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Abstract

A foot-and-mouth disease virus (FMDV, HKN/2002) was isolated in Hong Kong in 2002. The nucleotide sequence of the 3DP!
gene encoding the viral RNA-dependent RNA polymerase was determined and compared with that of the same gene from other
FMDVs. The 3D gene was 1410 nucleotides in length encoding a protein of 470 amino acid residues. Sequence comparisons
indicated that HKN/2002 belonged to serotype O. An evolutionary tree based on the 3D sequences of 20 FMDYV isolates revealed
that the nucleotide sequence of the HKN/2002 3DP' gene was most similar to those of isolates found in Taiwan in 1997, suggesting
that they share a common ancestor. The amino acid sequence of the HKN/2002 3DP®' gene was determined and aligned with those of
representative isolates from seven other Picornaviridae genera. Eight highly conserved regions were detected, indicating a conserved
functional relevance for these motifs. Alignment of 20 FMDYV 3DP°' amino acid sequences revealed a hypermutation region near the
N-terminus that may help the virus evade host immune systems.

© 2003 Elsevier Inc. All rights reserved.
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Foot-and-mouth disease (FMD) is a highly conta-
gious viral disease affecting cloven-hoofed animals [1].
The disease is widespread and causes significant eco-
nomic losses due to the death of young animals, de-
creased productivity and failure to return to prime
condition following infection, and trade sanctions
against livestock and animal products originating from
infected regions. In addition, certain animals continue to
shed the virus in their secretions for considerable periods
of time after recovery and so act as a reservoir for fur-
ther cycles of infection. The only viable option under
these circumstances is mass slaughter of infected and at
risk animals.
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Foot-and-mouth disease virus (FMDYV) is a positive-
sense single-stranded RNA virus, of the family Picor-
naviridae, genus Aphthovirus. Seven serotypes of FMDV
have been classified (A, Asia-1, C, O, SAT-1, SAT-2,
and SAT-3). The viral genome, 7.6-8.4kb in length, is
translated into a single polypeptide before subsequent
hydrolytic cleavage into four structural proteins and 10
non-structural proteins. Of particular importance to
viral replication is the 3DP°' gene encoding the RNA-
dependent RNA polymerase. The 3D product is lo-
cated at the C-terminus of the polypeptide, following the
3C gene product. The 3D gene is 1410 nucleotides in
length and encodes a 470-amino-acid protein with a
molecular mass of 55kDa [2]. In a mechanism catalyzed
by two bivalent metal ions, the 3DP' enzyme elongates a
primer, copying the viral RNA template (plus strand).
The newly synthesized minus strand snaps back on itself
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to generate a template-primer structure which is elon-
gated by the 3DP' gene product to form covalently
linked dimeric RNA molecules [3.4].

Studies on the 3DP°! gene product from poliovirus
revealed that the protein could be divided into three
subdomains, termed fingers, thumb, and palm, respec-
tively [5]. The palm subdomain houses the catalytic
center and contains four of the amino acid sequence
motifs characteristic of RNA-dependent RNA
polymerases [5]. The functional relevance of each motif
has been examined by site-directed mutation analysis.
These motifs play essential roles in template-binding,
substrate-selection, and catalytic processing [6-8]. Due
to its significance in viral replication, the 3DP°! gene is
highly conserved, especially within the functional mo-
tifs. Meanwhile, the stringency and fidelity of the

RNA-dependent RNA polymerase determines the rate
of mutation of the virus and its ability to evolve and
adapt to its environment, which is in part affected by
the variation within the non-conserved regions. As a
result, the 3D protein sequence serves as an ideal
target for virus detection and classification. In fact, the
RNA-dependent RNA polymerase may be more ap-
propriate for phylogenetic analysis of the positive-
strand RNA viruses than the capsid protein [9].

