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Aichi virus is a member of the family Picornaviridae. It has already been shown that three stem-loop
structures (SL-A, SL-B, and SL-C, from the 5' end) formed at the 5’ end of the genome are critical elements
for viral RNA replication. In this study, we further characterized the 5'-terminal cis-acting replication ele-
ments. We found that an additional structural element, a pseudoknot structure, is formed through base-pairing
interaction between the loop segment of SL-B (nucleotides [nt] 57 to 60) and a sequence downstream of SL-C
(nt 112 to 115) and showed that the formation of this pseudoknot is critical for viral RNA replication. Mapping
of the 5'-terminal sequence of the Aichi virus genome required for RNA replication using a series of Aichi
virus-encephalomyocarditis virus chimera replicons indicated that the 5'-end 115 nucleotides including the
pseudoknot structure are the minimum requirement for RNA replication. Using the cell-free translation-
replication system, we examined the abilities of viral RNAs with a lethal mutation in the §'-terminal structural
elements to synthesize negative- and positive-strand RNAs. The results showed that the formation of three
stem-loops and the pseudoknot structure at the 5' end of the genome is required for negative-sirand RNA
synthesis. In addition, specific nucleotide sequences in the stem of SL-A or its complementary sequences at the
3’ end of the negative-strand were shown to be critical for the initiation of positive-strand RNA synthesis but
not for that of negative-strand synthesis. Thus, the 5’ end of the Aichi virus genome encodes elements impor-

tant for not only negative-strand synthesis but also positive-strand synthesis.

Picornaviruses are small, nonenveloped, icosahedral viruses,
and this virus family includes many human and animal patho-
gens, including poliovirus, rhinovirus, hepalitis A virus (HAV),
and foot-and-mouth discase virus (38). Their genomes com-
prise single-stranded positive-sense RNAs of 7,200 to 8,500
nucleotides (nt) and consist of a 5’ untranslated region (UTR),
a single coding region, a 3' UTR, and a poly(A) tail from the
5" end. After its release into the cytoplasm of infected cells, the
genomic RNA serves as an mRNA for the synthesis of a Jong
polyprotein, which is cleaved into functional proteins by virus-
encoded proteinases. The positive-strand genomic RNA also
acts as a template for the synthesis of negative-strand RNA,
which is then transcribed into positive-strand RNA. The newly
synthesized positive-strand RNA is packaged into capsid pro-
teins to form virions.

The 5" UTR of the picornavirus genome is very long (620 to
1,200 nucleotides in length) and contains several secondary
and tertiary structural clements (38). This region contains se-
quences that control genome replication and translation (40).
The 5’ ends of the genomes of enteroviruses and rhinoviruses
fold into a cloverleaf-like structure (39, 50). In poliovirus, this
structure functions as a cis-acting element for RNA replication
and forms a ribonucleoprotein (RNP) complex by interacting
with viral protease polymerase precursor polypeptides, 3CD,
and a host protein, poly(rC)-binding protein (PCBP) (2, 3, 16,
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36). In addition, this 5'-end RNP complex interacts with the 3’
poly(A) tail through binding to poly(A)-binding protein and
the formation of this circular RNP complex is required for the
initiation of negative-strand RNA synthesis (7, 20, 26). On the
other hand, the 5' ends of the genomes of cardio-, aphtho-,
hepato-, and parechoviruses fold into stem-loop and pseudo-
knot structures (11, 13, 17, 24). The 5' end of the genome of
human parechovirus 1 consists of two stem-loops (SL-A and
SL-B) and a pseudoknot structure (pk-C), and these structures
are critical for RNA replication (34). Additionally, the pseu-
doknot structure formed at the 5’ end of the mengovirus ge-
nome plays an essential role in viral RNA synthesis (27). How-
ever, there is no evidence showing which step these structures
are required for, i.e., positive- or negative-strand RNA synthe-
sis during RNA replication.

