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ABSTRACT

Rotaviruses, causative agents of gastroententigoung animals and humans, are
large icosahedral viruses with a complex architectihe double-stranded RNA (dsRNA)
genome composed of 11 segments, that codes fou&wstl and 6 non-structural proteins, is
enclosed within three concentric capsid layers.

NSP5, a non structural protein, is encoded by segrl. It is produced early in
infection and localizes in ‘viroplasms’, cytoplasmnclusion bodies in which viral RNA
replication and packaging take place. NSP5 is ¢isédar the replicative cycle of the virus
since, in its absence, viroplasms are not formetvaral RNA replication and transcription
do not occur.

NSP5 is known to undergo two different types oétpanslational modifications, a
cytoplasmic O-glycosylation and phosphorylation,icikhlead to the formation of proteins
differing in electrophoretic mobility. Although theyperphosphorylation process of NSP5
seems to be very complex, its role in the repheatiycle of rotavirus is unknown.

We demonstrated that NSP5 operates as an auita@gof its own phosphorylation
as a consequence of two distinct activities ofgheein: substrate and activator. In the first
part of the thesis we have shown, that phosphaoylatf Ser-67 within the SDSAS motif
(amino acids 63-67) was required to trigger hypesgpihorylation by promoting the activation
function. The evidence coming fromr vitro experiments, including kinase assay with
recombinant casein kinase from zebrafish, proved that this enzyme is resiiba$or a key
phosphorylation step that initiates the whole hppesphorylation cascade of NSP5.

In the second part of the dissertation, using MAIDF/TOF spectroscopy, we added
new data to the information about ghesttranslational modifications of NSP5. We conédn
that the region of the protein encompassing Seas-@hosphorylatedh vivo. Additionally we
managed to map which parts of NSP5 sequence caMrsetyloglucosamine and which
regions bear phosphorylated serines or threonines.

There is no evidence about structure of NSP5 isdrfahe last chapter we focused on
investigating the structural organization of thisiaial viral protein. To achieve this, in
addition to the full length protein, one point ntiga and two different truncation mutants
were constructed, expressed, purified and refoldée. secondary structure of the different
proteins was analyzed by circular dichroism specwwpy and general information about
protein conformation was provided. Our findinggydther with an analysis of NSP5 sequence

indicate that NSP5 can be an intrinsically unfoldesbrdered protein.
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Introduction

1. INTRODUCTION

Until the 1970s, the etiological agents of diarrmeae not specified. Bacterial, viral,
or parasitic agents could be detected in only 16%006 of children with diarrhea. In 1973,
Bishop et al. noticed a 70 nm virus particle whileing electron microscopy to detect
infection in the duodenal epithelium of childrenshialized for treatment of acute diarrhea
[11]. It soon became clear that the 70 nm partsldsequently called rotavirus for its wheel-
like appearance (Fig.1l) (Latin, rota=wheel), wascausing agent of acute infantile
gastroenteritis. Within 5 years after that discgyeptavirus was recognized as the most
common cause of diarrhea in infants and young wdmldworldwide, responsible for

approximately 600 000 infant deaths annually [12].

Fig.1. Rotavirus particles visualized by immune
electron microscopy in stool filtrate from child
with acute gastroenteritis. 70-nm particles
| possess distinctive double-shelled outer capsid.
" Bar=100 nm [13].
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1.1. Rotavirus classification

The dsRNA viruses are classified into six major ifeas that are distinguished by they
genome organization, strategies for protein codingon structures, host range and other
differences. While the simplest members of the viietiae family posses single dsRNA
segment, more complex viruses like members of teevRdae family contain 10-12
segments of dsRNA. Rotaviruses (RV) are classdie@ genus within this family. Common

morphological, and biochemical features of Rotasesiare listed in table 1.

Structure

65- to 75-nm icosahedral particles

Triple-layered protein capsid

Nonenveloped (resistant to lipid solvents)

Capsid contain all enzymes for mRNA production

Genome

11 segments of dsSRNA

Purified RNA segments are not infectious

Each RNA segment codes for at least one protein

RNA segments from different viruses reassort at Hrglquency during dual infections
cells

Replication

Cultivation facilitated by proteases

Cytoplasmic replication

Inclusion body formation

Unigue morphogenesis involves transient envelopetiges

Virus released by cell lysis or by nonclassic valsictransport in polarized epithelial cells

Tab.1. General characteristics of Rotavirusefl].

Rotavirus strains are classified by three antigepiecificities- group, subgroup, and
serotype/genotype. There are seven RV groups (Al&@rmined by serological specificity to
the structural protein of the inner capsid, VP6edaminant group antigen. The human

pathogens belong to groups A, B, and C, the mopbitant of which are those in group A.
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Group B viruses have been associated with outbrefaksvere adult diarrhea in China, those
in group C cause rare and sporadic outbreaks efgésin children in many countries [14]
[14]. RVs in groups D-G infect only animals.

Subgroup is also determined by epitopes of VP6,iardivided into two categories,
marked as | and Il. Further classification of RWwdlves a binary system based on two
proteins, VP7 and VP4. The outermost capsid glyaem, VP7, determines the G
(G=glycoprotein) type of a RV strain. G type reféoseither VP7 serotype or genotype as
determined by antibody neutralization or nucleieddagequence, respectively. To date, all
identified G serotypes and genotypes are concordans, the G type of RV is expressed as a
single digit, for example, G2. There are 15 G tyfmsd in humans but most abundant are
those from G1 to G4.

The RV spike protein, VP4, determines the P typet@ase-sensitive) of a strain. P
types also consist of serotype and genotype, thaagi is denoted separately in current
nomenclature. P serotype is listed first followgdFbgenotype in brackets, e.g. P1[8]. Eleven
P serotypes have been identified while twenty ongeRotypes are known. Among them
seven are found in humans [15].

RV field isolates are monitored worldwide and hgwevided useful information
about RV genetic variation. Prevalent strains affierdoetween regions in the same country,
as well as from year to year in the same regiordithahally, no correlation exists between
disease severity and serotype [15]. Over the pAsyears, the majority of RV disease in
North America, Europe, and Australia has been achbyge[8]G1 strains [14].

Summarizing, classification of rotaviruses is basedscheme: group, designed by
roman capital letters (A-G), subgroup, represebte®oman numerals and serotype (G or P),
designed by Arabic number. However emergence oheeasing number of unusual strains
that cannot be classified in either subgroup orctassified to both subgroups [16] have been

described. This highlights the importance of R\Aistisurveillance in vaccine development.
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1.2. Structure of rotavirus

1.2.1. Rotavirus architecture

Tree- dimensional structures of different membefs Reoviridae family, as
bluetongue virus (BTV) of Orbivirus genus and savestrains of Reovirus genus were
obtained using electron cryomicroscopy (Cryo-EM) atomputer image reconstruction
techniques [17]. The overall organization is siméeong these viruses.

Rotavirus is the best characterized virus of Réda& The first Cryo-EM
reconstruction (made up to a resolution of 40A)ad&virus was demonstrated by Prasad et al.
in 1988. These studies were performed on the sinsiaain SA11. Two years later
reconstruction (at higher resolution) of anothéavaus strain, rhesus RVV, was showed [4].
The analysis of these two rotavirus strains reveaéy similar structural features [1].

The virion of rotavirus is, as all virions of dsRNAruses except bacteriophages from
Cystoviridae family [18], non-enveloped. It is rmalaly large, has a diameter of around
1000A and a left handed T=13 icosahedral symmelrgracterized by 132 aqueous channels
and 60 surface spikes [19]. Capsid is composedhiet concentric protein layers. The
complete rotavirus virions are called TLPs (trifdgered particles), particles that lacks the
outer layer are named DLPs (double-layered pascéand, in contrast to TLPs, are non-
infectious. Particles that lack two the outer shalle called SLPs (single-layered particles) or
cores. The outer layer is made of two proteingesprotein VP4 and VP7. The intermediate
one is built of VP6 trimers and surrounds the insieell, core, composed of the structural
protein VP2. The layer of VP2 protects two struatuviral proteins involved in virus
replication and transcription (VP1 and VP3) andvefe dsRNA segments, the rotavirus

genome, that encode six structural and six nonsiraicproteins (Fig. 2).

1.2.2. The outer capsid layer

The outer capsid layer plays the crucial role nmstfiphase of virus infection as is
implicated in host cell attachment, membrane patietr and cell entry [20]n rotavirus, the
outermost shell is made up of VP4 and VP7 proteéimgo-EM studies indicate that the 780

11
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molecules of VP7, arranged as 260 trimers andéalcat the local and strict three-fold axes of
a T = 13 (left-handed) icosahedral lattice, arefarmly distributed and form a smooth
surface. From the surface protrude 60 spikes, edodt the distal end and 100- 120A long.
The spikes are composed of dimeric VP4 proteiringbe whole virion there are 120 copies
of VP4 [19] [21]. Subsequent cryo-EM studies disad that VP4 has a large globular
domain that is buried inside the inner layer, mgkime total length of the spike about 200A
.The buried part interacts with the intermediatetgrotein VP6 [22] [23].

RNA :
Segment Protein

1= ——— - P

5 —# ——— <— NSP1

6—» —— 4+—VP6

7 NSP2
BB e ¥ N3PS
9 VPT
10— — — <— NSP4
11— == +— NG5P5. 6

(A)

(E) I {F)

Fig 2. Architectural features of rotavirus. (A) PAGE gel showing 11 dsRNA segments comprising the
rotavirus genome. The gene segments are numbered tire left and the proteins they encode are indicate
on the right. (B) Cryo-EM reconstruction of the rotavirus triple-layered particle. The spike proteinsVP4

is colored in orange and the outermost VP7 layer iryellow. (C) A cutaway view of the rotavirus TLP
showing the inner VP6 (blue) and VP2 (green) layerand the transcriptional enzymes (shown in red)
anchored to the VP2 layer at the five-fold axes. (DSchematic depiction of genome organization in
rotavirus. The genome segments are represented awérted conical spirals surrounding the transcription
enzymes (shown as red balls) inside the VP2 layen igreen.(E and F) Model from Cryo-EM
reconstruction of transcribing DLPs. The endogenousranscription results in the simultaneous releasef
the transcribed mMRNA from channels located at theife-fold vertex of the icosahedral DLA20].
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The characteristic feature of rotavirus is the gneg on the surface of not only VP4
spikes but also 132 aqueous channels (Fig.2F, 3aldat link the outer surface with the
inner core [17]. The channels, about 140 A deep, lacalized at all the five- and six-
coordinated positions of the T = 13 lattice. Thare three types of channels that can be
distinguished according to their position and giz2 type |, 60 type Il and 60 type III) [1].
Type Il and Ill are about 55A wide while type | leas narrower and more circular opening
around 40A in diameter and they are defined onlyBg.

Fig. 3. Surface view of the 37A rhesus rotavirus
reconstruction viewed along two fold symmetry
axes display T = 13 icosahedral lattice symmetry.
The characteristic features of the outer surface a

the 60 prominent spikes extending over 100 A from
the virion surface and a relatively smooth,

spherical outer capsid perforated by 132 holes of
three types: 12 type | holes at the icosahedral
vertices; 60 type Il holes at the peripentonal
positions; and 60 type Il holes encircling the
icosahedral threefold axes of symmetry [4].

Fig. 4. Aqueous channels

Central (equatorial) sections of the 37A,
reconstructions viewed along a twofold direction ag
displayed with reverse contrast (bright regions
correspond to high mass density). The three typed o
holes identified in Fig.4 are labeled. Icosahedral
symmetry axes that lie within the equatorial plane
are also shown [4].

The base of the type | channels is closed in tidecdy the VP2 pavement [24] [25]. Type |
channels are involved in importing metabolites megifor RNA transcription and exporting
the nascent mRNA (Fig 2E, F) [24].

13
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1.2.3. The intermediate layer

Intermediate layer of rotavirus virion is formed B@O trimers of structural protein
VP6, the most abundant protein of the virion. Thetribution of the protein mass in the
second layer of the virion is not uniform and hamsiatly appearance in contrast to the smooth
VP7-VP4 surface. The trimers are assembled, ligeotlter shell, on T=13 lattice, and interact
with outer shell proteins in a way that the chasnelthese shells are in register [19] [4]. All
the surfaces of VP6 that are implicated in inteoast with VP4, VP7 and VP2 contain the
most conserved residues. Extensive lateral interstbetween trimers and outer shell

involve charged residues, whereas contacts with &B2nainly hydrophobic [26].

1.2.4. The inner layer, subcore and genome structer

The most inner shell of rotavirus is composed d h#blecules of VP2 protein (60
dimers), possess T=1 symmetry and is quite smonthhe exterior [27] [1].The layer is
interrupted by small pores that connect the caexior with environment. Whereas type | and
type Il channels are terminated at this layer,tyipe 11l channels continue beyond this shell
[1]. This surface provides a structural platfornt fissembly of VP6 trimers, preventing
aggregation of the core (VP1 and VP3 are highlyrbghtobic proteins). This is the only
rotavirus structural protein that has ability tdf-sssemble into a native-like icosahedral
structure on the physiological conditions when esped in insect cells. This suggests, that
VP2 can be the scaffold for three layered parfictenation [28] [29]. The two other proteins
that are part of the core, VP1, the RNA-dependeNARolymerase [30], and VP3, the
guanylyl and methyl transferase (MRNA capping) [[BH], are ten times less abundant than
VP2 [33], and provide enzymatic functions required producing the capped mRNA
transcripts and genome replication. Biochemical stndctural studies have shown that VP1
and VP3 are located in close proximity to each o#dral that form a heterodimer [34] [25].
VP2 is known to bind RNA through its N-terminal ickges, what was observed in cryo-EM
structure of DLS. The N-terminal region of VP2 puates inward at the fivefold axis to form

a pentagonal shape and is also implicated in amdhn®P1/VP3 complex. This position is

14
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consistent with releasing of nascent mRNA though tiype | channel [35]. It is still not
completely clear, but the N-terminus residues of ®P2 subunit appears to be occupied in
transcription enzyme holding, while the N-termimabidues of the other subunit may be
involved in interaction with the underlying genonR&A [20].

The precise structural organization of rotavirusagae is not completely clear. It was
however demonstrated that the genome forms concésyers, separated by a distance of 28-
30A [36], where each segment of RNA is spooled mgotranscription enzymes complex,
located at the icosahedral vertices. Possible madgigested by Goeyt et. al. for the

bluetongue virus [37] seems to be very realisgso &r the rotavirus [5] ( Fig. 2D, 5).

Fig. 5. Model of structural organization of rotavirus
genome. Each dsRNA segment is coiled in a cone shap
at the fivefold vertex [5].

This model allows 12 independent transcription clexgs, each attached to an individual
dsRNA segment. It is concordant with the fact tilahow no dsRNA virus with more than
12 segments is known, however most of the memMUeatrgsofamily have not 12 but 10 or 11

segments [20].
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1.3. Organization of rotavirus genome segments

The total length of rotavirus genome is about 18 kbp. It consists 11 segment of
dsRNA with a size range of 0.6 to 3.3 kbp [38]. B@einated rotavirus dsSRNA segments are
not infectious, confirming the need for presenceRMNA-dependent RNA polymerase to
transcribe the individual RNA segments into activieNA. Purified dsRNA segments can be
resolved by polyacrylamide gel electrophoresis ammtbording to the order of migration
(length) of segments, are numbered from 1(the "dowe eleven (the fastest) (Fig. 2A).

The sequence of different genome segments, alsgeddrom distinct rotavirus strains, show

common characteristics (Fig. 6.) [1]:

sequences are A+U rich (58 to 67%)

segments are base-paired end to end

- the positive RNA strands contain cap structureshat5’ end, while lacking 3
terminal poly (A ) tails (distinctly to the most oéllular mMRNAS) [39]

- each (+) RNA segment starts at 5’-prime end withnjdine, followed by a set of
conserved nucleotides that are part of 5-nonapdieguences (called untranslated 5°
region, 5’UTR), then followed by usually unique opeading frame (ORF) for the
protein product, that ends with the stop codon, thie finished by set of noncoding
conserved 3’ sequences (3'UTR) with two termindbsines at the very end

- all the sequenced genes possess at least one RRgndiated by a strong initiation
codon based on Kozak’s rules, although some ofjimes contain additional in-phase
ORF (segments 7, 9 and 10) or out of phase atteenr@RF (segment 11)

- all genes are monocistronic, except gene 11, taegscfor two different proteins.

The roles of the UTRs are not completely elucidabed they are probably targets for
rotavirus RNA-binding proteins that participate RNA synthesis, regulation of gene
expression and packaging. In addition to primayusaces, secondary structures present in
the UTRs may serve as component to the recognsiigmals for the RNA-binding proteins
[40] [41].

16
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(2 -4£) ORF 17-162)
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Fig. 6. Major features of rotavirus gene structure. Schematic shows the overall structure of
rotavirus genes from the published sequences of ges11 to 11. All eleven rotavirus genes lack a
polyadenylation signal, they are A+U rich, and theycontain conserved consensus sequences
(UTRs) at their 5’ and 3’ ends [1].

As all the 11 mRNAs are replicated by the same YBlymerase, they must share
common cis-acting signals and these signals aetyliio be formed by secondary structures
rather than by primary sequences. Some of the ctisea signals for rotavirus RNA
replication and translation have been identifietl fackaging rules still have to be clarified.
Each mRNA has to contain a unique signal becausemRMNAs must be distinguished from
one another. Possible explanation can depend @amdaiy structure of positive RNA strands
because secondary panhandle-like, and especiaffgret in each (+)RNA, stem-loop

structures, have already been predicted [42].
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1.4. Structural proteins

1.4.1.VP1

The structural protein VP1 is codified by the génef rotavirus. It is a basic protein and
for the bovine rotavirus (RF strain) has an appaneolecular mass of 125 kDa [43]. It is
present in the cores only in a few copies and tagewith VP3 forms a heterodimer. VP1 has
two recognized functions:

- acts as a transcriptase - using as a templatesnstrand of dsRNA synthesizes
primary viral transcripts which are extruded inke tcell's cytoplasm through the I-
class channels

- functions as a replicase synthesizing minus steemthe template of (+)RNA strand.
These functions were found on the basis of sewabakrvations. It reveals non specific
affinity to RNA [44] and it is the only protein abtavirus that shows sequence-specific
recognition of viral RNA (binds to 3’end of gener8RNA) [45]. Moreover, it shares the four
common motifs conserved among sequences of all Ripendent RNA polymerases of
other RNA viruses [43]. VP1 binds nucleotides arakvwdemonstrated that crosslinking of
photoreactable nucleotide azido-adenosine triphatgph(azido-ATP) to VP1 inhibits
transcription [30].

Additionally its temperature sensitive mutant of dot synthesize ssRNA at the non
permissive temperature [46]. Reconstitution expernita with baculovirus-expressed protein
have shown that VP1 requires VP2 for replicasesiigtand presence of VP2 stimulates VP1
replicase activity several fold. VP1 is able todwiral mMRNA in the absence of any other
viral proteins but its replicase activity requigevious VP2 interaction with RNA [45] [47].

Moreover it was demonstrated several times that \Pable to interact with NSP2

[48, 49] and can be chemically crosslinked in liyicells with NSP5 [49]. However, the
experiments performed recently in our laboratorgvedd, that the interaction of NSP5 with
VP1 was found to be stronger than the interactidd®P5 with NSP2[50].

18
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1.4.2. VP2

VP2 is the most abundant protein of the rotavilu® ¢around 90%). It is encoded by
gene 2 and yields the 882aa protein with a molecukss of 102.5 kDa. Between amino acid
536 and 686 are localized two leucine zippers thay play a role in VP2 oligomeryzation
into the core where it is present in the form of dfhers [1] .VP2 interacts with VP6,
genomic dsRNA and with VP1/VP3 replication-trangttan complex. Contact with the VP6
layer is created on the base of hydrophobic intenag [26]. VP2 is the only structural
protein that has the ability to self-assembly iatoative like icosahedral structure, when
expressed in insect cells. This observation styonglicates that it may play as structural
scaffold for the proper assembly of other viraltpnas. Co-expression in baculovirus of VP2
together with VP6 leads to formation of VP2/6 deulayered complex called Virus Like
Particles (VLPs) [29].Same results were obtainepressing these two proteins in vaccinia
system [51] [52].

It is known that VP2 interact with VP1 and VP3 by N-terminal region. That was
deduced from biochemical studies on recombinant 8/L&ntaining VP2 with amino-
terminal deletions, co-expressed with VP6, VP1 &R8B. Lack of 25 residues on the N-
terminus completely prevents incorporating of VPRBVreplication/transcription complex
[53] [20].

Further evidence suggests that the amino termifiugR2 plays a major role in
organizing the major components of the endogenmrssdription apparatus, the genomic
dsRNA and the VP1-VP3 enzyme complexes, withincbre of the virion. It was found that
the N-terminal 132aa domain of VP2 is implicatedRiNA binding. Through that region VP2
is able to bind single and double stranded RNA .[SB1]bsequent experiments have shown
that removal of as few as the first 25 amino a&idsy the amino terminus of VP2 completely
abolishes RNA binding activity, suggesting that ifegrity of the complete amino-terminal
domain is critical for the conformation of the RNodnding site. The predicted amino acid
sequence of this domain contains several motifschviziould potentially form the site of
interaction between VP2 and RNA [55] [56]. In sugpid these observations, the structure of
the native double-layered particle (DLP) determir®d electron cryomicroscopy shows
significant interactions between the inner surfat&P2 and the genomic dsRNA near the
icosahedral fivefold axes and minor interactionsngl the icosahedral twofold axes [25].

These interactions result in nearly 25% of the ganodsRNA adopting a highly ordered
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conformation. Clearly the VP2 capsid layer is hygimistrumental in organizing the genomic
dsRNA within the core.

1.4.3. VP3

VP3 is a 98kDa (835aa) basic protein coded by gensegment 3. It is the minor
component of the core that together with VP1 foansomodimer- transcription/replication
complex. Encapsidation of VP1 and VP3 in the ircwre depends on interaction with the N-
terminal of VP2 [53]. VP3 expressed in rotaviruvaently bound GTP what suggest that
VP3 alone is a guanyltransferase [32]. Subsequendies showed that VP3 interacts with
GTP [57] and forms covalent VP3-GMP adducts [58it ttonfirmed the previous finding. It
was also noticed that VP3 has ability to bind ssRiNA does not bind dsRNA. The ssRNA-
binding is sequence independent, but higher inti@raaffinity was found for uncapped than
for capped RNA [47] [44]. The guanylyltransferasmivaty of VP3 is nonspecific as it can
cap plus- and minus-strand viral RNAs, non viral&Nand RNAs initiating with G and A
residues, but not dsRNA [32]. It was also demotstidy VP3 binding to S-adenosyl-I-
methionine (SAM), a substrate necessary for cafhyfeton of RNA, that open rotavirus
cores possess active methylotransferase activity.

All the data indicate that VP3 is a multifunctionedpping enzyme as it shares
characteristics with capping enzymes of other membgthe Reoviridae, including the VP4

protein of bluetongue virus (BTV) and th2 protein of reovirus [44].

1.4.4.VP4

VP4 is a structural non glycosilated protein, ermzbdy genome segment 4. It is
known to be the main component of rotavirus cethyeapparatus therefore plays essential
role in the virus life cycle. Indeed antibodies iaga VP4 neutralize the virus and block cell
entry [59].

It is a very distinctive element of rotavirus atebture as it forms characteristic 60

spikes on the surface of the virion. Recent studissovered that VP4 is a very flexible
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protein and during virus cell entry process perferies of molecular rearrangements that
change its conformation. Initially, prior to trypstleavage, VP4 has a flexible conformation.
Trypsin digestion rigidifies VP4 molecules and pgimotavirus to infect the cell. In this state
VP4 is organized in a dimer that forms a rigid spithird VP4 molecule remain flexible (Fig.
9A). This is a crucial moment in rotavirus infectias without proteolytic activation virus can
not enter the cell. During digestion, VP4 (88 kikakleaved into VP8* (28 kDa, aa 1-247)
and VP5* (60 kDa, aa 248-776), the cleavage praedughain associated in the virion [60].
The VP8* fragment contains a globular domain, tiR8Y¥core, which forms the ‘*head’ of the
spike. Portions of both VP8* and VP5* make up thedy’ that is linked by an asymmetric
‘stalk’ to a ‘foot,” which is buried beneath the ¥Bhell (Fig.7.) [23] [22].

Fig. 7. VP4 domains scheme .Head (H),
WP body (B), stalk (S) and foot (F) regions of the
VP4 spikes are indicated. The drawing is
based on an electron cryomicroscopy image
reconstruction from [4]. Copied from [9].

= /PT

= /PG

= P2
- ENA

VP8* masks the hydrophobic apex of VP5* on primgukes [9]. It contains a
hemagglutination motif and sialic acid (SA) bindisite in the strains that use this receptor to
enter the cell. These strains are able to agghetined blood cells by binding SA on the
surface of erythrocytes [60]. Involvement of SAidgrrotavirus infections is not an essential
step for all rotavirus strains. In many rotavirtiams, including human rotaviruses, cell entry
is SA independent [61]. In these viruses, the nigjaf neutralizing monoclonal antibodies
that recognize VP4 select mutations in VP5* [62]ggesting that cell entry is mediated
mainly by the VP5*. The VP8* core is an importaatget of neutralizing antibodies against
rotavirus and major determinant of P serotype fothbSA-dependent and SA-independent
strains [63]. VP8* can also play intracellulareoh virus replication as it has been shown to
activate cell signaling pathway upon binding thendu necrosis factor receptor-associated
factors (TRAFS) [64].
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VP8* has g3-sandwich fold of the galactines- a family of sugarging proteins. The
crystal structure reveals that the core is orgahimea single domain composed from t@o
sheets, formed by five-stranded and six-strarfgisttands -strands are flanked by two
helixes, a shorter one, laying in the inter-sheeipland C-terminal, bridging parallgt
structure and extendefgiribbon. The central part of a structure is compobg the cleft
situated between twe- sheets. The tight fold ¢fsandwich with short loops between strands
and dense hydrophobic cores between the majortstali@lements suggest a rigid structure
that is unable to undergo major rearrangementsnguwell entry. The compactness favors
protease resistance [65]. Although crystal strictfrthe equivalent VP8* domains from the
sialic acid-independent rotavirus strains diffendtionally, share the same galectin-like fold.
Differences in the groove region that correspod$hé¢ SA binding site make it unlikely that
SA-independent rotavirus binds an alternative dayHoate ligand in this location [66].

Another, not yet elucidated event triggers VP4 bhange the conformation for a
second time (Fig. 8 B.). Two VP5* subunits fold-kaand join a third subunit to form a
tightly associated trimer. VP8* domain dissociat@seractions with VP5* are due to
hydrophobic interactions) and expose a hydropha@pex of VP5* that is a potential

membrane interaction region [7].