The nucleotide sequence and predicted amino acid
sequence of the 3DP°! gene from a novel strain of
FMDYV, HKN/2002, isolated in Hong Kong in February
2002 have been determined. Alignment of the nucleotide
sequence with 19 similar sequences from other FMDV
isolates indicated the serotype and geographic origins of
the new strain. Alignment of the predicted amino acid
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Fig. 1. Nucleotide and predicted amino acid sequences of the RNA-dependent RNA polymerase 3D gene of HKN/2002. Amino acids are indicated

GGGTTGATCGTTGATACCAGAGATGTGGAGGAACGCGTCCACGTGATGCGCAAAACCAAGCTCGCGCCCACCGTAGCACACGGTGTGTTC
GLIVDTRDVEERVHEVMRKTI KTLAPTVAHGVT
AATCCTGAGTTCGGGCCTGCTGCTCTGTCCAACAAGGACCCGCGTCTGAATGAAGGGGTCGTCCTCGACGACGTCATTTTCTCAAAACAC
NPEFGPAALSNIKDPRLNEGVVLDDVIFSTZKH
AAGGGAGACACGAGGATGTCTGAGGAAGACAAAGCGCTGTTCCGGCGCTGTGCTGCCGACTACGCGTCGCGTCTACACAGCGTGCTAGGG
KG¢GDTRMSETEDI KALTFRRCAADYASRLHESVLG
ACGGCAAACGCCCCACTGAGTGTATACGAAGCCATCAAAGGCGTCGATGGACTTGACGCCATGGAGCCAGACACCGCACCCGGTCTCCCC
T ANAPLSVYEAIKGVYDGLDAMEPDTAPGTLP
GGGGCTCTCCAAGGAAAACGCCGAGGTGCCCTGATCGACTTCGAAAACGGTACTGTCGGGCCCGAGGTTGAAGCAGCACTCAAGCTCATG
GALQGKRRGALTITDFENGTVGPEVEAALTE KTLNM
GAAAGCCGTGAGTATAAATTCGTCTGCCAAACCTTTCTGAAAGACGAAATTCGGCCGCTAGAGAAGGTGCGCGCCGGTAAGACACACATT
ESREYKFVCQTTFLTI KDETIRTPLETZ KV VRAGEKTHI
GTCGACGTTTTGCCTGTTGAACACATTCTCTATACCAGAATGATGATTGGTAGATTCTGTGCTCAGATGCACTCAAACAACGGACCGCAA
vpvLPVEHILYTRMMIGRTFTCAQMHSNNGTPAQ
ATTGGCTCAGCGGTCGGTTGCAACCCTGATGTTGATTGGCAAAGATTTGGCACACATTTCGCCCAGTACAAGAACGTGTGGGATGTGGAC
I ¢S AVGGCNPDVDWAQRFGTHFAQYKNVWDVD
TACTCAGCCTTCGATGCAAACCACTGCAGCGATGCGATGAACATCATCTTCGAAGAGGTGTTCCGCACGGAGTTTGGGTTCCACCCGAAC
Y SAFDANHCSDAMNIITFEEVFRTETFGFHPN
GCCGAGTGGATTCTGAAGACTCTGGTGAACACGGAGCACGCTTACGAGAACAAGCGCATCACTGTGGAGGGTGGAATGCCGTCCGGTTGT
AEWILKTLVNTEHAYENKRTITVESGGMPSGC
TCCGCAACAAGCATCATCAACACAATTTTGAACAACATCTACGTGCTCTACGCTCTGCGTAGGCACTATGAAGGAGTTGAGCTGGACACC
SATSIINTILNNTIYVLYALRRHYEGVETLTDT
TACACAATGATCTCCTATGGAGACGACATCGTGGTGGCTAGTGACTACGACCTGGACTTCGAGGCTCTCAAGCCCCACTTCAAGTCCCTC
YyYrtTMIsSyeGDDIVVASDYDLDFEALTE KPHTFZKSTL
GGTCAGACCATCACTCCAGCCGACAAAAGCGACAAAGGTTTTGTTCTTGGTCACTCCATAACCGATGTCACTTTCCTCAAAAGACACTTC
¢GQTT1TPADIKSDE KSGFVLGHSTTDVTFTLZE KT RHTF
CACATGGACTACGGAACTGGGTTTTACAAACCTGTGATGGCCTCGAAGACCCTCGAGGCTATCCTCTCCTTTGCACGCCGTGGGACCATA
HMDYGTGFYXPVMASKTLEAITLSTFARRGTTI
CAGGAGAAGTTGATCTCCGTGGCAGGACTCGCCGTCCACTCCGGACCTGACGAGTACCGGCGTCTCTTTGAACCTTTCCAAGGTCTCTTC
Q EXLISVAGLAVHSGPDEYTRRLTFEPTFA QGLTF
GAGATTCCAAGCTACAGATCACTTTACCTGCGATGGGTGAACGCCGTGTGCGGTGACGCATAA

EIPSYRSLYULRWVNAVCGTDA

below the nucleotide sequence by standard one-letter codes.
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sequence with sequences derived from typical isolates
representing seven other Picornaviridae genera identified
conserved residues and motifs within this protein. A
phylogenetic analysis indicated how the 3D gene of
HKN/2002 was related to other FMDYV serotypes.

