufficient to organize discrete cytoplasmatic structures (VLS) (as AN33)
and that both NSP5 and NSP2 appear to be essential for VLS formation. In
fact neither wt NSP5, nor any of its mutants tested, were able to produce VLS
when expressed alone. Similarly, homogeneously dispersed distribution of
NSP2 is observed when expressed in absence eof NSP5. The formation of

VLS, appears thus the result of a fine cooperation between NSP5
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hyperphosphorylation and NSP5-NSP2 interaction. However, the exact

timing and course of events that leads to VLS is not yet completely clear.

The results obtained with the NSP5 mutants analysis and in particular the
inability of AN33 in VLS formation, suggest that the N-terminal region of
NSP5 is a likely candidate domain for the protein localisation. Further
experiments are needed to definitively establish if the NSP2 binding site
maps in the first N-terminal 33 aminoacids of NSP5, but the data on the VLS
formation favoured this hypothesis. Alternatively, the NSP5 mutants could
have major structure distortions to impede interaction with NSP2, thus
interfering with VLS formation.

These data indicate once more that NSP5 does not contain any region that
can organise itself into VLS, without further support of NSP2. We can thus
conclude that viroplasm formation is strictly related to a correct NSP5

structure that allows efficient protein-protein interaction with NSP2.

We have demonstrated the ability of the NSP5 protein N-terminal fused to
EGFP to be targeted into original rotavirus-derived viroplasms, following
infection of MA104 cells. This result is important because it offers the
possibility of studying NSP5 mutants in the context of the infection. Indeed,
the specific localisation of NSP5-EGFP in true viroplasms suggests that trans-
molecular events with exogenous NSP5-EGFP protein may occur in vivo
during infection, allowing direct study of the dynamics of protein-protein
interactions in rotavirus infection. Using this same strategy, the different
NSP5 mutants tagged with EGFP were also recently characterised in our
laboratory in the contest of viral replication (results from Catherine

Eichwald), confirming most of the results obtained without infection.

The results obtained with AN33 or A81-130 suggest a constantly “open” state
of the molecule in terms of phosphorylation. The elimination of the first or
the third region of NSP5 (AN33 or A81-130) appears to result in a structural

change of the protein that abolishes the structural inhibitory control of the
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NSP5 hyperphosphorylation, thus mimicking NSP2-dependent
hyperphosphorylation of wt NSP5. We hypothesise that the N-terminal
portion of NSP5 plays an inhibitory role on NSP5 hyperphosphorylation,
probably through interactions that may involve the region between
aminoacids 81 and 130 (region 3). An interesting possibility is that AN33 and
A81-130 hyperphosphorylations are due to changes in the structural
molecular constrains present in the wt, that during infection are modulated
by interaction with NSP2. In this view, a complex NSP5 tertiary structure
may control also the hyperphosphorylation on specific serine/threonine
sites, which may be structurally accessible only after interaction with NSP2.
“Conformational changes can result from the interaction of NSP5 with itself or
with NSP2. NSP5-NSP2 interaction was also confirmed using the yeast two-
hybrid system (152). Recently the last C-terminal 10 residues of NSP5 have
been reported to be involved in the formation of NSP5-NSP5 oligomers or of
heterocomplexes between NSP5 and NSP6, a polypeptide encoded by the
alternative ORF of gene segment 11 (73; 192). However, NSP6 is poorly

studied, and NSP6 is not equally expressed in all rotavirus strains.

From the study of NSP5 mutants phosphorylation, we found that the
deletion of the last C-terminal highly conserved region (residues 131-198,
AC68) completely silences protein phosphorylation and moreover that the
last C-terminal 18 residues (tail) (AC18) are sufficient to abolishes NSP5
hyperphosphorylation. These data were also confirmed by a different group
(192). Interestingly, we recently found also that the mutant 2+4T represents
the shortest NSP5 portion that is able to induce a kinase activity that
phosphorylates NSP5 mutant AN33 (results from Catherine Eichwald and
Fulvia Vascotto). Moreover, they have also found that the deletion of 4 serine
residues in the B-A-B fourth domain of NSP5, inside the characteristic
DSDSE repeat (residues number 153, 155, 163, 165), shut off completely NSP5
hyperphosphorylation, suggesting that they are direct regulatory key
elements of the NSP5 hyperphosphorylation. We propose that the specific
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phosphorylation of this 4 serine residues of the B-A-B domain represents the
first step of a cascade of phosphorylation events that allows protein
hyperphosphorylation and viroplasm formation. Moreover, we have shown
that in vitro translated NSP5 polypeptide becomes phosphorylated and
transformed into the 28 kDa form only when extracts from infected cells
were added to the assay and hyperphosphorylation to 32-34 kDa forms
occurs in vitro when NSP5 protein is derived from virus-infected cells (5). All
these data highly supports the idea that the NSP5 hyperphosphorylation is
highly regulated at different steps and suggest that an initial activation of
NSP5 dependent of cellular kinases allows the further hyperphosphorylation
of NSP5. | | ..
- Recently, other authors have observed that the 26 kDa phosphorylated NSP5
protein purified from infected cells at earlier stages of the infection (4h post
infection), is not active in vitro in the autophosphorylation assay, while NSP5
extracted 6h later is (16). The authors suggest that for the complete NSP5
phosphorylation are required cofactors that are not present in the early
stages of the infection, that can consist of other cellular or viral proteins or
also of a NSP5 modified isoform (16).