Aichi virus, which is associated with acute gastroenteritis in
humans (47), is a member of the genus Kobuvirus of the family
Picornaviridae (37, 48). Computer-assisted prediction of its
RNA secondary structure suggested the formation of three
stem-loop structures (SL-A, SL-B, and SL-C) within the 120
nucleotides of the 5’ end. of its genome. We have already
investigated the functions of these structures and have shown
that all three stem-loop structures are critical for viral RNA
replication (33, 42). In addition, the nucleotide sequence of the
stem segment in the middle part of SL-A has been shown to be
important for viral RNA encapsidation (43). :

In this study, we further characterized the 5'-terminal cis-
acting replication elements of Aichi virus. We found an addi-
tional essential structural clement, a pseudokot structure,
which is formed through base-pairing interaction between the
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loop region of SL-B (11t 57 to 60) and a sequence downstream
of SL-C (nt 112 to 115). Using a chimeric virus whose 5’ UTR
consists of the Aichi virus 5’-terminal sequence and the en-
cephalomyocarditis virus (EMCV) internal ribosome entry site
(IRES), the 5'-terminal region required for RNA replication
was mapped. The results indicated that the 5'-end 115 nucle-
otides including the pseudoknot are the minimum requirement
for RNA replication. In addition, using a cell-free (ranslation-
replication system, we examined which step the structural el-
ements at the 5’ end of the genome are required for, ie.,
negative-strand synthesis or positive-strand synthesis. The re-
sults showed that the formation of all three stem-loop struc-
tures is required for negative-strand RNA synthesis. Further-
more, a specific nucleotide sequence in the lower part of the
stem of SL-A or its complementary sequences at the 3’ end of
the negative-strand RNA was shown to be critical for the
initiation of positive-strand RNA synthesis but not for that of
negative-strand RNA synthesis. Thus, these results indicate
that the 5" end of the Aichi virus genome encodes RNA ele-
ments important for not only negative-strand synthesis but also
positive-strand synthesis.

MATERIALS AND METHODS

Cell culture. Vero cells were grown in Eagle’s minimum essential medium
containing 57 fetal calf serum (growth medium) at 37°C.

Aichi virus ¢DNA clones and replicons. pAV-FL is an infectious cDNA clone
of Aichi virus (42). pAV-FL-Luc is a replicon in which the capsid-coding region
is replaced with a firefly luciferase gene (33).

Plasmid. (i} pAV-FL-Luc-3Dmut. The Pstl (nt 6771)-HindHI [just downstream
of the poly(A) tract] fragment of pAV-FL was subcloned in pUCTIS, generating
pUP-H. To change the GDD motif (23) of the 3D RNA-dependent RNA
polymerase to Gly-Ala-Ala, PCR-based mutagenesis was performed with prim-
ers 7626D-A-P (5" GCCGTCATCTACGCTACGGAA) and 7625D-A-M (5’
GGCACCGTACGCCAGGATGT) by using pUP-H uas a template. The PCR
product was self-ligated, and the nucleotide sequence between the Pstl and
HindIIT sites of the derived plasmid was confirmed. The PstI-HindIIT fragment
with the GDD-GAA mutation was substituted for the corresponding fragment of
pAV-FL-Luc to vield pAV-FL-Luc-3Dmut.

(ii) Hammerhead ribozyme-containing plasmids. An Aichi virus-specific eis-
active hammerhead ribozyme was designed based on the ribozyme used for the
poliovirus cDNA clone (19). First, a hammerhead ribozyme in which stem 1 (8)
comprised 8 bp was introduced to the 5’ end of the Aichi virus genome. Using
pUS5"Eco, which contains the T7 promoter and the 5'-end 391 nucleotides of the
Aichi virus genome (42), as a template, PCR-based mutagenesis was performed
with primers 5'1zm-P (5" GGCCGAAAACCCGGTATCCCGGGTTCTTGA
AAAGGGGGTGGGGGGGC) and 5'zm-M (5" TTTCGGCCTCATCAGT
TGAAAAGCCCTATAGTGAGTCGTATTACAATTC). The PCR products
were self-ligated, and the nucleotide sequence of the derived plasmid, termed
pU5’Eco-5'1zm-8bp, was verified. To construct a hammerhead ribozyme with
stem I comprising 22 bp, PCR was carried out with primers §'rzmP-2 (5' CCC
CCTTITCAACTGATGAGGCCGAAAG) and §'rzmM-2 (5 TGGGGGGGC
CCTATAGTGAGTCGTATTACA) by using pUS'Eco-5'rzm-8bp as a template.
The PCR products were self-ligated, and the derived plasmid was termed
pUS’Eco-5rzm. The EcoRl fragment of pUS'Eco-5'rzm was substituted for the
corresponding fragment of pAV-FL, an Aichi virus full-length ¢<DNA clone (42),
generating pAV-FL-5'rzm.

