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We report the sequence of the subgenomic RNA of human astrovirus serotype 2. This 2,484-nucleotide RNA
contains a single open reading frame, which encodes a protein with a predicted molecular mass of 88 kDa. We
propose that this protein is the 90-kDa capsid precursor observed in infected cells. The deduced protein
sequence does not contain conserved amino acid patterns reported for the capsid proteins of picornaviruses or
caliciviruses, consistent with the classification of astroviruses as a new family of RNA viruses, designated
Astroviridae.

Astroviruses are 28-nm nonenveloped, single-stranded
RNA viruses that were initially described as particles with a
"star-shaped" surface structure detected by electron mi-
croscopy in stool specimens from young children with diar-
rhea (1, 10). The use of sensitive enzyme immunoassays (6)
and RNA probe assays (12, 21) has shown that astroviruses
can be associated with up to 8.6% of episodes of diarrhea in
children, more commonly than was originally suggested by
electron microscopic surveys (4, 7, 9, 13). Immune electron
microscopy and immunofluorescence techniques have iden-
tified five serotypes of human astroviruses, currently desig-
nated H-Astl to H-Ast5 (8).
Although astroviruses are known to have an RNA ge-

nome, their classification on the basis of virion composition
has been hindered by conflicting reports of two, three, or
four distinct capsid proteins (14, 20). To examine the mech-
anism of replication of astroviruses, we analyzed the syn-
thesis of proteins and RNA during a single-cycle infection of
cultured cells (14). We detected a previously unreported
90-kDa protein that, by virtue of its reactivity with hyper-
immune rabbit serum, is presumed to be a capsid protein
precursor. This 90-kDa precursor could be cleaved by tryp-
sin in vitro, with the appearance of three smaller proteins
(31, 29, and 20 kDa). A second observation of our in vitro
studies was a previously unreported 2.8-kb RNA that is
polyadenylated and that we presumed to be a subgenomic
mRNA encoding the 90-kDa precursor polypeptide. Al-
though these results prompted us to conclude that astrovi-
ruses should not be classified as members of either the
Picomaviridae or the Caliciviridae, a definitive taxonomic
classification for astroviruses has been slowed by the ab-
sence of genome sequence information. Recently, several
partial nucleotide sequences of human astrovirus serotype 1
(H-Astl) have been reported, including 1,034 nucleotides
from the 3' end of genomic RNA (19), a 289-nucleotide
immunoreactive epitope which overlaps the 3' end sequence
(11), and two overlapping regions which hybridize only to
genomic RNA (11, 18). We sequenced the entire subgenomic
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RNA of human astrovirus serotype 2 (H-Ast2) and compared
the predicted amino acid sequence of the capsid precursor
with sequences available for picornaviruses and caliciviruses
to determine whether astroviruses represent a unique family
of RNA viruses.
cDNA cloning and RNA blot hybridization. Cell-culture-

adapted human astrovirus serotype 2 (H-Ast2) was obtained
from John Kurtz (Oxford, England), was plaque purified
three times before use, and was propagated in LLCMK2
cells (ATCC CCL7.1) as previously described (14). Double-
stranded cDNA was synthesized from the polyadenylated
fraction of RNA isolated from astrovirus-infected cells
(cDNA cloning kit; Boehringer Mannheim Biochemicals)
and was cloned into the pBluescript II plasmid vector
(Stratagene). Recombinant clones were screened for astro-
virus-specific inserts by hybridization of 32P-labelled RNA
transcribed in vitro from individual cDNA clones to total
cytoplasmic RNA isolated from uninfected and astrovirus-
infected cells.
The RNA transcripts from the insert in one cDNA clone

(no. 16) hybridized to both the 7.2- and 2.8-kb viral RNAs
(Fig. 1). This reactivity was first detectable at 12 h postin-
fection, coincident with detection of these RNAs by meta-
bolic labeling (14). The hybridization of a cRNA probe to
both virus-specific RNAs confirmed that the 2.8-kb RNA
contains sequences present in the larger species, with the
relative intensities indicating that the smaller RNA is present
in at least a 10-fold molar excess. These observations
support our earlier conclusion that the 2.8-kb RNA is a
subgenomic mRNA (14).