Fig. 8. Models of two VP4 conformations. (A) The ypsin primed state. Two rigid subunits form the
spike visible in electron cryomicroscopy, a third sbunit is flexible. VP8* is gray, with an N-terminal
tether and a globular head creased by the sialosid@nding site. The VP5* antigen domain is green
bean-shape, with a red membrane interaction regioand a yellow GH loop. An additional b-strand C-
terminal to the antigen domain is also yellow. Thepike body includes the VP5* antigen domain, part
of the VP8* tether, and the GH loop. The foot is hle, as is a protruding region that rearranges into
the coiled-coil. (B) The putative post-membrane pestration state. VP8* has dissociated; the yellow
parts of each subunit have joined in a b-annulus;hte a-helical triple coiled-coil has zipped up; andhe
VP5* antigen domain has folded back [7].
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The structure of VP5* fragment, VP5CT, was solved doystallization. It is the
strongest evidence confirming trimeric, folded-bestlte of VP5*. VP5CT is a protease
cleaved fragment of rhesus rotavirus (RVV) thatsists of residues A248 to L525 (or 528);
the missing C-terminal is a part of the ‘foot’ thetouried in the VP7 layer and interacts with
VP6. VP5CT is a well-ordered homotrimer that reskesla folded umbrella (Fig. 9A). The
‘post’ of the umbrella is a C-terminal;helical, triple coiled-coil. Each of the three pén
comprising the ‘shade’ of the umbrella representdlagerminal globular domain. The core of
each globular domain is an eight-stranded antiffghifizsandwich. The flexible tip of one of
the B-hairpins is exposed to the solvent and contaireguence motif (DGE), probably
implicated in rotavirus binding ta2al integrin (Fig.9A). Another interesting aspecttlois
structure is that the tips of loops projecting frtre bottom edge of globular domains possess
a hydrophobic region that may function in membrg@e@etration. The sequence of these
loops shares a sequence similarity with alphavimogs implicated in membrane disruption
but the loop and domain structures are differemus] the sequence similarity probably
reflects selection for hydrophobicity and flexibyliin both loops, but not common ancestry
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Fig. 9. VP5CT and the VP5* antigen domain. (A) Ribbn diagram of the VP5CT trimer, colored to
match Figure 1. VP5CT does not include the foot régn. Int- integrin binding motif; IM- potential
membrane interaction loop (B) Ribbon diagram of a mgle VP5CT subunit. The part that forms the
VP5* antigen domain is green, yellow, and red. Modied from [9] [7].
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Apart from cell entry VP4 may be implicated in atheteractions inside of infected
cell. It was demonstrated that VP4 interacts with/\and NSP4 [67]. Newly synthesized VP4
particles are present in the space between peyiptireiplasms and outside of ER [68]. It was
found at the plasma membrane and it colocalizeb wie cytoskeleton of infected cells.
Recently it was shown that it is strongly assocdiatéth lipid raft microdomains and binds to
two cellular proteins, GTPase Rab5, and to preegi&ab acceptor (PRAL) that regulate the
vesicular traffic and the motility of early endosesnalong microtubules. These results
suggest that Rab5 and PRA1 may be involved indhbalization and trafficking of VP4 in
infected cells [69]. The precise goal and mecharoail these interactions has to be already

entirely clarified.

1.4.5. VP6

VP6 is encoded by segment 6 of the genome. It [sghly immunogenic, very
hydrophobic 45 kDa protein that is conserved anmmngt of rotavirus strains. It is the most
abundant structural component of the virus. It ferorganized in 260 very stable trimers, the
intermediate layer of virion structure and the master shell in DLP in the way so that the
agueous channels in the two T = 13 layers aredistex. In the overall organization of the
rotavirus, VP6 appears to integrate the two priacfpnctions of the virus, cell entry and
endogenous transcription, through its interactiwrth the outer layer proteins VP7 and VP4,
and the inner layer protein VP2. Biochemical stadiicated that none of the component of
DLP alone is able to transcribe the dsRNA but ViR&pite of lack of enzymatic function, is
essential for endogenous transcription of the genpid] [71].

The structure of VP6 was revealed by crystallogyaj@6]. Each VP6 monomer has
two distinct domains, defined as B and H. Domairs Bresent at the base of the molecule
and is composed of a bundle of eighhelices that derive from two different segments of
polypeptide chain. The first segment comes fromeMatnal part of VP6 while remaining
three helices are formed from C-terminus end ofséguence. In domain B the ofhsheet
element consists @f-hairpin that connects twae-helices. Thap-hairpin motif of contains a
highly conserved sequence that protrudes into thenmel | and plausibly may play a
functional role in the translocation of the nascem®NA transcripts during endogenous
transcription. The electrostatic repulsion betwd#ennegatively charged channel surface and

the nucleic acid is likely to facilitate the extius of the transcript by increasing its fluidity.
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Domain H making up the top of the molecule, foldsoip-sandwich with the jelly-roll
topology. Hydrophobic interactions in this domara eesponsible for trimerization of VP6, as
mutant lacking that domain can not form the trimérle deletion mutants that lack the
domain B are capable to trimerize [72]. The chanastic feature of the VP6 trimer structure
is a Zrf"ion that essentially contributes to the trimer Hizdttion.

VP6 trimers interact specifically with itself andtlall three structural proteins in the
virion. Interactions with VP2 are mainly hydropholwhereas contacts between VP4 at the
sides of domain H and VP7 at the top of domain #zatcharged residues. The lateral
interactions between the trimers that involve chdrgesidues are not sufficient to form the
closed shell. Therefore it is likely that a progerffold for the assembly of VP6 into T=13
icosahedral organization is provided by VP2 laydl.the interaction surfaces relay on the
most conserved amino acids of polypeptide chaire @&kperiments like detailed mutational
analysis based on pseudo-atomic model of VP6 [idd]cyo-EM structural studies on DLP-
anti (VP6) MAb complexes [34] [73] clearly indicathat not only the observed proper
assembly of VP6 trimers on VP2 but also intact dyica of interaction between these two

proteins are absolutely required for correct endogs transcription.

1.4.6. VP7

VP7 (37 kDa) is encoded by genome segment 9 in SA&In. It is the second, after
VP6, most abundant structural protein of rotavirlisgether with VP4 it is responsible for
forming the most outer layer of the virion impliedtin cell attachment and entry.

VP7 is a glycoprotein that contains three N-glydasgn sites, from which only two
are apparently used. Biochemical studies indidasé modifications contain N-linked adding
of high mannose oligosaccharides, which are precedsy trimming [74] [75] [76].
MansGIcNAc, and MaRGIcNAc; oligosaccharide residues are found on intracellMBi7
while MansGIcNAC; is found on mature virus particles [77] [74]. V&7 cotranslationally
glycosylated as it is inserted into the membranehef ER, and insertion is directed by a
cleavable signal sequence localized at the amimoite@s of the protein [78] [79] [74]. The
ORF of 326 amino acids begins with an initiatioml@o with a weak consensus sequence. A
second, in-frame initiation codon precedes twoamegjiof hydrophobic amino acids (H1 and
H2), which can act as the signal sequence to dvéa to the ER, although the second is

thought to be the major species used in cells. Jitee of cleavage of signal peptide is
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glutamine 51 [80]. VP7 lacks the characteristic KD&&quence important in conferring ER
[81] retention but contains a conserved region witkdrophobic amino acids (consensus
peptide LPXTG) which acts as the signal sequendacting VP7 to ER [82].

Although these residues are critical for retentibie, method by which VP7 remains in the ER
is unresolved. After its insertion into membran&47 is resistant to digestion with
proteolytic enzymes, suggesting it is not a memdgyanning protein [74] [76]. It remains
membrane associated after high salt treatment @ledse of microsomal contents at alkaline
pH what suggest that it is an integral membranépravith a luminal orientation 120 [74].

VP7 in infected cells forms oligomers with VP4 aN&P4 [67].These interactions
appear to be important for the assembly of VP7 autier capsid. Mature VP7 lacks all amino
acids proximal to GIn 51 but many conserved amiociolsaare present before the second
hydrophobic domain. Proper folding of VP7, in whinte involved highly conserved cysteins,
requires ATP [83].It was found that this procesquiees also cellular factors like ER-
associated chaperone calnexin, interacting aldo M8P4 [84].

The precise role of VP7 during early interactiohghe virus with the cell is not clear,
but it has been postulated that VP7 may moduladithction of VP4 during the attachment
and entry process [85]. It may interact with cellface molecules after the interaction is
initiated by VP4 [86]. It was found that VP4 comt@equences that bind integrins. It has two
sequences motifs that may be important in thisggecCNP that interact with integrn3
[87] and GPRP that is bound by integuirf2 [88]. VP7 in its sequence containes pralines
that binds calcium and the sensitivity of viriores low calcium concentrations is strain-
dependent [89] [90]. Several studies also have estgd calcium-driven conformational
changes in VP7 [91]. Studies on baculovirus-exgesecombinant VP7 have shown a
requirement for calcium in the formation of VP7ni&rs, which crystallize into hexagonal
plates mimicking the arrangement of VP7 on the icaf@2]. Thus, while appropriate levels
of calcium help maintain the structural integrifytioe VP7 layer, low calcium concentrations,
similar to those in the cytoplasm, trigger the d&miation of VP7 trimers leading to

uncoating of the VP7 layer and releasing transomaily competent form of rotavirus -DLP.
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1.5. Nonstructural proteins

1.5.1. NSP1

Rotavirus NSP1 (55kDa) is the product of the geneagment 5. It is known to be the
least abundant protein of rotavirus. Although ifieated cells it localizes throughout the
cytoplasm [93] in contrast to most other rotavipusteins that concentrate in viroplasms, it is
able to interact with NSP3, NSP5 and NSP6 [94].&dwer NSP1 was found associated with
the cytoskeleton when analyzed by subcellular ivaation [93].

NSP1 is also the least conserved protein amongptliirus nonstructural proteins.
The only conserved part is the N-terminus. In @gwence there are present eight cysteins and
two histidines that form the part of zinc fingernag@in. That domain has an affinity to 5’
region of all viral mRNAs [93] [95].

NSP1 apparently is not required for rotavirus m&gdlon. Strains isolated from animals
and from both immune-deficient and immune-competéiitiren containing rearrangements
in gene 5 that result in the synthesis of trunca@t&P1 have showed to replicate in cell
culture to titers close to those of their wild-tymeunterparts [96]. Also knockdown
experiments using RNA interference have confirnfett the protein is not needed for virus
replication [97]. Although NSP1 is not crucial foeplication, production of other viral
proteins and formation of viroplasms, it seemseaebsential for proper rotavirus cell-to-cell
spread [98] [99].

Analysis of interaction with cellular proteins shedvthat NSP1 interact with interferon
regulatory factor 3 (IRF-3) [96] [100]. This prateduring normal cell state accumulates as an
inactive monomer in the cytoplasm. Events assatiafiéh virus infection like production of
double-stranded RNA and expression of viral pradhigger the innate immune response
mechanisms that include the phosphorylation of IR ellular kinases. That modification
initiates structural changes in IRF3 that resuit#s dimerization [101]. The dimer, an active
form of IRF3, is translocated to the nucleus, wherénteracts with specific promoter
elements, stimulating expression of IleNand IFNS. The secreted IFNs promote the
production and activation of antiviral proteinsniaighboring cells blocking the virus cell-to-
cell spread [102]. It was demonstrated that NSPHiates IRF3 degradation through a
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proteasome-dependent pathway. The role of thigaaten in rotavirus infection could be
diminishing the cellular interferon response [96].

The fact that NSP1 protein is much more conservedng rotaviruses infecting the
same host may explain in part why rotavirus stratasising severe gastroenteritis in a
homologous animal model are usually less infectiand asymptomatic in a heterologous

animal model [103].

1.5.2. NSP2

NSP2, encoded by segment 8, is a highly basic ipraterelative molecular mass
35kDa. In vivo studies have shown that NSP2 and SN&®ether with VP1, the RNA
polymerase, are co-localized in the viroplasmaéddted cells and are the main constituents
of the replication intermediates [104] [105]. Indeseveral facts demonstrate that NSP2 is
essential for viral replication. Temperature-semsitmutants of NSP2 fail to replicate the
genome and produce mostly empty particles, whigblicates NSP2 in genome replication
and packaging [106] [107]. This experiment is cadeot with the observation that silencing
NSP2 synthesis by RNA interference causes compiieteking of viroplasms formation,
production of viral proteins and rotavirus replioat [97]. Additionally functional and
structural similarities were described among NSBlBetongue protein NS2 and reovirus
oNS, suggests that they are functional homologs][108

NSP2 selfassembles into stable doughnut-shapederdaformed by the tail-to-tail
interaction of two tetramers [10]. The overall atebture of such octamers is highly
conserved even among distantly related groupstatiroises [109].

Many biochemical studies on recombinant NSP2 haeeied its roles in genome
replication and packaging. The octamers have sistggsnded sequence-independent ssSRNA-
binding activity thanks to which are capable oftdbsizing RNA-RNA duplexes by an ATP
and Mg2+ independent mechanism [110] [111]. In @aoldi the octamers have a Mg2+-
dependent nucleosidetriphosphate phosphohydrol$Pgse) activity that cleaves the
phosphoanhydride bond of any nucleoside triphogp(l8TP), yielding the products NDP
and Pi. Following cleavage, theP is transferred to NSP2, generating a short-lived

phosphorylated form of the protein [110] [112]wias demonstrated that hydrolytic activity
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of NSP2 is essential for genome replication [108)reover NSP2 octamers in the presence
of NTPs undergo a conformational transition, shgtifrom a relaxed to a more condensed
state as is typical of molecular motors [113].

All together, these properties have led to the sstjgn that the NSP2 octamer may
facilitate genome packaging and replication byxielg secondary structures in viral template
RNAs that impede polymerase function and by asgjst the translocation of viral RNAs
into pre-virion cores in genome replication andkaaing [114].

The understanding of these mechanisms has been faaitiated by solving the
structure of NSP2 by X-ray crystallography to ateson of 2.6A° [10]. NSP2 crystallizes as
an octamer using crystallographic 4-2-2 symmegsgulting in one monomer per asymmetric
unit. The NSP2 monomer has two distinct domaing.(ED), an N-terminal domain from
residue 1 to 141 and a C-terminal domain from 1631i3. A striking feature of the monomer
is a presence of electropositive 25 A° deep cleft lies between the two domains.

The N-terminal domain has a novel fold. Althouglegominantlya -helical, has two
pairs of anti-parallep -strands towards the N terminus. In this domain lsa noticed two
sub-domains that are connected by a 24-residue{bvagominantly basic loop (Fig. 10,
arrow). There are three highly conserved prolifi&s-55) at the start of this loop, which may
be essential for its conformation. This loop linke prominent grooves that run diagonally
across the 2-fold axes of the doughnut-shaped @ctéiig 11), and contributes to their basic
character.

The C-terminal domain has an/p fold. The important feature of this domain is the
twisted anti-paralleB-sheet flanked by helices, formed by residues faB0 to 245, in a
B3ap20 configuration. The anti-paralll -strands, between residues 186 and P9}, (and
between 226 and 23p9), along with the loop, between residues 221 &) 2onstitute the
base of the cleft. The interdomain loop and théxh&b from the N-terminal domain form a
major part of one side of the cleft, whereas tlineioside of the cleft is made of hetixl1 and
a loop between residues 245 and 260. The remaaidae C-terminal region, from residues
260 and 311, consists predominantlyuchelices ¢ 12—a16). That domain has a significant,
limited only to the tertiary structure level, hology with the protein kinase C interacting
protein (PKCI), a member of the Histidine Triad {hifamily of nucleotide-binding proteins
[115] [10].

On that base the location of the NTP-binding sites wnitially proposed. Now it is
known that it is localized in 25 A cleft, betwedrettwo domains of the monomer. Although

lacking a precise signature of HIT motif, mutagenesudies have indicated that conserved

29



Introduction

basic residues in the cleft form a HIT-like motésponsible for the binding and hydrolysis of
NTPs [112].More recently, data obtained by co-crystallizat@nNSP2 with nucleotide
analogs has shown that His225 is the catalytiduesof the motif [116].

Extending diagonally across the NSP2 octamer seirf&tg. 11.) are four highly basic
grooves, 30 A wide and 25 A deep, which functiorssBNA-binding sited10] [117]. Each
groove is lined by two 24-residue electropositivags, originating between the two
subdomains of the N terminus of each monomer (Edgarrow). The location of these loops
is such that they position the electropositivedess at the entrance of the clefts containing
the HIT-like motif.

Fig. 10. The ribbon representation the monomeric
subunit of NSP2. The secondary structural elementm
the monomer are coloured:a-helices in red,p-strands in
green and loops in blue. The basic loop in the gree
between the subdomains in the N-terminal domain is
shown by an arrow [10].
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Fig.11. Structural proximity of the NTP-binding cleft and the RNA-binding grooves. Surface
representation of the NSP2 octamer viewed along thé-fold (a) and 2-fold axes ((b) and (c)). Two
monomers have been identified in the octamer (greeand yellow). The image in (b) represents a 90°
rotation along the x-axis with respect to the imagen (a). Residues 53 to 76 that form part of the
electropositive loops, which line the RNA-binding ghoves, are denoted in blue. (c) The image in (b)as
rotated 45° clockwise along the y-axis to allow uimlization into the cleft. Residues within the clefthat
make up the active site for NTP hydrolysis are showin purple [114].

Recently it was demonstrated that that the NSP&no&t has also RTPase activity and
that the RTPase and NTPase activities of the octartieze the same HIT-like motif and
generate indistinguishable phosphorylated interatedi It was also shown that ssRNA is
preferred as a substrate over NTPs in hydrolysistiens, likely due to the higher affinity of
the octamer for ssRNA. It was discovered that N8B&s a HIT-like motif to direct both
RTPase activity and NTPase actiilyL4].

The donut-shaped NSP2 octamer also displays aatéatie with a diameter of 34.
One interesting possibility is that the centralenof the NSP2 octamer could be used as a
protective environment for newly synthesized dsR&Aerging from VP1 or to serve as a
passive conduit for its packaging during the as$gmbVP2 capsid layer [117]. It looks as
the octameric structure of NSP2 forms a temptiregf@tm or a scaffold around which the
replication complex is organized. It is possiblattithe hydrophobic side of the octamer,
around the four-fold axis, may bind to the VP1.tRarmore the molecular partner of NSP2,
NSP5, is an acidic protein and the basic groovabe@NSP2 octamer may be the sites for its
binding. In fact recent observation utilizing crglectron microscopy has indicated that a

truncated species of NSP5 binds along the saméragesitive grooves involved in RNA
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binding, showing that both NSP5 and RNA share #mesbinding site on the NSP2 octamer
[117].

1.5.3. NSP3

NSP3, encoded by gene seven is a basic nonstru8tukiDa protein that localizes in
cytoplasm of infected cells [118]. The experimemtadence shows that NSP3 is responsible
for shutting off cellular protein synthesis, whaasuring at the same time the translation of
viral mMRNAs. Rotaviruses rely on the host translatmachinery to produce the proteins
encoded by their genome. Rotaviral transcriptscapped at their 5’ end by the action of the
structural protein VP3 during transcription butitl8 ends are not poly-adenylated like most
of cellular mRNAs. In the host cells only poly-agkated and capped messages are known to
be efficiently translated. This is brought aboutriegognition of the 5’ cap by elF4E (cap
binding protein) and the poly-A tail by PABP (polybinding protein) which then interacts
with a cellular factor elF4GI. This factor is a mpiirpose adaptor protein that is responsible
for assembling the cellular translational complexmposed by the proteins elE4E, elF4A
(helicase), PABP, elF3 as well as bound and ciradd by the complex mRNA. The
complex then is delivered to the ribosome wherdridngslation begins. Rotaviruses overcome
the lack of a poly-A tail by possessing on 3’ emfigheirs mMRNAs a consensus sequence
(UGACC) which is specifically bound by NSP3 [1192D] [121] [122]. While the N-
terminal domain of NSP3 binds this consensus semglahe C-terminal half interacts with
elF4GIl with an affinity greater than cellular PABB give translation of the rotavirus
messages a selective boost following infection [120

Resolving the structure of NSP3 by X-ray crystal&gahy has helped to understand
better mechanisms of these actions. NSP3 condistgoareadily separable domains divided
by a dimerization domain [94] [121]. N-terminal daim forms a heart-shaped, asymmetric
homodimer with a medial basic deep cleft on théaserthat creates a basic dead end tunnel
that binds the 3’ terminal consensus nucleotidestaivirus mMRNA. This tight interaction not
only promotes translation of the rotavirus mRNA lalso prevents degradation of the
rotavirus message by cellular nucleases and exxltlte possibility of cellular sequences
recognition. Biophysical studies demonstrate a hadfimity binding leading to increased
thermal stability and slow dissociation kineticensistent with the NSP3 functions [123,

124]. On the other hand C-terminal domain is @&helical symmetric homodimer. It
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recognizes a fragment of elF4GI and binds it withadfinity greater than PABP [125] in
pockets at the dimmer interface. Site-directed gritasis and isothermal titration
calorimetry documented that NSP3 and PABP use goakelF4GI recognition strategies,
despite marked differences in tertiary structuré[11271].

Recent studies [128] seem to revise mentioned mguaestioning how NSP3 blocks
cellular protein synthesis and ensures at the sangethe translation of viral mMRNASs. In this
work, the expression of NSP3 in infected cells wiascked down using RNA interference.
Unexpectedly, under these conditions the synthasigral proteins was not decreased, while
the cellular protein synthesis was restored. Alke,yield of viral progeny increased, which
correlated with an increased synthesis of viral RNBlencing the expression of elF4GI
further confirmed that the interaction between &@F4&nd NSP3 is not required for viral
protein synthesis. These results indicate that NiSR&ither required for the translation of
viral MRNAs nor essential for virus replicationdell culture.

These newly found discoveries can be elucidatedifferent ways. Even though the
interactions of NSP3 with elF4GI and the 3’ end vifal mMRNAs have been clearly
established, there is no direct evidence that NS8Rgages simultaneously in these two
interactions to promote the circularization of VirmRNAs, and although it is generally
accepted, there is also no evidence that theseamitens favor the translation of viral
MRNAs.

Moreover interaction of NSP3 with elF4Gl is not essary for viral translation.
Furthermore, an increased level of viral RNA sysibgboth single stranded and double
stranded) was detected in cells where NSP3 wascsitk suggesting that rather than
promoting the translation of viral mMRNAs, the irgetion of NSP3 with the 3’ end of viral
MRNAs might prevent them from being selected fplication.

The explanation why elFG4I silencing decrease togédllar protein production only
slightly can be explained by the fact that elF4€&ih functionally complement elF4GI [129].
Thus, the small reduction of total protein synthesihen the expression of elF4GI was
silenced could result from complementation of elH4fhder these conditions. The fact that
in standard rotavirus-infected cells (where NSP&xigressed at normal levels) a more severe
shutdown of cellular protein synthesis is obsersagdgests that NSP3 binds to both elF4GlI
and elF4Gll. Indeed, the region of elF4GI that natés with NSP3 is very similar, if not
identical, in elF4GIl [127]. Thus, although not fwailly proven, it might be expected that
NSP3 could bind both factors, displacing PABP froath elF4GI and elF4Gll, resulting in

the severe shutoff of cell protein synthesis. & hat been already ruled out, but rotaviruses
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might use more than one mechanism to control testation machinery of the cell. It is
possible that virus needs such a sophisticated amésrh to shut off the synthesis of a
particular set of cellular proteins that could mfdee with the replication cycle and/or
propagation of the virus in vivo. The inhibition pifotein synthesis could also be required to
impair the structural integrity of the cell, fatdiing cell lysis and the release of progeny

viruses [128].

1.5.4. NSP4

NSP4 encoded by gene segment 10 is a multifundtiomdein with roles in viral
assembly and pathogenesis of infection. The 28 geoprotein has three hydrophobic
domains on N-terminus and a C-terminal coiled-cdaimain. NSP4 is inserted into the ER
bilayer by its N-terminus. Its firs hydrophobic dam that is exposed to the ER lumen
contains two N-linked high-mannose oligosaccharelsdues. The transmembrane domain
anchor the protein in ER bilayer (aa 22-44) [130je basis of ER retention of the protein is
unknown, as NSP4 contains no characterized retestgnals [131]. The coiled-coil domain
is responsible for oligomerization of the protemattform dimers and tetramers stabilized by
C&* [132] what is interesting because of the fact tbaitium mobilization by NSP4 is
considered to be one of the mechanisms by whidhpitwiein fulfils its enterotoxic function.
The cytoplasmic C-terminus (aa 45-175) interacwo alith viral and cellular proteins.
Residues 161-175 bind VP6 on the surface of DLBS8][IDuring rotavirus maturation, NSP4
acts as a receptor for these subviral particlegliogdnto the ER lumen, where the outer coat
and spike protein assemble [134]. Furthermore vesid 12-148 of the C terminus bind VP4
and VP7 during outer layer assembly [135]. Anostedies have shown that last 54 residues
of NSP4 act as a microtubule binding domain thapde of lack of homology with other
microtubule associated proteins, seems to playeaimamicrotubules binding and preventing
the traffic between ER and Golgi [136]. Recent &sdhat used RNA interference indicated
that silencing of NSP4 in rotavirus-infected cellisrupts assembly, evidenced by a 75%
reduction in progeny and the alteration in synthemnd redistribution of other rotaviral
proteins. While there was a strong production desgeof VP2, VP4, VP7, NSP2 and NSP5
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the synthesis level of NSP3 was twofold increagdsb the redistribution of some proteins in
the cell was changed [137].

NSP4 displays enterotoxigenic activities pertinentotavirus pathogenesis. Purified
NSP4 or even peptide 114-135 is sufficient to ird@ secretion and diarrhea in neonatal
mice by a C& mediated mechanism [138] [139].
NSP4 induces intracellular Ca2+ mobilization byledst two mechanisms. When added
exogenously to uninfected Sf9 and HT-29 cells, afl as to isolated mouse intestinal villi
and crypt epithelia, the enterotoxin induces?'Caelease via a receptor-mediated
phospholipase C cascade with phosphatidylinosifst #isphosphate cleavage to release
inositol trisphosphate [140]. Endogenously exprdsBISP4 induces a PLC-independent
mechanism for mobilizing Ga [141]. NSP4 also promotes plasma membrané” Ca
permeability, resulting in influx of Ga from extracellular sources [140]. Thus, NSP4
stimulates increased intracellular®ay multiple mechanisms and is postulated to déoso
varying purposes. Proposed model [142] in whichratgllular NSP4 induces €a
permeability of the plasma membrane and*Gans mobilization early in rotavirus infection
to promote an ionic environment desirable for vinuaturation [143]. It is well documented
that high calcium concentration is required foustaral stability of the outer capsid [142]
[144]. During subsequent cycles of replication, M$#proposed to be secreted from infected
cells to exert enterotoxic effects on neighborinintected cells via PLC-dependent®Cins
mobilization with accompanying Téecretion. Other findings suggest NSP4 forms & por
the ER membrane to elicit €arelease. This model arose from crystallographiiyeis of
the NSP4 oligomerization domain (aa 95- 137) whigreled a core metal €abinding site
in homotetramers [132]. Clearly, NSP4 contributesrotavirus pathogenesis through a

complex interplay with Ca2+ that may initiate séorg diarrhea.

1.5.5. NSP5

NSP5, formerly called NS26, is a nonstructural iacjgrotein encoded by genome
segment 11. Its sequence has 196-198aa, dependiagiain, and is characterized by high
serine (24%) and threonine content (4.5%) [145,].1M&P5 is produced early in infection
and was originally characterized to have the még6kDa on SDS-PAGE butirther studies

demonstrated that this form of the protein is apreor for subsequent modifications.
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NSP5 is subjected to two different types of pos8tational modifications, O-
glycosylation and phosphorylation. Glycosylation M&P5 is based on the addition of O-
linked N-acetyloglucosamine (O-GIcNAc) monosacathaniesidues to serines and threonines
[146] performed by the cytoplasmic O-GIcNAc tramafe [147]. This modification is present
in many proteins localized to cytoplasm and nudespic compartments of the cell.
Although the function of O-glicosylation in NSP5 m®t known, its importance might be
apparent, since many of known GIcNAc-modified pirideare also phosphoproteins [148]. In
many cases, including also NSP5, the sites of pgiwgfation and GIcNAcylation are
localized to the same or neighbouring residuesn@gior threonines).