We previously reported that the 5’-end sequence of the Aichi virus genome is
UUUGAAAAG (42). However, only two, not three, uridine residues exist at the
5" end of most picornavirus genomes. We designed the hammerhead ribozyme of
PAV-FL-5"rzm s0 as to obtain in vitro transeripts with two uridine residues at the
5" end. As described in the Results section, transcripts derived from pAV-FL-
S'rzm generated viable viruses in the cell-free replication system. In addition, we
constructed a full-length ¢DNA clone with a hammerhead ribozyme to produce
transeripts with three uridine residucs at the 5 end. The in vitro transcript with
three uridine residues produced positive-strand RNAs in the cell-free replication
systems, but the amount was less than that produced by the transeript with two
uridine residues at the 5' end (data not shown). This suggests that the accurate
5'-end sequence of the Aichi virus genome is UUGAAAAG. Since we deter-
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mined the 5'-end sequence of the Aichi virus genome by sequencing plasmids
obtained through 5' rapid amplification of cDNA ends in the previous study (42),
the 5’-terminal nucleotide of the three uridine residues would be added inde-
pendent of the template by using reverse transcriptase (12). In this study, we used
a full-length ¢cDNA clone harboring a hammerhead ribozyme, which produces
trunscripts with two uridine residues at the 3’ end (see Fig. 6A). On the other
hand, the in vitro transcript synthesized from pAV-FL, which has no hammer-
hiead ribozyme, has three uridine residues at the 5’ end of the genome, following
two guanine residues; that is, the transcripts have three nonviral nucleotides,
GGU, at the 5" end (see Fig. 6A and C). The nucleotide numbers given in this
study are for the sequence with two uridine residues at the 5" end.,

Site-directed mutagenesis, An EcoRI fragment of pAV-FL was subcloned into
pUCTI8. The resultant plasmid contains the T7 promoter sequence and the
5"-end 391 nucleotides of the genome. Single mutations were introduced into this
plasmid by inverse PCR as described previously (42). The primer pairs used for
construction of the mutants and their sequences were as follows: for mut(12-118,
primers A (5" CCATACTCCCCCCACCCCCCTTTTGT: plus sense) and B (5'
cacgagc TTTAATTCCTCCGAACAGGTTCC; minus sense); for mut1S7-163,
primers C (5 cacgpge TGATCTTGACTCCCACGGAAG; plus sense) and D (5
ACATACTTAGTTACAAAAGG; minus sense); for mut]20-124, primers E (5’
TCCCCCCACCCCCCTTTTIGTAACTA: plus sense) and F (5" catacGGTGCC
CGTTTAATTCCTCCGAACA; minus sense); and for mut151-155, primers G
(5" catacTGTGCTCGTGATCTTGACTCC, plus sense) and H (5" TTAGTTA
CAAAAGGGGGGTGGGGGGAGTA; minus sense). Double mutations were
introduced by inverse PCR into the plasmid that had a mutation at nt 112 to 118,
The sequences of the primers were as follows: for mut112-118/157-163, primers
C and Dy for mut35-60/112-118, primers 1 (5" cagagecGACCACCGTTACTCCA
TTCAGCT; plus sense) and J (5 CAGACCACCGGAAAAGAGGGTGA: mi-
nuy sense); for mut55-58/112-118, primers K (5" cagatCGGACCACCGTTACT
CCATTCAGCT; plus sense) and I; and for mut57-60/112-118, primers L (5'
gagcGACCACCGTTACTCCATTCAGCTTC; plus sense) and M (5" ACCAG
ACCACCGGAAAAGAGG: minus sense). In these primer sequences, the mu-
tated nucleotides are indicated by lowercase letters. The nucleotide sequences of
the derived plasmids were confirmed, and then the EcoRI fragments were ligated
into pAV-FL and pAV-FL-Luc from which the EcoRI fragment had been re-
moved, vielding various mutant full-length cDNA clones and replicons. In addi-
tion, the EcoRI fragments of mut]12-118, mut112-118/157-163, and mut55-58/-
112-18 were ligated into pAV-FL-Luc-3Dmut from which the EcoRI fragment
had been removed, vielding mut112-118-3Dmut, mut112-118/157-163-3Dmut,
and mut55-58/112-118-3Dmut, respectively.