Nucleotide sequence analysis. Sequence information for the
subgenomic RNA was obtained by three approaches: (i)
sequencing of supercoiled DNA from two plasmids with
cDNA inserts, (ii) sequencing of RNA purified from virions,
and (iii) amplification of genomic RNA by reverse tran-
scriptase-polymerase chain reaction (PCR), followed by
sequencing of the double-stranded DNA products. Plasmid
DNA and PCR products were sequenced with modified T7
DNA polymerase (Sequenase2; U.S. Biochemicals). Se-
quence information from the 5' end of the original clone was
used to generate oligonucleotide primers for a second round
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FIG. 1. Autoradiogram of RNA blot hybridization analysis. To-
tal cytoplasmic RNA isolated from astrovirus-infected cells at the
indicated times postinfection and unlabeled RNA transcribed in
vitro from cDNA clone 16 were resolved in a 1.2% agarose gel,
transferred to a nylon membrane, and probed with 32P-labelled RNA
transcribed from cDNA clone 16. The positions of the 28S and 18S
ribosomal RNAs are indicated on the left. The positions of genomic
(7.2 kb), subgenomic (2.8 kb), and in vitro transcript (1.1 kb) RNAs
are indicated on the right. Lanes: T+, unlabeled positive-sense
RNA transcribed from cDNA clone 16; T-, unlabeled minus-sense
RNA transcribed from cDNA clone 16. The upper band in lane +T
represents hybridization of the probe RNA to the template DNA in
the transcription reaction.

of cDNA cloning from cytoplasmic RNA. PCR products
were purified by gel filtration (Miniprep spun column; Phar-
macia) before sequencing. RNA was sequenced using re-

verse transcriptase and dideoxynucleotide terminators
(RNA sequencing kit; Boehringer Mannheim Biochemicals),
with primers derived from the sequence of the cDNA clones.
Although direct RNA sequencing often resulted in regions of
the gels that were difficult to interpret, ambiguities were

resolved through the use of reverse transcriptase-PCR se-

quencing over the same regions. The information from the
three independent sequencing strategies was combined to
arrive at a consensus sequence for the entire subgenomic
region (5). The sequence derived from cDNA clone 16
contains a 29-nucleotide poly(A) tract immediately adjacent
to the cloning linker, indicating that this cDNA insert is
probably derived from the extreme 3' end of viral RNA. The
location of the 5' end of the subgenomic RNA was estimated
by primer runoff, using total cytoplasmic RNA as template
(data not shown).
The consensus sequence for the unique region of the

subgenomic RNA is 2,484 nucleotides long and includes the
following features: (i) an 11-nucleotide 5'-untranslated re-

gion (5'-UTR); (ii) a 2,388-nucleotide open reading frame
(ORF); and (iii) an 85-nucleotide 3'-UTR (Fig. 2).

Analysis of the predicted capsid precursor polypeptide. The
single ORF in the subgenomic RNA encodes a 796-amino-
acid polypeptide with a predicted molecular mass of 88 kDa,
consistent with the estimated 90-kDa mass of the capsid
protein precursor we observed in infected cells (14). At the
amino terminus, the predicted polypeptide has a region of
basic amino acids that may play a role as a nucleic acid
binding motif. At the carboxy terminus is a region of acidic
amino acids whose function is unknown.
Comparison of the H-Ast2 subgenomic RNA and deduced

protein sequences to the H-Astl partial sequence. A compar-

ison of the H-Ast2 RNA and deduced protein sequences to
the partial sequences previously reported for H-Astl (11, 19)
indicated regions of both similarities and differences. The
nucleotide sequence immediately adjacent to the poly(A)

tract, including the 3'-UTR and the last eight codons of the
predicted ORF is 94% conserved, with only five differences
and two single base insertions in the first 109 unique nucle-
otides. Four of the five differences, including two in the
coding region, result in compensating changes that maintain
base pairing in predicted stem-loop structures at the 3' ends
of the RNAs (22) (Fig. 3). Note that stem I includes base
pairs involving the poly(A) tract. The two insertions in the
H-Ast2 sequence occur in a predicted loop between con-
served stems I and II. The terminator UAG codons are
located in the loop at the top of stem II, between the
conservative changes. The stems marked III, although sim-
ilar in predicted secondary structure, are composed of
dissimilar sequences. The conserved primary and secondary
structures at the 3' end of the genome may function as
recognition sites during RNA replication. As a further indi-
cation that the primary sequence information in this 3' region
is conserved among astroviruses, we have recently used
oligonucleotide primers derived from this region to amplify
RNA from all five reference serotypes of human astrovirus
(unpublished data).

