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Viral genome-linked proteins (VPgs) have been identified in several single-stranded positive-sense RNA virus families. The pres-
ence of such protein in the family Astroviridae has not been fully elucidated, although a putative VPg coding region in open read-
ing frame 1a (ORF1a) of astrovirus with high amino acid sequence similarity to the VPg coding region of Caliciviridae has been
previously identified. In this work we present several experimental findings that show that human astrovirus (HAstV) RNA en-
codes a VPg essential for viral infectivity: (i) RNase treatment of RNA purified from astrovirus-infected cells results in a single
protein of 13 to 15 kDa, compatible with the predicted astrovirus VPg size; (ii) the antibody used to detect this 13- to 15-kDa pro-
tein is specifically directed against a region that includes the putative VPg coding region; (iii) the 13- to 15-kDa protein detected
has been partially sequenced and the sequence obtained is contained in the computationally predicted VPg; (iv) the protein re-
sulting from this putative VPg coding region is a highly disordered protein, resembling the VPg of sobemo-, calici- and potyvi-
ruses; (v) proteolytic treatment of the genomic RNA leads to loss of infectivity; and (vi) mutagenesis of Tyr-693 included in the
putative VPg protein is lethal for HAstV replication, which strongly supports its functional role in the covalent link with the vi-
ral RNA.

Viral genome-linked proteins (VPgs) are virus-encoded small
proteins that are covalently linked to the 5= terminus of many

RNA viral genomes through a phosphodiester bond. Since the
discovery of such a protein in the poliovirus genome, several ani-
mal and plant viruses have been reported to bear proteins cova-
lently linked to their genomes (45). Among viruses with single-
stranded positive-sense RNA (�ssRNA) genomes, VPgs have
been described for animal viruses (Picornaviridae, Caliciviridae,
and Dicistroviridae families), plant viruses (Comoviridae, Potyviri-
dae, and Luteoviridae families, and Sobemovirus genus), and fun-
gal viruses (Barnaviridae family) (36, 45). During the viral life
cycle of these viruses, VPg performs multiple functions, playing a
role in key processes such as genome replication, viral protein
synthesis, and potentially genome encapsidation (12, 26).

A common feature of VPgs is that they are rich in basic amino
acids [mostly Lys (K), Gly (G), Thr (T), and Arg (R)], which favors
the interaction with the negatively charged RNA (30). For cova-
lent binding of VPg to RNA, picornaviruses use the hydroxyl
group of a conserved Tyr residue situated near the N terminus of
VPg. Poty- and caliciviruses also use a Tyr residue, while comovi-
ruses are reported to exploit a Ser residue (45). In the case of
sobemoviruses, the residue for RNA linkage is not conserved
within the genera and it appears to be species specific (37). An-
other common feature of VPgs is their intrinsic disorder. Re-
cently, VPgs of some sobemoviruses and potyviruses were re-
ported to be “natively unfolded proteins” (14, 21, 47), lacking
both secondary and tertiary structures and existing as a dynamic
ensemble of conformations at physiological conditions. Using
computational predictions, disordered domains have been de-
scribed in VPgs of several caliciviruses, such as rabbit hemorrhagic
disease virus, vesicular exanthema of swine virus, Sapporo virus,
Manchester virus, and Norwalk virus (21). This property has been
postulated to be one of the factors that enable the functional di-
versity of VPgs (21).

Human astroviruses (HAstV) are recognized as common viral
pathogens causing gastroenteritis in children (33). Astroviruses

are nonenveloped �ssRNA viruses that belong to the family As-
troviridae, which includes both mammalian and avian viruses.
The HAstV genome is 6.8 kb in length, is polyadenylated, and
contains three overlapping open reading frames (ORFs) and two
untranslated regions. The nonstructural proteins (nsPs), which
include a viral protease and an RNA-dependent RNA-polymerase
(RdRp), are synthesized as polyproteins from ORF1a and ORF1b,
respectively, using the genome RNA as the template, while the
structural proteins are expressed from a subgenomic RNA pro-
duced after replication that contains ORF2 (33). The absence of a
methyltransferase-coding region and the similarity of astrovirus
RdRp with other polymerases of Koonin’s supergroup I (which
includes VPg-containing viruses, such as picornaviruses, calicivi-
ruses, and certain plant viruses) suggest the possibility that the
HAstV genome, as well as the subgenomic RNA, may be linked to
a VPg protein on its 5= end (1, 27, 29). Consistent with this idea,
treatment of HAstV RNA with proteinase K abolishes the recovery
of infectious viruses after transfection of wild-type RNA (50).
Based on sequence comparisons between human and animal as-
troviruses with some members of the Caliciviridae, Picornaviridae,
and Potyviridae families, a putative VPg coding region has been
mapped downstream of the protease motif, coinciding partially
with the nuclear localization signal (NLS), and Tyr-693 at the
conserved TEEEY-like motif has been postulated to be the residue
responsible for the covalent linkage to viral RNA (1, 29). More-
over, two conserved amino acid motifs characteristic of the N-ter-
minal end of calicivirus VPg [KGK(N/T)K and (D/E)EY] can also
be identified in astrovirus sequences (1, 8). With respect to the
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boundaries of this putative VPg, Al-Mutairy et al. (1) suggested a
potential N-terminal proteolytic cleavage site [Q(K/A)] located
upstream, either immediately next to, or 1 to 2 amino acid resi-
dues from the KGK(N/T) K motif and a C-terminal proteolytic
cleavage site [Q(P/A/S/L)] between 92 and 143 amino acid resi-
dues downstream of the N-terminal cleavage site. Although the
presence of VPg in the HAstV genome has been speculated for
many years (27) and many observations suggest that HAstV may
encode a VPg protein, its presence has not been experimentally
proven yet. The main goal of our study was to identify and char-
acterize the genome-linked protein of HAstV.