Materials and methods

Virus culture and RNA extraction. Foot-and-mouth disease virus,
isolate HKN/2002, obtained from a pig displaying clinical symptoms
of FMD was generously supplied by the Agriculture, Fisheries, and
Conservation Department of the Hong Kong SAR, China. The virus
was used to infect baby hamster kidney (BHK-21) cells cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v)
foetal calf serum (FCS) as described previously [10]. Total RNA was
extracted using RNAgents Total RNA Isolation System (Promega,
Madison, WI) following the manufacturer’s instructions.

Reverse transcription-PCR, cloning, and sequencing. Reverse
transcription was carried out using Superscript II RT RNase H~
(Invitrogen, Carlsbad, CA) and the antisense primer R1 (5-GGG
GCG GCC GCG GAT TAA GGA AGC GGG AAA AGC CC-3).
The primer included a Notl artificial restriction site (underlined). The
first-strand cDNA was then subjected to PCR amplification using the
sense primer F3D (5-GGG TTG ATC GTT GAT ACC AGA GA-3)
and R1, to amplify a 1.5-kb fragment containing the 1410 nucleotide
3D gene and the 92 nucleotide 3'-UTR of the virus. The PCR product
was recovered using Geneclean II Kit (Qbiogene, Carlsbad, CA) and
cloned directly into pGEM-T Easy vector (Promega). Positive clones
were sequenced (Shanghai Sangon Biologic Engineering Technology
and Service, Shanghai, China).

Nucleotide sequence alignment and comparison. Reference FMDV
sequences were obtained from the National Center for Biotechnology
Information (NCBI) website (www.ncbi.nlm.nih.gov). Multiple align-
ments were analyzed using ClustalX multiple sequence alignment
program 1.83 [11] A phylogenetic tree was constructed using Mega
software, version 2.1 [12].

Table 1

Results and discussion
Nucleotide sequence of HKN/2002 3 D'

The 3DP' gene of HKN/2002 was sequenced after
molecular cloning. The consensus nucleotide sequence
and the predicted amino acid sequence are shown in
Fig. 1. The sequence was deposited in GenBank (Ac-
cession No.: AY152808). The 92 nucleotide 3'-UTR was
also determined. The 3D gene nucleotide sequence is
1410 nucleotides in length. The gene utilizes TAA as the
termination codon and encodes a protein of 470 amino
acid residues.

Phylogenetic analysis of 3D™! gene sequences

Very few complete FMDV 3DP°! gene sequences are
available for analysis in GenBank. Nineteen sequences
(Table 1) were selected and compared with the HKN/
2002 sequence. The sequences share significant sequence
similarity at the nucleotide and protein levels, ranging
from 85.0% to 100.0% (nucleotide) and 92.6% to 100.0%
(amino acid), respectively (data not shown). As the
polymerase is essential for viral replication the degree of
sequence similarity between the 3DP° genes is much
higher than that of the VP1 surface antigen [10]. From
these data, a genetic distance matrix was constructed
(Table 2). Of the sequences analyzed, HKN/2002 has a
maximum genetic distance from SAT-2/KEN (0.145
substitutions per nucleotide) and a minimum genetic
distance from O/YunLin (0.063 substitutions per
nucleotide).

FMDYV RNA-dependent RNA polymerase nucleotide sequences compared in this study

Serotype Virus GenBank Accession No. Origin Outbreak year
(0] O/Chu-pei AF026168 Taiwan 1997
O/Tibet AF506822 Tibet/China 1999
HKN/2002 AY152808 Hong Kong 2002
O/Japan/2000 AB079061 Japan 2000
O/YunLin AF308157 Taiwan 2000
O/Tao-Yuan AF154271 Taiwan 1997
O/SKR/2000 AF377945 Korea 2000
O/Akesu/58 AF511039 China 1958
O1/Geshure AF189157 Israel 1999
O1/Campos AJ320488 Brazil 2002
Ol/K X00871 Germany 1984
C C-MARLS AF274010 Spain 1998
C-rp99 AJ133358 Spain 1999
C-s8cl AJ133357 Spain 1999
C-1/Santa Pau M11027 N/A 1985
A A10-61 X00429 Argentina 1984
Al2 M10975 United Kingdom 1985
A22/550 X74812 Azerbaijan 1993
Asia 1 Asia-1/IND AF207520 India 1999
SAT-2 SAT-2/KEN NC_003992 Kenya 1999