In contrast to the high degree of primary sequence con-
servation at the 3' end of the genome, there is only 59%
nucleotide sequence identity in the consensus coding region
sequence from H-Astl (11, 19) and the corresponding region
of H-Ast2. Alignment of the 392-amino-acid partial H-Astl
sequence with the corresponding region of the H-Ast2 amino
acid sequence indicates an overall similarity of 67%, with
52% identical residues (5, 15). The proteins are more con-
served at their carboxy termini, which both include the
highly acidic region, with 80% similarity and 62% identity
over the terminal 114 residues.
Comparison of the predicted capsid protein precursor to

those from other nonenveloped RNA viruses. Recent publica-
tion of sequences from the capsid regions of several calici-
viruses has allowed identification of conserved amino acid
patterns within and among the caliciviruses and picomavi-
ruses (17). One highly conserved sequence found both in
calicivirus capsid proteins and in picornavirus VP3 proteins
is proline-proline-glycine, or PPG. This sequence is present
in the partial H-Astl sequence but is not present at the
corresponding location in the H-Ast2 sequence. That this
match probably represents random, rather than functional,
homology is supported by the lack of similarity between the
surrounding astrovirus protein sequences and conserved
amino acid patterns on either side of the PPG in calicivirus
and picornavirus capsids (16). Furthermore, we were unable
to detect similarity between any of the most highly con-
served calicivirus capsid protein motifs and the deduced
H-Ast2 capsid protein precursor sequence.

Classification of astroviruses. The two well-characterized
families of nonenveloped, monopartite RNA animal viruses
are Picomaviridae and Caliciviridae. The sequence of the
H-Ast2 subgenomic RNA presented in this report supports
our earlier conclusion that astroviruses cannot be readily
classified into either of these two families. A common
feature of the replication of those positive-strand RNA
viruses that encode their structural proteins at the 3' end of
the genome is the production of one or more subgenomic
mRNAs during the virus infection cycle. Picornaviruses and
flaviviruses, which encode their structural proteins at the 5'
end of the genome, do not synthesize subgenomic RNAs.
We reported the synthesis of a smaller-than-genome-sized
RNA in H-Ast2-infected cells (14) and proposed that it
serves as a subgenomic mRNA. A subgenomic RNA of
similar size has recently been detected in H-Astl-infected
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1 M A S K S D K Q V T V E V N N N G R N R S K S R A R S Q S R
1 AAAGAAGUGUGAUGGCUAGCAAGUtJGACAAGCAAGUCAWJGUUGAGGUCAAUAACAAUGGCCGAAACAGGAGCAAAUCCAGAGCUCGAUCACAAUCUAG

31 G R G R S V K I T V N S H N K G R R Q N G R N K Y Q S N Q R V R K
101 AGGUCGAGGUAGAUCAGUCAAAAUCACAGCAWCtCACAACAAGGCAGAGACAAACGGACGCAACMAUAUCAAUCUAAUCAGCGtGUCCGUAAA

64 I V N K Q L R K Q G V T G P K P A I C Q R A T A T L G T I G T N T T
201 AWGUCMUAAACAACUCAGGAMCAGGGUGUCACAGGACCMMCCUGCAAUAUGCCAGAGAGCCACAGCMCACUUGGGACAAWGGUACMACACM

98 G A T E I E A C I L L N P V L V K D A T G S T Q F G P V Q A L G A
30 1 CAGGAGCAACAGAGAUCGAGGCGtUGCAUACtUCCUUAAUCCCGtUCCtUGGUUAAGGACGCUACtUGGAAWtACtUCAGtWUGGGCCAGtGCAGGCGCtUAGGWGC

131 Q Y S M W K L K Y L N V K L T S N V G A S A V N G T V L R I S L N
401 UCAGUAUUCAAUGUGGAAACUAAAGWUAUGAAUGUUAMCUGACUUCCAUGGtGGGCGCCUCAGCUGUUAACGGGACUGWACUCCGCAUCUCGCUCAAC

164 P T S T P S S T S W S G L G A R K H N D V T V G R N A V F K L R P S
501 CCUACAUCCACUCCAUCAUCMCUAGCUGWCUGGACUUGGUGCUCGUMGCACAUGGAUWUACAWGGGCAGGMUGCAGUCWUMACUUAGACCAU