Aichi virus-EMCV chimera replicons containing a luciferase gene. (i) pAV/
EMCV-Luc5'-385. pAV-FL has been linearized with Hindlil for in vitro tran-
seription; however, a HindllI site exists in the EMCV IRES, To lincarize chi-
meric replicons, a unique Mlul site was introduced downstream of the poly(A)
tail as follows. The Aichi virus sequence spanning from nt 6735 to the Hindll site
downstream of the poly(A) tail was amplified by PCR with primers 6735P
(5" AAACAACCCGCTCCCCTCAAG; plus-strand sequence from nt 6735 to
6755) and Hind-Mlu-poly{AIM (5" AAAGCTTACGCGTTGTAAGAAC
AGT; HindlIl and Mlul sites underlined, poly(A) tract and minus-strand se-
quence from nt 8269 to 8279) by using pAV-FL-Luc as a template. The PCR
product was digested with Pstl (nt 6771) and Hindl and then cloned into the
Pstl-Hindl1 sites of pUCT18, and the nucleotide sequence of the derived clone
was confirmed. The PstI-HindIII fragment of this clone was substituted for the
Psti-Hindl1l fragment of pAV-FL-Luc, generating pAV-FL-Luc-3'Mlu.

Next, the EMCV IRES was introduced into pAV-FL-Luc-3'Mlu as described
below. pAV-FLAP1 (33), which is a full-length ¢DNA clone with deletion of the
capsid-coding region (nt 1275 to 3770), was digested with Sacl and HindH]1,
blunt-ended, and then self-ligated to remove the Sacl (upstream of nt 3771)-
Hindll fragment [downstream of the poly(A) tail]. Furthermore, the region
upstream of the translation initiation site (nt 386 to 742) was deleted from the
derived plasmid by PCR using the Spe-385 M primer (5’ TTACTAGTACACG
CCGGGGCTAGCCTTAA 3'; minus-strand sequence from nt 365 to 385, with
the Spel site underlined) and the Neo-748P primer (5" AACCATGGCTGCAA
CACGGGTTTCACG 3'; plus-strand sequence from ut 748 to 766, with the Ncol
site underlined). The PCR product was self-ligated, and the nucleotide sequence
between the EcoRI (upstream of the T7 promoter) and Xbal (nt 1275) sites of
the derived clone, termed pAV-FLAPI-HindAIRES, was confirmed. The EMCV
IRES with Speland Neol recognition sites at the 5 and 3’ ends, respectively, was
amplified by PCR with the Spe-EMCV IRES-5'P primer (5" TACTAGTTTGG
AATAAGGCCGGTGTGCGT 3%; Spel site is underlined) and Neo-EMCV
IRES-3’M primer (5" TCCCATGGTATCATCGTGTTTTTCAAAGGA 3';
Neol site is underlined) by using pIRES2-EGFP (Clontech) as a template, The
PCR product was digested with Spel and Neol and then ligated into the Spel-
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Neol sites of pAV-FLAPI-HindAIRES, generating pAV-FLAP1-Hind/EMCV-
IRES. The sequence validity of the PCR-generated region of this plasmid was
confirmed. Finally, the EcoRI-Xbal fragment of pAV-FLAP1-Hind/EMCV-
IRES, which contains the T7 promoter, the Aichi virus sequence (nt 1 to 385),
the EMCV IRES, and the leader protein coding region, was ligated into the
EcoRI-Xbal sites of pAV-FL-Luc-3'Mlu, yielding pAV/EMCV-Luc5’-385.