N/A, not available.
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Table 2
Distance matrix for 20 FMDV RNA-dependent RNA polymerase 3DP? gene sequences generated by ClustalX

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 C-rp99 0 0 0.004 0.021 0.064 0.066 0.072 0.072 0.077 0.079 0.089 0.091 0.082 0.072 0.084 0.116 0.114 0.116 0.116 0.126
2 C-s8cl 0 0 0.004 0.021 0.064 0.066 0.072 0.072 0.077 0.079 0.089 0.091 0.082 0.072 0.084 0.116 0.114 0.116 0.116 0.126
3 C-MARLS 0.004 0.004 0 0.023  0.066 0.067 0.073 0.074 0.079 0.081 0.09 0.093 0.082 0.072 0.086 0.115 0.113 0.115 0.118 0.126
4 C-1/Santa Pau  0.021 0.021  0.023 0 0.074 0.081 0.087 0.083 0.092 0.094 0.101 0.103 0.094 0.087 0.102 0.123 0.121 0.123  0.128 0.138
5 A10-61 0.064 0.064 0.066 0.074 0 0.065 0.068 0.062 0.08 0.081 0.09 0.09 0.084 0.07 0.085 0.118 0.117 0.119 0.119 0.135
6 Ol/Campos 0.066 0.066  0.067 0.081 0.065 0 0.011 0.058 0.074 0.072 0.082 0.082 0.079 0.07 0.071 0.112 0.11 0.113  0.113  0.125
7 Ol/K 0.072 0.072 0.073 0.087 0.068 0.011 O 0.061 0.078 0.077 0.087 0.089 0.082 0.072 0.074 0.114 0.112 0.115 0.113 0.128
8 Al2 0.072 0.072  0.074 0.083 0.062 0.058 0.061 0 0.084 0.084 0.092 0.087 0.079 0.071 0.094 0.118 0.116 0.118 0.122  0.129
9 O/Tibet 0.077 0.077 0.079 0.092 0.08 0.074 0.078 0.084 0 0.011 0.026 0.085 0.078 0.08 0.079 0.114 0.112 0.115 0.115 0.134
10 O/Japan/ 0.079 0.079 0.081 0.094 0.081 0.072 0.077 0.084 0.011 0 0.029 0.085 0.078 0.081 0.076 0.115 0.113 0.116 0.118 0.134
11 O/SKR/2000 0.089 0.089  0.09 0.101  0.09 0.082 0.087 0.092 0.026 0.029 0 0.091 0.086 0.087 0.09 0.123  0.121 0.123 0.124 0.138
12 A22/550 0.091 0.091 0.093 0.103 0.09 0.082 0.089 0.087 0.085 0.085 0.091 0 0.097 0.085 0.095 0.131 0.129 0.132 0.132 0.142
13 O/Akesu/58 0.082 0.082 0.082 0.094 0.084 0.079 0.082 0.079 0.078 0.078 0.086 0.097 0 0.086 0.101 0.12 0.119 0.121 0.121  0.131
14 Aisa-1/IND 0.072 0.072  0.072  0.087 0.07 0.07 0.072  0.071 0.08 0.081 0.087 0.085 0.086 0 0.067 0.109 0.106 0.109 0.118 0.128
15 O1/Geshure 0.084 0.084 0.086 0.102 0.085 0.071 0.074 0.094 0.079 0.076 0.09 0.095 0.101 0.067 O 0.121  0.118 0.121  0.127 0.132
16 O/Tao-Yuan 0.116 0.116 0.115 0.123 0.118 0.112 0.114 0.118 0.114 0.115 0.123 0.131  0.12 0.109 0.121 0 0.002 0.005 0.063 0.15
17 O/Yunlin 0.114 0.114 0.113  0.121  0.117 0.11 0.112  0.116 0.112 0.113  0.121 0.129 0.119 0.106 0.118 0.002 0 0.004 0.062 0.148
18 O/Chu-pei 0.116 0.116 0.115 0.123 0.119 0.113 0.115 0.118 0.115 0.116 0.123 0.132 0.121 0.109 0.121 0.005 0.004 O 0.063 0.15
19 HKN/2002 0.116 0.116 0.118 0.128 0.119 0.113 0.113 0.122 0.115 0.118 0.124 0.132 0.121 0.118 0.127 0.063 0.062 0.063 0 0.145
20 SAT-2/KEN 0.126 0.126 0.126  0.138 0.135 0.125 0.128 0.129 0.134 0.134 0.138 0.142 0.131 0.128 0.132 0.15 0.148  0.15 0.145 0
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2000 also belong to serotype O, but aggregate separately
from HKN/2002, O/Chu-Pei, O/Tau-Yuan, and O/
YunLin, suggesting a lower degree of relatedness.