MATERIALS AND METHODS
Cells and viruses. The human colon adenocarcinoma cell line CaCo2 was
grown in Eagle’s minimum essential medium (MEM) supplemented with
10% fetal bovine serum (FBS) and was used to propagate a cell culture-
adapted strain of HAstV serotype 4 (HAstV-4) as well as to recover mu-
tant viruses. CaCo2 cells were infected as previously described (38) with
some modifications. Briefly, cell monolayers were washed twice with
phosphate-buffered saline (PBS) and inoculated with viral stocks pre-
treated with 10 �g/ml of trypsin (GIX, Sigma) for 30 min at 37°C. After a
1-h adsorption at 37°C, a MEM overlay supplemented with 5 �g/ml of
trypsin (for virus recovery) or 2% FBS (for immunofluorescence analysis)
was added. Baby hamster kidney cells (BHK-21) and human hepatocellu-
lar carcinoma cells (Huh7.5.1) were grown in MEM supplemented with
10% FBS and were used to transfect HAstV RNA.

Detection of genome-linked proteins in HAstV RNA preparations.
Infected or mock-infected CaCo2 cells grown on 25 cm2 flasks were
trypsinized at 24 h postinfection and pelleted at 3,000 � g for 10 min. After
being washed with PBS, RNA from pelleted cells was extracted using
GenElute Mammalian Total RNA miniprep kit (Sigma) and digested with
100 U of RNase I (Ambion) for 1 h at 37°C. The resulting preparations
were separated by SDS-PAGE and subjected to blotting. Proteins were
electrophoretically transferred to nitrocellulose membranes, and after be-
ing blocked with 5% skim milk–TBS buffer [50 mM Tris-HCl (pH 7.6)
and 100 mM NaCl], membranes were probed with anti-nuclear address-
ing region (anti-NAR) serum kindly provided by M. J. Carter from the
School of Biomedical and Molecular Sciences, University of Surrey,
United Kingdom (52), which recognizes a region of about 30% of the
C-terminal end of nsP1a polyprotein (residues 643 to 940 of strain A2/88
Newcastle, corresponding to the region spanning the protease motif and
the end of ORF1a). Detection was performed using a horseradish perox-
idase-conjugated anti-rabbit antibody and the enzyme reaction was de-
veloped with a SuperSignal West Femto kit (Pierce).

Protein identification by mass spectrometry. Infected CaCo2 cells
(from 10 175-cm2 flasks) were trypsinized at 24 h postinfection and pel-
leted at 3,000 � g for 10 min. After being washed with PBS, RNA from
pelleted cells was extracted using an RNAqueous Midiprep kit (Ambion).
Eluted RNA (1 ml) was precipitated with lithium chloride and resus-
pended in a final volume of 50 �l, prior to RNase I (Ambion) treatment
with 1,000 U for 1 h at 37°C. The resulting preparation was separated by
SDS-PAGE. The gel was then stained with silver nitrate (AgNO3), and the
protein band of interest was excised and in-gel digested with trypsin (se-
quencing grade modified, Promega) in the automatic Investigator Pro-
Gest robot (Genomic Solutions). Tryptic peptides were then extracted
from the gel matrix with 10% formic acid and acetonitrile, dried in a speed
vac and analyzed by on-line liquid chromatography–nanoelectrospray
ionization–tandem mass spectrometry (Cap-LC-nano-ESI-Q-TOF) (Ca-
pLC, Micromass-Waters) at the Proteomics Platform of Barcelona Sci-
ence Park, University of Barcelona (a member of the ProteoRed network).
Data were generated in PKL file format and submitted for database
searching in the MASCOT server.

Disorder prediction. Folding predictions were carried out using two
software packages: the neural network predictor PONDR VL-XT (44) and

FoldIndex (bioportal.weizmann.ac.il/fldbin/findex.) (39), which predict
to what extent a given protein sequence is intrinsically unfolded. The
analyses were performed using default values.