SDS-PAGE of immunoprecipitated NSP5 derived fromavous infected cells
revealed presence of not only two main bands witfaeent molecular mass of 26 and 28 kDa
but also of higher isoforms that span from 32 tk[3& (Fig. 12). From previous studies it is
known that 26 and 28kDa forms correspond to phaggditeon and glycosylation while the
mobility shift to the highest bands takes place wune phosphorylation.

phosphatase: - - CIP A
kDa |@ b Fig. 12. SDS-PAGE analysis of NSP5. Lane 1:
immunoblot analysis of extracts of MA104 cells
infected with rotavirus SA11(4 h post-infection)
— and reacted with anti-NSP5 serum. Lanes 2-4:
3‘2'3“'[ ‘“ [ ' immunoprecipitation of NSP5 from virus

28 _. infected  cells labeled in  vivo  with
25:- - .. [35S]methionine and treated with CIP andA-

Ppase as indicated. From [3].

Experiments with rotavirus infected cells labeleithw1,6-H’] glucosamine revealed
that the presence of glycosylation is localizedntyain 26 and 28kDa bands and suggested
that hyperphosphorylated forms do not contain ontao very little of O-glycosilated
residues. Treatment of hyperphosphorylated NSP5h wihosphatases caused the
disappearance of higher molecular weight forms veititomplete reduction of the NSP5
migration to only 26 kDa band. However the 26kDadatill contains phosphorylated sites
proving that some of them are resistant to phosysleatactivity.
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Additionally it is known from the partial acid hyalysis followed by the two-
dimential thin-layer electrophoresis that in NSP&ogphorylated residues are limited to
serines and threonines [3].

Phosphorylation of NSP5 seems to be a complex psabat gives rise to a number of
isoforms. Although NSP5 immunoprecipitated fromertkd cells is hyperphosphorylated,
western blotting analysis of the protein deriveahirtransfected cells shows the presence of
only basic 26 and 28kDa bands and only tracesehtgher forms. This has suggested that
NSP5 hyperphosphorylation may depend on the presehother viral proteins. In deed,
similar hyperphosphorylation effects to those ai#diin virus infected cells were observed in
cells cotransfected with NSP5 and NSP2. That datcated that NSP2 alone was sufficient
for up-regulating NSP5 hyperphosphorylation proc@gssbably on the way of interaction
between these two proteins (Fig.13).
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Fig. 13. Anti-NSP5 western immunoblot of cellular extracts 6 MA104 cells transfected with

pT7v-NSP5 or co-transfected with pT7v-NSP5 and pTANSP2, as indicatedA-Ppase treatment
of the extract was performed before PAGE. Open andolid arrowheads indicate the NSP5 26
kDa precursor and phosphorylated forms respectiveljAfrikanova, 1998 #103].

To facilitate the studies on this phenomenon tleguence of NSP5 was arbitrarily
divided into five regions (from 1 to 4 and a tafBeveral experiments with NSP5 deletion
mutants have been done and, interestingly, someéh@&in have suggested that NSP5

hyperphosphorylation is the consequence of a comglgoregulatory mechanism in which
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the protein is, at the same time, substrate andatot of the process that leads to its
hyperphosphorylation [149].

Some deletion mutants showed to behave as goodratgiss while the others played
as good activators in that process. Deletion matkuking either region 1, region 3 or both
(A1, A3 or A1/ A3) efficiently induced SDS-PAGE mobility shift iman vitro translated
deletion mutants such &g or A2. Similarly, in vivo coexpression experiments have shown
that the same deletion mutands3 or A1/ A3, were able to cause the phosphorylation of the
mutantA2 (fig. 14.). This observation suggested that nediaand 3 have an inhibitory effect
on the phosphorylation of NSP5. The fact that jpedlirecombinant histidines tagged deletion
mutant deriving from transfected cells did not shine phosphorylation activity of a total
cellular extract containing that mutant, suggedteat NSP5 does not posses the kinase
activity by itself but may have a capability of proting the activation of cellular kinase(s)
[149].

SV5-A2
|
=
.= 9
Fig. 14. Coexpression of SV5A2 with or without activators A1/
' A3 or A3 as indicated. A2 was indicated with anti-SV5 sera [6].
E 3
1 2 3

The interaction with NSP2 was descriliadvitro with purified proteins [117] anadh
vivo for both infected and cotransfected cells [49]Q[LBL51]. The co-expression of both
proteins has a dramatic effect on their localizatio the cell, leading to the formation of
discrete structures that were called VLS (viropladike structures). Analysis by confocal

microscopy demonstrated a precise co-localizatidwSP2 and NSP5 (Fig. 15) [152].
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NSP2 NSP2+NSP5

anti-NSP2

VLS

anti-NSP5

Fig. 15. Immunofluorescence of VLS: panel. Localizion of rotavirus NSP2 and NSP5. The two proteins
were analysed by immunofluorescence microscopy uginspecific antibodies for NSP2 or NSP5 as
indicated, in cells transfected with either NSP2(Aor NSP5 (C) or co-transfected with NSP2 and NSP5
(B,D) [Fabbretti, 1999 #102].

Experiments focused on viroplasm like structuresmbtion with different NSP5
deletion mutants showed that localization to theSVilequires N and C terminal parts of
NSP5. The same parts of the protein were also fotmdbe necessary for its
hyperphosphorylation ability (Fig. 16) [Fabbreit§99 #102].

SDS-PAGE  *Pinvivo VLS
mobility shift labelling

33 80 130 169198
NSP5  NH, [ 8 4 T [cOOH - + +
A s s l [ ] + + -
AMA2 | I [ ] - + -
AT I S - - + -
ac20 R - + -
acss NN - ; ;
AT R, - - -
A2 - | | ] - - -
A3 ] I + + +
A4 I, ] - - -

Fig. 16. Schematic representation of the NSP5 muttmn constructed. The ability of mutant to produce
mobility shift, to be phosphorylatedin vivo and to form VLS is indicated [Fabbretti, 1999 #10PR
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The work of several research groups has demoedtrainother important
characteristics of these two proteins. Separatedyn fthe involvement of NSP2 in the
phosphorylation of NSP5 and co-localisation in ViL8vas found that NSP2 and NSP5 co-
localise in infected cells in structures calledoplasms. Viroplasms, formed early in
infection, are specialized, large cytoplasmic, ietetdense, nonmembrane bound structures,
where the replication and packaging of the viralagae into the capsids takes place. Apart
from NSP2 and NSP5 they are rich in viral RNA andtain the viral structural proteins VP1,
VP2, VP3, and VP6 [153] [33] and the nonstructypaitein NSP6 [154]. Several studies,
including neutralization of NSP5 with anti-NSP5 gfie intrabodies [155] and recently also
by RNA interference [156] [97] have demonstrateat toth NSP2 and NSP5 are critical for
the nucleation of viroplasms and for virus repli@at The analysis of viroplasm formation in
infected cells indicated that NSP5 is localizedhia outer part while NSP2 has more internal
localisation (Fig. 17) [104].

Since NSP5 localizes to viroplasms, its capabdityss and dsRNA binding has been
investigated. These studies have shown that NSBSuhgpecific affinity for both ss and
dsRNA suggesting that the protein could have a ileecognizing secondary and tertiary
structures of the mRNAs that have to be packagedthe forming core and together with
NSP2, that has NTPase and ssRNA binding activityyind these structures [157]. Recent
studies [117] showed that both NSP5 and RNAeshize same binding site on the NSP2
octamer, and in the consequence, pointing that N8&pbcompete with sSRNA binding site
on NSP2. This can suggest that one of its functmngd be the regulation of NSP2-RNA

interactions during genome replication.

anti-MNSPS anti-NSP2 merge

Fig. 17. Amplified images of viroplasms in rotaviris-infected cells. Double immunofluorescence in non-
transfected infected cells visualized with anti-NSP (red) and anti-NSP2 (green) sera. Images were
obtained by confocal microscopy. Bar, 2 mm. Modifig from [150].
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Various studies have shown that NSP5 interactonlytwith NSP2 but also with the
viral polymerase VP1 [49] and VP2 [158]. Recentdsts using deletion mutants of NSP5 or
different fragments of NSP5 fused to enhanced gfl@enescent protein have proved that the
48 C-terminal amino acids are the essential far ititeraction with VP1. These studies have
also shown that NSP5 interaction with VP1 is stearig the absence of other viral proteins or
viral RNA, that the one with NSP2 [50], suggestthgt NSP5 may act at the crossroad of
important processes of virus morphogenesis, sucheplécation, carried out by VP1 in
conjunction with the scaffold protein VP2 [47, 1880] and packaging, for which NSP2 is a
putative molecular motor[110].

Many different information is known about NSP5¢cempassing recent data about its
ability (together with NSP2) to interact wifirtubulin in microtubules (Cabral-Romero &
Padilla-Noriega, 2006), but no clear function ha&erb discovered so far. In addition no
homology between NSP5 and any other protein waadfcand there is no data about its
structure, making the understanding of its function viral infection even more

incomprehensible.

1.5.6. NSP6

NSP6 is the smallest rotavirus protein. It is emzbth only some strains by segment
11 that possess an alternative reading frameniiasistrain SA11 it encompasses 92 aa that
yield 11kDa protein. Until now very few reports leafound the role of NSP6, probably also
due to its low level of expression. It was showatthSP6 can interact with NSP5 and seems
that this interaction is due to the 35 C-terminaiireo acids of NSP5, overlapping the
multimerization domain of the protein, suggestihgttNSP6 might have a regulatory role in
the self-association of NSP5 [161] [94]. The absenfdNSP6 protein in several strains (group
A and C strains) [161] suggests that this proteindt essential for virus life cycle.
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1.6. The virus replication cycle

1.6.1. Cell binding and entry

A crucial step in the productive infection of auaris its successful entry into a host
cell. It involves a specific attachment of the Vjparticle to a receptor(s) present on the cell
surface. In case of many viruses, including rotases, a cell entry is a complex process that
requires multiple steps and multiple receptorsratton.

Rotavirus strains can be divided, if it goes toirthell attachment capability, to
neuroaminidase-resistant or -sensitive strainsisRed strains do not bind sialic acid residues
on the cellular membrane and their interaction Wit target cell consists contact with the
other membrane component, whereas in case of riftetype of strains interaction of VP4
with sialic acid takes place and treatment of cglth neuraminidase (NA) greatly diminishes
virus attachment. Many animal rotavirus strains,anterestingly, most if not all human
strains are NA-resistant [162].

Although earlier studies implicated VP7 in the xatas cell entry [163], subsequent
studies have increasingly indicated that VP4 is ggomplayer in this process. VP4, the
characteristic ‘spike’ protein, is involved not pmh a cell attachment and penetration but also
in hamagglutination, neutralization, virulence grdtease-enhanced infectivity of the virus
[164] [165]. The last phenomenon is particularlevant, considering that rotavirus replicates
in the mature enterocytes of the small intestine,eavironment rich in proteases. As
previously mentioned, proteolytic cleavage of VRdises forming of VP5* and VP8* (that
remain associated with the virion) [60] that resuitt transition from disordered to ordered
state of the ‘spike’. It was demonstrated that ViBbable to interact with the integrin2p1
(through the sequence DGE) that is considered tdhbefirst receptor for NA-resistant
rotaviruses and the second in case of NA-sensttinans, suggesting tha2p1 functions as
binder or as a second interactor [166, 167]. THesesguent events are less clear but it was
shown that the interaction of VP7 protein with theegrin axp2 (by GRP motif) andV 3
facilitates the virus cell entry and infection [88]

The internalization mechanism of rotavirus is nollyf elucidated but it can be
mediated by integrins [167] as well as by the cogmaotein 70 (Hsc70) that interacts with
VP5*[168] [169].
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The cell entry mechanism of nonenveloped virusessggses the complication that
large, hydrophilic particles must traverse a lipi@mbrane without having the resource of
fusing two lipid membranes. Up to now there is reac evidence about the rotavirus
internalization pathway and it is possible that entvan one is utilized. The ultrastructural
studies have suggested that the virus can penéteatll membrane both by endocytosis and
direct cell membrane penetration [1, 153]. Howewere recent studies showed that rotavirus
entry can be specified as caveola- and raft-depeneledocytosis, defined by its clathrin

independence, its dependence on dynamin, andnisstiséy to cholesterol depletion [170].

1.6.2. Virus uncoating, transcription and translaton of proteins

One of the first events after rotavirus cell ensyhe loss by infective TLP of two
proteins of the outer layer, VP4 and VP7, that ltesm exposition of the transcriptionally
active DLP to the cytoplasm.

Biochemical studies indicated that the vivo decapsidation can be mimicked by
treating TLPs with calcium chelators like EDTA []17lk was proved that VP7 binds calcium
and the sensitivity of virions to low calcium cont@ations is strain-dependent [171] [89]
[90]. Several studies have also suggested calcuwverdconformational changes in VP7 [91].
Another studies on baculovirus-expressed recombiW&Y have shown a requirement for
calcium in the formation of VP7 trimers, which dalfize into hexagonal plates, mimicking
the arrangement of VP7 on the capsid [92]. Thud|ewdppropriate levels of calcium help
maintain the structural integrity of the VP7 layleny calcium concentrations, similar to those
in the cytoplasm, trigger the disassociation of tRmers, leading to uncoating of the VP7
layer [20]. This is an important event in virus lregtion cycle because it induces the
transcriptional activity of the virus. Shortly aftdhe virus uncoating the production of RNA
transcripts starts and last until 9 to12 hours ftbmvirus infection, after when the synthesis
begin to decrease [172].

The transcription is conservative and leads to fhrenation of mMRNAs that are
identical to the plus strand of the viral dsRNAJL the transcripts are synthetizelé novo

[39]. The synthesis is mediated by the action of endagenaral polymerase VP1, that
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behaves as a transcriptase, and by VP3. The tiptisor machinery to function properly
requires also participation of VP2 and VP6 protem®at was described earlier. Since the
RNA template is double stranded, the necessitydfelicase activity to unwind dsRNA has
been proposed, but up to now it is not clear wipigdtein can play this role and VP2 or VP3
involvement is suggested [173] [64].

The newly produced mRNAs are capped by the addafdWGpppG" at the 5’ end,
but do not contain a poli-A tail at the 3’ end. Wdtgh this process is mostly performed by
VP3 that was characterized as a viral guanylyl aredhyl transferase, it is still not fully
elucidated, because phosphohydrolase activity meéale complete reaction has not been
attributed to any viral protein so far [32] [31 4K

The primary viral transcripts extrude into the 'seltytoplasm through the 12
I-class channels located at the icosahedral filedertices of the DLP patrticle (Fig. 2EF, 3,
4) [174].

The RNA transcripts direct the synthesis of sixigiral and six non-structural viral
proteins (i.e., function as mMRNAs) and also sergseRMNA templates (RNA(+)) for the
synthesis of the RNA negative strands (RNA(-)){aion the dsRNA genome segments. The
production of viral proteins starts 2-3 hours aftéection with a concomitant inhibition of
cellular polypeptides synthesis [76].

Translation is performed by the host translatiorcimmgery and is facilitated by the
action of NSP3 protein that recognizes the fourentades consensus sequence on the 3’ on
the viral mMRNAs.

1.6.3. Replication and RNA packaging

The least understood stages in viral morphogenases genome replication and
packaging mechanism. The replication process séaoisnd three hours after viral infection
and increases in time, reaching a maximal levalrat®-12 hours [172]. Once a critical mass
of viral proteins is accumulated, specialized, plaemic compartments (inclusions bodies)
known as viroplasms are formed. It was suggesteaidtiiese structures are the site where viral
replication, packaging and assembly of the virke alace [105, 175]. This is in agreement
with the fact that free dsSRNA was never found ife@ted cells. The analysis of the proteins

found in viroplasms revealed that they containgiregeins found in cores and DLPs (i.e. VP1,
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VP2, VP3 and VP6) but additionally also two norustural proteins, NSP2 and NSP5.
Interestingly, in vitro studies have shown that NSP2 and NSP5, althoughdfan
viroplasms, do not seem to be necessary for reicawhereas VP1 and VP2 do [176]
[160]. However additional experiments, includingiddes on NSP2 temperature sensitive
mutant, have proved that NSP2 (alone or in assoniatith NSP5) is essential for proper
packaging process [107] [20] [106] [154].

A significant uncertainness in understanding ofrtitavirus biology was the origin of
the plus-strand RNAs that serve as templates f&Nds synthesis. An interesting and
plausible model for events related to plus-stBMNA synthesis was suggested by Silvestri et
all. Up to this model, after virion entry and losk the outer capsid shell, DLPs initiate
transcription within the cytoplasm, leading to thynthesis of plus-strand RNAs that are
incorporated into polysomes and translated to predural proteins. At least some of the
DLPs then serve as focal points for the accumuladionewly made proteins into viroplasms
and are thereby incorporated into the inclusionsan3cripts produced by DLPs in the
viroplasms are captured by one or more of viral RhNAding proteins that accrue in these
inclusions (e.g., NSP2, NSP5, VP1, and VP2). Thaturad plus-strand RNAs serve as
sources of templates necessary for genome repiicaind assembly of progeny cores and
DLPs. When the level of transcripts in the viroplasxceeds the binding capacity of the
RNA-binding proteins, the transcripts escape amd lm@come incorporated into polysomes.
Thus, viral gene expression is enhanced, and tbigéi@thl proteins necessary for increasing
the sizes and numbers of viroplasms are producethi$ scenario, viroplasm development
becomes an autoregulatory process controlled bgapacity of the RNA-binding proteins to
capture transcripts made by the DLPs within théusion [97].

Moreover, studies based on RNA interference haggested that the viral mMRNAs
involved in protein production were not the samesoas these used for viral replication and
that the second ones were protected from the aciasiRNA, probably because of their
localization into viroplasms [97].

One of the most intriguing aspects of rotavirused all segmented dsRNA viruses
relates to how these viruses co-ordinately remicahd package the 11 viral mRNAs.
Although the packaging signals in viral mMRNAs hanat been described, the hypothesis that
MRNA packaging precedes dsRNA synthesis impliesithsithe mRNAs which contain cis-
acting packaging signals as opposed to the doutaeeked products of replication. The 11
MRNAs must share common cis-acting signals bec#usg are replicated by the same

polymerase, and these signals are likely to be ddrivy secondary structures rather than the
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primary sequences. In addition, each mRNA must atsdain a signal that is unique to it
alone because the 11 mRNAs must be distinguisload éne another during packaging. [42].

The identification of the RNA sequences necesgaryreplication was possible
thanks to experiments with open cores [176]. Thegions have been found to play an
important role. The first is represented by 3" ansis sequence (3'CS). This is the most
important cis-acting signal, that consists of vegnserved sequence. Although the first
experiments with open cores had shown that the2@stucleotides of viral positive RNA
strand were important for replication [176], lastudies have demonstrated that only last
seven nucleotides are crucial [177], and last twolegotides are essential for initiation of
replication [178]. Additionally, it is necessaryath3'CS is single stranded to function
efficiently as replication signal [179]. A secomdgortant region is located upstream from the
3'CS at the 3’ end of viral mMRNAs. It was shown tbe genome segment 8 that several
important sequences were recognized in this regiothe viral polymerase [180]. A third
region, situated on the 5’ terminus, has been showanhance replication. This region lacks
conserved sequence and its role in replication as elucidated. It was proposed that
secondary structure of this region may be resptndir the formation of a panhandle
structure together with the single strand of 3'A81]] [45] [177]. Moreover, the fact that
predicted secondary structures of viral mMRNAs dontaore stem-loop structures localized
on 3’ and 5’ ends of mMRNAs and that these strustdiffer for the various mRNAs, can be
correlated with packaging and assortment phenompgtijn

All these processes lead to the production of tmapionally active, dsRNA-
containing double-layered replication intermedigfl) particles. These particles are
responsible for an enhanced second rourtdaofcription, which results in a secomdve of
assembly of double-layered RI particles, which the through the membrane of the ER
(Fig.18).
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Fig. 18. Replication cycle of rotaviruses. The diffrent steps in the replication cycle of the virus r@
indicated by numbers—1: attachment of the virion tothe cell surface; 2: penetration and uncoating othe
virus particle to yield DLPs; 3: primary transcript ion of the genomic dsRNA; 4: synthesis of viral
proteins; 5: assembly of core RIs and negative stnal RNA synthesis; 6: assembly of double-layered Rls
7: secondary transcription from double-layered RIs;8: secondary, enhanced synthesis of viral protein8:
secondary, increased assembly of core RIs and netyat strand RNA synthesis; 10: secondary, increased
assembly of double-layered RIs; 11: budding of doude-layered RIs through the membrane of the
endoplasmic reticulum (ER), and acquisition of a mmbrane envelope; 12: loss of the membrane envelope

and generation of mature triple-layered virions [1&].

1.6.4. Virus release

Rotavirus undergoes a rather unique morphogertesistill requires further studies to
become fully understood. The first step of matoratoccurs inside viroplasms, where
immature subviral particles assemble. The coresagostructural proteins VP1, VP3 and 11
genomic segments surrounded by the inner layereiorofP2. After the core particle is
assembled it acquires the intermediate layer mddeéP®& protein. VP6 localizes in the
cytoplasm between the viroplasms and reticulum EB®)] the assembly of intermediate layer
is believed to occur concomitantly with the exitpairticles from viroplasms into ER [1].

During this budding, which is mediated by the iat#ion of the double-layered RIs
with the ER membrane-associated rotavirus protediPdN the particles acquire a transient
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membrane envelope [183] [68] [1]. The studies veitRNA against NSP4 have shown that
this protein is necessary for the formation of ititermediate layer, because in its absence the
formation of DLPs and TLPs was affected, suggedtiat) VP6 interaction with last 20aa of a
cytoplasmic tail of NSP4 may be crucial for thisgess. On the contrary, interaction of NSP4
with VP7 and VP4 do not have a role in the viratthmg in ER [137]. The last step of
rotaviral morphogenesis occur in the ER. A transavelope and the outer layer of the virus
is formed. The transiently enveloped particles whbe VP7 localizes in the interior possibly
relocating across the membrane, contains in additdNSP4, the virus surface proteins VP4
and VP7, as well as minor amounts of other noretiral proteins [184]. The lipid envelope
is then removed [185] by a largely unknown mechaniselated to two aspects- NSP4
glycosilation and the difference of €aoncentration between cytoplasm and ER [186] [142].

Many interesting information about the virus reeea®me from the use of Caco-2
cells. The human polarized intestinal epitheliaCG& cells, established from a human colon
adenocarcinoma, have been shown to spontaneowssliagimany of the morphological and
biochemical properties of mature enterocytes. Es¢hcells rotavirus was released almost
exclusively at the apical pole before any celldysias detected. It was demonstrated that the
virus is able to associate with rafts (that acplasform for assembly of a virus) through a
direct interaction with VP4. Following these stuglié was proved that rotavirus does not
leave the cell in the way of classical exocytosi$ is released from the apical surface of
intestinal cells through nonconventional vesicitansport that bypasses the Golgi apparatus
[187].

1.7. Epidemiology, clinical aspects and vaccines

Diarrhea remains one of the most common illnesseshiddren worldwide [188]
[188]. Although more than twenty different microargsms (bacteria, parasites, and viruses)
cause diarrhea [12], one pathogen, rotavirus,asibst frequent causative agent for the most
severe disease in children younger than 5 yearklwole. Rotavirus causes 25-55% of all
hospital admissions for diarrhea and more thamiligon deaths every year [189] [12]. The
greatest mortality is in developing countries ofitbtoAsia and sub-Saharan Africa. The

seriousness of the problem is emphasized by théHatonly in India alone occur more than
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100 000 deaths every year. About 1 in 200 childrem in these regions will die of rotavirus
[190] [12] [16] [191] (Fig. 19).

3 »>1in100
1 1in100-1in 400

=1 1in400-1in 1600
[ <1in1600

Fig. 19. Map of the world with estimated mortality from rotavirus diarrhea. Shading
represents risk of death per child by 5 years of ag[8]

Rotavirus is transmitted by the faecal-oral routel @ small infectious dose (<100
virus particles) facilitates spread from personptyson or possibly via airborne droplets
[192]. Once ingested, virus not neutralized by stomacid attaches to the proximal small
intestine. During the incubation period of 18-36e virus enters epithelial cells where it
first elaborates a potent enterotoxin, NSP4, thatc@ause diarrhea, and then goes on after 18—
36 h to destroy the epithelial surface leadingltmted villi, extensive damage, and shedding
of massive quantities of virus (>f(articles per gram) in stools [1] [138]. The outepis a
profuse watery diarrhea with loss of fluid and #l@lgtes that can last 2—7 days and might
lead to severe or fatal dehydration. Aggressivgdedtion with oral or intravenous fluids can
correct these imbalances and sustain a child tingtitliarrhea stops.

The large burden of rotavirus disease has led nraeynational agencies, including
WHO and the Global Alliance for Vaccines and Imnaations, to select rotavirus as a high
priority target for accelerated development of glplefficient and safe oral vaccine.

The first efficient vaccine was a tetravalent risesatavirus vaccine, RotaShield
(Wyeth-Lederle, Pearl River, NY, USA), developedKapikian at the National Institutes of

Health [193]. The variable efficacy of previous rogalent vaccines based on animal strains
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was improved by development of reassortant stithiatshad the attenuation properties of the
animal strains and individual genes encoding thterazapsid proteins of the common human
strains. Rotashield was tested in a series ofcdirtrials in the USA, Finland, and Venezuela,
and has shown to be initially safe and highly daffec In August 1998 the vaccine was
recommended for routine immunization of childrerthe USA, and was administrated over
600 000 infants in the first 9 months of the progrfl94]. Unfortunately, in July 1999,
intussusception, potentially fatal bowel obstructwas reported to occur in the first 2 weeks
after administration of the first dose. Becauséhef event the vaccine was removed from the
market. This decision till now remains controversia the exact intussusception risk was
judged to be about one case of in 10 000 vaccimgients. The mechanism of this
association still remains unclear, especially tnaissusseption has never been associated
with natural rotavirus infection. Subsequent analysdicated that the level of risk was age-
related. The vaccine was offered to children attithe of their routine immunizations at 2, 4,
and 6 months of age, but catch-up immunization prasided any time up to 7 months of
age. Most of these cases of intussusception hadperehildren who were older than 90 days
old at the time of immunization [195].

The Rotashield vaccine has been acquired by a smsédich company called BioVirx,
which plans to manufacture the vaccine for useeawetbping countries. Re-analysis of the
safety profile of this vaccine suggested that thke of intussusception could be substantially
reduced if the first dose of the vaccine was adsténéd only to infants aged younger than
ninety days. Furthermore, despite the complicatibmtussusception, the vaccine might be
more acceptable in developing countries whereittkeof a child dying from rotavirus would
be more than 100-fold greater than the risk of thie complication [8].

Recently two new vaccines have been licensed ingeuand the USA and in several
other countries. These vaccines are based on Iglidliterent principles to achieve broad
immunity against the diverse strains of rotavimsirculation.