Alignment of the predicted 3DP°! protein sequences
of 20 FMDYV isolates was performed using an appro-
priate program. To eliminate possible errors generated
during DNA sequencing, only variants present in at
least two independent sequences are shown (Fig. 3.)
Seventeen variant loci were identified. In addition, a
hypermutant region between amino acid 54 and 68 was
identified (Fig. 3). Due to the highly conserved enzymic
activity of the 3DP® protein, mutations at the indicated
positions are predicted to cause little or no significant
structural or functional change to the enzyme. The
hypermutant region may serve to evade the immune
system while maintaining the core structure of the
functional protein.

903
FMDV 3D and the Picornaviridae

The predicted amino acid sequences of the 3DP°! gene
from representative isolates of eight genera of Picorna-
viridae were compared. The isolates selected are shown
in Table 3. The largest difference in the length of the
3DP°! gene product sequence is 37 amino acid residues
between hepatitis A virus (HAV) and porcine tescho-
virus 1. The genetic distance between each pair of iso-
lates was calculated (data not shown). The maximum
distance of 0.731 substitutions per nucleotide was
between bovine kobuvirus and HAV. The minimum
distance between pairs of isolates was 0.395 substitu-
tions per nucleotide between poliovirus and simian
picornavirus 1. The FMDYV isolate HKN/2002 showed
a maximum distance of 0.700 substitutions per nucleo-
tide from HAV and a minimum distance of 0.462
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Fig. 3. Amino acid variations among 20 FMDV RNA-dependent RNA polymerases (RdRp). The variations are labelled in the schematic diagram of
the 3D gene below the table. The black box represents the hypermutant region. The hypermutant residues are shaded in the table.

Table 3

Picornavirus RNA-dependent RNA polymerase amino acid sequences compared in this study

Abbreviation Species Genus Length (aa) GenBank Accession No.
BKYV Bovine kobuvirus Kobuvirus 469 AB084788