Analysis of proteolytical digestion of HAstV RNA over viral infec-
tivity. Total RNA from HAstV-infected CaCo2 cells was used to transfect
BHK-21 cells. Prior to transfection, purified RNA was subjected to pro-
teolytical digestion with 400 �g/ml of proteinase K (PK) (Sigma) for 1 h at
55°C in 10 mM Tris-HCl (pH 8), 1 mM EDTA and 0.5% sodium dodecyl
sulfate (SDS). As a control, equivalent amounts of RNA were also treated
as described above but with the omission of PK. After digestion, PK-
treated and untreated RNAs were ethanol precipitated and quantified by
spectrophotometry and by a one-step quantitative real-time reverse tran-
scription-PCR (qRT-PCR) targeting a conserved region in HAstV ORF1b
as previously described (46). The 91-bp target region of the HAstV ge-
nome incorporated into the pGEM plasmid was used to make a standard
curve to quantify astrovirus RNA molecules. One day before transfection,
cells were seeded on glass coverslips pretreated with poly-L-lysine (Sigma)
in 6-well plates so that cells were approximately 60% confluent on the day
of transfection. Cells were transfected using FuGENE HD Transfection
Reagent (Roche) by following the manufacturer’s instructions with some
modifications. Briefly, the transfection mixture was prepared by diluting 5
�g of RNA in 100 �l of Opti-MEM I Reduced-Serum Medium (Invitro-
gen) and adding 10 �l of FuGENE HD Transfection Reagent. After a
25-min incubation at room temperature, the mixture was added to cells
previously washed twice with PBS and maintained in 2 ml Opti-MEM I
Reduced-Serum Medium. Every transfection experiment included a neg-
ative control where cells were mock transfected in the absence of RNA.
Evidence for astrovirus replication was monitored by detecting viral pro-
teins by immunofluorescence at 24 h posttransfection and viral RNA by
RT-PCR at 12 and 24 h posttransfection (see below).

Construction of VPg mutants. To introduce mutations in the VPg
coding region, the pAVIC infectious clone kindly provided by S. Matsui
(Stanford University) was used as starting material (11). This plasmid
contains the full-length cDNA of the HAstV-1 Oxford strain, from which
infectious RNA can be generated using T7 RNA polymerase and a cap
analogue. A BglII-XbaI fragment of pAVIC (positions 1657 to 3156), con-
taining the putative VPg coding region, was inserted into the pCITE-2a
vector. Mutations were introduced into the VPg coding sequence in plas-
mid pCITE-2a by site-directed mutagenesis using the QuikChange mu-
tagenesis protocol (Stratagene) and the oligonucleotides shown in Table
1. Putative mutants were screened by sequence analysis, and the mutated
BglII-XbaI fragments were reinserted in the pAVIC plasmid. Full-length
mutant and wild-type HAstV cDNAs were obtained from the correspond-
ing plasmids by PCR using the Expand Long Range dNTPack kit (Roche).
The primers used in the PCR were 5= end modified to contain the T7

TABLE 1 Oligonucleotides used for construction of VPg mutants using
the QuikChange mutagenesis protocol (Stratagene)

Mutation Sense 5=–3= sequence

Y693A � CTTCTTACTGAGGAAGAGGCTCGAGAACTCTTAGAGAAAGG

Y693A � CCTTTCTCTAAGAGTTCTCGAGCCTCTTCCTCAGTAAGAAG

Y720A � GGTGAGAGGTCTGGCGCCCCTGACTATGATGATG

Y720A � CATCATCATAGTCAGGGGCGCCAGACCTCTCACC

Y723A � GGTCTGGCTACCCTGACGCTGATGATGAAGATTACTATG

Y723A � CATAGTAATCTTCATCATCAGCGTCAGGGTAGCCAGACC

Y728A � CCCTGACTATGATGATGAAGATGCCTATGATGAAGATGATGATGG

Y728A � CCATCATCATCTTCATCATAGGCATCTTCATCATCATAGTCAGGG

Y729A � GATGATGAAGATTACGCTGATGAAGATGATGATGGCTGGGG

Y729A � CCCCAGCCATCATCATCTTCATCAGCGTAATCTTCATCATC

Y747A � GGGGAATGGTTGGTGATGATGTAGAATTTGATGCTACTGAAGTG

Y747A � CACTTCAGTAGCATCAAATTCTACATCATCACCAACCATTCCCC

L701I � CGAGAACTCTTAGAGAAAGGTATAGACCGTGAGACATTCC

L701I � GGAATGTCTCACGGTCTATACCTTTCTCTAAGAGTTCTCG

Y693S � CTTCTTACTGAGGAAGAGTCTCGAGAACTCTTAGAGAAAGG

Y693S � CCTTTCTCTAAGAGTTCTCGAGACTCTTCCTCAGTAAGAAG
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promoter sequence and 3= end modified to contain a 43-mer poly(T) tail.
The T7-dT-amplified DNAs were then used as templates for in vitro tran-
scription reactions with the mMessage mMachine transcription system
(Ambion) to obtain wild-type and modified capped transcripts contain-
ing the engineered mutations, i.e., Y693A, Y693S, Y720A, Y723A, Y728A,
Y729A, Y747A, and L701I. Following treatment of the transcription mix-
ture with DNase, the RNA was purified by lithium chloride precipitation,
quantified by spectrophotometry and analyzed on agarose gels.