(i) pAV/EMCYV-Luc5'-385-3Dmut. The Aichi virus sequence spanning from nt
6735 10 the HindIll site downstream of the poly(A) tail containing the 3D
mutations was amplified by PCR with primers 6735P and Hind-Mlu-poly(AYM by
using pAV-FL-Luc-3Dmut. The PCR product was digested with Pstl (nt 6771)
and HindIIl and then cloned into the Pstl-Hindlll sites of pUC118, and the
nucleotide sequence and Mlul site of the derived clone were confirmed. The
Pstl-HindII fragment of this clone was substituted for the Pstl-Hind11I fragment
of pAV-FL-Luc, generating pAV-FL-Luc-3'Mlu-3Dmut. The EcoRI-Xbal (nt
1275) fragment of pAV/EMCV-Luc5'-385 was ligated into pAV-FL-Luc-3'Mlu-
3Dmut, from which the EcoRI-Xbal fragment had been removed, yielding pAV/
EMCV-Luc5'-385-3Dmut.

tiii} Deletion mutants of the chimera replicon. Various lengths of the Aichi
virus 5’-end sequence with EcoRI and Spel sites at the 5 and 3’ ends, respec-
tively, were amplified by PCR. The sequences of the primers were as follows: for
pAV-EMCV-Luc5'-289, primer M13-RV, which anneals to the vector sequence
upstream of the T7 promoter sequence in pAV-FL, and primer Spe-289 M
(5" TTACTAGTICAGCCTGTGATACGTCAGGCT; minus sense, from nt 269
to 289, with the Spel site underlined); for pAV-EMCV-Luc5'-149, primers
M13-RV and Spe-149 M (5' TTACTAGTTAGTTACAAAAGGGGGGTGGG;
minus sense, from nt 129 to149, with the Spel site underlined); for pAV-EMCV-
LucS'-115, primers M13-RV and Spe-115 M (§' TACTAGTCCCGTTTAATTC
CTCCGAACA; minus sense, from nt 95 to 115, with the Spel site underlined);
and for pAV-EMCV-Luc'-111, primers MI13-RV and Spe-111 M (5 TACTA
GTTTTAATTCCTCCGAACAGGTT; minus sense, from nt 91 to 111, with the
Spel site underlined). The PCR fragments were cloned into the pCRII-TOPO
vector (Invitrogen), and then the nucleotide sequences of the PCR-derived
fragments were confirmed. A deletion mutation, from nt 149 to 289 or nt 116 to
149, was introduced by inverse PCR into pAV-FLAP1-HindAIRES. The se-
quences of the primers were as follows: for pAV-EMCV-Luc5'-385A149-289,
primers 290P (5" TGTGAAGCCCCCGCGAAAGCT; plus sense, from nt 290 to
310) and 149 M (' TAGTTACAAAAGGGGGGTGGG; minus sense, from nt
129 to 149); and for pAV-EMCV-Luc5'-385A116-149, primers 150P (5" AGTA
TGTGTGCTCGTGATCTT; plus sense, nt 150 to 170) and 115 M (3’ CCCGT
TTAATTCCTCCGAACA; minus sense, from nt 95 to 115), The PCR products
were self-ligated, and then the nucleotide sequences of the resultant plasmids
were confirmed. The EcoRI-Spel fragments of the derived clones were substi-
tuted for the EcoRI-Spel frugment of pAV/EMCV-Luc3'-385, yielding various
mutant chimera replicons. In addition, the EcoRI-Xbal fragment of pAV/
EMCV-Luc3'-111 was ligated into pAV-FL-Luc-3'Mlu-3Dmut, from which
the EcoRI-Xbal fragment had been removed, yielding pAV/EMCV-Luc5'111-
3Dmut.

In vitro transcription. pAV-FL and its mutants were linearized by digestion
with HindIlIl or Miul, and RNA transcripts were synthesized with T7 RNA
polymerase using a T7 RiboMAX Express large-scale RNA production system
(Promega). The integrity of the synthesized RNAs was confirmed by agarose gel
electrophoresis.