EMCV Encephalomyocarditis virus Cardiovirus 460 NC_001479

ERV Equine rhinovirus 3 Rhinovirus 468 NC_003077

HAV Hepatitis A virus Hepatovirus 489 M14707

PV Poliovirus Enterovirus 461 V01149

SPV Simian picornavirus 1 New, unnamed 466 AY064708

HKN/2002 Foot-and-mouth disease virus Aphthovirus 470 AY152808

PTV Porcine teschovirus 1 Teschovirus 452 NC_003985



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AB084788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=NC_001479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=NC_003077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=M14707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=V01149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AY064708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AY152808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=NC_003985
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PV - INLPLVTYVKDELRSKTKVEQGKSRLIEASSLNDSVAMRMAFGNLYAAFHKNPGVITGS 208
BKV NPDYFYSTFLKDELRPTPKVIAGLTRVVEAAPVHAIVAGRMLLGGLIEYMQAYPG-RHGS 208
EMCV FSEVVYQTFLKDELRPIEKVQAAKTRIVDVPPFEHCILGRQLLGKFASKFQTQPGLELGS 209
ERV FSKHVFQTFLKDELRSKAKVRAGNTRVVEVAAVDHVVAGRMLLGKFTAKMHANNGLGIGS 209
SPV -YDLPFSTYLKDELRPKAKVEAGKTRLIECSSLNDT IRMKRIFGRLFQTFHSNPGTCTGS 208
PTV YDKHVFLTFLKDELRPKEKVOAGKTRVIDVAGFGHAIVGRMLFGRLFAFFHKNPGWNTGS 209
HAV DLDVVFTTCPKDELRPLEKVLESKTRAIDACPLDYSILCRMYWGPAISYFHLNPGFHTGV 209
HKN/2002 Y-KFVCQTFLKDEIRPLEKVRAGKTHIVDVLPVEHILYTRMMIGRFCAQMHSNNGPQIGS 208
e e R . HE * H * *
Motif I Motif IT
PV AVGCDPDLFWSKIP---VLME-EKLFAFDYTGYDASLSPAWFEAL--KMVLEKIGFGD-R 261
BKV AVGCNPDLHWSKFFFKFAKE--DQVYDLDYKCFDATLPSCAFRIV--EDYLVKLTGDERV 264
EMCV AIGCDPDVHWTAFGVAMQGF--ERVYDVDYSNFDSTHSVAMFRLLAEEFFTPENGFDPLT 267
ERV AVGCNPDVDFTREAYQILDW--DYVYDIDYKNFDASHSPKVFQHL-KKLLSPANGFDVRV 266
SPV AVGCNPDYHWSQFAS-EIGM--DNICAFDYTNWDASLSPFWFDAL--KVELVKLGYGEGA 263
PTV AVGVNPDLAWTQIFYTAPSR--N-VLAMDYSGFDASHTSGMFCIL--KHFLTTLGYGTLQ 264
HAV AIGIDPDROWDELFKTMIREFG-DVGLDLDFSAFDASLSPFMIREAGRIMSELSGTPSHEG 268
HKN/2002 AVGCNPDVDWQRFGTHFAQY--KNVWDVDYSAFDANHCSDAMNIIFEEVFRTEFGFHPNA 266
Khoek ek ok . . K, ko .
Motif III Motif IV
PV VDYIDYLNHSHHLYKNKTYCVKGGMPSGCSGTSIFNSMINNLIIRTLLLKTYKG---IDL 318
BKV RAYVETIRHSKHVYGSQTYEMIGGNPSGCVGTSIINTIINNICVLSALIQHPD----FSP 320
EMCV REYLESLAISTHAFEEKRFLITGGLPSGCAATSMLNTIMNNIIIRAGLYLTYKN---FEF 324
ERV ONYIDSLCYSKHQFGETYYECEGALPSGCSATSILNCLMNNIVLRAAAYDVEFTN---YEE 323
SPV IDAIDHICYSSHIFKDQYYVVHGGMPSGCSGTSIFNSIINNLVVRTLVLKCYKG---INL 320
PTV LSYIDSLCYSKHHWDDETYRLDGGLPSGCSGTT IFNT IMNNIVARAAASYAAD--——-—-— 317
HAV TALINTITYSKHLLYNCCYHVCGSMPSGSPCTALLNSIINNVNLYYVFSKIFGKSPVFFC 328
HKN/2002 EWILKTLVNTEHAYENKRITVEGGMPSGCSATSIINTILNNIYVLYALRRHYEG---VEL 323
. . .k . ko, Kk k Koawak aakk.
Motif V
PV DHLKMIAYGDDVIASYPHEVDASLLAQS-—--—---— GKDYGLTMTPADKSA-TFETVT-WE 369
BKV DNYRILAYGDDVIYGCDPPIHPRYIKEFY-----— DKHTPLVVTPANKGS-DFPDSSTLY 373
EMCV DDVKVLSYGDDLLVATNYQLDFDKVRAS————---— LAKTGYKITPANTTS-TFPLNSTLE 376€
ERV GDLAFLTYGDDVLLCANQPLPLERFRKS------— LAKLGYTITPADKSS-FFPEVSTLA 375
SPV DLLRILAYGDDLLVSYPFPLDPAVLADA------- GKELGLTMTPADKSD-SFSGCSKLT 372
PTV GPVGILCYGDDILVSSPEKFPVSDWLEF--—-—--- YSKTPYKVTAADKSE--QIDWRDIT 368
HAV QALKILCYGDDVLIVFSRDVQIDNLDLIGQKIVDEFKKLGMTATSADKNV---PQLKPVS 385
HKN/2002 DTYTMISYGDDIVVASDYDLDFEALKPH------- FKSLGQTITPADKSDKGFVLGHSIT 376
Fhkk .. * ok,
Motif VI Motif VII
PV NVTFLKRFFRADEKYPFLIHPVMPMKEIHESIRWTKDPRNTQDHVRSLCLLAWHNGEEEY 429
BKV DVTFLKRWEVPDDQRPFY THPVMDPDTYEQSVMWLRG-GDFQDT.VTST.CYTAFHSGPKTY 432
EMCV DVVFLKRKFKKEG---PLYRPVMNREALEAMLSYYRP-GTLSEKLTSITMLAVHSCKQEY 432
ERV DVVFLKRQFKPDEEFPFLFKPVMDVRNLODHLCYAKP-GTLREKLLSTTDLAVHLGPLEY 434
SPV EVTFLKRSFVFDEQFPFLCHPVFPMSEIHESIRWTRSAATTQEHVTSLCLLAWHNGKEVY 432
PTV QCTFLKRGFVLDG---SLVRPVMEEQHLAELLKWARP-GTLOAKLLSTIAQLAFHLPRSAY 424
HAV ELTFLKRSFNLVED---RIRPAISEKT IWSLIAWQRSNAEFEQNLENAQWFAFMHGYEFY 442
HKN/2002 434