The GlaxoSmithKline vaccine, Rotarix, was developetn a human rotavirus strain
(89-12) isolated from a patient in Cincinnati by M/aand Bernstein. Strain 89-12, a
representative of the most common serotype in hem@1A[8], G1), was first attenuated by
passaging 43 times and was then cloned and fupttesaged iVero cells and renamed RIX
4414 [196]. Infants aged younger than 3 months vdoeived the vaccine did not develop
diarrhea, vomiting, or fever. To minimize the rigke possible of intussusception,
GlaxoSmithKline pursued an unusual clinical develept plan. First the vaccine was tested

in Finland, then in middle-income countries of bhaAmerica (i.e., Mexico, Venezuela, and
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Brazil), followed by the trial in Asia (Singaporélhe vaccine showed high efficacy against
any rotavirus diarrhea and was safe. Rates of mambe-effects did not differ between
recipients of the vaccine versus placebo. Addifioraults from the trial in Latin America
showed significant efficacy against non-G1 seratypgbat were predominantly G9 strains.
Based on these results, GlaxoSmithKline undertotdge trial to confirm that the vaccine
did not cause intussusception .The trial in whiGhO80 infants from 12 countries of Latin
America and from Finland were enrolled showed thate intussusception events were found
in recipients of the placebo [197]. The regulatapproach to license this vaccine has also
been innovative. New drugs are generally licengstl ih their country of origin, most often
in the USA or Europe. This vaccine, however, wastflicensed in Mexico and the
Dominican Republic in 2004, and has been licensednore than 35 countries and the
European Union. Licensure in Brazil and the Europdaion which have national regulatory
authorities meeting WHO standards, will facilitdieensure elsewhere in Latin America.
WHO and UNICEF require that a vaccine tenderedyfobal use be licensed in the country
of origin. As a result of the European licensutee tvaccine will now be eligible for
international procurement by UNICEF for developioguntries or by the Pan American
Health Organizations revolving fund for Latin Anwan countries. In addition, WHO has
recommended that the effectiveness of any new dtva vaccine be shown in poor
populations in Africa and Asia before a global mooendation can be made. These studies
are just starting and results could take 2—3 yi&rs

The second vaccine, RotaTeq, was developed by Mdtrckas prepared from a
bovine strain of rotavirus, WC3, isolated from & @aPennsylvania by Clark and Offit at the
University of Pennsylvania. The original monovaldmbvine strain that was naturally
attenuated for human beings showed variable effEotiss in several clinical trials done in
the USA, China, and Africa. To improve the effeetiess of the vaccine against the diversity
of common serotypes, reassortant strains were mepdhey contain ten genes from the
parent bovine strain and an individual capsid geo the most common human serotypes.
Five single gene reassortants, every one contaiaiggne for a capsid protein for human
serotypes G1, G2, G3, G4, and PIA, were combined pentavalent vaccine. Preliminary
clinical trials showed immunogenicity and effectiess of different formulations, and a final
formulation containing 12xZ0nfectious units per dose was selected. This ftation was
assessed for safety against intussusception ielcatfial done in more than 70 000 infants,
mainly in the USA and Finland but also in sever@lmdries of Central and South America,

Europe, and Asia. Intussusception was monitoreshsively for 42 days after receipt of any
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dose and 11 cases of the disorder were identifiedin vaccinated patients versus five in
recipients of the placebo. Within 14 days of rec@fpany dose of vaccine, one case was
identified in each of the vaccine and placebo gsoup a detailed follow-up study, the
vaccine showed an efficacy of 86% against doctsits/i93% against emergency department
visits, and 96% against admissions for rotavirasrtiea. It also protected against the range of
rotavirus serotypes in circulation. The vaccine Jiasensed by the US Food and Drug
Administration in February, 2006 and was recommdrgethe Centers for Disease Control’s
Advisory Committee on Immunization Practices foe tloutine immunization of children in

the USA two weeks later.

1.8. Introduction to the spectroscopic techniquessaed in this work

1.8.1. Circular dichroism spectroscopy

Circular dichroism (CD) is an optical phenomertbat is based on the asymmetric
nature of biological macromolecules which are ableotate the plane of light polarization
due to the presence of centers of chirality (cardoms). CD is a measure of the differential
absorbance between left and right circularly pakadilight. Circularly polarized light and
linearly or plane-polarized light are readily irdenvertible. A plane polarized light beams
consists of right and left circularly polarized besaof equal intensity and, conversely, a
circularly polarized light beam consists of twohargonal plane-polarized beams’ @it of
phase. A linearly polarized light beam becomegpdially polarized after passing through an
optically active medium (Fig.20). Since the confation of the macromolecules affects its
optical activity, these properties can be utilized obtain information about structural
organization of such molecules in solution. Theoattcalculations and several experimental
measurements have demonstrated high sensitivi§Dospectra towards protein and nucleic

acids structure investigation [2].
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Fig. 20. Origin of the CD effect. (a) The left (L)and right (R) circularly polarised components of
plane polarised radiation: (I) the two components hve the same amplitude and when combined
generate plane polarised radiation; (ll) the compoents are of different magnitude and the
resultant (dashed line) is elliptically polarised.(b) The relationship between absorption and CD
spectra. Band 1 is not chiral; band 2 has a positesCD spectrum with L absorbed more than R;
band 3 has a negative CD spectrum [2].

The CD signal of proteins can be measured in tvextsgl regions. The spectrum in
the near UV region (320-260 nm) reflects the emuiments of the aromatic amino acid side
chains and thus gives information about the tertsructure of the protein. In the far UV
region (240-180 nm) or amide region, which corregjsoto peptide bond absorption, the CD
spectrum can be used to estimate the content ofaregecondary structural components such
asa-helix andp-strand. All alpha-proteins show a strong doubleimum at 222 and 208-
210nm and a stronger maximum at 191-193nm. Albaipebteins usually have a single,
negative band (between 210 and 225nm) and a spugiive CD band between 190 and
200nm with intensities much lower than alpha-hélmateins [198]. For proteins, however,
the major objective is to deduce average secorstaugture from CD data.

Over the last three decades, various methods heem dbeveloped for the analysis of
protein CD spectra, based upon the spectral clemistots of protein secondary structures
[199] [200] [201] [202] [203] [204] [205] [206]. Mbods use various algorithms and

calculate the fraction that each component strectontributes to the net experimental
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spectrum. The information contained in spectra lwarnreated as a sum of the characteristic
individual spectra arising from each type of se@gdstructure present in a protein sample.
Typically, empirical analysis methods utilize aemice database comprised of spectra of

proteins whose crystal structures (and therefagg #econdary structures) are known.

1.8.2. Mass spectrometry

Importance of mass spectrometry in biological reseah

The biological applications of mass spectrometryS{Murrently encompass very
diverse areas of biology and medicine but is styorigked to the term “proteomics”.
Proteomics could be defined as the effort to esflalthe identities, quantities, structures, and
biochemical and cellular functions of all proteinsan organism, organ, or organelle, and how
these properties vary in space, time, and physicdbgstate (by National Academy of
Science) [207]. The current importance of MS tddmecal research has been highlighted by
the 2002 Nobel Prize in Chemistry, which was awadrideJohn Fenn and Koichi Tanaka for
“the development of soft desorption ionization noekh for mass spectrometric analysis of
biological macromolecules”. For a number of yeansiss spectrometers were restricted to
measuring of volatile compounds and small moleculenization of larger molecules like
proteins was not possible until the time when @&t itom bombardment ionization method
was introduced [208]The ability to ionize larger molecules was furthmproved with the
elaboration of Electrospray lonization (ESI) by Reand co-workers in 1988 [209]. The
electrospray ion source was easily connected tbnenkiquid chromatography (LC), which
made possible the analysis of complex mixtures efafaflight (TOF) mass analysis had been
developed and commercialized by 1956, but relatipelor mass resolution was a problem
until improvements were made in the early 1970s0J22An ionization technique for
biological molecules that could be used with TORlgsis was introduced in 1991. This ion
source, Matrix-Assisted Laser Desorption/lonizati®mALDI), was the result of work in
Germany by Hillenkamp, Karas, and coworkers [2X1] & Japan by Tanaka and coworkers
[212]. Like ESI, the MALDI ion source was capablgionizing and vaporizing as large

molecules as proteins. These methods solved theegonocof generating ions from large, non-
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volatile analytes, such proteins or peptides, withsignificant analyte fragmentation. The

ability to do that conferred to these two methduasdttribute of "soft" ionization methods.

Main applications of MS in biological sciences

Recent advancement increased the role of massr@petty-based proteomics as an
indispensable tool for molecular and cellular bgylaand for the emerging field of systems
biology. These include the study of protein—proteiteractions via affinity-based isolations
on a small and proteome-wide scale, the mappingioferous organelles, and the generation
of quantitative protein profiles from diverse smsci The ability of mass spectrometry to
identify and, increasingly, to precisely quantihotisands of proteins from complex samples
can be expected to impact broadly on biology andicee [213].

One of the most important applications of MS isidentification of proteins. There
are two different approaches: first, the massgeepfides obtained from a digested protein are
measured and serve as a fingerprint to identifypiteein. Then these experimental masses
are compared with the theoretical values calculatedpplying known cleavage rules of the
used protease (e.g. cleavage after K or R for imypgs every sequence in the database. If the
experimental data matches the theoretical data mbtein sufficiently well, this protein is
supposed to be present in the sample.

Another important application is quantification pfoteins, since diseases often
produce abnormal expression levels for certain gmmet The expression level of the
corresponding mMRNA molecules does not necessavilselate with the protein level [214],
especially for proteins with low numbers of copjgsme 10,000 copies per cell), which can
have an important regulating role in a biologicathpvay. Therefore, the mRNA expression
levels found by hybridization experiments conveyydimited information and should be
complemented by the levels of the proteins thepdacPeak intensities in MS spectra cannot
easily be correlated with the amount of proteinrspre in the sample, since these intensities
depend on experimental conditions and on chemicgdgsties of the protein. However, if the
intensities are normalized with an internal staddaf known concentration and similar
chemical properties, these normalized intensitesetate linearly with protein concentration
[215].

55



Introduction

Posttranslational modifications play an importasierin biological pathways. Protein
modifications are determined by examining the messmass and fragmentation spectra via
manual or computer-assisted interpretation. Phagfaimn for example is a chemical
modification of certain amino acids that can switffi and on the activity of a protein.
Therefore, the amount of phosphorylation for aaerfprotein can provide an important
information about the state of a cell. Since thigdification always adds the same mass
(80Da) to a protein, it is easily detectable by N¥&ny modifications are detectable this way
and software that helps identifying modificatiorigeptides is available [216].

The analysis of protein complexes is another areere&vMS-based proteomics has a
significant impact. Most proteins exert their fuoat by way of protein-protein interactions
and enzymes are often held in tightly controllegioas of the cell by such interactions. Thus,
one of the first questions usually asked aboutve pr@tein is to which proteins does it bind?
To study this question by MS, the protein itselfused as an affinity reagent to isolate its
binding partners. Compared with two-hybrid and dbgsed approaches, this strategy has the
advantages that the fully processed and modifiedepr can serve as the bait, that the
interactions take place in the native environmemdl @&ellular location, and that multi-
component complexes can be isolated and analyzedsingle operation [217]. However,
because many biologically relevant interactions afréow affinity, transient and generally
dependent on the specific cellular environment mclv they occur, MS-based methods in a
straightforward affinity experiment will detect gna subset of the protein interactions that
actually occur. Bioinformatics methods, correlatmnMS data with those obtained by other
methods, or iterative MS measurements possiblyomunction with chemical crosslinking
[218] can often help to further elucidate diredtenactions and overall topology of multi-

protein complexes.

Principles of the method and instrumentation

Mass spectrometric measurements are carried dheigas phase on ionized samples.
By definition, a mass spectrometer consists ofeltevices, an ion source, a mass analyser
that measures the mass-to-charge rati)(of the ionized analytes, and a detector that

registers the number of ions at eadh value.
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The most common ionization techniques used in bio& applications to volatize
and ionize peptides and proteins or peptides f@snspectrometric analysis are electrospray
ionization (ESI) and matrix-assisted laser desongibnization (MALDI) [209] [211].

ESI ionizes the analytes out of a solution anchedfore readily coupled to liquid-
based (for example, chromatographic and electrapicdrseparation tools. In this technique,
sample solution enters through a narrow steel Be&ttong electric fields around the tip of
the needle charge the surface of the emerging rsolwed electrostatic repulsion of these
charges disperses the solvent into a very fineyspfacharged droplets, all at the same
polarity. The process of droplets shrinking is daled by ‘Coulumbic explosion’ and is
repeated until individually charged 'naked' ionsaatlyte are formed and released as gas-
phase ions. The completely dissolved ions are fdratethe atmospheric pressure and then
guided into the high-vacuum region of the mass tspeter through a capillary or by series
of differentially pumped skimmers of the mass amaly For proteins a large number of
different charge statesoccur and the same protein is detected at vandasalues. Multiple
charged ions are mathematically transformed in®ngle mass spectrum that reveals the
molecular weights of the fragments [219]. A numbgkvariants of the electrospray technique
are available; some operate without gas but willeaed capillary. Very sensitive detection
can be obtained with thinner needles and nL/miw ftates [220]. Since ions are extracted
continuously, ESI works well with triple quadrupatstruments or ion traps but it can also be
used with most other mass analyzers [221].

While integrated liquid-chromatography ESI-MS syste(LC-MS) are preferred for
the analysis of complex samples, MALDI-MS is noripalsed to analyze relatively simple
peptide mixtures. MALDI sublimates and ionizes #anples via laser pulses. Peptides are
suspended or dissolved in the matrix that is smaganic, UV-absorbing molecules,
normally an aromatic organic weak acid (e.g. deéres of benzoic or cinnamic acid) which
strongly absorbs energy at the wavelength of therldN2-lasers (337 nm) and Nd-YAG (355
nm) have been successfully applied. The analyt@xed with the matrix in a solution and the
mixture is allowed to dry as a crystalline coatorga metal target plate. The matrix plays an
important role in several ways. It absorbs enemyg protects the analyte from excessive
energy i.e. analyte decomposition and enhancesidheformation of the analyte by
photoexcitation or photoionization of matrix moléxs followed by proton transfer to the
analyte molecule. Moreover sample dilution into thatrix prevents association of analyte
molecules. The resulting crystals are irradiateth\Wwaser pulses at the wavelength at which

the matrix has high spectral absorption. This eaesorbs the mixture and photoexcites the
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matrix. The excited matrix then ionizes the samghleught proton transfer, causing the
subsequent passage of matrix and analyte ionghetgas phase. The principal ion detected
using a threshold laser intensity for MALDI is [M H+], although signals for multiply
charged ions and oligomeric forms of the analyte ima seen, especially for large proteins.
At the time that the laser is pulsed and a voltsgapplied to the target plate, the ionized
sample is accelerated by the electrostatic fietepelled into a flight tube.

Once a sample has been ionized, it must be maggadaThe beam of ions is then
focused and directed into a mass analyzer whichraggs the ions in respect to theifz
value. In the context of proteomics, the key patanseof a mass analyzer are sensitivity,
resolution and mass accuracy. There are four lgses of mass analyser currently used in
proteomics research. These are the ion trap, tirflegbt (TOF), quadrupole and Fourier
transform ion cyclotron (FT-MS) analysers. They arery different in design and
performance, each with its own strength and weakridsese analysers can be stand alone or,
in some cases, put together in tandem to take talyaof the strengths of each [222].

MALDI is usually coupled to ‘time of fligh’ (TOFanalysers that measure the mass
of intact peptides, whereas ESI has mostly beepleduo ion traps and triple quadrupole
instruments and used to generate fragmented iastrap@ollision-induced (CID) spectra) of
selected precursor ions [221].

TOF analyzer is conceptually the simplest speattem Applying a fixed voltage at
the source (ca. 20kV) the ionised gas-phase sam@ecelerated to a fixed kinetic energy
(EK) and then guided into a high-vacuum field-ffigght tube, through which they reach the
detector. Because the flight tube is a field-fregion, all the Ek of the ions results from their
initial acceleration, therefore a group of ionsederated with the same constant voltage, at a
fixed point and initial time, and allowed to drifft a field-free region, will traverse this region
and separate in a time which depends upon th&ratios. Measuring that time-of-flight at
the detector it is possible to determine izvalue.

Earlier MALDI-TOF spectra were characterized by paomass resolution due to the
distribution of kinetic energy among ions that varyinitial desorption velocity [223] [224]
and in energy deficits from collisions of desorbethtrix during ion acceleration. In
continuous ion extraction linear mode, there wasampensation for ions with the same m/z
value but different initial velocity.

To overcome this problem two improvements have begmemented in present TOF
instruments configurations. First, the events o$adption/ionization and acceleration has

been separated by applying the acceleration fieth & slight delay, up to hundreds of
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nanoseconds, relative to the laser pulse enaldtiegoins to be focused [225]. In the delayed
extraction conditions (DE-mode), in fact, a varealbltage grid in front of the source allows
MALDI-generated ion cloud to expand in a transiéetd free region (grid has the same
voltage of source). Then a fast high-voltage p(dsel has slightly lower voltage than source)
creates a potential gradient in the ionizationaeghat accelerates slow ions more then fast
ones. This pulse voltage and time delay corre@srthial velocity differences in such a way
that identicalm/zions arrive simultaneously at the plane of thedet, enhancing resolution
of the mass spectrum.

The second improvement was the introduction oflacton device [226] at the axial-
end of the field-free drift region. Even applyingefnode, after ions are accelerated and
velocity-focused (ions of the same mass alignrnre)i they can defocus flying down the tube
causing broadening of signal detector. The reftectries to correct this drifting apart and
tries to focus the ions on the detector. It is lasteécal mirror, with a voltage potential applied
across the sides, which creates a retarding fielx avoltage slightly higher than the
accelerating one. The ions are sequentially slosdeadn through the reflector until they stop,
turn around and re-accelerate back in a secontirdgion to a second detector. lons species
with a kinetic energy lower than the acceleratimdtage will penetrate less in the reflector
and will turn back sooner (as ions species witthéigkinetic energy will penetrate deeper and
turn back later) allowing ions of the sammé#z value and slightly difference in flight times to
be packed and focused in space and time to thetdete

To allow the fragmentation of MALDI-generated presar ions, MALDI sources have
been recently coupled to quadrupole ion-trap mpssteometers [227]and two types of TOF
instruments: the quadrupole TOF hybrid instrumé&ig.21) [228] and the MALDI-TOF-TOF
(Fig.20) [229]. A caollision cell is inserted betwethe two analyzer. lons of a particular m/z
value are selected in the quadrupole mass filtan tre first TOF, fragmented in the collision
cell and the fragments ions masses are read oué BYOF analyzer (Fig.22). These
instruments have very high sensitivity, resolutionass accuracy and high speed data
acquisition. During MS/MS analysis, MALDI-TOF-TORstrument offers the possibility to
finely control fragmentation conditions and simuokausly provides both low-energy and
high-energy collision induced spectra. The degfdeagmentation and structural information
obtained are related to adjustment in laser intgnsollision gas pressure and collision
energy. A collision energy of 1-2 keV in the CIDHaesults in the production of low mass

internal fragments, ions from amino acid side cHegmentations, ions specific of particular
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amino acids increasing the confidence in the peatjuence interpretation and identification

of multiple proteins from complex mixtures.

Q, u P TOF
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Fig. 21. The quadrupole TOF instrument combines thefront part of a triple quadruple
instrument with a reflector TOF section for measuring the mass of the ions [228].
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Materials and Methods

2. MATERIALS AND METHODS

2.1.Nsp5 wt and mutants constructs preparation and productionof anti
NSP5 serum

Plasmid construction was performed usingBEheoli DH5a strain (Life Technologies
Inc.). Nsp5 wt derived from porcine OSU rotavirus strain (Gernbatcession number:
D00474) was amplified by PCR from cDNA using spiegiirimers on 5’ and 3’ ends (already
characterized by [49]). The PCR fragment was cloteegpGemTEasy (Promega) vector,
sequenced and then subcloned to pcDNA3-His, thatdeacribed earlier by Eichwald [149].
Final cloning to pET23d (+) (Novagen) was done gdiNtol and BamHI sites. NSP5S67D
was subcloned from pCDNA3 construct as mentionef6jninto pcDNA3-His [149] and
finally cloned to pET23d (+). Delta C18 mutant wasplified on the matrix of pET23d
(+)NSP5 wt using subsequent primers:

forward: 5GATTCTAGAGTCGACCATGGGTCATCACCATCAC3

reverse: 55GTGGGATCCTTACTTTTTCTTATATT3’
and then cloned to pET23d(+) where it was seque(d&dG-Biotech, Ebersberg, Germany).
Mutant NSPA32 was prepared on the basis of already existimgtooct characterized by
[49]. NSP5 truncated gene was cloned using NcoliBisites into pET23d (+) vector.

The following constructs were obtained as desdrilve [6].pT7v- A3a, pT7vA3b,
pT7vA3/S63A, pT7vA3/S65A, pT7vA3/S67A, and pT7v 3(S63,65A_S67D) were
obtained by double-step PCR by using internal oligibeotides to amplified regions 1 and 2
and cloned Kpnl_Clal in pT7v-(4Tclal5’). pT7v-(4B&b’) was obtained by PCR of the
regions 4 and T, inserting the restriction sitesiKgnd Clal at the 5’ and BamHI at the 3’ The
fragment was cloned as Kpnl/BamHI in pcDNA3. pT A5\ 2 was obtained by inserting at
the N-terminus the SV5 tag with oligonucleotides, ’'- 5
AGCTTGTACCATGGGCAAACCAATCCCAAACCCACTGCTGGGTCTGGATGTAC-

3" and 5-CATCCAGACCCAGCAGTGGGTTTGGGATTGGTTTGCCCAT&EIACA-3',
and into Hindlll/Kpnl. pT7v-NSP5a, pT7v-NSP5/S57and pT7v-NSP5(S63,65A/S67D)
were obtained by PCR of the respective pTRBvpoint mutation by using specific primers to
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incorporate Kpnl and BstBI restriction sites at th&and 3’ ends of the 1+2 region,
respectively. The fragments were cloned Kpnl/ Bsifgb pT7vA1A2(Kpnl/BstBI). This
construct was obtained by PCR with specific prin@rinsert Kpnl/BstBlI and BamHI
restriction sites at the 5’and 3’ends of thiA 2 region, respectively.
PQENSP5(S63,65A/S67D), and pQE-NSP5a were obtalnedigestion Kpnl/EcoRV of
above described pcDNA3 construct and cloned KpndISm pQE-30 (Qiagen, Valencia,
CA).

Anti-NSP5 sera were obtained through protein immpaton using purified His-
NSPwt produced in E. coli M15 [Rep4] strain as diésc before [6]. Guinea pigs were
injected intraperitoneally with 1Q@ of purified protein for each boost. The boostsene
repeated three times every 15 days and the aniveks bleeded one week later. Antibodies
were tested by Western Blot analysis on extract®@ivirus infected and non infected cells

and dilution 1:7000 was experimentally establisagdufficient.

2.2. Tissue culture

MA104 cells were routinely cultured in Dulbecco'sodified Eagle's medium
(DMEM) supplemented with 10% foetal calf serum (FCBnM L-glutamine (Gibco BRL)
and gentamycin (100 pg/ml). Cells were propagasaagutrypsin (500 pg/ml), inhibited with
complete medium, centrifugated at 1100 rpm for 4.nand resuspended in complete

medium.

2.3. Transient transfection of MA104 cells

To prepare cellular extracts cells were transfectsdentially as described by
Africanova, [49]. Briefly, 5x 1®cells growing on a 35 mm diameter Petri dish, viefected
with T7-recombinant vaccinia virus (strain vTF7[2B80] and 1 h later transfected withub

of Transfectam reagent (Promega) mixed witlgaf plasmid DNA and incubated for 16 h.
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At 16 h post-transfection cells were washed twigth wold PBS, kept on ice and
lysed in 80ul of cold TNN lysis buffer (100 mM Tris-HCI pH 8.850 mM NaCl, 0.5%
NP40 and 1mM PMSF) for 10 min at 4°C and centriflge10000 x g for 5 min.

2.4. Virus infection and propagation

The porcine rotavirus strain OSU, bovine straindRB simian SA11 were propagated
and grown in MA104 cells as characterized by Esf2381]. Briefly, the inoculum was
activated in presence of 1@/ml trypsin until cythopatic effect was visualizélthe infective
medium was frozen and thawed three times, cen&dugt 500 rmp for 10 min to eliminate
cellular debris and stored at —°80 Virus was titrated using plaque assay as dssitrin
[232].

The recombinant vaccinia virus VT7/LacOI/NSP2 waspagated and grown in
BSC-40 cells as described by Ward et al, [233].

2.5. Western blotting

Samples were loaded and ran in a SDS-PAGE accotdingemmli method [234].
After, samples were transfered to a PDVF membranm¢bilion-P, Millipore) for 2 hours at
200mA or O/N at 50 mA. The membrane was blockeBBS-milk 5% for 45 minutes and
incubated for 1, 5 hour with the primary antibodyRBS-milk 5%. After, three washes in
PBS-milk 5%, the secondary antibody conjugatedetmxidase was added and incubated for
1 hour. Finally, the membrane was washed 3 timd3B8-milk 5% for 5 minutes and at last

once in PBS. The reaction was developed using @ieki (Pierce).
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2.6. Sample preparation for MALDI TOF/TOF analysis

MA104 cells were cultivated on 15 cm diameter iPdishes (Costar) until they
reached the state of confluence. Cells then wereksimdected (control samples preparation)
or infected with rotavirus (OSU, RF SA11 or straa)a multiplicity of infection (MOI) of 5
PFU/cell. After 12 hours cells were washed 3 timwéh cold PBS, scraped on ice and lysed
with cold TNN buffer containing 20mM NaF (phosplsssa inhibitor). For every 1 ml of cell
lysate 30ul of protein A-sepharose beads (Repligene) werel.uBeads were resuspended
and washed 3 times with lysis buffer (TNN). Prelmgdmix was prepared- gl of anti-NSP5
sera (2.1.) was used for everyldof protein-A beads. Mix was incubated on the t@tan the
4°C for 45 min. Afterwards beads were washed twid wold TNN and lysates of rotavirus
and mock-infected cells were added. Reactions wexgbated on the rotator i@ for 2 h.
After incubation, protein-A beads were washed Ztrand resuspended in 1 ml of cold TNN.
To increase purity of immunoprecipitation a quidigogrol step gradient was performed. To
the tubes containing beads resuspended in 1 mNdf 500 ul of TNN-glycerol 20% was
gently overlayed. Samples were centrifuged 30 s#xada pellet the beads and supernatant
was removed from the top to down. Beads were wa8hities with TNN. From this point
samples for MALDI TOF/TOF analysis were preparethvitvo different methods in purpose
to increase the possibility for obtaining moreable results. Schematic representation of this

processing is illustrated in figure 23.
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0OSU strain

or ROTAVIRUS INFECTION or

—

MA104 cells

Immunoprecipitation anti-NSP5

Prot-A—<NSF5
or or
=32 /
b —
5 direct trypsinization
Da
WB-anti NSP5

}

trypsinization —— | MALDI TOF/TOF analysis

Fig. 23. Scheme of sample preparation for MALDI TOFTOF analysis. Cells were infected with
OSU, RF or SA11 rotavirus strain. NSP5 was immunopacipitated and subsequently subjected to
direct trypsinization or immunoprecipitated sampleswere separated by SDS-PAGE, then NSP5 was
fractionated, excited from the gel and trypsin-digsted.

2.6.1. Protein extraction from SDS-PAGE gel

Protein-A beads with bound NSP5 and immunopredgitan the same way control
samples (mock-infected lysate) were placed in noemtrifuge columns. Attached proteins
were eluted from protein A-beads with 0.2 M gly&i€l pH 2,8. Immediately after elution
law pH was neutralized with 1M Tris-HCI| pH 8,0. T®crease the volume of samples,
proteins were acetone precipitated. Pellets wereddby centrifugation in a SpeedVac,
resuspended in 1x SDS-PAGE loading buffer and Ooittamples were loaded on 15%
polyacrylamide gel in the way that control samplesxd samples containing
immunoprecipitated NSP5 were separated by lineprestained marker (Precision Plus
Protein Standards, Bio-Rad). One tenth of each Eamas loaded in the same order on the
second half of the gel. After protein separatidre ¢jel was cut into two halves, and on the
part containing less material, Western blotting wasformed. The second half was kept
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during this time in a SDS-PAGE transfer buffer. esf WB, the film, was superimposed
on the first half of the gel. NSP5 bands were eciwith a clean scalpel, cut in sample pieces
(~ 1 mn?) and put in a 1.5 ml tube. The lowest band represethe least modified protein,
the highest contained the fraction of the protelmatt underwent more advanced
posttranslational processing. On the basis of mmabkeds location control samples were
precisely isolated.