Titration of viable viruses generated from transcripts. Vero cell monolayers in
35-mm dishes were transfected with | pg of in vitro transcripts using Lipofectin
reagent (Life Technologies) according to the manufacturer's recommendations.
After incubation at 37°C for 6 h, the cells were washed and then 2.5 mt of growth
medium was added to each dish. After incubation for 72 h, the cells were lysed
by three consecutive freeze-thaw cycles und then the lysates were subjected to the
plaque assay. The numbers and sizes of plaques were determined at 96 h after
infection.

Luciferase assay. RNA transcripts (20 pg) containing a luciferase gene were
electroporated into Vero cells as described previously (42), and then the cells
were cultured in six 35-mm dishes. At various times after clectroporation, cell
lysates were prepared and then luciferase activity was measured as described
previously (33).

Vero SI0 preparation. A Vero cell S10 extract was prepared according to the
method of Svitkin and Sonenberg (46) with modifications. Vero cells grown in
tissue culture dishes were trypsinized and then harvested. The cells were washed
twice with phosphate-buffered saline and then resuspended in methionine-free
Dulbecco's minimal essential medium (5 X 10° 10 10 X 10° cells/mi), followed by
incubation at 37°C for 2 h with rotation. After incubution, the cells were washed
three times with ice-cold isotonic buffer (35 mM HEPES-KOH [pH 7.3, 146 mM
NaCl, 11 mM glucose) (46) and then pelleted by centrifugation at 750 X g at 4°C.
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The pelleted cells were resuspended in 1.5 volumes of hypotonic buffer (25 mM
HEPES-KOH [pH 7.3], 50 mM KCI, 1.5 mM MgCl,, 1 mM dithiothreitol) (46)
and then incubated on ice for 20 min. Then, the cells were broken with 30 strokes
in a tightly fitting Dounce homogenizer (Wheaton) and centrifuged at 10,000 X
g for 20 min at 4°C. The resultant supernatant (40 to 45 U/ml at A,,,,) was treated
with micrococcal nuclease (150 U/mi) in the presence of 0.75 mM CaCl, for 15
min at 20°C, and then EGTA was added to a concentration of 2 mM. The Vero
S10 cell extract prepared was divided into aliquots and stored at —80°C.

Virus production, RNA translation, and RNA replication in the cell-free
system. The standard reaction was carried out according to the method of Svitkin
and Sonenberg (46) with the exception that the salt solution used was comprised
of 1.25 M KCH;COO, 7.5 mM MgCl,, and 2.5 mM spermidine. A 25-pl standard
reaction mixture contained 12.5 ul of 10 extracts, 5 pl of the master mix (25 mM
HEPES-KOH [pH 7.3]; 10 mM ATP; 2 mM concentrations each of GTP, CTP,
and UTP; 100 mM creatine phosphate; 1 mg/ml creatine kinase; 0.2 mM each of
amino acids), 5 pl of the salt solution, and 250 ng of viral RNA. To examine the
virus yield, the reaction mixture was incubated at 32°C for 15 h. After incubation,
the reaction mixture was treated with RNase T, (400 U/ml) and RNase A (140
pg/ml) at room temperature for | h and then subjected to plaque assay. To label
translation products, 5 nCi of [**S]methionine-cysteine (Amersham) was added
to 25 pl of reaction mixture. Five pl of the reaction mixture was subjected to
sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis, and then
the gel was dried and exposed to a FujiFilm imaging plate. Radioactive signals
were detected with BAS1000 or BAS2000 (FujiFilm). For the standard reaction
for RNA labeling, the reaction mixture (25 pl) was incubated without the addi-
tion of CTP for 3 h and then 1 ul of 30 pM unlabeled CTP and 5 uCi of
[a-*2P}CTP (10 mCi/ml, 3,000 Ci/mmol; Amersham) were added. After incuba-
tion for 2 h, RNA was extracted as described by Barton et al. (5). When
indicated, the extracted RNA was treated with 25 U of RNase T, and 3.5 pg of
RNase A at 37°C for 15 min. The product RNA was analyzed by nondenaturing
agarose gel electrophoresis. The gel was dried, and radioactive signals were
detected as described above,

RNA stability. To investigate RNA stability in cell extracts, a 10-pl reaction
mixture containing the **P-labeled RNA transcripts (approximately 10,000 cpm)
was incubated at 32°C. At various times after incubation, RNA was extracted,
denatured with glyoxal, and then analyzed by 1% agarose gel electrophoresis as
described by Sambrook and Russell (41). The gel was dried, and radioactive
signals were detected as described above. Signal intensities were measured using
a Fujix BAS 2000 phosphorimager.