198 D L G G P R D G W U L T N T N D N A S D T L G P S I E I H T L G K
601 CAGACCUUGGAGGGCCCAGGGAUGGCUGGtUGGCUCACUMAUACCAAUGACAAUGCAUCUGAUACAWAAGGCCCAUCUAWGAAAWACACACCCUWGGUAA

231 T M S S Y K N E Q F T G G L F L V E L A S E U C F T G Y A A N P N
701 ACCAUGUCWCAUAUAAAAUGAGCAtUACAGGUGGACUAUCtAWWGAGCtGCtCAGAUGGUtWWACUGGCUAUGCAGCUAUCCAAU

264 L V N L V K S T D H E V N V T F E G S K G T P L I N N V A E H S H F
801 UUAGWAAUUUGGWAAAUCCACUGAUCAUGAGGUGAAUGUCACWUUGAGGGCUCAAAAGGUACGCCCCUMUAAUGAAUWCGCAGAGCACAGCCACU

298 A R M A E Q H S S I S T T F S R A G G D A T S D T V U Q V L N T A
901 UUGCAAGAAUGGCUGAACMCAWCCUCCAUCUCAACAACAUWUCMGAGCUGGAGGCGAUGCMCAUCUGACACUGUWGGCAGGUGCUGMCACAGC

331 V S A A E L V A P P P F N W L I K G G U U F V K L I A G R T R T G
1001 AGUCUCAGCAGCAGAGCUUGUAGCCCCACCACCGUUCAAWGGCUUAUAAAGGGUGGCUGGtJGGUUUGUAAAGUUGAUUGCAGGUAGAACUAGAACUGGU

364 T K Q F Y V Y P S Y Q D A L S N K P A L C T G G V T G G V L R T T P
1101 ACCMGCMUUWAUGUUUAUCCUAGWAUCAGGAUGCWUAUCAMUMACCAGCUCUUUGCACUGWGGAGUUACAGWGGCWUCUACGUACCACAC

308 V T T L Q F T Q N N Q P S L G H G E H T A T I G S I V Q D P S G E
1201 CGGUAACAACUCUACAGUUCACUCAAAUGAACCAGCCAAGCCUUGGGCAUGGWGAGCACACUGCCACCAWGGCAGWAWUGtGCAAGAUCCAAGMGGGGA

431 L R V L L T V G S I N S P N S A D R 0 V U L N K T L T A P G T N S
1301 ACUGCGUWGCUGCUMCAGWGGCMUCAUGAGCCCGAAWCAGCUGAUAGGCMGUGGCUGMCMAACUCUGACAGCGCCAGGMCMMUUCA

464 N D N L V K I A H D L G H Y L I N Q G F N H I K T V E U Y T P D F a
1401 MUGACMUCWGUMMGAUAGCCCACGACWGGGUCACUAWUGAUCAUGCMGGGUUUAUGCAUAUAMGACAWAGAWGGUAUACUCCUGAUUUUC

498 P S R D P T P I A G N S V N V N I T K K A D V Y F N K Q F K N S Y
1501 MCCUUCGCGUGACCCMCCCCUAWGCUGGCAUGUCAWGAUGGWMCAUMCAMGMGGCUGAUGUCUACUUCAUGMGCAAWCAMWCUUA

531 T N N R H Q I T S I F L I K P L A D F K V Q C Y N S Y F K R E S H
160 1 CACCAACAACCGCCAUCAAMUAACAAGCAUCUUUAAWMWMMCCAtWGGCAGAUtAUAAGGtUGCAAUGWAUAUGAGCtUACtUWAAMAGAGAGtUCACAU

564 D N D G V A N L T V R S N T S P E T I R F Q V G E U Y L L T S T T L
1 701 GACAAUGAUGGGGWUGCCAAUCUUJACAGUGAGAAGAUGACCAGCCCGGAGACUAUCAGGIUWCAAGUGGAGAAUGGWAtWWGCUAACAAGACCACAC

598 K E N N L P E G W V U D R V E L K S D T P Y Y A D Q A L T Y F I T
1801 UUMGGAGAACAACCUACCAGAGGGCUGGGtUUGGGAUAGGGUGGAGCUUAAGAGUGACACACCAUACUAUGCUGAUCAAGCAWGACAUAUUUCAUAAC