Analysis of VPg mutations over viral replication and rescue of mu-
tant viruses. Wild type and modified capped transcripts containing the
engineered mutations, i.e., Y693A, Y693S, Y720A, Y723A, Y728A, Y729A,
Y747A, and L701I, were used to transfect both BHK-21 and Huh7.5.1
cells, essentially as described above. In both cases, astrovirus replication
was monitored by detecting viral proteins by immunofluorescence at 24 h
posttransfection. To recover mutant viruses, Huh7.5.1 cells were incu-
bated for an additional 48 h in the presence of 5 �g/ml of trypsin before
being subjected to 3 cycles of freeze/thawing and centrifuged at 3,000 � g
to discard cell debris. Lysates from mock- and RNA-transfected Huh7.5.1
cells were then used for sequential passaging on CaCo2 cells previously
treated with 10 �g/ml of trypsin for 30 min at 37°C. Astrovirus replication
in infected CaCo2 cells was evaluated by immunofluorescence, and the
recovered viruses were examined by RT-PCR and sequence analysis using
the ABI Prism BigDye Terminator Cycle Sequencing Ready reaction kit
(Applied Biosystems).

Immunofluorescence. Cells were rinsed twice with PBS and fixed with
3% paraformaldehyde in PBS for 20 min at room temperature. Permea-
bilization was performed for 10 min at room temperature with 0.5% Tri-
ton X-100 in 20 mM glycine-PBS. After being washed, cells were blocked
for 1 h at room temperature in 20 mM glycine-PBS containing 10% FBS.
Cells were incubated overnight at 4°C with a 1:10,000 dilution of the
monoclonal antibody (MAb) 8E7 (kindly provided by P. Sanders at R-
Biopharm AG), which recognizes astroviral structural proteins (23). An
indocarbocyanine 3-conjugated anti-mouse antibody was used as the sec-
ondary antibody at a 1:5,000 dilution. After immunofluorescence label-
ing, cells were stained with 1 �g/ml of DAPI (4=,6=-diamidino-2-phe-
nylindole) for 15 min at room temperature. Mounting was done in
Mowiol, and cells were visualized under a fluorescence microscope
(Olympus BX61). The percentage of transfected cells expressing viral pro-
teins was estimated by counting the number of positive cells and the total
number of cells from 4 different fields per sample.

Detection of HAstV RNA by conventional RT-PCR. The effect of
proteolytical treatment of viral RNA with PK on viral replication in trans-
fected BHK-21 cells was evaluated by RT-PCR. HAstV RNA was detected
using the previously described primers A1 and A2 (18, 51), which amplify
a fragment of ORF1a, using the A1 forward primer in the RT reaction in
order to detect mainly antigenomic RNA. Amplified products were ana-
lyzed on a 1.5% agarose gel and detected by ethidium bromide staining.

RESULTS
Identification and sequencing of a viral protein covalently
linked to HAstV RNA. To analyze the presence of a VPg protein
linked to the HAstV genome, total RNA (together with proteins
covalently associated with it) was isolated from HAstV-4-infected
or mock-infected CaCo2 cells and treated with RNase I. Analysis
of the treated samples by Western blotting with anti-NAR serum,
which is directed against the C-terminal end of the nsP1a polypro-
tein, containing the putative VPg coding region, revealed a protein
copurified with the RNA with an estimated molecular mass in the
range of 13 to 15 kDa, which is very close to the expected molec-
ular mass of the product resulting from the VPg coding region
suggested by Al-Mutairyet et al. (11 kDa) (1) (Fig. 1A). No bands
were detected in samples extracted from mock-infected cells ei-
ther with or without RNase digestion or from samples extracted
from infected cells without RNase treatment, where proteins

linked to RNA remained at the top of the resolving gel. When
analyzing total cell extracts instead of purified RNA samples, two
main proteins of �32 and �17 kDa reacted with the anti-NAR
antibody, as well as a high molecular mass protein (Fig. 1A), con-
sistent with data presented before (52). Whether the �17-kDa
protein detected in cell extracts corresponds to a precursor pro-
tein of the 13- to 15-kDa protein bound to the RNA or to a protein
with a different pattern of posttranslational modifications re-
mains to be elucidated.

FIG 1 Identification of a viral protein covalently associated with HAstV RNA. (A)
Western blotting (WB) analysis of HAstV-4-infected CaCo2 cell extracts and pro-
teins that were copurified with RNA isolated from mock-infected and infected
cells at 24 h postinfection and stained with anti-NAR antiserum. RNA-copurified
proteins were analyzed before and after treatment with RNase I. (B) Proteolytical
digestion of the RNA-associated protein was evaluated by incubation with protei-
nase K (PK). RNA samples purified from infected cells were mock treated or
treated first with RNase I and subsequently incubated with or without PK. Com-
plete digestion of the 13- to 15-kDa protein was confirmed by WB using the
anti-NAR antibody. (C) Susceptibility of the VPg protein to PK digestion before
the RNase I treatment. Samples treated first with PK and second with RNase I were
analyzed by WB with the anti-NAR antibody. Molecular size marker positions in
kilodaltons (kDa) are indicated on the left of each panel. Slight mobility pattern
differences between the VPg protein after RNase treatment in panels A, B, and C
may be explained by the erratic electrophoretic mobility of disordered proteins
and/or the efficiency of the RNase treatment.
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Sensitivity of the 13- to 15-kDa protein to proteolytical diges-
tion was analyzed by treating viral RNA purified from infected
cells with PK. RNA samples extracted from infected cells were
treated with RNase I as described above and further treated with
PK, resulting in a complete degradation of the 13- to 15-kDa pro-
tein (Fig. 1B). No protein bands were detected in the controls
untreated with RNase I, since undegraded RNA does not enter
into the gel. However, when PK digestion was performed prior to
RNase I treatment, a partially degraded protein of 12 kDa was
detected (Fig. 1C). This partial digestion of the 13- to 15-kDa
protein could be explained by a certain degree of protection of the
protein against proteolysis by its covalent linkage to RNA.