RNase protection assay. To detect **P-labeled positive- or negative-strand
RNA synthesized in the cell-free reaction, the RNase protection assay (RPA)
was performed with unlabeled probes. To synthesize probes, a BamHI fragment
comprising nt 4789 to 5252 of pAV-FL was subcloned into pGEM-3Zf, yielding
pGB4789. To synthesize a negative-strand RNA probe, pGB4789 was linearized
by digestion with EcoRI and then the RNA was transcribed with SP6 RNA
polymerase. For positive-strand RNA probe synthesis, pGB4789 was digested
with Hindlll and then a transcript was synthesized with T7 RNA polymerase.-
Hybridization, digestion with RNase T, and RNase A, and preparation of pro-
tected RNAs were carried out under the conditions described by Sambrook and
Russell (41). *P-lubeled full-length Aichi virus positive- and negative-strand
RNAs were synthesized from pAV-FL and pAV-Fl-neg, respectively, using a T7
Maxiscript kit (Ambion) and {a-**P]CTP, and approximately 20,000 cpm of the
transcribed RNAs was used as positive controls in RPA,

To detect the positive-strand RNA synthesized in the cell-free reaction, total
RNA extracted from a 25-ul cell-free reaction mixture was hybridized with 500
ng of the unlabeled negative-strand probe. For detection of the negative-strand
RNA synthesized in the cell-free reaction, total RNA extracted from a 25-pl
reaction mixture was subjected to two-cycle RPA (35). 50 ng of the unlabeled
positive-strand probe being used in the second hybridization step. After digestion
with RNase T, and RNase A, the protected RNAs were analyzed by 3.3¢%
polyacrylamide-7 M urea gel electrophoresis.

RESULTS

Site-directed mutagenesis of a predicted stem-loop struc-
ture downstream of SL-C. It has already been shown that three
stem-loop structures formed within the 120 nucleotides of the
5" end of the Aichi virus genome are critical for viral RNA
replication (33, 42). Here, we analyzed the 180 nucleotides of
the 5" end using the MFOLD program (28) and another stem-
loop structure (nt 111 to 164) downstream of SL-C was pre-
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FI1G. 1. Schematic diagram of the Aichi virus genome and the pre-
dicted secondary structure of the 5'-end 180 nucleotides of the ge-
nome. The thick lines and open box indicate the untranslated regions
and coding region, respectively. Vertical lines within the box represent
putative cleavage sites for viral proteinases. The three stem-loop struc-
tures were designated SL-A, SL-B, and SL-C, and another stem-loop
structure (nt 111 to 164) downstream of SL-C was predicted.

dicted (Fig. 1). To determine whether this stem-loop structure
is required for virus replication, we carried out site-directed
mutational analysis using pAV-FL, an infectious ¢cDNA clone
of Aichi virus, and pAV-FL-Luc, an Aichi virus replicon har-
boring a luciferase gene (Fig. 2A). We introduced nucleotide
changes on either side (nt 112 to 118, nt 157 to 163, nt 120 to
124, or nt 151 to 155) of the two putative helical segments to
disrupt the base-pairings, yielding single mutants mut112-118,
mutl57-163, mut120-124, and mut151-155 (Fig. 2B). In addi-
tion, we introduced nucleotide changes on both sides of the
upper stem (nt 112 to 118 and nt 157 to 163) to restore the
base-pairings, generating a double mutant, mut112-118/157-
163. To examine the cflects of these mutations on the transla-
tion efficiency, in vitro transcription/translation analysis was
carried out in a rabbit reticulocyte lysate. No significant differ-
ences in translation efficiency were observed among the mu-
tants (data not shown).