The most recent results obtained in our lab, have demonstrated that NSP5
recovered from infected cells have an associated in vitro kinase activity that
produces highly phosphorylated species (32-34 kDa). Moreover, the NSP5
phosphorylation in the serines of the BAB domain (residues number 153, 155,
163, 165) by a specific cellular kinase activates NSP5 and allows its further
hyperphosphorylation (unpublished results of Fulvia Vascotto and Catherine
Eichwald).

NSP5 protein sequence contains phosphorylation recognition sites for
protein kinase C (SXR/KR/KXXS and K/RXS at residues 22, 30, 75, 100 and
136) and potential substrates for casein kinase II (position 56, 154 and 165
SXXD/E) (17). Protein kinase C and casein kinase II have been shown to be
active with the P phosphoprotein of vesicular stomatitis virus (11) and with
paramixoviruses (121). For both these virus types, the phosphorylation of the

P protein is essential for activation of the viral polymerase complex (12; 63).
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A final interesting aspect of the study of the NSP5-NSP2 interaction, was the
analysis of the stability of NSP5 when co-expressed together with NSP2. In
the past it has been reported that analysis of NSP2 aminoacids sequence
shows homology to metalloproteases (117) even if until now this hypothesis
was never confirmed. We have found that in the case of NSP5 mutants 2+4T
and Ad81-130, over-expression of NSP2 resulted in selective protein
degradation, while wtNSP5 or other mutants co-expressed with NSP2, are
less affected. However, NSP5 protein stability (as well also its
hyperphosphorlation and VLS formation) seems modulated by the amount
of NSP2 co-expressed in the cells and by the time of analysis, as well as by
transfection efficiency. Interestingly, the NSP2-mediated degradation has
much more evident and reproducible in the case of mutants 2+4T and Ad81-
130, rather than NSP5 wt.

We suggest that NSP5 degradation may be conformational related.
Moreover, NSP2-mediated NSP5 hyperphosphorylation or degradation may
be alternative and well controlled events. Degradation of a number of
proteins has been shown to be induced by phosphorylation (204) and
dephosphorylation (132) and coupling between phosphorylation and
- ubiquitination is a characteristic way of half-life control of several proteins.
Interestingly, recently ubiquitination was found involved in regulatory
functions different than direct protein degradation, as in the case of the
ubiquitination of NF-kB-inhibitor IxBa (31; 26).

It has been reported that short-lived proteins within eukaryotic cells,
generaﬂy‘ contain regions enriched in proline, glutammic acids, serine and
threonine residues (PEST) (169). These regions were identified by statistical
means as signals for protein instability. It was then demonstrated that PEST
sequences indeed control the ubiquitination of regulatory short-lived
proteins, such as Gl cyclins in yeast and mammalian cells (95).
Phosphorylation of particular serine or threonine residues within the PEST
regions of these G1 cyclins, specifies their recognition and processing by the

ubiquitin-proteasome pathway (98, 202; 166). Interestingly, NSP5 contains
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serine-threonine-serine stretch sequences (PxSSSxTTxSS), that resemble PEST
regions localised in the NSP5 first N-terminal portion. Moreover, the N-end
rule established a relationship between the N-terminal amino acid of certain
proteins and their susceptibility to ubiquitination (113).

Proteasomes play an essential role in the rapid elimination of short-lived key
regulatory proteins, as for example cell cycle proteins, rate-limiting enzymes
or transcriptional activators. Eukaryotic cells contain multiple proteolytic
systems, including the lysosomal proteases, calpains, the ATP-ubiquitin-
proteasome-dependent pathway and ATP-independent non lysosomal
degradation pathways. The major proteolytic activity in the cytosol is a large
ATP-dependent protease (2000 kDa) known as the 265 proteasome (31).
However, the importance of protein degradation has been difficult to study
because the lack of selective inhibitors of the major catabolic systems of the
cell. In the case of mutants 2+4T and Ad81-130, that have provided clearer
results on NSP2-mediated degradation, I have also tested different aldehydes
known to block proteasome-dependent and independent proteolysis (55;
168). None of these compounds was sufficient to protect 2+4T from

degradation.

A first simple explanation of the NSP5 degradation demonstrated in
transfected cells is that the excess of NSP5 protein that does not localise into
VLS (or viroplasms), could be unstable and rapidly involved in a
degradation pathway. However, the differential proteolysis of Ad81-130
deletion mutant depending upon its rate of phosphorylation, could indicate
that only the NSP5 hyperphosphorylated species are organised in VLS and
therefore less accessible to degradation. An interesting hypothesis, in fact, is
that viroplasms are subcellular compartments that protect NSP5 from the
different enzymatic activities.

More experiments are required to unequivocally verify the degradation on
NSP5 studying the physiological importance of the NSP2-mediated
degradation of NSP5 in virus infected cells. A possible hypothesis is that
NSP2 regulates the amount of NSP5 present at different stages of infection,
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and that the differentially phosphorylated forms of NSP5 are marked for

different protein fate.
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