To confirm the identity of the 13- to 15-kDa protein as the
predicted VPg, the protein band was excised from a silver-stained
gel (Fig. 2A) and analyzed by combined liquid chromatography-
tandem mass spectrometry, with previous trypsin treatment. An
additional band of 27 kDa corresponding to the RNase I used to

digest the RNA was also detected. Sequencing of the 13- to 15-kDa
protein allowed the identification of a peptide of 15 amino acids in
length (amino acids 699 to 713 of the nsP1a polyprotein, i.e.,
KGLDRETFLDLIDRI), which represents 16% of the full-length
predicted VPg sequence (Fig. 2B). Although we failed to obtain the
complete sequence with the exact boundaries of VPg, the molec-
ular weight of the detected protein is consistent with the cleavage
sites predicted by Al-Mutairy et al. (1).

Astrovirus VPg is predicted to be an intrinsically disordered
protein (IDP). VPgs of several viruses have been described to be
intrinsically disordered proteins (14, 21, 47). Considering this
common feature, we proceeded to computationally analyze the
disorder degree of predicted astrovirus VPg. Full-length polypro-
teins of HAstV-4 (GenBank accession no. AY720891) were sub-
mitted to disorder prediction with FoldIndex software program
(39). As shown in Fig. 3, prediction clearly shows that the putative
VPg, located between amino acids 665 and 755 of HAstV nsP1a

FIG 2 Silver staining of HAstV VPg and protein identification by mass spectrometry. (A) Total RNA (and proteins associated with it) isolated from cultures of
HAstV-4-infected CaCo2 cells at 24 h postinfection was analyzed by SDS-PAGE and silver staining after being treated with RNase I. (B) The 13- to 15-kDa protein
band was excised and treated with trypsin for protein identification by Cap-LC-nano-ESI-Q-TOF. The 15-mer peptide identified is indicated in bold over the full
length of the predicted HAstV VPg amino acid sequence.

FIG 3 Predicted disorder of HAstV nsP1a polyprotein. (A) Schematic representation of the HAstV genome organization and nsP1a polyprotein (enlarged
fragment). The predicted transmembrane helices (TM), protease motif (PRO), predicted helicase domain (HEL), coiled-coil structures (CC), predicted genome-
linked protein (VPg) and hypervariable region (HVR) are indicated. Arrowheads refer to putative identified proteolytic cleavage sites (33). (B) FoldIndex
prediction for HAstV nsP1a polyprotein containing the predicted VPg domain between amino acids 665 and 755.
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polyprotein, lies in the unfolded region of the polyprotein, in con-
trast to other astroviral proteins. Similar results were obtained
with the predictor PONDR, and results did not change when the
VPg sequence was analyzed in isolation (data not shown). Except
for the structural polyprotein, where the N-terminal and C-termi-
nal regions were predicted to be unfolded regions (data not
shown), the VPg sequence was the only relatively large region
within the HAstV genome with a high disorder score. Interest-
ingly, this feature was conserved among all other mammal and
avian astroviruses that have been completely sequenced (data not
shown).

VPg protein is essential for viral RNA infectivity. Total RNA
isolated from HAstV-4-infected CaCo2 cells was used to transfect
BHK-21 cells after treatment with or without PK. HAstV replica-
tion in transfected cells was analyzed by immunofluorescence us-
ing the 8E7 MAb, which is directed against astroviral structural
proteins, and by detection of the viral replicating RNA by conven-
tional RT-PCR. While, in the absence of PK treatment, approxi-
mately 5% of transfected cells expressed viral structural proteins,
PK treatment completely abolished viral expression (Fig. 4A), sug-
gesting that the covalent linkage of VPg to the viral genome plays
a pivotal role in infectivity. Proteolytical treatment of viral RNA

also resulted in the abolishment of viral RNA transcription, since
astrovirus RNA (mostly replicating negative-sense RNA) was de-
tected by RT-PCR using the forward primer in the RT reaction
only in cells transfected with PK-untreated RNA (Fig. 4B). Never-
theless, a direct role of VPg on viral transcription cannot be as-
sumed from these experiments, since loss of RNA replication
could be due to abolishment of expression of viral proteins, in-
cluding nonstructural proteins involved in viral RNA synthesis.

As a control prior to transfection, purified HAstV RNA was
quantified by qRT-PCR in order to ensure transfection with equal
amounts of genome copy numbers. No difference in titers of
HAstV-4 RNA genome copies in the absence and presence of PK
[(5.318 � 0.22) � 109 and (4.953 � 0.18) � 109 HAstV-4 RNA
copies/�g of RNA, respectively] was observed.