631 P P P V D S Q I L F E G N T T L P R I S S P P D N P S G R Y N E S
1 901 ACCACCCCCAGUGGACUCCCAAAAAUUAUtWGAAGGWMACACCACAWGCCCAGAAUUJUCCtUCUCCGCCUGACAAUCCCAGCGGGCGAUAUAUGGAAAGC

664 H Q Q D C D S S D D E D D C E N V S E E T E T E D E E D E D E D D E
200 1 CACCAGCAAGACUGUGACUCUUJCUGAUGAUGAGGAUGAWGUGAAAUGUUUJCAGAGGAGACAGAAMCUGAGGAUGAGGAAGAUGAGGACGAAGACGAUG

698 A D R F D L H S P Y S S E P E D S D E N N R V T L L S T L I N Q G
2101 AAGCGGACAGGUUUGAUCUCCACAGCCCCUAUAGUUCUGAACCGAGGACUCtGAUGAGACAACCGUtGAACCCUCCCCUCUACACUCAUAAACCAAGG

731 M T V E R A T R I T K R A F P T C A E K L K R S V Y N D L L A S G
220 1 AAUGACAGUGGAGCGCGCAACAAGAAUAACUAAACGCGCUUU)CCCAACCtGCGCUGAGAAACGAAGCGCAGCGtGUACAUGGACCUGCUUGCCUCCGGU

764 A S P S S A W S N A C D E A R N V G S N 0 L A K L S G D R G H A E *
230 1 GCAUCGCCGAGCAGUGCAUGGUCAAACGCGWGWGAUGAlAGCACGCAAUGUGGGCAGCAAUCAGCtUGGCCAAACUUUWCGGAGACCGCGGCCACGCCGAGU

2401 AGGAUCGAGGGUACAGtCUCCAWACUtAUCtGtCUWCUJGtUAAGALA AUUUUAAUCACCAUUUAA WGAtl0JAAUCAGAAG AAAAAAAAAAAA

2501 AAAAAAAAAAAAA 2513

FIG. 2. Nucleotide sequence and deduced amino acid sequence of H-Ast2 subgenomic RNA. The predicted initiation and termination
codons are underlined.

cells, using RNA blot hybridization (11, 18). The synthesis of consistent with the 90-kDa precursor protein detected in
a subgenomic mRNA in infected cells is inconsistent with astrovirus-infected cells (14). Treatment of the intracellular
classification of astroviruses in the family Picornaviridae. 90-kDa capsid precursor with trypsin in vitro resulted in the

Astroviruses from humans and animals contain several appearance of three immunoreactive proteins (31, 29, and 21
capsid proteins of 29 to 33 kDa, which distinguishes them kDa) (14). Although we do not know any details of the
from caliciviruses which have a single capsid protein of 58 to processing of this precursor to the mature capsid proteins,
65 kDa (3, 20). The ORF in the subgenomic mRNA of we are currently attempting to express the protein encoded
H-Ast2 encodes a protein with a predicted mass of 88 kDa, by the H-Ast2 subgenomic RNA in order to identify the
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Energy = -34.7 kcal

III

II

H-Ast2
Energy = -33.1 kcal

III

FIG. 3. Predicted secondary structure at the 3' end of astrovirus
RNA sequences. The structures were calculated by the method of
Zuker and Stiegler (5, 22). The H-Astl structure contains a total of
154 nucleotides, including 134 bases from the reported 3' end
sequence (19) plus 20 additional adenine residues. The H-Ast2
structure contains 156 nucleotides corresponding to bases 2349 to
2504 in Fig. 2. The region of the poly(A) tract involved in stem I is
boxed. The two insertions in the loop between stems I and II are

shown with arrowheads. The residues within the conserved stem II
that vary between the two serotypes are indicated. The terminator
codons in the loop of stem II are marked with asterisks.

capsid proteins and define their antigenic sites. These differ-
ences in capsid protein composition and the absence of
conserved amino acid patterns are inconsistent with classi-
fication of astroviruses in the family Caliciviridae. On the
basis of this report and our earlier studies, astroviruses will
be classified in a separate family of nonenveloped RNA
viruses, Astroviridae, in the forthcoming Sixth Report of the
International Committee on the Taxonomy of Viruses (2).

Nucleotide sequence accession number. The GenBank ac-
cession number of the H-Ast2 subgenomic RNA sequence
shown in Fig. 2 is L06802.

We thank Mark Pallansch, Jon Gentsch, Olen Kew, and John
O'Connor for critical review of the manuscript.
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