Subsequently samples were prepared using a maitficof the method proposed by
Shevchenko et al. 3@ of 50 mM ammonium bicarbonate (pH 8,0) was adaedach tube
and sample were vortex for 15 min. The supernatast discarded and volume sufficient to
immerse the gel pieces of 50 mM ammonium bicarteorfpH 8,0)/50% acetonitrile was
added. The supernatant was removed andl@d acetonitrile was added to dehydrate the
gel pieces for 5 min. The supernatant was remoWedgel pieces were dried in a SpeedVac
for 5 min. Pieces were covered with 10 mM DTT solutand reduced for 1 hr at 56°C.
Samples were cooled to room temperature and DTutienl was replaced with the same
volume of 55 mM iodoacetamide solution. Tubs wemeubated for 45 min at room
temperature in the dark with occasional vorteximgen washing with 300 pl of 50 mM
ammonium bicarbonate, pH 8,0 for 15 min was penéd by vortexing, and 100 uL of 50
mM ammonium bicarbonate/50% acetonitrile was adddtkr 15 min. the supernatant was
discarded and 100l of acetonitrile was added to dehydrate the getgs for 5 min. Liquid
phase was removed and the gel pieces were driadratuum centrifuge for 5 min. The gel
pieces were reswollen with a minimum volume of sgung grade porcine trypsin (0.1
pg/ul) and after 10 min 100 pl of 50 mM ammoniuncabbonate, pH, 8,0, was added.
Samples were incubated overnight at 37 °C. Thetitryeptides were extracted, once with
100 ul water, twice with extraction buffer (50 mM ammomi bicarbonate, 60% CH3CN and
1 % TFA) and at last with 10@ of CH3CN and finally collected in 1.5 ml tube. 8 kextracts

of peptide solutions were dried in a SpeedVac erapn

2.6.2. Direct trypsinization

After washings with TNN, beads were washed threeesi with 50mM ammonium
bicarbonate and then ammonium bicarbonate buffeolome sufficient to cover the beads
was added. The buffer contained \@4of trypsin (1ngil). Control samples and those

66



Materials and Methods

containing NSP5 were incubated for 6 hours ifC37To stop the reactions acetic acid to final
concentration of 0.1% was added. Peptides wereceluom the beads by centrifugation and
frozen in -86C.

2.7. MALDI TOF/TOF analyses

Analyses were performed using 4800 MALDI TOF/TOFandem TOF technology analyzer
from Applied Biosystems/MDS SCIEX. Peptide massesent also in control reactions were
considered to be cellular contaminants and wereuaiBneliminated from the spectra. The
protein was identified with high score by Mascailtf235] (http://www.matrixscience.com/)
as the database search engine.

The measured masses were manually verified usingtid®e Mass program
(www.expasy.com) in case of not modified peptides wasing Glycomod tool
(www.expasy.org) in case of phosphorylated/glyated peptides. The peptides that masses
difference did not exceed 0.2 Da between theoletalgulations and experimental data and
that were found in more than one experiment wesgyasd to NSP5.

2.8. Expression of NSP5 and its mutants

E. coli BL21 [DE3] cells (Novagene) carrying the plasniattencoded for a target
gene under T7 promoter were grown in Terrific Brattedium, containing ampicillin
(200ug/ml) in 37°C until the culture reached aniaggtdensity 0.7-0.8 (absorbance measured
at 600 nm, GeneQuant Pro, Amersham Pharmacia). baeteria were induced with IPTG
until the final concentration of 1mM and grown feubsequent 5 hours. After that time
culture was centrifuge for 30’ /6000rpm/%4nd pellet was frozen in -8D. Expression level
was checked on SDS-PAGE Coomassie stained gels.
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2.9. Proteins purification and refolding

2.9.1. Inclusion bodies preparation

The E.coli cells pellet was resuspended in buffer 1 (TablecBmplemented with
protease inhibitor cocktail (Sigma Aldrich). Reseisged bacteria were disrupt by sonication
on ice, 4x15"/15 units and centrifuged 10'/+4@0.000 rmp. The supernatant was discarded
and cell paste was resuspended in cold buffer 2ic&ton was repeated as above and
samples were centrifugeted 10'/10.000 rm@/4& second washing with buffer 2 was
performed and centrifugation was repeated. Theepeths washed with buffer 3, centrifuged
and resuspended in buffer 4. The samples weredtiar 30-60 min at room temperature to
soulubilize inclusion bodies, centrifuged for 3@/@00/4C° and passed through the 0, 45
filter (Millipore).

Inclusion bodies purification

Buffer 1 20mM Tris-HCI, 0,5 M NaCl, 2% Triton X-10@mM DTT, pH 8

Buffer 2 20Mm  Tris-HCI, 0,5M NaCl, 5mM imidazole, M6 guanidinium
hydrochloride and 2mM DTT, pH 8

Buffer 3 20mM Tris-HCI, 0,5 M NacCl, 2% Triton X-100, 2mM DTPH 8

Buffer 4 20mM Tris-HCI, 0,5 M NaCl, 5mM imidazole6M guanidinium
hydrochloride, 2mM DTT, pH 8

Affinity chromatography

Buffer A 20Mm Tris-HCI, 0,5M NaCl, 5mM imidazole, M6 guanidinium
hydrochloride, 2mM DTT, pH 8

Buffer B 20Mm Tris-HCI, 0,5M NacCl, 20mM imidazole, 6M ureanM DTT,
pH 8

Buffer C 20Mm Tris-HCI, 0,5M NaCl, 500mM imidazoléM urea, 2mM DTT, pH 8

Anion exchange chromatography

Buffer D Tris-HCI 20mM, 6M urea, 2mM DTT 1M NaGiH 8

Buffer E Tris-HCI 20mM, 6M urea, 2mM DTT 1M NaGiH 8

Refolding buffers

20Mm Tris-HCI, 0,5M NacCl, 3 M urea, 3mM DTT, 10%ygerol, pH 8
20Mm Tris-HCI, 0,5M NacCl, 3 M urea, 3mM DTT, 10%ygerol, pH 8
20Mm Tris-HCI, 0,5M NaCl, 2mM DTT, 10% glycerol, p8i

Table 2. Buffers used in purification and refoldingof NSP5wt and its mutants.
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2.9.2. FPLC purification using AKTA system

NSP5wt and its mutants were purified under denaguconditions Chromatography
was performed using FPLC-AKTA system (Amersham Riaaia). First, proteins solubilized
from inclusion bodies were purified using immolgtz metal affinity chromatography. The
Ni?*-NTA column (1 ml His-Trap, Amersham Pharmacia),swaashed with water and
equilibrated with 10 volumes of buffer A. Preparedusion bodies solution was applied on
the column that was then washed with 10 volumdsuéfer B. The proteins were eluted using
a linear gradient of buffer C in buffer B by incsg®g concentration of imidazole.

Fractions were collected and checked on SDS-PAQE Tgmse containing NSP5
were pooled, dialysed against buffer D afG4nd subjected to the second purification step,
ion exchange chromatography. Samples were apmig¢het anion exchange monoQ HR5/5
column (Amersham Pharmacia) equilibrated beforé Wi volumes of buffer D. The column
was washed with 10 vol. of buffer D and next prasewere eluted with a linear gradient O-
100 % of buffer E (growing NaCl concentration). ¢trans were collected, peaks were

analysed on SDS-PAGE gel, and those containing matein were pooled.

Expression of the proteins
in E.coli BL21[DE3]

Inclusion bodies purification
and proteins solubilization

-
Affinity chromatography in denaturing

conditions- His-Trap column
- J

( 7\
Anion-exchange chromatography in

denaturing conditions- monoQ column
- J

v
[ Protein refolding by dialysis }

against buffer lacking urea

Fig. 24. General scheme for production, purificatio and refolding of His-tagged NSP5.
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2.9.3. Proteins refolding

The samples were transferred to the membrane t{Bimgctrum Laboratories), cut off
12,000-14,000 Da and diluted to the concentratiio@, mg/ml in buffer E. Refolding was
carried out by very slow (~48 h) dialysis in°€&by exchanging the buffer containing urea to
the one where urea was not present. First, pretasdialysed against buffer containing 3M
urea. After 12 hours content of urea in dialysiffdruwas decreased to 1,5M. During last 12
hours protein was dialysed against buffer withougtau 10% glycerol was always present in
the buffer. Buffer exchange was performed in smalumes to ensure slow rate of
denaturant concentration decrease. Buffer was @thoffen and usually only partially in
purpose to avoid step gradient and make it momafinnstead. Reducing agent (DTT) has
always been added fresh to prevent forming of idibridges. After refolding samples were
concentrated using ultracentrifugation tubes (S&)toThe correct molecular sizes of the
purified products were confirmed by ESI-MS singleadrupole mass spectrometry (API-
150EX, Applied Biosystems).

2.10. Size exclusion chromatography

Size exclusion chromatography was performed on FRKTA system (Amersham
Pharmacia) using Superdex 200 column (Amershamni@a) in buffer containing 20 mM
Tris-HCI, pH 8.0, NaCl 150mM, DTT 2mM at a flow eabf 0.5 ml/min. Detection was at
280 nm. The column was precalibrated with seveneprostandards of known masses and
standard curve was made. Eluted fractions wereecteltl, concentrated by speed-vac and

Western blotting was performed.

2.11. Trypsin limited proteolysis

The mass ratio between trypsin and recombinareppras well as reaction time was

established empirically. Trypsin,ud, was used for digestion of 13@Q of recombinant
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protein during time of 1h in room temperature. Tised reaction buffer was Tris-HCI 20mM

pH 8.0, NaCl 150mM, DTT 1mM. From the total reantMolume of 10Qul, samples of 1@l

in different time points were taken. To stop thgedtion excess of SDS-PAGE loading buffer
was added. All experiments were analysed on SDGEPACoomassie-stained gels.
Determination of the peptides masses was done shamkhe Termofinnigan LCQ deca

Electrospray lonization Mass Spectrometer. Bandameed from the limited proteolysis of

NSP5 wt was isolated from the gel and subjectambtoplete trypsin digestion and compared

with parallel analysis of full-length protein.

2.12. Circular dichroism measurements

Proteins concentration was determined by UV absmdaneasurement at 280 nm
(Ultrospec3000, Amersham Pharmacia) using the lzkul for every protein extinction
coefficient values. CD measurements were perforimed]-810 spectropolarimeter (Jasco
Inc.) in the range of 250- 190 nm, using a 0.1 @thpength quartz cuvette (Hellma) in case
of wt and S67D recombinant proteins and 0.02cmafadt truncated mutants. Spectra were
done at the concentration of 3.5, 4.5 andBvDrespectively for S67D, wt and32 mutant
while AC19 protein required higher concentration and isasarements were recorded at
concentration of 5@M. All the spectra were averaged from 5 scans bdfrn steps at 10
nm/min. The measured signals were converted to messidue ellipticity (MRE,
deg-cr/dmol) on the basis of a mean amino acid residughteising the Dichroweb [236]
server. All spectra were analyzed in terms of sdaonstructure using Dichroweb tools. The
best fitting were represented by CONTIN[204] andSEIR programs.

2.13. Binding assay based on ELISA

Refolded NSP5 was tested in ELISA assay for bipdactivity of its molecular
partner, NSP2, derived from MA104 cells infectionthwrecombinant vaccinia virus
VT7/LacOI/NSP2. ELISA plate (Nunc) was coated QsN +4£C with 100 ul of NSP5

diluted to the concentration of Ag¢/ml in PBS. In the morning the solution containimgt
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bound NSP5was discarded and plate was blocked liyciibation with PBS-BSA 1%. Then
plate was washed with PBS-0.1%Tween20. NSP2 and&-néected extracts (controls) were
used to make serial dilutions. Plate was incubategi”°’C for 1,5 h and washed three times
with PBS-0.01% Tween20. After that mouse anti-NSeea was added at the dilution of
1:1000 and reaction was incubated for next 1h ffC3Plate was washed three times with
PBS-0.01%Tween20 and secondary antibody, peroxidaspigated goat anti-mouse IgG
(KPL) at the dilution 1:5000, was added (Fig. 2&ter 1h plate was washed three times with
PBS-0.01%Tween20 and ELISA reaction was developeddiing 3.3',5,5-tetramethyl-
benzidine liquid substrate and then blocked with @BIQ,. Result was read in a plate reader

(Model 550, Biorad) and plotted by Excel program.

1 1 1 <4+— anti IgG guinea pig HRP-conjugated Abs
<—— guinea-pig sera anti NSP2
<+ cellular extrac conainingNSP:
<«——recombinant NSF

Fig. 25. Schematic representation of ELISA bindingssay.

2.14. Peptides synthesis for the NSP5 phosphorylati by CKla,

Peptides were synthesized by a solid-phase mdéthading fluorenylmethoxycarbonl
(Fmoc) chemistry. Peptide DMA-GG was synthesized ksing Fmod\,N-
dimethylarginine(Mts)-OH as described [237]. Pegdidvere purified by RPHPLC on a C-18
column (Waters RCM, 25 x100 mm) by using a lineadgent of acetonitrile in water (0—
35% over 70 min) containing 0.1% trifluoroacetiégdaand their identity was confirmed by
electrospray ionization MS (PerkinElmer SCIEX ARIS0EX) and stored as lyophilized
powder.
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2.15. Expression and purification of His-6-tagged noteins for the in vitro
kinase assay with recombinant CK

The proteins were prepared as described in [6E-AQ, pQEA3a, and pQEA3/S67A
were expressed i&scherichia coliM15[pREP4]. Culture was induced with isoprofyD-
thiogalactoside (1 mM), grown for 4 h, and cengéd at 3,500 rpm for 10 min. Pellet was
resuspended in 6 ml of PBS and incubated for 15 onirice with 0.1 mg_ml lysozyme,
5mMDTT, 1.5% laurylsarcosine, and mixture inhibitprotease (Sigma). Lysate was
sonicated (six times for 10 s each) and centrifuegetD,000 rpm for 10 min. Supernatant was
supplemented with 1% Triton X-100 and loaded ontockel column (Novagen) previously
equilibrated in 5 vol of loading buffer (20 mM inaidol in PBS). The beads were washed in
10 vol of washing buffer (35 mM imidazol in PBS)daeluted in 2 vol of elution buffer (250
mM imidazol in PBS). The eluted protein was diatyzggainst PBS and analyzed by SDS-
PAGE and Coomassie blue staining. pQE-wtNSP5, p@PM(S63,65A,567D), and pQE-
NSP5a were expressed as described above. Pelleresaspended in 4 ml of 20 mM
Tris_HCI (pH 8.0) and inhibitor protease mixturengated (four times for 10 s each), and
centrifuged at 10,000 rpm for 10 min. Inclusion iesdwvere resuspended in 3 ml of cold 2 M
urea, 20mMTris-HCI, 0.5MNaCl, and 2% Triton X-1Q6H 8.0), sonicated, and centrifuged
as above. A second wash in urea was performedadast wash was performed in a buffer
lacking urea. The pellet was resuspended in 5 mR@HMTris-HCI, 0.5MNaCl, 5 mM
imidazol, and 6Mguanidine hydrochloride (pH 8.Q)rred for 45 min at room temperature,
and centrifuged 15 min at 10,000 rpm. Supernataad passed on a 0.4h-m filter and
loaded onto a preequilibrated nickel column (Novgg€olumn was washed five times in 20
mM Tris-HCI, 0.5 M NaCl, 20 mM imidazol, and 6 Ma#& (pH 8.0) and eluted in 10 ml of 20
mM Tris_HCI, 0.5 M NaCl, 6 M urea, and 150 mM imadd, pH 8.0. The eluted protein was
refolded by consecutive dialysis in 3, 1.5, and @fa in 20mM Tris-HCI (pH 8.0), 250 mM
NaCl, and 1 mM DTT.
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2.16 In vitro CK1a phosphorylation assay

The assay has been described by Matiral. [238]. In brief, synthetic peptides
substrates (0.2 mM) were phosphorylated by incobhat a medium (3@l of final volume)
containing 50 mM Hepes buffer (pH 7.5), 10 mM MgC130 mM NacCl, and 50M y-ATP
(specific radioactivity 4,500— 8,000 cpm/pmol). Tieaction was started with addition of 16
units (107 units/pmol) of recombinant C&Xrom zebrafish Danio rerio) [239]. After
incubation at 30°C for the times indicated, the tomi& was spotted onto phosphocellulose
paper, which was washed three times in cold 75 nB®®H. Filter-associated radioactivity
was measured by scintillation counting. Kinetic stamts were determined by regression
analysis of double-reciprocal plots constructedmfranitial-rate measurements. Protein
phosphorylation was carried out in a reaction buftentaining 50 mM Hepes buffer (pH 7.5),
10mMMgCI2, 150mMNacCl, 5@M[32P]-y- ATP (12,000 cpm/pmol), and 1+M of protein
substrate, in a total volume of @l4Then 23 units of recombinant CK165 units/ pmol) was
added to initiate reactions; incubation was form8id at 30°C. Samples were analyzed by
12.5% SDS_PAGE and radioactive bands were detati@dlolecular Imager FX (Bio-Rad)

apparatus.
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3. RESULTS

The results presented in this dissertation haen lovided into three parts. The first
chapter demonstrate the effort of the laboratoay ttas focused on studying the mechanism
of NSP5 hyperphosphorylation. The work presentaeg has been done with a kind help of
Dr. Catherine Eichwald and in collaboration witroPrJorge E. Allende from Instituto de
Ciencias Biomedicas, Programa de Biologia Celulaviglecular, Facultad de Medicina,
University of Chile and resulted in a paper issueBNAS [6].

In the second chapter | have described my workmapping of post-translational
modifications of NSP5 where we used MALDI-TOF/TOpestroscopy as a tool. The
collected data allowed us to draw certain conchusibow particular regions of NSP5 are
modified.

Finally, in the third part, | have presented stumual studies on NSP5, with the use of
circular dichroism spectroscopy, that let us toadfist conclusions concerning the structure

of this viral protein.
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Part 1. Studies on hyperphosphorylation mechanismfdNSP5

NSP5 was originally characterized to have a mocuatass of 26kDA on SDS-
PAGE. Further studies demonstrated that 26&Da form is a precursor for subsequent
processing. SDS-PAGE analysis of rotavirus infecelts shows that NSP5 appears as two
major bands of 26 and 28kDa and as series of higheds whose apparent molecular mass
spans from 30 to 34kDa. It was shown that thergb28kDa forms are phosphorylated and
glicosylated byaddition of O-linked N-acetyloglucosamine (O-GIcNAmonosaccharide
residues to serines and threonines, while the bigbends are present mostly due to hyper-
phosphorylation. Experiments performed in our labany have suggested that NSP5
hyperphosphorylation is the consequence of a complgoregulatory mechanism. The
process involves mobilization of cellular kinase®l aince it is unlikely that NSP5 posses
kinase activity by itself, it may have a capabilty promoting the activation of cellular
kinase(s) [149], following interaction with NSP2.

We speculated the existence in NSP5 of regionsifspéor the activation of a cellular
kinase and for its own phosphorylation. With the &f understanding the molecular bases of
this process, we decided to study a number oémdifit NSP5 deletion mutants on their ability
to become phosphorylated in vivo. These studiesaled, that two clearly distinct properties
of this protein, related to its own phosphorylatauld be uncoupled: one such property was
related to its capacity to be a substrate and tiiner @ne was related to its capacity to become
an activator of the phosphorylation process.

To test this hypothesis in vivo, a transfectiosagswhere two mutants of NSP5 were
chosen as a substrate, was developed. One mianias used since it is not phosphorylated
in vivo [152], while it is a good substrate in witrThe second mutamd4, was used since it is
not phosphorylated in vivo [152] and is not a stdistin vitro. To distinguish these two
mutants from other mutants used as activators laflaekinases in a co-transfection assay,
the eleven amino acid SV5 tag was added at therhifias of the substrate proteins. A co-
transfection assay was performed using mutantdbtave as activatord1/A3 andA3, with
the substrates SVA2 or SV5A4. To visualize the effect of the activators witte tdifferent
substrates, the cellular extracts were loadedSD&-PAGE gel and a Western blot anti-SV5
was performed. The results presented in figureigBvsthat the SV#2 substrate is able to

produce a mobility shift in the presence of theakm activators (figure 26B, lanes 2 and 3). In
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contrast, the SVA&4 substrate was not able to produce this mobihift lanes 5 and 6). A
treatment with A-Ppase confirmed that the mobility shift present tleese samples
corresponded to hyper-phosphorylation of the &25ubstrate (figure 26C) [6].

The conclusion of these experiments is, that tHetide of regions 1, 3, or both
(mutants A1, A3, or A1/A3) renders transfected NSP5 able to be hyperphogated,
suggesting that these two domains act as intemh@itors in the phosphorylation mechanism
[49] [152] [149]. The mutant lacking region AZ) is a substrate in this process and the

activator molecule was acting in trans in relatiothe substrate [6].
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Fig. 26. Coexpression of SV&2 or SV5A4 mutants with activators A1/A3 and A3. (A) Schematic
representation of NSP5 and the deletion mutants caetructs. (B) Coexpression assay in MA104 cells of
SV5-A2 (lanes 1-3) or SVA4 (lanes 4-6) substrates with or without the indidad activators. C) A-Ppase
treatment of SV5A2 cotransfected with activator A3. Samples were loaded in a 15% SDS-PAGE, and
substrates were visualized by Western blot. Modifié from [6].
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Ser-67 and the Activation Function

From the results presented above, activation abdtsate activities could be clearly
distinguished. As described above, S¥5was a good substrate both in the in vivo hyper-
phosphorylation assay as well as in the in vitemstation/phosphorylation kinase assay. On
the other hand)2 was unable to induce its own phosphorylation.sThwe decided to study
role of the region 2 in the activation of the pivatcellular kinase. We therefore focused our
attention into two different Ser-rich motifs withthis domain, namely: Ser-Asp-Ser-Ala-Ser
from residue 63 to residue 67 and Ser-Phe-Ser4igeSer from residue 73 to residue 78, that
we termed motifsa and b, respectively (Fig. 27A). We hypothesize that achamism of
hierarchical phosphorylation could be at the baditshe activation step. The hierarchical
phosphorylation implies that certain residues nedae phosphorylated first in order to make
available other sites. To investigate whether eitifethe two motifs were involved in the
activation step, they were independently mutatedhé activator construa3, transforming
Ser residues into Ala. As shown in Fig. 27, mutatd all three serines of motif a (Ser-63,
Ser-65, and Ser-67, construgi3a) completely abolished activation function, wiasre
mutation of Ser in motib (constructA3b) had no effect. A more detailed analysis of iBer
motif a revealed a key role for Ser-67. In fact, the ®n§ler67Ala mutation eliminated
activation, suggesting that phosphorylation of teisdue was required for activation function
(Fig. 27C). This was further confirmed with a const in which Ser-67 was mutated to Asp
to mimic a phosphorylated residue, with the twoeotBers in motifa, Ser-63 and Ser-65,
mutated to Ala. As shown in Fig. 27C, lane 5, ther63Asp mutation (construct
A3/S63,65A/S67D) restored activation. Furthermolee single Ser-67Asp mutation was
sufficient to render, the otherwise inactive fdhfjth NSP5, able to be hyperphosphorylated
despite the presence of the inhibitory domainsdL&a(Fig. 27D).
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Fig. 27. Ser-67 from motifa is essential for activation. (A) Scheme of point atations in the activator A3.
Motifs a and b are indicated. The S to A and S to 3D modificatiog are indicated in red and green,
respectively. (B) Coexpression of SVAA2 substrate with activatorsA3a, A3b, or A 3. (C) Coexpression of
SV5- A2 substrate with activators A3, A3a, ASAS67A, or A3(S63,65A,567D). (D) Scheme of full-length
NSP5 with point mutations on Sers in motif a (Left) and coexpression of SV&2 with the NSP5 point
mutants (Right). Cellular extracts were loaded on al5% SDS-PAGE, and substrate was visualized by
Western blot [6].

Taken together these results demonstrated thaffinst step, phosphorylation of Ser-
67 is necessary for NSP5 to become an activatae phosphorylation of Ser-67 has taken
place, both domains 1 and 3 do not hinder hypegdtarylation any longer. It appears that
these domains prevent phosphorylation of Ser-@hably by impairing its accessibility. This
interpretation was supported by the fact that wtBlS&d more importantly the activation
negative NSP5a, (with Ser in moéifmutated to Ala), were efficiently hyperphosphotgth
when coexpressed with an activator (suchA@s\3), but not when expressed alone (Fig.
28A). Furthermore, transfected NSP5/S67D, but n@PBIS67A or NSP5a, became
hyperphosphorylated, in a way similar to the prot@btained from virus-infected cells (Fig.
28B).
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Fig. 28. Activator-dependent wt NSP5 phosphorylatin. (A) Coexpression in MA104 cells of wtNSP5 or
NSP5 with the activator A1/ A3. Immunoblot developed with anti-NSP5 serum. Theraow indicates the
position of A1/ A3. Bracket indicates NSP5 phosphorylated forms. (BExpression of full-length wtNSP5
and NSP5 point mutants. Lane 5 corresponds to NSHEbm rotavirusinfected MA104 cells. Samples were
migrated in a 15% SDS/PAGE and were visualized by \&stern blot [6].

Ser-67 Phosphorylation and CK1

The canonical consensus sequence for phosphorylaly CKln is D/EXXS*/T*,
where X is any amino acid, D is aspartic acid, Eaghic acid and S*/T* are the target serine
or threonine that is phosphorylated [240]. The sege similarity between the consensus
phosphorylation sites of protein kinase 1, alsovkmas CK1 and moti, suggested that CK1
could be involved in the phosphorylation of Ser-Bfiis possibility was investigated in an
vitro kinase assay by using recombinant GKfrom zebrafish) and two synthetic substrate
peptides of 14 residues encompassing naptifom residues E58 to L71: peptitSP5wihad
the NSP5 wt sequence whereas pep@&3S67A contained a Ser to Ala mutation in the
position corresponding to Ser-67. As shown in R@A, NSP5wtwas a substrate of Clal
whereas peptiddNSP3S67A was not phosphorylated at all. When compared tGKd
consensus specific substrate peptide (RRKHMIGDDDIRANA) [239], phosphorylation of
peptide NSP5wtby CKlo showed a similaiKm (specific peptideK,,=2831M; NSP5wt
Km=218:M) but a lower catalytic constant of 1.7 rfifor the NSP5wtpeptide vs. 50 minh
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for the specific substrate. This result indicatadlGas a candidate enzyme involved in the
phosphorylation of Ser-67 to render NSP5 susceptibl hyperphosphorylation. Similar
experiments with recombinant CK2 showed that thimase does not phosphorylate Ser-67
(data not shown). However, when the involvemenC#&fl in NSP5 hyperphosphorylation
was further investigated in tha vitro assay by using as substrate the bacteria-expressed
proteins, a surprising result was obtained. €Mhs able to phosphorylate only the activation
positive substratea3 or NSP5/(S63/65A/S67D) generating mobility shiftepecies with
higher apparent molecular weights. The whole pmaepended on the phosphorylation of
Ser-67 because the Ser-67Ala point mutation (cocistt3/S67A) as well as mutation into
Ala of all three Ser residues of moé#f(constructsA3a and NSP8&) completely abolished
phosphorylation activity (Fig. 29 B). This resuttangly suggested that CK1 or a CK1-like
activity, directly participates in NSP5 phosphotiga in vivo.
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Fig. 29. NSP5 phosphorylation by recombinant CK1 fom zebrafish. @) Time course of CKln

phosphorylation of motif a peptides derived from NSP5. The amino acidic sequea of both peptides is
indicated. NSP5wt(e)a; NSP5(S67A) (o). (B) SDS-PAGE autoradiography ofin vitro phosphorylation

assay of mutantsA3, A3/S67A, andA3a (Left) or wtNSP5, NSP5/(S63,65A/S67D) and NS&fRight), with

recombinant CKle and [*°P]-yATP. The 38-kDa band corresponds to autophosphoryted CKla.