Mutagenesis of Tyr-693 in the VPg protein is lethal for
HAstV replication. A mutational analysis of the VPg region of
HAstV was performed to determine whether Tyr-693, predicted
as the potential residue involved in covalent linkage to viral RNA
(1, 29), is essential for protein function. Putative HAstV VPg con-
tains, in addition to Tyr-693, five Tyr residues, at positions 720,
723, 728, 729, and 747, that could potentially link VPg to viral
RNA (positions are numbered according to GenBank accession
no. L23513). When comparing HAstV sequences to other astro-
virus and calicivirus sequences, it can be seen that the only Tyr
residue which is 100% conserved among all isolates, including
both mammalian and avian astroviruses as well as caliciviruses, is
Tyr-693, which is contained within the (D/E)EY motif (Fig. 5).
Tyr-723 and Tyr-747 are also highly conserved, but some astrovi-
rus and calicivirus strains show semiconservative substitutions to
Trp or Phe residues. Finally, while Tyr-720 shows strong conser-
vation only among mammalian astroviruses, Tyr-728 and Tyr-
729 show a minor degree of conservation. All these Tyr residues
were mutated to Ala using the infectious HAstV-1 clone. Muta-
tion of Leu-701 to Ile was used as a control mutation. Capped
transcripts obtained from wild-type and mutated plasmids were
first used to transfect BHK-21 cells, and astrovirus replication was
monitored by immunofluorescence using the 8E7 MAb. Cells ex-
pressing astrovirus capsid proteins were detected in cells trans-
fected with the Y720A, Y723A, Y728A, Y729A, and Y747A con-
structs, as well as with the wild-type and control constructs
(L701I) (Fig. 6). Transfection with the Y693A mutant did not
show positive cells by immunofluorescence, showing that Tyr-693
is essential for virus replication. In no case were mock-transfected
cells found to express astroviral structural proteins (data not
shown).

Since the efficiency of the reverse genetics system described
using BHK-21 cells is low (11), the method described by Ve-
lázquez-Moctezuma et al. using Huh7.5.1 cells (50) was used for
the rescue of infectious viruses. Immunofluorescence analysis was
also used to monitor viral replication in Huh7.5.1 cells after trans-
fection, and results were similar to those obtained with BHK-21
cells (data not shown). Virions recovered from transfected
Huh7.5.1 cells were amplified by subsequent passages in CaCo2
cells. Again, only the HAstV Y720A, Y723A, Y728A, Y729A, and
Y747A mutants, as well as the wild-type and control constructs
(L701I), could be rescued and further passaged in CaCo2 cells, but
mutation Y693A was lethal. The rescued viruses were analyzed by
RT-PCR, and sequence analysis confirmed the presence of the
engineered mutation in the RNA genome. Interestingly, it is of
note that the Y728A, Y729A, and L701 mutants were rescued to

FIG 4 Effects of proteolytical digestion on HAstV RNA infectivity. RNA iso-
lated from HAstV-infected CaCo2 cells, treated or untreated with proteinase K
(PK), was used to transfect BHK-21 cells. Viral replication was analyzed by
detecting viral structural proteins by immunofluorescence analysis at 24 h
posttransfection using the 8E7 MAb (magnification, �100), (A) and replicat-
ing viral RNA by RT-PCR at 12 h and 24 h posttransfection (B). RNAs isolated
from infected CaCo2 cells at 12 h and 24 h postinfection were used as positive
controls of RT-PCR. Molecular size marker positions in base pairs (bp) are
indicated on the left of the corresponding panel.
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high titers during early passages, showing no differences from
wild-type virus, while the Y720A, Y723A, and Y747A mutants,
which contain mutations at Tyr residues that are more conserved
(Fig. 5), were harder to rescue to high titers (data not shown).

Additionally, it was also examined whether replacement of
Tyr-693 by Ser, with its available hydroxyl group, could render
infectious viruses, but this mutation was lethal as well and no
structural protein expression was detected by immunofluores-

FIG 5 Multiple alignment of astrovirus (AstV) and calicivirus (CV) sequences in the region predicted for astrovirus VPg. Sequence alignment was performed using the
ClustalW2 tool (31). The following representative strains were included in the analysis (GenBank accession numbers are indicated in parentheses): human astrovirus type
1 strain Oxford (HAstV-1) (L23513), human astrovirus type 4 strain Dresden (HAstV-4) (AY720891), human astrovirus MLB-1 (MLB-1) (FJ222451), bovine astrovirus
B76/HK (BAstV) (HQ916316), porcine astrovirus 5 strain 33/USA (PAstV) (JF713711), human astrovirus VA-1 (VA-1) (NC_013060), ovine astrovirus (OAstV)
(NC_002469), mink astrovirus (MAstV) (AY179509), turkey astrovirus 2 (TAstV-2) (NC_005790), duck astrovirus 1 strain DA93 (DAstV) (FJ919228), and chicken
astrovirus (CAstV) (NC_003790) for AstVs and Norwalk virus (HuCV/NV) (NP_786948), Lordsdale virus (HuCV/Lordsdale) (X86557), feline calicivirus (FCV)
(NP_783307), and rabbit hemorrhagic disease virus (RHDV) (NP_740330) for CVs. Complete and high-rate amino acid identity (including conservative and semicon-
servative substitutions) are visualized by a gray shading. Gaps are denoted by dashes. Conserved KGK(N/T)K and (D/E)EY motifs are marked by boxes. The six Tyr
residues at positions 693, 720, 723, 728, 729, and 747 (numbered according to the HAstV-1 Oxford reference strain [L23513]) which were changed to Ala are indicated
with arrowheads. The Tyr at position 693 was also changed to Ser, and mutation of Leu-701 to Ile was used as a control mutation.
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cence in the original transfection (Fig. 6) or in subsequent pas-
sages on CaCo2 cells.