RNA transcripts of pAV-FL and its mutants were trans-
fected into Vero cells by lipofection, and the virus titers at 72 h
after transfection were determined by plaque assay. On the
other hand, RNA transcripts of pAV-FL-Luc and its mutants
were transfected into Vero cells by electroporation and lucif-
erase activity in the transfected cells was measured to deter-
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mine the efficiency of RNA replication. Of the four single
mutants, mutl57-163, mut120-124, and muti51-155 exhibited
efficient RNA replication and virus production in the luciferase
and plaque assays, respectively (Fig. 2C and Table 1). In con-
trast, no increase in luciferase activity was observed in the cells
transfected with mut112-118 RNA and the mutant had lost its
plaque-forming ability. Additionally, muti12-118/157-163, a
double mutant, also lacked the abilities to replicate and to pro-
duce viruses, in spite of maintenance of the sccondary struc-
ture (Fig. 2C and Table 1). To examine RNA stability of these
mutants, radiolabeled transcripts, in which the GDD motif of
the 3D RNA-dependent RNA polymerase was changed to
climinate RNA replication, were incubated in Vero cell S10
extracts over a timecourse. No significant differences in RNA
stability were observed for mutl12-118-3Dmut and mutl12-
118/157-163-3Dmut compared with that for AV-FL-Luc-3Dmut
(Fig. 2D). These results suggest that folding of the stem-loop
structure (nt 111 to 164) is not important but that the nucleotide
sequence of nt 112 to 118 is critical for viral RNA replication.

Folding of a pseudoknot structure is critical for viral RNA
replication. The previous study showed that nucleotide
changes in the loop segment of SL-B (mutB-4) abolish the
replication ability (33). This study suggested the importance of
the nucleotide sequence of bases 112 to 118 for viral RNA
replication. We compared the two sequences and found that
the sequence from nt 55 to 60 of SL-B, GUCCCG, is comple-
mentary to that from nt 112 to {18, excluding the cytosine at nt
116 (lowercase), CGGGeAC. This suggests that these se-
quences potentially interact with each other, resulting in the
formation of a pseudoknot structure (Fig. 3A). In mut112-118,
which cannot replicate, the pseudoknot structure is disrupted
(Fig. 3B). To determine whether folding of the pseudoknot
structure is required for RNA replication, we introduced 6-nu-
cleotide mutations into the loop region (nt 55 1o 60) of SL-B of
mutl12-118 to restore the base-pair interaction with nt 112 to
118, excluding the guanosine at nt 116 (mut55-60/112-118)
(Fig. 3B). As shown by the luciferase assay (Fig. 3C) and the
plaque assay (Table 1), the RNA replication and plaque-form-
ing abilitics of this mutant were recovered, albeit there were a
slight decrease in the RNA replication efficiency and a 36-fold
decrease in the virus titer compared to the wild type. This
indicated that a pseudoknot structure formed through interac-
tion between nt 55 to 60 and 112 to 118 is important for RNA
replication. To identify further the region forming base-pair-
ings required for RNA replication, we introduced two kinds of
4-nucleotide compensatory mutations into the loop segment of
SL-B to generate mut55-58/112-118 and mut57-60/112-118
(Fig. 3B). mut55-58/112-118 involves a 4-base-pair interaction
between nt 35 to 58 and nt 114, 115, 117, and 118, while
mut57-60/112-118 involves a 4-base-pair interaction between
nt 57 10 60 and nt 112 to 115. In the luciferase and plaque
assays, RNA replication and virus production were not ob-
served for cells transfected with mut55-58/112-118 RNA (Fig.
3C and Table 1). No significant differences in RNA stability
were observed between mut55-58/112-118-3Dmut and AV-FL-
Luc-3Dmut (Fig. 2D). On the other hand, mut57-60/112-118
RNA replicated and generated viable viruses, the efficiency
being similar to that in the case of mut55-60/112-118 RNA.
These results indicate that the pseudoknot structure formed
through interaction between nt 57 to 60 (CCCG) in the loop