Reactions were carried out at the indicated concerdtions of substrate proteins. Negative control
reactions containing either CKlo alone (lanes 1 and 9) or substrat&3 alone (lane 8) are shown [6].

From the obtained data we would like to propose @&deh of NSP5
hyperphosphorylation (Fig. 30). In this model theogphorylation of Ser-67 by Clilis
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followed by, or happen concomitantly with proteimmdrization. Phosphorylated Ser-67
component activates the other monomer of the domeomplex rendering it (or both)
susceptible to hyperphosphorylation, by the saméd ©Ka CK1-like enzyme. It is known,
that the tail is involved in dimerisation [161] @l and since the presence of C-terminal part
of NSP5 was shown to be necessary for both, substrad activator function (experiments
performed by dr. Catherine Eichwald), we suggeat the interaction between an activator
and a substrate is required for the final hyperphosylation effect [6].
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Fig. 30. Model for rotavirus NSP5 hyperphosphorylaibn. Interaction of NSP2 with monomeric &) or

dimeric (b) NSP5 promotes phosphorylation of Ser-67 by CK1r{ieither one or both subunits), which in
the case of the monomer may induce dimerizationc). A phosphorylated Ser-67 in the dimer induces
conformational changes ¢) to render the other partner molecule (and probaby both) susceptible to
hyperphosphorylation by the CK1-like cellular kinase () [6].
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Part 2: Post-translational modification studies: mgping phosphorylation
and glycosylation regions in NSP5

It was previously reported that NSP5 is modifiedtiwp types of post-translational
modifications: O-glycosylation [146] and phosphatign [3] [49] [241]. Glycosylation of
NSP5 consists in the addition of O-linked N-acegilaosamine (O-GIcNAC)
monosaccharide residues to serines and threonpeegyrmed by cytoplasmic O-GIcNAc
transferase [147]. Although not fully understoole tmportance of O-GlcNAcylation is
apparent, since many of known GIcNAc-modified pirideare also phosphoproteins [148]. In
many cases the sites of phosphorylation and GlciNtioy are localized to the same or
neighboring residues (serines or threonines). Aatthlly, O-GIcNAc modification is
transient (due to the activity of neutfiN-acetylglucosaminidase [147]) so direct interplay
between glycosylation and phosphorylation can taleee, regulating the protein activity.
Studies performed in our laboratory showed that N&#per-phosporylation is a complex
process that is triggered by phosphorylation ofnge67 by casein kinasen (CK1la) [6]
[242].

The correlation between these two types of posistational modifications, their
range and meaning for the activity and functioN8&P5 have not yet been fully elucidated.

With the objective to map posttranslational modifions of NSP5, we performed
studies on the protein using MALDI TOF/TOF speataysy. Different eukaryotic expression
systems that could be used in our laboratory ferploduction of NSP5, like recombinant
vaccinia virus or Sindbis virus replicon expressisystem did not ensure appropriate
expression levels as well as did not offer the sproéle of modifications that occur in this
protein during rotavirus infection. Since these ffications could play an important role on
NSP5 activity during the viral life cycle and, ianticular, during the replication process, we
preferred to use rotavirus infection as a sourdd 5.

To ensure the accuracy of analysis different expemis were performed with about
50 millions infected cells every time. In some expents cells were infected with the
porcine strain OSU, and in others with the bovitedRain. The sequences of NSP5 encoded
by these strains differ slightly, so peptides riasglfrom the trypsin digestion of the same
regions of the protein have different masses. Aaldilly, samples were prepared for MALDI
analysis by two different methods (described iraillét the “Material and methods” chapter).

In both cases NSP5 was immunoprecipitated with r@rNSP5 polyclonal antibodies and
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protein-A beads but further processing was differdn the first method, protein was
trypsinized while still bound to the beads. Thistinoel allowed analysis of the entire range of
NSP5 modifications present in the infected cell. the second method, the
immunoprecipitated protein was resolved by PAGE thied different bands corresponding to
isoforms with different load of post-translatiomabdifications were excised, digested and
analyzed (Fig. 31). Peptides coming from the lowands of the gel should contain less
phosphate than the ones deriving from the uppedsan

The diversity of the sequence of the analyzed prstas well as the sample
preparation methods were used with the purposearimidh occurrence of false results and to
contribute to their robustness. There was a chtratepeptides coming from contaminants or
differently modified peptides from different regonf NSP5 could have very similar masses

that could cause confusion in data interpretation.

Fig. 31. Western blotting of immunoprecipitated NSB derived from
rotavirus infection of MA104 cells. Dashed squaresepresent way of
protein fractionating and excited fragments of thegel that were next
trypsinized. The peptides were analyzed by MALDI T®/TOF
spectrometry.

The spectra were recorded on a 4800 MALDI TOF/TOtadem TOF technology
analyzer (Applied Biosystems/MDS SCIEX). The massea$e peaks were then analyzed by
MASCOT tool (http://www.matrixscience.com/), which based on a probabilistic model of
the number of matching masses [235]. UnfortunatbBcause of low intensity of NSP5
peptides derived peaks, contaminations coming fceftular proteins covered NSP55 signal
and the peptides masses were not associated wilb Nth high scores. After spectra
cleaning by erasing peaks present also in the @oséimples (i.e.: immunoprecipitations of
mock infected cells), the program clearly assigpegdtides as belonging to rotavirus NSP5
(Fig. 32).
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Fig. 32.Mascot Search Results- original output of the progam.

Search title : NSP5

i

I

= Database : MSDB 20060831 (3239079 sequec

L 1079594700 residues)

g Taxonomy : Other viruses (305319 sequences)

z Top Score : 154* for S30217, NS26 proteirhuman
rotavirus A

*Protein score is -10*Log(P), where P is the probality that the
observed match is a random event. Protein scorgseater than
67 are significant (p<0.05).

T T
150 153
Probability Based Mause Score

T I
140 143

The example of a spectrum, in this case resultiognfthe analysis of samples
prepared by the direct trypsinization method, wvahin Fig. 33. The masses associated with
dashed arrows perfectly fit the theoretical masdethe peptide that would derive from a
tryptic digestion encompassing the fragment of NS&%uence spanning from amino acid 56
until 77, either non modified (Fig. 33B) or with @rsite phosphorylated (Fig. 33C). That
peptide contain serine 67 that was earlier receghito be part of a non canonical
phosphorylation site for casein kinase ds shown in part 1 of this thesis and in refergéfe

and it is highly probable that phosphorylation bis fpeptide occurs exactly at this serine.
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Fig. 33. Fragment of the experimental spectrum resulting fran the analysis of samples derived from direct
trypsin digestion of immunoprecipitated NSP5 sampl€A). The upper panels show peptides that represethe
region that encompass serine 67 (marked in bold),ot modified (B) and with one of serines or treonine
phosphorylated (C).

Selected masses were subjected to further manwalegsing with help of the
PeptideMass program (www.expasy.org) that alloweceting theoretical trypsin proteolysis
of chosen protein with the purpose to find amongnthnonmodified NSP5 peptides.
Subsequently masses were also analyzed by the Bbggrogram (available also on
www.expasy.org site) that allows to identify phogpitation and glycosylation
modifications. Since NSP5 was demonstrated to phasphate residues and O-linked N-
acetyloglucosamine monosaccharide residues (ateseand threonines), initially only these
modifications were especially taken into considerat The difference between theoretical
and experimental values was established to noteeix€2 Da. Moreover, recently in our
laboratory one new experiment with involvement nbther rotavirus strain, simian SA11,
was performed. Unfortunately the analysis reve#ihedabsence of many peptides, that were
found in previous studies. This fact convinced osektend the range of considered

posttranslational modification to the possibilitiyazcurrence of two others- methylation and
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acetylation. The inclusion of these two modificagoto the analysis let us to reveal the
presence of additional peptides of the protein ghnaviously were not found in experiments,
nevertheless the potency of this findings must kefied by biochemical experiments
performed on infected cells.

Protein methylation is a post-translational modificn by which a methyl group from
S-adenosylmethionine is added to a protein by eesyrfrom the protein arginine
methyltransferases family (PRMTs). PRMTs kreated in the cytoplasm, in the nucleus or in
both of them [243]. In eukaryotes, proteins camisthylated on the side chain nitrogens of
arginine, lysine, and histidine residues or ondadoxyl groups of proteins. Methylation on
side chain nitrogens is considered largely irrebérswhile methylation of the carboxyl
groups is potentially reversible [244]. Arginine tm@ation is implicated in many cellular
processes including transcription, RNA processingd a@ransport, translation, signal
transduction, DNA repair, apoptosis etc. It incemabulkiness of the affected residue and its
hydrophobicity blocks hydrogen bonding but, in cast to phosphorylation or acetylation,
does not alter its charge. The maintenance of ehagparticularly important because
positively charged arginines often participate inding other proteins or nucleic acids. In
addition to its involvement in the pathology of eises, protein methylation has also been
shown to be important for virus replication ancertivity in a variety of viruses. For example
Herpes simplex virus (HSV) replication is regulatéd part, by methylation of the RNA
binding domain in the HSV ICP27 protein [245].

Acetylation is the post-translational modificatioh histone and non-histone proteins
that is part of an important cellular signaling gess, controlling a wide variety of functions
in both the nucleus and the cytoplasm. It is a n®lke process, in which histone
acetyltransferases (HATS) transfer the acetyl mydiietm acetyl coenzyme A to the amino
groups of internal, highly conserved lysine res&l{@46]. Recent investigations designate
this signaling pathway as one of the primary targdtviral proteins after infection. Indeed,
specific viral proteins have acquired the capatmtynteract with cellular acetyltransferases
(HATs) and deacetylases (HDACs) and consequenttiisiupt normal acetylation signaling
pathways, thereby affecting viral and cellular gerpression.

The calculations encompassing these two additiomadiifications were done with
higher stringency. The peptides supposed to caethylation and/or acetylation were also
considered as possibly true, however were distgigad in tables intalic. Results of all

performed experiments, divided by strain, are ctdlé in tables 3, 4 and 5.
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OSU strain.

The sequence:
MSLSIDVTSLPSISSSIFKNESSSTTSTLSGKSIGRSEQYISPDAEAFNKIYSKSPEDIGP
SDSASNDPLTSFSIRSNAVKTNADAGVSMDSSTQSRPSSNVGCDQVDFHGINVSA
NLDSCVSISTDNKKEKSKKDKSRKHYPRIEADSDSEDYVLDDSDSDDGKCKICKYKK
KYFALRMRMKQVAMQLIEDL

Abbreviations:

MC- trypsin digestion missed cleavage

HexNAc- N-acetyloglucosamine

Phos- phosphate

Acetyl- acetylation

Methyl- methylation

MSO- methionine oxidized

Cys_PAM-cystein with acrylamide adduct (only in- gedigestion method)

[dir]- direct trypsinization method

[26/28/ 30 / <32] — in- gel trypsinization methodrad band fraction where the peptide was found

Sequence of the peptide Peptide |MC | Theoretical | Experimental Modification
position mass mass
MSLSIDVTSLPSISSSIFK 1-19 0 2012.06 2011.99[dir] no modifications
2295.10 2295.24[dir] (HexNAc), (Phos)
2717.26 2717.36[dir] MSO
(HexNAc) (Phos)
3326.50 3326.46[dir] MSO
(HexNAc) (Phos)
2272.139 2272.16[dir] MSO
(HexNAc)
(Acetyl)
2634.218 2634.273[dir] (HexNAc)
(Methyly
NESSSTTSTLSGK 20-32 0 1298.60 1298.68[26] no modifications
2110.92 2110.93[dir] (HexNACc),
2190.89 2191.05[dir] (HexNACc),
(Phos)
NESSSTTSTLSGKSIGR 20-36 1 2118.08 2118.01[28] (HexNAc),
1995.013 1994.892[28] (HexNAc),
(Phos)
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SIGRSEQYISPDAEAFNK 33-50 2011.97 2011.99[dir] no modifications
SIGRSEQYISPDAEAFNKYM | 33-55 2874.18 2874.25[dir] (Phos)
LSK
2915.189 2915.285[dir] (HexNAc)
(Methyly
SEQYISPDAEAFNK 37-50 1598.73 1598.74 [30/> 32] | no modifications
1678.70 1678.70 [>32] (Phos)
1801.81 1801.90 [26] (HexNAc),
SEQYISPDAEAFNKYMLSK 37-55 2221.04 2221.05[dir] no modifications
2440.12 2440.12[dir] MSO
(HexNAc),
2437.135 2437.214[dir] (HexNAc)
(Methyl)
SPEDIGPSDSASNDPLTSFSIR| 56-77 2292.06 2292.05[dir] no modifications
2372.02 2372.06 [30/>32] | (Phos)
YMLSKSPEDIGPSDSASNDPL|51-77 2914.37 2914.44 [dir] no modifications
TSFSIR
TNADAGVSMDSSTQSRPSSN| 83-114 3822.668 3822.854[dir] (HexNAc)
VGCDQVDFSLTK (Acetyl)
(Methyly
GINVSANLDSCVSISTDNK 115-133 2219.97 2220.17[dir] (HexNAc), (Phos)
Cys_PAM
2370.97 2371.13[26] (HexNAc), (Phos)
GINVSANLDSCVSISTDNKK | 115-134 2419.05 2419.13[>32] Cys_PAM
(HexNAc), (Phos)
2243.014 2242.93[dir] (Acetyl)(Phos)
SKKDKSR 137-143 1051.57 1051.63 [dir] (HexNAc),
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KDKSRK 139-144 761.46 761.46[dir] no modifications
788.486 788.494[dir] (Methyly
SRKHYPR 142-148 943.52 943.6[dir] no modifications
1023.48 1023.60[dir] (Phos)
SRKHYPRIEADSDSEDYVLDD| 142-169 3443.371 3443.504[dir] (Phos)
SDSDDGK (Acetyl)
(Methyl)
HYPRIEADSDSEDYVLDDSD |145-169 3452.41 3452.39[dir] (HexNACc)
SDDGK
IEADSDSEDYVLDDSDSDDG |149-177 3285.40 3285.48[dir] no modifications
KCKNCKYKK
CKNCKYK 170-176 886.42 886.49[dir] no modifications
KYFALRMRMK 178-187 1343.74 1343.86[dir] no modifications
YFALRMR 179-185 983.537 983.571[dir] (Methyl)
MRMKQVAMQLIEDL 184-197 1705.87 1705.93[dir] no modifications
MKQVAMQLIEDL 186-197 1418.73 1418.73[dir] no modifications

Tab. 3. Collection of peptide masses observed upoBSU strain infections together with fitting
posttranslational modifications. Possible modificabn that were considered are phopshorylation and
glycosilation, masses containing methylation and atylation were conditionally included and are
written in italic.
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RF strain.

The sequence:

MSLSIDVTSLPSISSSIYKNESSSTTSTLSGKSIGRSEQY ISPDAEAFBHLSKSPEDI
GPSDSASNDPLTSFSIRSNAVKTNADAGVSMDSSTQSRPSSNVGCDQVIHRKGISM
NANLDSSISISTSSKKEKSKSDHKSRKHYPKIEAESDSDDYILDDSDSDDKCKNCKY
KRKY FALRMRMKQVAMQLIEDL

Abbreviations:

MC- trypsin digestion missed cleavage

HexNAc- N-acetyloglucosamine

Phos- phosphate

Acetyl- acetylation

Methyl- methylation

MSO- methionine oxidized

Cys_PAM-cystein with acrylamide adduct (only in- gedigestion method)

[dir]- direct trypsinization method

[26/28/ 30 / <32] — in- gel trypsinization methodrad band fraction where the peptide was found

Sequence of the peptide Peptide MC | Theoretical |Experimental Modification
position mass mass
MSLSIDVTSLPSISSSIYK 1-19 0 2247.13 2247.14[28/30] MSO
(HexNAc),
2637.29 2637.31[dir] (HexNAc)s
2653.29 2653.45[dir] MSO
(HexNAC)
2327.10 2327.13[dir] MSO
(HexNAc), (Phos)
2717.26 2717.37[dir] (HexNAc); (Phos)
3299.34 3299.49[dir] MSO
(HexNAC)
(Phos)
3342.49 3342.56[>32] MSO (HexNAc)
(Phos)
2551.00 2550.84[dir] (HexNAc); (Phos)
2636.287 2636.307[dir] (HexNAc) (Phos)
(Methyly
3152.422 3152.298[dir] (HexNAcj3 (Phos)
(Methyly
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MSLSIDVTSLPSISSSI 1-32 3510.72 3510.73[dir] ( HexNAc)
YKNESSSTTSTLSGK
3713.676 3713.607[dir] (HexNAc) (Phos)
(Methyl)
NESSSTTSTLSGK 20-32 2110.92 2110.88[dir] (HexNACc),
1661.61 1661.79[dir] (HexNAc), (Phos)
2270.85 2270.98[dir] (HexNAc),(Phos)
NESSSTTSTLSGKSIGR 20-36 1914.92 1915.11[dir] (HexNAc),
1994.89 1995.00[dir] (HexNAc),
(Phos)
2118.00 2118.05[dir] (HexNAc),
2807.20 2807.12[28] (HexNACc)
(Phos)
2631.153 2631.094[dir] (HexNAc)
(Phos)
(Methyly
SIGRSEQYISPDAEAFSK 33-50 2314.00 2314.07[>32] MSO
2224.86 2225.02[dir] (Phos)
SIGRSEQYISPDAEAFSK 33-55 3435.58 3435.54[dir] MSO,
YMLSK (HexNAc),
3638.66 3638.65[dir] MSO,
(HexNAC)
3312.47 3312.49[dir] MSO,
(HexNACc)
(Phos)
2826.35 2826.24[>32] MSO
(HexNAc),
3462.674 3462.611[dir] (HexNAc)4
(Methyly
SEQYISPDAEAFSK 37-50 1571.72 1571.67[28/30/>32] no modifications
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1651.68 1651.88[dir] (Phos)
1731.65 1731.60[dir] (Phos)
SEQYISPDAEAFSKYMLSK | 37-55 2493.07 2492.97[dir] MSO
(HexNAc),
(Phos)
YMLSK 51-55 860.40 860.59[32] (HexNAc)
YMLSKSPEDIGPSDSA 51-77 3320.53 3320.44[dir] (HexNAc),
SNDPLTSFSIR
3726.69 3726.79[dir] (HexNAc),
3929.77 3929.89[dir] (HexNACc)k
3720.36 3720.56[dir] (HexNAc),
(Phosy
YMLSKSPEDIGPSDSA 51-82 3429.64 3429.56[dir] MSO
SNDPLTSFSIRSNAVK
SPEDIGPSDSASNDPL 56-77 2292.06 2291.98[dir/26/30] | no modifications
TSFSIR
2372.02 2372.01[>32] (Phos)
TNADAGVSMDSSTQSRPSSN83-114 3827.637 3827.825 [dir] (HexNAc)
VGCDQVDFSFNK (Methyly
GISMNANLDSSISISTSSK 115-133 2151.83 2151.88[dir] (Phos)
2210.97 2211.01[>32] MSO
(HexNAc), (Phos)
2820.21 2820.22[dir] MSO
(HexNAc), (Phos)
2884.18 2884.25[dir] (HexNAc), (Phos)
2738.101 2738.208[dir] (HexNAc} (Phos)
(Acetyl)
GISMNANLDSSISISTSSKK | 115-134 2040.03 2040.12 [dir] no modifications
2056.02 2055,91 [dir] MSO
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KCKNCKYKR

2809.19 2809.17[dir] (HexNACc)
(Phos)
2825.19 2825.25[28] MSO
(HexNACc)
(Phos)
3354.46 3354.63 [30] MSO, (Phosg)
3338.47 3338.57 [>32] (HexNAc) (Phos)
2850.201 2850.293[dir] (HexNAc)
(Phos)
(Acetyl)
GISMNANLDSSISISTSSKKE | 115-136 2297.16 2297.09[26] no modifications
K
2922.39 2922.38[>32] MSO,
(HexNACc)
GISMNANLDSSISISTSSKKE |115-138 3703.61 3703.69[26] MSO,
KSK (HexNACc)
(Phos)
KEKSK 134-138 822.45 822.45[28/>32] (HexNAc),
KEKSKSDHK 134-142 1113.614 1113.617[dir] (HexNAc)1
(Acetyl)
135-142 1161.57 1161.53[26] (HexNAc),
EKSKSDHK
IEAESDSDDYILDDSDSD 150-172 2535.09 2535.20[dir] no modifications
DGKCK
IEAESDSDDYILDDSDSDDG |150-178 3327.42 3327.57[dir] no modifications

Tab. 4. Collection of peptide masses observed upon RF strainfections together with fitting modifications.

Possible modification that were considered are phahorylation and glycosilation, masses containing

methylation and acetylation were conditionally intuded and are written initalic.
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SA11 strain.

MSLSIDVTSLPSIPSTIYKNESSSTTSTLSGKSIGRSEQYISPDAEAFNKN.SKSPEDIG
PSDSASNDPLTSFSIRSNAVKTNADAGVSMDSSAQSRPSSNVGCDQVDRGLKY
KANLDSSISISTDTKKEKSKQNHKSRKHYPRIEAESDSDDYVLDDSDSDD&CKNCK

YKKKYFALRMRMKQVAMQLIEDL

Abbreviations:

MC- trypsin digestion missed cleavage

HexNAc- N-acetyloglucosamine,
Phos- phosphate

Acetyl- acetylation

Methyl- methylation

MSO- methionines oxidized
[dir]- direct trypsinization method

Sequence of the peptide Peptide Theoretical | Experimental | Modification
position MC mass mass
NESSSTTSTLSGKSIGR 20- 36 1 1818,836 1818,77[dir] (Phos)
(Methyl)
SIGRSEQYISPDAEAFNK 33-50 1 2104,946 2104,925[dir] | (Phos)
(Acetyl)
SEQYISPDAEAFNKYMLSK 37-55 1 2393,989 2393,954[dir] | (Phos)
(Acetyl)
2437,978 2437,984[dir] | MSO
(Phos)
(Acetyl)
2531,96 2531,982[dir] | MSO
(Phos)
(Acetyl)
SPEDIGPSDSASNDPLTSFSIR |56- 77 0 2654,067 2654,039[dir] | (Phos)
(HexNAc),
2828,015 2828,125[dir] | (Phos)
(HexNAc)
(Methyly
EKSKQNHK 135- 142 2 1214,636 1214,616[dir] | (HexNAc)
(Methyly
1228,615 1228,627[dir] | (HexNAc)
(Methyl)
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EKSKQNHKSR 135- 144 1240.663 1240.637[dir] |no
modifications
1268.695 1268.661[dir] | (Methyl)
1457,758 1457,824[dir] | (HexNAc)
(Methyly
SKQNHKSR 137-144 1214,636 1214,616[dir] | (HexNAc)
(Methyl)
1228,652 1228,627[dir] | (HexNAc)
(Methyly
SKQNHKSRK 137-145 1219,618 1219,62[dir] (Phos)
(Methyl)
SRKHYPRIEAESDSDDYVLDDS | 143-170 3283,438 3283,277[dir] | (Acetyl)}
DSDDGK (Methyl)
3443,371 3443,299[dir] | (Phos)
(Acetyl)
(Methyl)
KKYFALRMR 178-186 1269,701 1269,667[dirf] | MSO
(Acetyl)
KYFALRMRK 179-188 1458,783 1458,834[dir] | MSO
(Acetyl)
(Methyly
YFALRMRK 180-188 1214,641 1214,616[dir] |no
modifications
1228,657 1228,627[dir] | (Methyl)

Tab. 5. Collection of peptide masses observed upoB8All strain infections together with fitting

modifications. Possible modification that were condered are phopshorylation and glycosilation, masse

containing methylation and acetylation were condibnally included and are written in italic.
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Although observations coming from all the experitseallowed drawing several
conclusions, one important thing must be mentiofiéd data analyzed in the these studies
derived from naturally infected cells, so represthiet dynamic state of NSP5 modification
level, that changes during the course of infectiaying shortly- the same peptide may
contain e.g. one, two or three sugar moieties dsasecan be phosphorylated, depending on
the time-point of infection. The analyses of mads¢do identify fragments that belong to
almost all parts of NSP5 sequence, either modiGedvithout modifications. From these
observations we deduced the possible range of matithh of this important rotaviral
protein. The schematic view on NSP5 sequence anehadifications depicted in figure 34,
was drawn based on the analysis of peptides madssswere observed in at least two
different experiments performed by two different thogls. In that scheme we showed
possible modifications, that do not have to be gmesn the protein at the same time, however
the tendency of particular regions to be partidylanodified is demonstrated. All depicted
modifications met the highest (red) stringencyeti#, nevertheless the peptides containing
methylation or acetylation were believed less ceréad were shown in blue, as we do not
have the confidence, that these modifications, ontrary to phosphorylation and
glycosilation, occur in NSP5. The other data, tihdt not feet all the stringency conditions,
because for instance occurred among the analyzeaittgevith a lower frequency, can also be
discussed and are shown in tables 3 and 4. Data fable 5, where results from a single
experiment with SA11 strain were placed, are ledmble and must be confirmed with
subsequent studies.

In  summary, from all the information obtained, feemarks can be made. The
peptides assigned to the region 1 were well reptede Among all the peptides, we found
these, that feet perfectly the amino acids 1-1%egfon 1 not modified, carrying one, two,
five and six N-acetyloglucosamines and with onéway phosphorylation sites. Additionally
there is a high possibility, that the N-terminaftp& also methylated. Other masses reflected
perfectly the masses of peptides encompassing aacide 20-32, bearing exactly four sugars
but also four sugars and one and two phosphaéhesgeneral view on the region 1 suggest
high level of glycosilation of this part of NSP5.

In the region 2, two potential phosphorylation siteere assigned. The peptide fitting
to the region 56-77 was found without any modifmas, but also with one serine or
threonine phosphorylated. There is a big probabitiiat phosphorylation occurred at serine
67. An interesting observation is that the phosylated peptide derived only from the upper

bands of the gel and was absent (or not foundhénldower bands of fractionated NSP5.
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Serine 67 is a key residues from which initiatksh@ phosphorylation mechanism of NSP5
and the absence of the phosphorylation in lower dbamay signify, that the
hyperphosphorylation of NSP5 is a very quick casgaidcess.

Moreover, the first part of region 3, spanning fraine position 80 to 115 was not
represented in most of the experiments, suggestiagthis peptide was not read by the
machine because of its low level of ionization tdapends on the sequence. Another, less
possible reason for that fact, is that this pepisdgo highly modified that its mass was out of
an efficient range of the spectrum reading. Addmgthylation as a possible modification to
the selection criteria, increased hits assigneithitoNSP5 region, and indicated the possibly
of occurrence ofwo sugar moieties and one methylated site there.