DISCUSSION

Although the presence of a viral genome-linked protein in HAstV
and its genomic localization has been speculated and suggested by
several authors in the past (1, 27, 29, 50), its existence has not yet
been experimentally demonstrated. In the current study, we dis-
cuss several experimental findings that support the presence of
such a protein in the HAstV genome. Analysis of the proteins
copurified with astrovirus RNA by Western blotting with an anti-
body against the C-terminal region of astrovirus nsP1a, contain-
ing the putative VPg region, revealed a protein of 13 to 15 kDa.
Direct sequencing of this protein confirmed that it contains at
least 16% of the central part of the computationally predicted VPg
(1). Although the complete amino acid sequence of the protein
was not obtained due to technical limitations, i.e., getting a large
amount of such a small protein, the molecular mass of the de-
tected band was very close to that expected for the predicted VPg
(1), which is 11 kDa. In addition, anti-1a778 –792 antiserum, which
is directed against a synthetic peptide (from residue 778 to 792)
contained within the hypervariable region (HVR) of nsP1a (16),
did not react with the 13- to 15-kDa protein (data not shown),
which is consistent with the predicted C-terminal cleavage site
published by Al-Mutairy et al. (1) at residue Q755.

The genomic localization of astrovirus VPg (protease-VPg-
polymerase) is similar to that of the VPgs of the sobemovirus-like
supergroup (sobemo-, luteo- and barnaviruses) and differs from
that of the VPgs of the picornavirus-like supergroup (picorna-,
calici-, poty-, como-, and dicistroviruses), in which the VPg cod-
ing region is located upstream of the viral protease motif (45).
HAstV VPg is located downstream of the protease motif close to

the 3= end of ORF1a and is included in the C-terminal nsP1a
protein (16). Data using the anti-1a778 –792 antibody against the
HVR region showed that the C-terminal nsP1a protein accumu-
lates in the perinuclear region, in association with the endoplas-
mic reticulum and the viral RNA (16). Whether this colocalization
with viral RNA takes place before or after the proteolytic cleavage
that releases the VPg protein is still unknown and needs to be
further studied. However, due to the high hydrophilic amino acid
content of VPg, it is likely that the C-terminal nsP1a protein or
even a larger protein could function as a hydrophobic precursor,
directing VPg to cellular membranes prior to the proteolytic
cleavage necessary to release mature VPg, similar to what occurs
with poliovirus, in which precursor 3AB is a hydrophobic mem-
brane-bound protein that acts as a VPg donor in membranous
replication complexes for RNA synthesis (41).

VPg protein detected on SDS-PAGE gels shows a molecular
mass slightly higher than expected (13 to 15 kDa versus 11 kDa),
and this could be due to several causes. Since purified proteins are
digested with RNase prior to electrophoresis, the slight increase in
molecular mass could be due to a small number of residual nucle-
otides linked to the protein. Alternatively, it could also be due to
posttranslational modifications of the protein, such as phosphor-
ylation. In fact, the C-terminal nsP1a protein expressed in insect
cells is modified posttranslationally by phosphorylation (10), and
although phosphorylated residues were not specifically identified,
some of the potential phosphorylation sites are located within the
putative VPg region, specifically the Tyr at positions 693, 728, 729
and 747 (17). Indeed, phosphorylation has been described as a
posttranslational modification of sobemo- and potyviral VPgs
(37, 40). Moreover, the C-terminal nsP1a protein interacts with
itself to form oligomers and with the viral RdRp (10). Interest-

FIG 6 Effect of VPg point mutations on viral replication. Immunofluorescence analysis of astrovirus replication on BHK-21 cells transfected with capped
transcripts derived from the wild-type (Wt) plasmid (pAVIC) or the corresponding plasmids containing the engineered mutations in the VPg coding region
(panel 1: Y693A; panel 2: Y720A; panel 3: Y723A; panel 4: Y728A; panel 5: Y729A; panel 6: Y747A; panel 7: L701I; panel 8: Y693S; panel 9: Wt). Detection of
astroviral structural proteins on transfected BHK-21 cells was performed at 24 h posttransfection using the 8E7 MAb. Magnification, �200.
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ingly, the oligomerization and polymerase interaction domains
map between residues 744 and 777 and residues 655 and 743 of
nsP1a polyprotein (10), respectively, which lie partially in the first
case and almost completely in the second case in the putative VPg
region (amino acids 665 to 755). These potential multiple binding
capacities of astrovirus VPg have also been described for VPg pro-
teins or their precursors in other viruses, such as poliovirus and
potyvirus (9, 12, 26, 41, 53), and may be related to its disordered
structure. Using computational predictions, we found that HAstV
VPg, like sobemo-, poty- and calicivirus’ VPgs (14, 21, 47), is an
IDP. A larger plasticity of disordered proteins would combine
high specificity with low affinity to ensure faster association and
dissociation rates, enable transient binding of numerous structur-
ally distinct targets, provide the ability to overcome steric restric-
tions, and facilitate the participation in multiple biological pro-
cesses, such as cell cycle control, transcriptional and translational
regulation, membrane fusion and transport, and signal transduc-
tion (48). Since many viruses show a restricted genome size, they
rely on the multifunctionality of their proteins and have been
shown to contain the highest proportion of proteins with con-
served predicted disordered regions, compared to archaea, bacte-
ria and eukaryota (5). Interestingly, intrinsic disorder has been
shown to be important for protein phosphorylation, and it is hy-
pothesized that phosphorylation occurs predominantly within
IDP regions (24). As reversible modifications, phosphorylations
are well known to regulate many processes of �ssRNA virus life
cycles, including replication (25). Phosphorylation of IDPs seems
to be important for their structural and functional regulation,
since both disorder to order and order to disorder transitions have
been observed to follow the phosphorylation event (28), with con-
formational changes often affecting protein function. Based on
these considerations, a regulation of VPg function dependent on
its phosphorylation status could be proposed.