DVTFLKRHFHMDYG-TGFYKPVMASKTLEAILSFARR-GTIQEKLISVAGLAVHSGPDEY
. . . . K

*kk Kk K K. . *

Motif VIII

Fig. 4. Amino acid sequence alignment of RNA-dependent RNA polymerases from eight Picornaviridae genera. The alignment was produced using
ClustalX 1.83. An underline indicates motifs containing regions of highly conserved amino acid residues. (*) Residues conserved across all compared
sequences. Such identical residues are also highlighted in bold. (:) Residues across all the compared sequences fall into in one of the following groups:
STA; NEQK; NHQK; NDEQ; QHRK; MILV; MILF; HY; and FYW. (.) Residues across all the compared sequences fall into in one of the fol-
lowing groups: CSA; ATV; SAG; STNK; STPA; SGND; SNDEQK; NDEQHK; NEQHRK; FVLIM; HFY. Isolate abbreviations are described in

Table 3.

substitutions per nucleotide from equine rhinovirus 3.
A distance matrix based on the amino acid sequences
was also calculated, revealing a generally lower degree of
sequence similarity (18.9-45.1%) than that observed at
the nucleotide level (30.2-53.8%), indicating that the
majority of the nucleotide changes between the species
were non-synonymous mutations (data not shown). The
regions containing the most sequence variation are the

N-terminus (about 150 amino acid residues in length)
and C-terminus (about 70 amino acid residues in
length), respectively. The conserved residues (about 250
amino acid residues in length) cluster at the center,
forming the core structure of the enzyme.

Four conserved motifs in the amino acid sequences of
RNA-dependent RNA polymerases have been described
previously [5,8,13]. Structural analysis indicated three
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subdomains (termed fingers, thumb, and palm) within
the 3DP°! protein. The palm subdomain represents the
core structure of the polymerase [9]. Eight conserved
motifs present in the palm subdomain were identified
after amino acid sequence alignment (Fig. 4), corre-
sponding to those identified previously [9]. The eight
motifs, I '“KDE[I/LIR'®, II ""G(X)s[P/N]G*%, III
SGXXPD*, IV D[Y/FIXXXD*, V »"PSG[C/
SI(X), T(X);NX[M/IIXNN32, VI 36YGDD3¥, VII
36ST[P/S]JA[D/N][K/TP®, and VIII ¥SFLKRXF*, are
highly conserved across the seven 3DP! sequences of the
picornavirus isolates, suggesting a shared functional
significance. Essential catalytic residues include Asp®*
in motif IV and Asp**® in motif VI, which are proposed
to coordinate magnesium ions during nucleotidyltrans-
fer catalysis [4]. Asp?® in motif IV and Ser?®®, Thr3®,
and Asn®” in motif V are proposed to interact to dis-
criminate between NTP and dNTP as the catalytic
substrate, defining the enzyme as an RNA polymerase
instead of a DNA polymerase [8]. The critical role of
these residues in mediating enzymatic activity correlates
well with their degree of conservation among the RNA
polymerases and these strictly conserved residues have
been predicted to occupy key positions in the secondary
and tertiary structures of picornavirus 3DP' gene
products [5,6].

In summary, the 3D gene of a novel isolate of
FMDYV was sequenced. The isolate probably belongs to
serotype O, supporting previous studies on the VPI
surface protein of the same isolate. The new sequence is
an important addition to the sparse data on Aphthovirus
3Dr°! sequences available publicly. Important structural
and functional motifs at the nucleotide and amino acid
levels are conserved both within the Aphthovirus genus
and across Picornaviridae genera.
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