In contrast, sequence between aa 115 and 134,nedsiglso to region 3, was
abundantly recognized in all the experiments, nadifred and modified. This region of
NSP5 sequence is different for both strains (OSWU B#&). In the bovine RF strain, eight
potential modification sites are present, and sncase three added sugar moieties and two
phosphorylation sites were characterized. OSU rstcaintains only four serines and one
threonine in the same peptide and we managed toinmizgese region one glycosylation and
one phosphorylation site. We found this part of phetein also modified in more extended
way, for example we found peptide with six N-acetyicosamines and one phosphate and
also with six phosphates but this result can naréeted as secure, because was not found in

all the experiments.
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REGIONS: 1 2 3 4 T
|

RF strain 138 179
136 144 178
142 149 172177 186
1 19 32 36 50 55 77 82 114 133134 145 170 184 188 198

(HexNAC) s | [Pros). ] )

(HexNAc) ¢ (HexNAC) 1 E@ (HexNAc) » (HexNAc) 1 Ezzgtsy)l)z
1
Em:;; 3 (Phos) (Methyl) 1 (Methyl) 1 (ot
(HexNAc) 1
(Phos) 1

N
s N\ Y e Y -~ Y ) 4 Y N
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19 32 36 50 55 77 82 114 133 141 148 169 17783
134 138 143 171 176 185 197
136139 144 187

OSU strain

Fig. 34 Scheme showing the schematic representatiofi NSP5. The regions of the protein correspond to
the bar above the scheme. Localisation of serinesa threonines are depicted, the sites of trypsin
cleavages are indicated by numbers. The modificati® shown here were selected with the high stringeyc
criteria, and these very probable are shown in redphosphorylation and glycosilation), the ones thastill
require confirmation (methylation, acetylation) are marked in blue.

The beginning of region 4 revealed addition of dfacetyloglucosamine in all the
three strains. Moreover methylation of this partttod protein was deliberated as possible,
because was found in all the experiments. Furthexmo region 4, consistently to previous
data obtained in our laboratory, suggesting that gart of NSP5 is phosphorylated, two
phosphorylation sites were determined and perhape snethylation and acetylation sites as
well. Finally, all the peptides that form the ewmidthe region 4 and the tail were completely
reconstituted in both strains. This region of NSK&s found as not modified and this is

concordant with the fact that it lacks serines #mdonines.
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The method of in gel digestion (fig. 35) shouldallto separate differently modified
isoforms of NSP5 and help to understand how théeprds changed. Up to the previous
studies [3], NSP5 derived from highest bands of $B&E gel should be
hyperphosphorylated and rather not glycosilateth@lgh, the phosphorylation contributes to
polypeptide charge and changes peptide’s migratioine gel, the separation depends not
only on the amount of phosphate added but alsthv@iseéquence where the phosphate moiety
was attached. We found many phosphorylated pepitidése upper bands (including the one
encompassing serine 67) and some in the lower.fadtethat NSP5 isoforms visible in the
lowest bands contain certain level of phosphorgtativas known earlier and is concordant
with our studies. However the presence of sugatBarupper bands is surprising, because is
contradictory to the previous data obtained in laoratory by Afrikanova and et al. We
suspect, that this result may be explained withfalog that in gel digestion method did not let
us to collect enough material and to obtain mamamex analysis next experiments should

be made.
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OSU:37-50 (Phos)1
56-77 (Phos)l
115-134 (HexNAc)1(Phos)1

RF: 1-19 (HexNAc)6(Phos)1
33-55 (HexNAc)1
51-55 (HexNAc)1
56-77 (Phos)1
115-133 (HexNAc)1(Phos)1
115-134 (HexNAc)6(Phos)1
115-136 (HexNAc)3
134-138 (HexNAc)1
145-172 (Phos)2

>37

A 4

OSU:56-77 (Phos)1

RF: 1-19 (HexNAc)1
56-77 no modifications
115-134 (Phos)6
134-138 (HexNAc)1

OSU:20-36  (HexNAc)2(Phos)1
RF: 1-19 (HexNAc)1
20-36  (HexNAc)5(Phos)1
115-134 (HexNAc)3(Phos)2
134-138 (HexNAc)1

OSU:37-50 (HexNAc)1
115-133 (HexNAc)1(Phos)2

RF: 115-138 (HexNAc)5(Phos)2
135-142 (HexNAc)1

Fig. 35. Western blotting of immunoprecipitated NSB derived from rotavirus infection of MA104 cells.
Dashed squares represent way of protein fractionaty. The scheme shows which peptide were found in
which bands of separated by SDS-PAGE NSP5.
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Part 3: Structural studies on NSP5

The aim of this part of the thesis was to expressify, and analyze NSP5 protein.
With our studies we wanted to add new data to Jamted information about NSP5
structural organization and protein conformatioa.athieve this, in addition to the full length
protein, two different truncation mutants and omm@np mutation mutant were constructed,
expressed and purified. Proteins secondary steioiwas analyzed by circular dichroism

spectroscopy and the provided general informatimutprotein conformation.

Expression of NSP5wt inE.coli

In order to facilitate the recombinant protein figation the cDNA encoding Nsp5
was cloned into a vector containing a tag of sstilines which is used in a metal-chelating
affinity chromatography purification. First, for NS expression the pQE system (Qiagen) was
chosen. High level of expression of his-taggedgins inE.coli using pQE vectors is based
on a powerful phage T5 promoter transcription-ti@en system. The promoter is
recognized bye.coli RNA polymerase. There are tiec operator sequences which increase
lac repressor binding and ensure efficient repressfdhe T5 promoter. The extremely high
transcription level can be only efficiently reg@dtand repressed by the presence of high
levels of lac repressor proteinkE.coli host strain M15 [pRep4] utilized in that expressio
system uses kc repressor gene in trans to the gene that is sedpmmsbe expressed. The
strain contains the low-copy plasmid pREP4 whictsses kanamycin resistance and
constitutively expresses tha&c repressor, encoded lgc | gene. Expression of recombinant
protein encoded by pQE vectors is rapidly inducedtibe addition of isopropyp-D-
thiogalactoside (IPTG) which binds to tlae repressor protein and inactivates it. Once the lac
repressor is inactivated the host cell's RNA polyamse can transcribe the sequence
downstream from the promoter and production ofrée®mbinant protein starts.

In spite of the relatively small size of the 6xHigy, it has been reported to affect the
activity of some purified recombinant proteins. Golering that the C-terminus of NSP5 is
necessary for the protein dimerization [161] [149¢ decided that the tag should rather be
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attached to the N-terminus of the recombinant mpie particular because the protein was
designated for structural studies.

The vector pQE30 codes for a polyhistidine tag, cwvhis localized before a
multicloning site. Therefore bacteria, transfornveith the plasmid carrying a foreign gene,
produce a recombinant protein that has a tag siuait its N-terminus. The pQE30-NSP5wt
construct was prepared (Fig. 36A) [6] and viraltpio was efficiently expressed in M15
[pPRep4] strain oE. coli (Fig. 36B).

A 1 197

MRGSHHHHHHGSACELGT— I D S N N T

NSP5

Fig. 36. Expression of HigNSP5-pQE30 inE.coli M15 [pRep4]. (A) A schematic representation of NS5
in pQ30 plasmid. (B) SDS-PAGE analysis of protein neduction. Line 1 represents protein of
M15[Rep4] carrying NSP5 gene, uninduced control; fie 2- the same bacteria induced with 1mM IPTG;
circle indicate NSP5. Proteins were analyzed in 12%DS-PAGE with Coomassie blue staining.

Unfortunately practically all the recombinant NSwas localized in the non soluble fraction
of the cells, accumulating in aggregates calledusion bodies. In these aggregates only a
small fraction of the protein is folded correcthnd the rest is in a denatured and usually
nonfunctional form [247] [248].

The maximized yield of soluble protein can be aebd by optimizing several factors

such as the expression temperatétecoli strain used, pH of the growth medium, a folding
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partner the protein is fused with, rate and expoesevel and co-expression with chaperones
and foldases [249] [250]. To increase soluble foacof NSP5 we tested different conditions
of bacteria cultivation that included growing ifoaver temperature (28) and slowing down
the rate of production by inducing a recombinandtgin production with a very low
concentration of IPTG. Also, another strainkofcoli, BL21 [DE3], was tested. To express
NSP5 in this strain the pET plasmids system (Noway@as used.

The pET system is driven by the promoter of thedyamphage T7 . It was pointed out
that T7 RNA polymerase is very specific for T7 puaiars and it does not recognize DNA
from other sources, since these promoter sequeareegery rare. Also, termination signals
for T7 RNA polymerase are rare too, therefore ldranscripts can be made without
premature truncation. The T7 RNA polymerase isualfive times faster tha&.coli RNA
polymerase, so genes controlled by T7 promotersbeaoverexpressed. In order for this
system to work, the T7 RNA polymerase must be seg@b the cells. A special strain called
BL21 [DE3] has been made for this purpose. The BIRES3] cells are lysogenic for a
fragment of the phage DE3. This fragment conttliedacl gene, thdac UV5 promoter, the
start oflacZ (beta galactosidase) and the T7 RNA polymerase.gédime lac UV5 promoter,
inducible by IPTG, is responsible for driving thepeession of T7 RNA polymerase. This
fragment is inserted into thi&coli chromosome. In addition to the T7 RNA polymerakere
is a vector that carries the cloned gene behin@ gromoter, and termination signals are
downstream of the gene to stop the transcripti&T (pector). In theory, the gene can only be
made if IPTG is added to activate the lacUV5 pramna@ind turn on synthesis of T7 RNA
polymerase. This in turn transcribes the gendn@énpgET vector. In practice though, tBe
coli RNA polymerase does make a small amount of T7 RWNKrperase without induction.
It may bind upstream of thac UV5 promoter and read through it. For that reasos said
to be a ‘leaky’ system. This usually causes a lsamabunt of the cloned gene to be expressed
without IPTG induction.

In this study the pET23d (+) plasmid was used.Athe case of previous system, the
construct was designated in the way, that polytirsti tag was localized on the N-terminus of
NSP5 (Fig. 38A). In this system control of indueil@xpression in case of NSP5 fails and the
protein was produced with or without the preserfc®®G. Although it was very efficiently
overexpressed, practically all the produced protsnin case of the pQE/M15 [Rep4] system,
formed aggregates.

Very low expression (nanograms per liter of baeteculture) of soluble NSP5 was

only obtained with the M15 [Rep4] strain. The puritegree of NSP5 after metal affinity
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chromatography was not sufficient (Fig. 37) andh@d to be subjected to subsequent

purification steps.

6HisNSP5—p D

Fig. 37. HigNSP5 expressed in M15 [Rep4] and purified by
metal affinity chromatography in nondenaturing condtions

One of possible solutions was to change the expressystem. We tested two
different eukaryotic expression systems, recomlinaecinia virus expression system and
Sinbis virus replicon-based DNA expression syst@ime results of experiments were not
satisfactory, since these systems did not ensym®ppate expression level of NSP5.

It was then decided to produce the proteicircoli and to recover it from inclusion bodies.
Protein derived from inclusion bodies can be reddloh vitro to give a functional protein.
Sometimes the formation of inclusion bodies carewen advantageous, since the expressed
level of desired protein is very high and protean de purified simply by washing and
pelleting the aggregated bodies. Because of theetoent cloning sites, short linker between
polyhisidine tag and the viral gene and a good esgion level the pET/BL21 system was
chosen (Fig. 38).
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Fig. 38. Expression of HigNSP5-wt in E. coli BL21 [DE3]. (A) A scheme of HigNSP-wt construct in
pPET23d(+) vector. (B) Expression of HigNSP5-wt in BL21[DE3]. Lines left to right: marker; BL21
[DE3] not transformed; marker; BL21 [DE3] transform ed with pET23d (+) -HisNSP5-wt.

NSP5 wt purification and refolding.

In the first attempts two methods for the purifiocatand refolding of 6His-tagged
NSP5 protein were used. Both of them were basesgoubilizing inclusion bodies and in-
column refolding of the bound protein that was perfed by buffer exchange, using a linear
gradient from a buffer containing 8 M urea to a 4g@maturing buffer (O M urea). Finally,
bound, renaturated proteins are eluted with a gradhf imidazole. In case of some protein
those protocols work and functional proteins can digtained. [251] [252] [253].
Unfortunately in the case of NSP5 problems of hgaregipitation during refolding occurred,
and in addition, the purity of the product was tow. However protein obtained in this way
served to guinea pigs immunizations and anti-NSP&mns generation.

In this situation we decided to go through all theification steps in denaturing
conditions and to refold the protein at the endtly dialysis method. The protocol for

inclusion bodies purification, detailed purificaticsteps and renaturation procedures are
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described in “Material and methods” chapter. Sipttie cocktail of denatured proteins was
passed through affinity chromatography column (Higp, Amersham Pharmacia).
Immobilized metal affinity chromatography (IMAC)stgms have three basic components: an
electron donor group, a solid support and a metal The metal ion (usually NiCa, Cu*or
Zr) is restrained in a coordination complex wherstilt retains significant affinity towards
macromolecules [254]. To purify NSP5 we used Hiagplaffinity column of Amersham
Pharmacia that utilizes Ni metal ion. Protein was eluted using imidazole gnatdin the
presence of urea (Fig. 39A), fractions of proteeravchecked on SDS-PAGE gel and those

containing NSP5 (Fig. 39B) were pooled and subgettethe second purification step- ion
exchange chromatography.
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Fig. 39. Affinity chromatography purification of His&-NSP5 wt. (A) elution profile and
(B) SDS-PAGE gel demonstrating fractions containingecombinant protein (marked with square).

The ion exchangers are insoluble solid matricedatoimg fixed ionogenic groups
which bind reversibly to sample molecules (protegts.). Desorption is then brought about
by increasing the salt concentration or by altetlmgpH of the mobile phase. The two major
classes of ion exchangers are cation exchangeraraod exchangers, having negatively and
positively charged functional groups, respectivatycase of HigNSP5, since the isoelectric
point, (pl), is about 6.4, an anion exchange chtography was applied. The protein was
eluted with increasing NaCl gradient (Fig. 40A)peak of pure recombinant HiBISP5wt
was collected and sample was checked on SDS-PAGE.
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The refolding step is complex and depends greatlyhe renaturing conditions, such
as, pH, rate of dialysis, protein concentration eeubx conditions. The protein was refolded
by dialysis, according to the protocol describedtle chapter [2.8]. Because glycerol
stabilizes proteins and often facilitates renataragllowing the return to native secondary
structure as well as preventing aggregation, it aded to the refolding buffer.

NSP5 has four cysteins but as it is a cytoplasmatem, disulfide bonds should not be
formed. For this reason a reducing agent (DTT) wwessent during refolding process.
Cysteins in NSP5, when present in an oxidizing emvent, were found to be very reactive.
It is noticeable that disulfide bridges can be fed@uring polyacrylamide gel running even
though the sample buffer contained a reducing alijent3-mercaptoethanol or DTT, what
result in dimer formation (Fig. 40B and C- arrow)cluding a reducing agent into a SDS-

PAGE running buffer eliminates this phenomenon.
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Fig. 40. Second step of HigNSP5wt purification and final product after renaturation. (A) Protein was
eluted from anion exchange monoQ HR5/5 column wittan increasing gradient of NaCl. The peak
containing recombinant NSP5 was collected (dashedjgare). (B) Final product of purification: SDS-
PAGE (12 %) gel, reducing conditions, stained withCoomassie blue and Western blotting anti-NSP5
(C). To bands visible- lower, representing a monomegand a dimer formed by hard to reduce disulfide
bridges.

The yield and homogeneity of purified refolded &NSP5wt protein was high. The
final product was checked by SDS-PAGE, Westerntinpt(Fig. 40B and C) and its correct
molecular mass (small differences may occur due tcalibration of the system) was
confirmed by ESI-MS single quadrupole mass speatton(Fig. 41).
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Fig. 41. ESI-MS single quadrupole mass spectrometmgsult of purified HisgNSP5-wt; mass
calculated- 22693.0 Da, mass obtained- 22689.0 Da

ELISA-based binding assay.

Sine NSP5 is not an enzyme it was hard to sayeifrénaturated protein was well
folded and active. In order to check its biologieativity, a binding assay to NSP2, a well
established partner of NSP5, was designed. The plas coated with recombinant NSP5 and
cellular extract containing NSP2 was then addednificant binding signal, decrease of
signal in wells with serial dilutions of NSP2 exttaas well as a big difference between

controls was noticed (Fig. 42).
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NSP5-NSP2 ELISA binding assay
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Fig. 42. Schematic representation of NSP5-NSP2 ELASbinding assay result.

This result showed that the refolded protein retdints ability to interact with NSP2,
suggesting a biologically active form.

Trypsin limited proteolysis assay.

Although the full-length NSP5 was produced and @sfsectory protein purity was
achieved, significant precipitation was observed hence such preparation was not suitable
for more advances structural studies.

Limited proteolysis involves the incomplete digestiof a protein by a protease,
which can be examined as a function of time oorafiprotease to protein concentration. The
partial digestion of a protein defines those fragteeaesistant to proteolysis and, therefore,
are expected to have a more compact structureortrast, flexible and exposed to solvent
regions, are prone to be digested. Information ftbese experiments can aid the design of
constructs for structural biology studies.

Purified Hig-NSP5wt was subjected to limited proteolysis bypsip as described
under “Materials and Methods”. With the time coursdethe reaction a peptide with an
apparent molecular mass in PAGE lower than 20 k&mained, indicating it was more
resistant to trypsin proteolysis than the full ldngrotein (Fig. 43A). That band as well as the
full-length protein band were isolated from the, grlbjected to complete trypsin digestion

and peptide’s masses were estimated by mass spettyo After analysis it was clear that the
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trypsin-resistant part of NSP5 initiated at posit82, exactly at the beginning of region 2 and
encompasses all the protein length up to the Chtersr(Fig. 43B).

o 1r 2z 5 100 15 30" 45 60

< MGHHHHHHHGTMSLSIDVTSLPSISSSIFKES
3 T e apes = SSTTSTLSGKSIGRSEQYISPDAEAFNKYMLS
2158 - - O T KSPEDIGPSDSASNDPLTSFSENAVKTNADA

S e GVSMDSSTQSRPSSNVGCDQVDFSLTKGINVS
. , , ANLDSCVSISTDNKKEKSKKDKSRKHYPRIEA
DSDEDYVLDDSDSDDGKCKNCKYKKKYFAL
RMRMKQVAMQLIEDL

Fig 43. (A)Time course of trypsinolysis of HigNSP5wt, arrow shows a trypsin-resistant band; (B)
Representation of a mass spectrometry analysis ohé full-length and trypsin-resistant fragment.

Sequence in blue represents regions that were naiund in neither full-length nor trypsin resistant part of

NSP5; in red — peptides found in both proteins; inblack- fragments recognized only in a full-length
protein analysis.

Expression, purification and refolding of NSP5 mutats.

To study structure of NSP5 three different mutamtse prepared (the schemes of the
constructs are shown in Fig. 45A). The N-terminwsi¢ated mutant, HINSPSAN32, in
which the region one was deleted, was construatetth® basis of observations derived from
trypsin limited proteolysis experiment. The protaiith truncated N-terminal part was much
more resistant to trypsin than the full length pnot suggesting that it might behave better in
the solution, showing lower levels of precipitatiand being more suitable for structural
studies. In addition, taking into consideration #egondary structure predictions, a mutant
deleted on the last 19aa was also constructeds-#8&5 AC19). Secondary structure

prediction was obtained running Jpred (http://wwompbio.dundee.ac.uk/~www-jpred/) - a
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consensus method available on Expasy web serviethé\programs concordantly predict the
presence of around 20 aa lamgpelix in the C-terminal region of NSP5 (Fig. 4Ajthough it
was demonstrated, that this region is necessarth&®protein dimerization [161] [149], the
recombinant protein without the C-terminal tail nsj fold into a soluble version of NSP5,
indicating many interesting structural features.

A third mutant (S67D) was also constructed. Thiganuwas relevant because of its
previous characterization in the context of NSPpenghosphorylation mechanism (see page
77). We wanted to check if that feature affectssbeondary structure content and reflects in

change of the structural organization in comparisotie wild type protein.
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Sequence:

MSLSIDVTSLPSISSSIFKNESSSTTSTLSGKSIGRSEQYISPDAEAFNKMYSKSPEDIGPSDSASNDPLTSFSIRSNAVKTNADAGVSMDSSTQSRPSBBICDQVDFSLTKGINVSANLDSCVSISTDNKKEKSKKDKSRKHYPRIEAD®SEDYVLDDSDSDDGKCKNCKYKKKYFAL

RMRMKQVAMQLIEDL
Methods:

jalign e EEE------- ] “HHHHHHHH---- == EE---EEEE--------- HHHHHHHHHHHHHHHHHHHHHHH---- : jalign
jfreq EEEE EEE E---HHHHHHHHH-----eeeeeeeee - EEEEE-HHE----------r---e-oo---EEEEEEE--EEEEE----EEEEE--------ooe-E E-oeeeev EEE--rmem-m- HHHHHHHHHHHHHHHHHHHHHHHH-- : jfreq
jpmm - -—EE EEE--—----EE st = = =1 = = = = = =1 = e = e = = = = & S S HHHHHHHHHHHHHHHHHHH--- : jamm

jnet :--EEEEE EEEE EEEHHHHHHHHH EEE-—EEE-------- HHHHHHHHHHHHHHHHHHHHHHH--- : jnet
jpssm  :--EEE HHHH HHHHHHHHHHHHHHHHHH--- : jpssm

jpred B B E HHHHHHHH EEE—EEE-—— HHHHHHHHHHHHHHHHHHHHHHH--- : jored

Jnet Rd  67454221468888203428888788201776678871323690233177725799999899999999998805163453023897331136787789998898653512531532646255006996457642224899999877736127997524634998888876114678418999999999998979399

Code for alignment:

Shades of red - high level of conservationt@mical properties of the amino acids

jalign - Jnet alignment prediction

jfreq - Jnet PSIBLAST frequency fileoprediction

jhmm - Jnet hmm profile prediction

jnet - Jnet prediction

jpssm - Jnet PSIBLAST pssm profile jcgdn

jpred - Consensus prediction ovenathods

Jnet Rel - Jnet prediction of predictamturacy, ranges from 0 to 9, bigger is better.
H - alpha helix

E - beta sheet

Fig. 44. NSP5 secondary structure predictions byPRED.
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DNA constructs were generated (Fig. 45A) and tlegims were expressed, purified
and refolded using exactly the same protocol asge of wild type protein. Expression level
in BL21 [DE3] strain was high (Fig. 45B) and theoguced proteins also formed inclusion
bodies. The purified proteins were refolded as meetd before and final products were
analyzed by SDS-PAGE and Western blotting (Fig. #8) in the case of wild type protein,
during the run of the samples in the gel (despit¢he presence of reducing agent in the
loading buffer), disulfide bridges are formed ahd tdimmer formation can be seen. Addition
of DTT to the running buffer inhibits this procg$sg. 46, line 2).

A
1 197

e sere e 3, 3. 30, M o3

S67D

1 178
HiseNsP5 acte  MG-HHHHHA-GT — (e S

33 197
His6-NSPS AN32 vG-HHHHHH-GT —

B
1 2 3 4 5 67
97.4 97.4 kDa
e
66 p— —
45 S
31 & 31
21.5 21.5
—
! - 145
145 =

Fig. 45. Schemes of NSP5 constructs and proteingesexpression inE.coli BL21 DE3 strain.
(A) Schematic representation of NSP5 mutants consicts cloned into pET23d (+) vector. (B)
SDS-PAGE analysis of proteins production; lines 15 and 7- marker; line 6- control, BL21DE3
non transformed; other lines - BL21DE3 transformedwith pET23d(+)-Hise-NSP5S67D (line 2),
Hise-NSPSAN32 (line 3) and Hig-NSPAC19 (line 4). The proteins were analyzed in 12% SDBS
PAGE gel stained with Coomassie blue dye.
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1 2 3
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Fig. 46. Analysis of purified NSP5 mutants. Proteis were analyzed by, respectively, SDS-
PAGE Coomassie blue staining and anti-NSP5 Westerhlotting. Lines 1 and 5- Hig-NSP5
S67D; 2 and 4, HigNSP5A19; 3 and 5- Hig-NSP5AN32; In all the lines, both of Coomassie
and WB, the artificially formed dimers are noticealle, except line 2, where DTT was present in
loading and running buffer.

Gel filtration chromatography of purified NSP5 wt and mutants

The principle of size exclusion chromatographyl (fijeration chromatography) is
based on molecular volumes. The small moleculexiwkiiffuse into the gel beads (the
porous three dimensional matrix that acts as &dtarrier) are delayed in their passage down
the column compared to the large molecules whigin@adiffuse into the gel and move
continuously down the column with the eluent. Thene the large molecules leave the
column first followed by the smaller molecules retorder of their size. The gel filtration
chromatography can be used to estimate approximakecular weight of purified proteins in
native condition, in contrary to SDS-PAGE. It casoagive important information about
protein like precipitation or aggregation, dimerm@tion, etc., that are crucial for advanced
structural studies like crystallography.

Size exclusion chromatography of NSP5wt and mistamas performed using
Superdex 200 column (Amersham Pharmacia), calitbraith a set of standards prior to the
experiment (Fig. 47B). Unfortunately all the proteiwere eluted in the void volume,
confirming our presumption about high aggregatiewel. The only protein that behaved
differently, due to its heterogeneous migratiorng agtained partially its size was the NSP5

AN32 mutant. Although the main portion of the protevaseluted in the void volumes
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aggregated or precipitated protein, there was sdsoe fraction that reflected the size of a
dimeric NSP5 mutant. The collected fractions werbBjected to Western blot analysis. The
peak that left the column with the void volume (F#/A; fractions 13 and 14) was
recognized as NSP5, but in the ‘hill’ around 14 ahlthe elution volume NSP5 was also
found (Fig. 47A, C), suggesting that some parthef tefolded protein did not aggregate and
managed to form a dimer, maintaining its propexrcitire. The fact that the peak is not sharp
might be explained by certain level of protein @degtion, that could occur during refolding.
In fact, the WB show that the bands of fractionsZ& and 29 are not perfectly homogenous.
The possible explanation for that phenomenon iat the dimer formation may require a
shorter NSP5 construct, and some level of protegratation (truncation from N- or C-
terminus) enabled its formation, suggesting thatstauctural studies purpose even a shorter
NSP5 mutant is required.

A B
map WY
13.90ml
14+
LOGMW El. Vol
12 Ferritine 440 2.643453 9.21
] Catalase 232 2.365488 10.98
1% Aldolase 158 2.198657 11.17
Albumin 67 1.826075 12.68

il Vo Ovalbumin 43 1.633468 13.62
1, void volume ChymotripA 25 1.39794 15.52

Ribonuc A 13.7 1.136721 16.21

Fractions: 13 14 27 28 29

Fig. 47. Size exclusion chromatography of HiNSP5AN32. (A) elution profile, two peaks visible, one
within Vo and one around 14ml of elution volume. (B) calibration standards of Superdex S200 column;
their molecular weights in kDa (first column) and dution volume (third column) are listed. (C) Westen
blotting (anti-NSP5) analysis of collected fractios.
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Circular dichroism far-UV experiments

The purified NSP5wt and mutants were analyzed hygular dichroism (CD)
spectroscopy. CD spectroscopy is an important ndetbmmplementary to crystallography in
studies of protein structure, stability and foldifidne sensitivity of far-UV allows estimating
the content of secondary structure elements préséiné protein and also assess if the protein
is folded, which is especially an important issu¢hie case of refolded proteins.

For all analyzed proteins the percentage of seggrsteucture was estimated through
deconvolution of the CD spectra in the range 190424 using several methods available on
the Dichroweb site. The best fittings between thpeemental and calculated spectra were
obtained using ContinLL and CDSSTR tools. The eiees set in these methods consist of
spectra of proteins of known structure and incluales spectra of unfolded proteins [255].