VPg proteins of other �ssRNA viruses have been related to
both translation initiation of the viral genome and protein-
primed RNA replication processes (12, 26). In the case of calicivi-
ruses, removal of VPg by proteolytical treatment of RNA dramat-
ically reduces both the infectivity (15, 22) and translation of RNA
in vitro (22), suggesting a role in viral protein expression. Similar
observations have been described for other viruses, such as nepo-
and sobemoviruses (20, 49). Additional evidence for the involve-
ment of calicivirus VPg in translation initiation has been provided
by interactions between VPg and eIF3 and eIF4E and eIF4GI (4, 6,
7, 13). Besides playing a role in translation, calicivirus VPg may act
as a primer during viral RNA replication, since it has been shown
that it can be nucleotidylylated by the viral RdRp or its precursor
(2, 19, 32) and that the RdRp can synthesize VPg-primed RNA in
vitro (43). In contrast, in the case of picornaviruses, it is clear that
VPg plays a role in the initiation of RNA replication, while is
dispensable for translation. Participation of VPg on viral tran-
scription has been extensively described for poliovirus, in which
an uridylylated form of VPg produced by the 3Dpol is thought to
play a role in priming both negative- and positive-strand synthesis
(41). Since the picornavirus genome translation is dependent on
an internal ribosome entry site (IRES), proteolytic treatment of
RNA neither leads to a loss of infectivity nor has an effect on its
translatability in vitro (41). Data here presented show that PK
treatment of HAstV RNA completely abolishes infectivity, as mea-
sured by both viral protein synthesis by immunofluorescence and
production of viral RNA molecules in transfected cells, and this

highlights a strong similarity to the calicivirus strategy, where VPg
is essential for genome translation. Consistently, HAstV VPg’s size
and amino acid sequence are more similar to calicivirus VPgs than
picornavirus VPgs, which are relatively smaller proteins (approx-
imately 2 to 6 kDa). If HAstV VPg was not required for translation
of the genomic RNA molecules released in the cytoplasm after cell
entry, transfection of RNAs that have been treated with PK would
have resulted in both expression of viral proteins and viral repli-
cation. Although other observations, such as the requirement of a
cap analogue at the 5= end of RNAs transcribed in vitro for their
infectivity after transfection and the lack of identification of an
IRES sequence within the HAstV genome, also support the hy-
pothesis that HAstV VPg may interact with the cellular machinery
to initiate translation, additional studies on genomic RNA trans-
lation should be performed in vitro in order to confirm this idea.

Since it has been previously shown that the astrovirus RdRp
interacts with a domain of nsP1a protein which matches almost
completely VPg (10), we could speculate that astrovirus VPg gets
nucleotidylylated and also plays a role in viral transcription, sim-
ilarly to what occurs in poliovirus, caliciviruses, and other VPg-
containing viruses. Although further studies should be performed
to determine the specific role of astrovirus VPg on virus replica-
tion, our results clearly show that its function is dependent on
Tyr-693, which is conserved among all human and animal astro-
viruses studied to date. As demonstrated for poliovirus (42), po-
tyvirus (35), calicivirus (34), and comovirus (3), mutation of the
Tyr or Ser residue responsible for the linkage to RNA or a change
in its position within VPg results in a lethal phenotype. In the
present study, we demonstrate that mutagenesis of Tyr-693 to Ala,
and even its replacement by Ser, which also provides a hydroxyl
group, is lethal for astrovirus replication, strongly supporting the
functional role of this residue in forming the covalent linkage to
viral RNA. Since transfection of cells with capped Y693A and
Y693S mutant transcripts does not produce infectious viruses, our
hypothesis is that VPg may be required to initiate the synthesis of
all types of viral RNAs produced within cells during infection.
Under these experimental conditions, initial capped transcripts
would have been translated upon cell entry, but VPg proteins syn-
thesized with mutated Tyr-693 residue would have been unable to
assist in the synthesis of nascent RNAs. Finally, our results also
indicate that Tyr residues at positions 720, 723, and 747, although
not critical for virus infectivity, may also be important for repli-
cation efficiency. Characterization of HAstV VPg protein will not
only provide insights into the replication cycle of this human
pathogen but also help to identify novel unique antiviral targets.
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