NSPS5wt

The spectrum of wild type NSP5 reflects good fgtiwhen analyzed with ContinLL
tool. Calculated contents of secondary structueenehts for all tested proteins are collected
in table 5. The spectrum reflects characteristicamu-helical component profile (Fig. 48).
The estimated percentageoshelix (9.8%) is concordant with secondary struetpredictions
data. Quite high content @Fstrands was also found. However accuracy for assast of
protein secondary structure by CD is more accui@te-helical elements. Noticeable high
participation of unordered elements that reachemstl 50%, could indicate a non- globular

conformation of NSP5.
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Fig. 48. Far-UV NSP5wt spectra. Experimental datg¢green) and reconstructed by
ContinLL (blue). Differences in fitting marked in pink.

NSP5 S67D

We constructed, produced and purified S67D mutaestause it revealed to be more
eager to become hyperphosporylated than the wipgk tgrotein. It was possible that
introducing in that position a negatively chargessidue, aspartic acid, changes protein
conformation and affect content of secondary stmecelements. However, the data obtained
do not confirm this hypothesis, as the spectruntiiermutated protein does not significantly

differ from the wild type protein (Fig. 48, 49).
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Fig. 49. NSP5 S67D spectra of experimental data mestructed by ContinLL data.

To make these result even more clear, spectra f pmteins were superimposed

(Fig. 50). The differences in an intensity (notsipectral shape) might be affected by protein
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concentration change due to precipitation prioth® experiment. These observations are in
agreement with secondary structure content caloaktthat are practically identical. The

small differences could derive rather from not titlsal experimental and reconstructed data
coverage. This mean that the wild type protein amamt have the same content of secondary
structure elements and the aspartic acid introdutéuke position of serine 67 did not change

it.

2

I:I e e gy

'[Z[I'[mtlnag]_2 B

4 | . | . |
190 200 220 240 260

Fig. 50. Superimposition of far-UV CD spectra of I$P5wt and S67D mutant.

NSP5AN32

The spectrum profile 0oAN32 mutant was also very similar to the one of vde
protein (Fig. 48, 50). This could be interpretedhwihe absence of organized structural
elements in N-terminal part of NSP5, consistenhlite limited proteolysis data. The shape
of the spectrum is more-helical than in the case of wild type protein sinthas a more
noticeable shoulder peak at about 222 nm, a typiatiérn ofu-helical conformation

The higher percentage of estimatetielix content can take its origin from the fact,
that helices localized in another part of the prot®ntribute more to the truncated protein as
well as from a better fitting of reconstructed angberimental data. It is highly probable that
the N-terminal part of NSP5 is mostly disordered @rappears not to be necessary for proper
NSP5 folding.
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Fig. 50. NSP5AN32 spectra of experimental data and fitting recortsuction calculated by
CDSSTR tool.

NSP5AC19

In contrast, removing of the last 19aa from theefrinal part of NSP5 drastically
changed the spectrum profile (Fig. 51). In #MNSP5AC19 spectrum it is noticeable, a
minimum at around 200nm characteristic for discedeproteins. Estimations computed by
Contin LL tool (3.5% ofu-helical component) had poor fitting and high NRM8&lue. This
parameter is an important measure of the corregmmed between the experimental and
calculated spectra and can be used to judge tHeygofthe results [256]. To confirm these
findings spectra were also analyzed with anotha@stoncluding Yang.jwr software (0% af
helix), that confirmed complete lack efhelical structure elements that are present irfuhe
length protein and NSPAN32 mutant. However other elemenfssheets and turns) are
maintained in calculations on the similar levelrtha other proteins, what can prove that C-
terminal deletion mutant is folded. These obseovestj together with secondary structure
predictions, lead us to speculate that practic@lly-helical conformation motifs are present

in C-terminal part of NSP5.
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Fig. 51. NSPRACL19 spectra. Experimental data in machin® units (mdeg) and converted to MRE
units data, reconstruction adjusted by CDSSTR tool.

In the table 6 the summary of all CD experimestshown. The most significant
observation is, that remove of C-terminus fromthiel type protein (NSPAC19 mutant) is
reflected by a huge drop of totathelices percentage, indicating, that mostadielical
elements are situated in the carboxy-terminal parNSP5. This is concordant with the
secondary structure predictions (Fig. 44) and cordd by previous observations, that this
region of the protein is involved in NSP5 dimeriaat This result may suggest, that the

dimerization may occur by formation of coiled-csiitucture between twe-helices.
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Protein NRMDS | a-helices (%) B-strands (%) | Turns (%) Unordered(%)
NSP5wt 0.055 |9.7 32 14 45

NSP5 0.069 (9.0 29.9 17.4 44

S67D

NSPXN32|0.042 18 22 16 43
NSPRC19|0.213 3.5 33.2 16 48

Tab. 6. The contents of the secondary structures elementstamated by ContinLL and CDSSTR
tools on the basis of far-UV circular dichroism eperiments performed on NSP5 wt and its mutants.
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4. DISCUSSION

Rotavirus NSP5 is phosphorylated and O-glycosylatedne- and threonine-rich
nonstructural protein, that localizes in viroplasoifsvirus-infected cells. It undergoes a
complex posttranslational hyperphosphorylation, egating species with reduced PAGE
mobility. The phosphorylation of NSP5 is a compjgrcess that requires in the initial steps
the interaction of at least three different parghéne substrate NSP5 in a dimeric form, NSP2,
as a possible inducer of conformational change 8P5l to make Ser 67 accessible for
phosphorylation, and the cellular kinase, GKéesponsible for such activity. The presence of
glycosilation and phosphorylation in NSP5 was alyeknown, but there was no evidence
about their range and contribution to the protefaisction. In this work we attempted to map
these modifications using MALDI-TOF/TOF spectrosgoas a tool. The collected data
allowed us to add new information on how particutagions of NSP5 are modified.
Structural organization of NSP5 was unknown anthis work we found new data, that can
contribute to this subject. In this discussion ieectve wanted to address the questions and
conclusions, that appeared during these studiesfiat the common points between all the

three parts of the thesis.

One of distinguishing features of NSP5 in infectadls is its complex migration
pattern observed in SDS-PAGE, as a consequente lofjperphosphorylation. In some of the
previous studies NSP5 was presented to have aekinaBvity, and the pattern of its
phosphorylation in virus infected cells has beeroppsed to be, in part, due to
autophosphorylation. However, no clear evidenceN8P5 enzymatic activity have been
reported, so the data that support that theoryvarg poor and not consistent with the
characteristics described for eukaryotic kinas@$ [257] [258] [161].

NSP5, when expressed alone, is mostly non-phosiattedy whilst interaction with
NSP2 was shown to induce a phosphorylation caspiile The studies performed in our
laboratory suggested, that NSP5 hyperphosphorglaica multi-step process that requires
activation of the NSP5 substrate. We speculate@xistence in NSP5 of regions specific for
the activation of a cellular kinase or the substraihe use of NSP5 deletion mutants proved
to be a useful strategy to understand the moletases of this process. We decided to study
a number of different deletion mutants on theifligbto become phosphorylatad vivo.

These studies revealed that two clearly distinoperties of the protein, related to its own
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phosphorylation could be uncoupled: one such ptgpgas related to its capacity to be a
substrate and the other one was related to itscitgpto become an activator of the
phosphorylation process [6].

The conclusion from aeries of experiments previously carried out in laitoratory is that
regions 1, 3, or both, prevent transfected NSP figetting hyperphosphorylated when
expressed alone, suggesting that these two donmahsas internal inhibitors in the
phosphorylation mechanism [49] [152] [149] [6]. flct, deletion of either region 1 or 3 (or
both) render NSP5 able to be phosphorylated. litiadda mutant such as2, which does
not get phosphorylated at all, becomes an excell@ngtrate when co-expressed withor A

1/ A 3, thus indicating that region 2 is involved intitating the cascade. One could
speculate that in virus-infected cells, interactiith NSP2 may neutralize the inhibition of
the two inhibitory regions.

Thus, we intended to study the role of the regionin2 the activation of
phosphorylation. We decided to investigate, if ghosylation of serines present in this
region could be involved in such process. We setkat this region two serine motifs. The
first motif, called motifa (Ser-Asp-Ser-Ala-Ser ), consists of three seratgsositions 63, 65
and 67, and theecond one named motif(Ser-Phe-Ser-lle-Arg-Ser), contained serines 33, 7
and 78. To study these motifs, the serines weret poutated to alanine in mutaf8, that
was previously demonstrated to play an activatoe rmm the hyperphosphorylation
mechanism. We showed, that the point mutationgiimas of motifa, blocked two different
functions of NSP5- its hyper-phosphorylation and tellular kinase activation. A precise
analysis of the three serines present in this mo#ifealed clearly that serine 67 was
responsible for the lack of activation function.iSfwas confirmed with the mutation from
serine to aspartic acid (this amino acid can miphiosphorylated serine, due to the length and
the negative charge of the R group [259]. The tessitongly suggested, that a phosphate in
serine 67 was required to restore kinase activadioth ability to be hyperphosphorylated.
More importantly, when this mutation (S63, 65A &@®i7/D) was introduced in the full-length
NSP5, the protein gained the ability to become Ipipesphorylated, a property that was not
possible for the NSP5 wt alone, but that is charéstic for NSP5 in virus-infected cells (that
is, in the presence of NSP2). On the other handgxpoession of NSP2 with NSP5a
(S63A,S65A,S67A) did not produce its hyperphosplabign, while NSP5 S67D
(563,65A,S67D) was hyper-phosphorylated even in @hsence of NSP2. These results
(experiments performed by Dr Catherine Eichwald)jetber with the fact that deletion

mutantsAl, A3 andA1/A3 are hyperphosphorylated in vivo in absence oérotiral proteins
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[49] [152], suggested that NSP5 hyperphosphorytaisodue to conformational changes in
NSP5, produced by the interaction with NSP2, aatibn that can be mimicked by deletion of
regions 1, 3 or both, that play an inhibitory effelm this hypothesis, serine 67 becomes
available for phosphorylation by a cellular kinae@nd this event makes the protein a
permissive substrate for phsophorylation of serares threonines of other regions, especially
in region 4.

The next question we pointed was, if we could detee the kinase that is responsible
for serine 67 phosphorylation. Among phosphorylasdes of known kinases we did not find
exactly the sequence encompassing the motif withes&7 that fit the consensus. However,
the sequence similarity between consensus phodphiory sites of CK1 (D/EXXS*/T*,
where X is any amino acid, D is aspartic acid, &aghic acid and S*/T* are the target serine
or threonines) and mot# (SDSAS), suggested the possibility that matifas a non-classical
phosphorylation site for CK1, suggesting that thHigwase could be involved in
phosphorylation of serine 67. Experiments perfornmeditro using of a recombinant Ckil
from zebrafish confirmed this hypothesis. In thgements two synthesized peptides,
encompassing motd from wt protein and with serine 67 mutated to alanconfirmed that
this sequence was a substrate@btla. Subsequent experiments with recombinant proteins
produced irE. coliused as substrates, supported this finding.

However, not only phosphorylation of serine 67 1@ has a crucial role in the
hyperphosphorylation process of NSP5. The lackeftail (T) in deletion mutants with well
established activation function, likeAl and A1/A3, hindered their capacity to
hyperphosphorylate the substrate SAM5-As described earlier [161], the last C-termib@l
amino acids of NSP5 appear to be involved in therattion with another NSP5 molecule,
that results in the dimerization of the protein.

On this basis we proposed a model for NSP5 hypepitaylation. In this model
(Fig. 28), NSP5 molecule interacts with NSP2 and itlteraction renders NSP5 sensitive to
phosphorylation by CK1 on the serine 67. This phosgation step is essential, because
phosphorylated serine 67 switches a cascade ofteveading to hyperphosphorylated
protein. This event is followed by, or parallel itimerization of activator and substrate
through the C-terminal tailpiece. The Ser-67 phosghated component activates the other
monomer of the dimeric complex rendering it (orf)atusceptible to hyperphosphorylation.
In the above mentioneih vitro studies with recombinant Clglfrom zebrafish, we have
suggested that the cellular kinase GKlcan be responsible for the whole

hyperphosphorylation [6]. However recent studiesniigans of specific RNA interference
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technique performed in our laboratory by Dr Mich€ampagna showed, that CK1is the

enzyme that only initiates the cascade of NSP5giaylation, indicating, that kinases other
than CK.u are involvedn vivo in the downstream process. Depletion of GKéasults in lack

of NSP5 hyperphosphorylation, that however did affected neither its interaction with the
virus VP1 and NSP2, proteins normally found in plesms, nor the production of viral
proteins. In contrast, the morphology of viroplasmas clearly altered in cells, in which
CK1la was depleted and a moderate decrease in the piatdwé double-stranded RNA and

infectious virus was observed [242].

In the second part of the thesis | have presentedstudies on posttranslational
modifications of NSP5. It was previously known th&P5 is post-translationaly modified by
introduction of two types of modifications: O-glygdation [146] and phosphorylation [3]
[49] [241]. Glycosylation of NSP5 consists in ttaddion of O-linked N-acetyloglucosamine
(O-GIcNAc) monosaccharide residues to serines &melonines. Although it is not fully
clarified, the O-glycosilation can be importantnc@ many of known GIlcNAc-modified
proteins are also phosphoproteins [148]. In margesahe sites of phosphorylation and
GIcNAcylation are localized to the same or neiglrgprresidues (serines or threonines).
Moreover, O-GIcNAc modification is transient, sadtit interaction between glycosylation
and phosphorylation can take place, regulatingptio¢ein’s function and activity. Although
the phosphorylation of NSP5 is responsible fordifferent isoforms visualized in PAGE-(
phosphatase treatment reduces all of them to &esimmigrating band), it is not known whether
the different isoforms have also changes in thellef/O-glycosylation.

With the objective to map posttranslational modifions of NSP5, we performed
studies on the protein using MALDI TOF/TOF speatagsy. As a source of NSP5 for the
analysis we used rotavirus infected cells, becamse aim was to study the original
modifications occurring on NSP5 during the viiéd [cycle, especially during the replication
process, that could play an important role on N&P%vity. Unfortunately, the amount of
protein we were able to obtain using this method Veav. To ensure the accuracy of the
experiments, the samples were prepared for MALCAIyas by two different methods and
three different strains of rotavirus were usedifdections. The sequences of NSP5 encoded
by these strains differ slightly, so some pepticEsulting from the trypsin digestion of the
same regions of the proteins have different magbesefore when comparing results we

could observe similarities in modifications of eant regions of the protein and we could
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diminish the possibility of false data generatidine samples analyses let us to find many
interesting observations.

One of the findings was that among the collectath,dthe peptide encompassing
serine 67, non-phosphorylated or with one phosphdded, was present. As described earlier
serine 67 is phosphorylated by GK&and this event starts the phosphorylation prooéss
NSP5. Interestingly, we did not find the phosphatgtl peptide in the lower 26kDa band, but
only in the upper bands of the PAGE analysis (omomgnpeptides prepared by direct
trypsinization of the immunoprecipitate). One pb#sy is that since the phosphorylation of
serine 67 triggers the cascade, subsequent phosgimrs should occur very fast. Therefore,
after serine 67 phoshorylation by CK1, the proteimould be immediately
hyperphosphorylated and shifted to higher bandS@$-PAGE gel. Previous experiments
with A-phosphatasdreatment revealed that the 26kDa band still costaphosphate,
demonstrating resistance of some sites to phosgg®{ad]. Even so, the obtained data suggest
that phosphate observed in 26kDa band does natdp&boserine 67.

The whole analysis let us to conclude, that reglorof NSP5 is very heavily
glycosilated. The role of this glycosilation is raéar, but it was demonstrated in literature
that GICNAc attachment can play a protective r@@0], preventing the N-terminal part from
degradation by cellular proteases. Analysis of NS&§uence, performed by the YinOYang
1.2 server (http://www.cbs.dtu.dk/services/YinOYBnghat predicts O-GIcNAc acceptor
sites, revealed the similarities between compuedits (Fig. 52) and obtained experimental

data (depicted in Fig. 34), increasing their religh
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Fig. 52. Oryginal output of YinOYang 1.2 Prediction Tool, that computed O-GIcNAc acceptor
sites in NSP5 sequence (the protein’s regions are d  emonstrated as a bar above the graph). Up
to the prediction the N-terminus of NSP5 is heavily -glycosilated, that is consistent with
experimental data.

Furthermore, the first part of region 3, spannirgnf the position 80 to 115 was not
represented in most of the experiments. The p@ssigplanation for this fact can be, that this
peptide may not be ionized well enough, so the imacivas not able to read its signal. There
are two main effects influencing the sigmalensity of a peptide: first, the amount of
peptides incorporated into the MALDI crystatpgnds on the peptide itself and on the
sample preparation. Second, the capabilitybé@ome ionized differs from peptide to
peptide, depending on their sequence [261]. Anpihessible reason for the absence of this
peptide in most analyses can be the fact, thatsoihighly modified that its mass was out of
an efficient range of the spectrum reading. In @stf sequence between aa 115 and 134,
assigned also to region 3, was abundantly recodnizeall the experiments both, non-
modified and modified. This region of NSP5 sequeigdalifferent in the three analyzed
strains (OSU, RF and SA11l). In the bovine RF straight potential modification sites are
present, and in its case, three added sugar n®iatid two phosphorylation sites were
characterized. OSU strain contains only four seriaed one threonine in the same peptide
and we managed to map in these region one glydemyland one phosphorylation site.
Interestingly, glycosilation range of this regiandre also similar to the result generated by
the YinOYang 1.2 Prediction Server.

The beginning of region 4 revealed the additioroné¢ N-acetyloglucosamine in all

the three strains. Moreover, up to the previous dddtained in our laboratory [149], this
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region was assigned to have main phosphoaccepis. dResults obtained by MALDI
TOF/TOF confirmed that this part of NSP5 is phosplated, because at least two
phosphorylation sites were determined to be prabent.
Finally, all the peptides that form the end of tegion 4 and the tail were completely
reconstituted and found as not modified, as thggoreof NSP5 lacks serines and threonines.
The idea of enclosing methylation and acetylation selected posttranslational
modifications increased the abundance of obtairatd, chevertheless this eventuality must be

still confirmed by biochemical studies on infectadls.

There was no evidence about the structure of N&Rbsince this kind of information
often can add invaluable insight in understandimg function of a protein, we decided to
study also this subject. For this purpose we preduecombinant NSP5wt and some mutants
and used them to study their structural featurest,Fwe tried to produce NSP5wt using an
eukaryotic expression systems. We tested the usaaainia expression system and Sindbis
virus replicon expression system, but these systdichanot ensure appropriate expression
levels of NSP5, required for structural studiese Hield of protein produced was extremely
low and we then moved to the use of a bacteriakesgion system instead. NSP5 was
produced irE.coli with a high yield, although we were unable to fewhditions to produce
the protein in soluble form. Standard changes otgaures, such as different strains used for
protein production and lower temperature of baatedltivation, did not help to increase
NSP5 solubility and prevent inclusion bodies forimrat NSP5 production in bacteria was
followed by development of an efficient two-steparification protocol and refolding
procedure. Refolding was performed by very slowaeenof denaturing agent by dialysis, in
constant presence of DTT, to prevent disulfide Isofidrmation because NSP5, as a
cytoplasmic protein, does not have them.

The biological activity of renaturated NSP5 wastadsby the interaction with its
molecular partner- NSP2. Designed ELISA-based bopdissay demonstrated, that at least
some pool of renatured protein is folded and hashility to bind NSP2. Although the full-
length NSP5 was produced with a satisfactory pmopeirity, significant precipitation was
observed. This problem was also found in recentlyliphed literature [117], and hence this
fact strikes off the protein fanore detailed structural studies like crystalliaatilt was then
decided to look for more suitable constructs.

To achieve this aim we used limited proteolysisagsas a tool to design constructs

better suited for structural biology studies. Lieit proteolysis involves the incomplete
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digestion of a protein by a protease. The pariigéstion of a protein defines the fragments
resistant to proteolysis and, therefore, expeadthtze a more compact structure. In contrast,
flexible and exposed to solvent regions are prorteetdigested.

The results coming from these experiments weresgutprising. As a protease we
used trypsin, and despite the fact that NSP5 segueontains a large number of cleavable
sites we found that a big part of the protein wesstant to proteolysis. Examination by mass
spectrometry of the bands remaining revealed thatpart prone to digestion was the N-
terminus. The link between this result and our ey observation, that in Eukaryotic cells
the N-terminus of NSP5 is heavily glycosilated seémbe apparent. In bacteria the protein is
not posttranslationaly modified, so carries no sughe sensibility of this region to digestion
may signify that it does not have an organizedcsting, or is not buried inside the protein and
so being exposed to the solvent is sensitive tptbtease. This would be consistent with the
hypothesis of the possible protective function etiekiminus glycosilation.

The part of the protein startingxactly at the beginning of region 2 (from aa 33)
remained, in contrary, resistant to trypsinoly€s. the basis of this experiment we generated
a new construct with the first 32 N-terminal regdudeleted (H¥NSP5AN32) that we
subsequently produced, purified and refolded.

The suggestions from previous studies as well adigions of secondary structures
were strong enough to induce us to produce ancothegant. Mostof secondary structure
prediction methods indicated that the last 25-3ifddSP5 could be involved in the formation
of ana-helical structure. Since it was demonstrated exathat the C-terminus is involved in
dimerization [161], we speculated that thibelix could be the reason of protein dimerization
by interaction between twa-helices. We also hypothesized, that outside of ¢ké
environment and without the molecular partners, A8Rd VP1, this C-terminal-helices
could oligomerize, causing problems, like protein’s agitemn. We decided to delete last
19aa in purpose to investigate if this kind of ¢ong was a better candidate for obtaining
some new information about NSP5 structure.

The production of HINSP5-S67D was inspired lige fact, that it has an ability to
become hyperphoshorylated even in the absence BEN&n introduction of aspartic acid in
the position of serine 67 mimics phosphorylatedinger Since, we hypothesized, that
interaction with NSP2 change the conformation oPR%nd renders it to become susceptible
to phosphorylation, we wanted to check, if theeat#ht behavior of S67D mutant alter the

secondary structure content, in comparison to thgretein.

130



Discussion

All the purified proteins were analyzed by sizelagmon chromatography, to estimate
their aggregation level. Although, we did not nettbe precipitation of thenewly produced
truncation mutants, they were tested by gel fibratchromatography. Unfortunately, all
proteins were eluted in the void volume, confirmihgt some level of aggregation was taking
place. The only protein that was not eluted in enbgenous peak with the void volume, but
generated also a second peak reflecting the siza dimer was HENSP5AN32. The
collected peak was analyzed by Western blottingficaing that consists NSP5. Most likely
a fraction of the refolded protein managed to naamits proper structure without becoming
aggregated. It is also possible that during refmdilight degradation occurred suggesting that
even a shorter construct was required for strucsitalies, concordantly with recent studies
performed by cryoelectron microscopy structures N$P2-NSP5 complexes, where a
construct encompassing aa from 66 to 188 were ssftdly used [117].

To investigate the secondary structure of NSP5theins were analyzed by circular
dichroism spectroscopy. Despite of some attempésdid not manage to obtain promising
NSP5 crystals and studies are still in the coussing in our hands the full length protein,
one point mutation and two truncation mutants, veeeaable to draw interesting conclusions
about the structural organization of NSP5. Analyfighe results showed, that renaturated
proteins were folded with a percentage of randor @eaching almost 50%), which
indicated a relevant content of unordered regidthough introduction ofa negatively
charged residue at position 67 (aspartic acid) @5 mutant changed NSP5 ability to get
hyperphosphorylated without interaction with NSR2did not effect the spectrum shape,
suggesting lack of secondary structure alterafitve analysis revealed significant amount of
B-strands, but it is known that accuracy for assessmaf protein secondary structure by CD
is more accurate foua-helices. The very similar spectra AN32 mutant and wt protein
suggests that the N-terminal part does not fold imeithera nor B structures. The most
meaningful observation was that removal of the i@Giteus from the wild type protein
(NSPAC19 mutant) caused a drop of totahelices percentage, pointing that most ofdhe
helical elements are situated in the carboxy-teamjpart of NSP5, concordantly with
predictions. We suppose, that the NSP5 dimerizatiay occur by formation of coiled-coll
structure between twe-helices.

High amount of unordered elements and presencasthaive C-terminala-helix,
obtained by far-UV CD experiments, was in accoréanth a model (Fig. 53.) obtained by

Porter, a new accurate server [262] for proteimsdary and tertiary structure prediction.
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Fig. 53. Secondary and tertiary NSP5 structure preidtion carried out by PORTER server. Visible
C-terminal a-helix. Model pictured by VMD program.

The high percentage of disorder determined by Qieements induced us to consider
the possibility, that NSP5 is an intrinsically ulfed protein. Intrinsically
unstructured/disordered or natively unfolded prigehave a broad occurrence in living
organisms. They are characterized by the lackatflstsecondary and tertiary structure under
physiological conditions in the absence of a bigduartner/ligand. Intrinsically disordered
proteins fulfill essential functions, which are eft linked with their disordered structural
state. This kind of proteins tend to have a lowusege complexity, although it is not a
general rule [263]. It has been shown recently that more low-complexity regions an
eukaryotic protein has, the less it is likely todmdubly expressed in bacteria. This can be true
also in case of NSP5 and might be related to tbetlfeat low-complexity regions, which are
more frequent in eukaryotic proteins than in baateproteins, are more sensitive to
proteolytic degradation [264]. Disordered regiofftero prevent crystallization of proteins, or
the generation of interpretable NMR data. Therefatuctural biologists use disorder
predictions to delineate compact domains to soher t3D structure, or to dissect target
sequences into a set of independently folded danairorder to facilitate tertiary structure
and threading predictions [265] [266].

Taking into consideration these information we ranseries of predictions of
disordered regions in NSP5 (with a kind help of Bonia Longhi). The analysis was made

using hints found in [265], all the addresses adduservers can also be found in the cited
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paper. The graphed result of this analysis we detnated in figure 54. The level of disorder
predicted by all the tools is very high, e.g. ROMMNicates the regions lacking 3D structure
in native conditions, and in case of NSP5, it Igts sequence length without its C-terminus
and short region spanning from aa 110 and aa babd predicted to form 3 shd¥tsheets.

In yellow shading (aa 1-19, 47-54, 174-196) arewsht¢he regions, that could fold in the

presence of a molecular partner, so NSP2 or VPik. rEgions are too short to be able to fold
alone, so probably they are structured temporarityen are in contact with their molecular

partners.
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Fig. 54. Results of disorder regions for NSP5 (OS&train) performed by different methods.

Summarizing, it is highly possible, that NSP5 isaurally unstructured/disordered
protein. Its significant portion can be flexible disordered, and some regions of the protein
can change the conformation under the interactigh s partners. NSP5 interacts with
NSP2 and VP1 and it also binds nonspecifically tdAR so its disordered nature may be
necessary to impart the dynamics necessary to io@bed its functions in genome
replication/packaging and assembly. Previous sirattanalysis of NSP2-RNA complexes
indicated that RNA and NSP5 bind to very similasifigely charged regions near the twofold
axes of the NSP2 octamer [117]. It is known tlmst 48aa of C-terminus are essential for
interaction with VP1 [50], the N- and C-terminalrigaof NSP5 are required for the
interaction with NSP2, 30 amino acids of regiondild also be important [150]. These
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regions may flexibly change its conformation, whemey interfere with the ligands. The
glycosilation of the N-terminus can play the pratex role against cellular proteases when
this part of the protein is not under interactidhe meaning of phosphorylation still remain
unclear, however it can play some particular ralenaintaining the dynamic equilibrium of

conformation, required for proper contact with NS¥PR1 and RNA.
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