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Complete genes encoding the predicted nucleoprotein (N), phosphoprotein (P), matrix protein (M), fusion
protein (F), M2-1protein, M2-2protein, small hydrophobic protein (SH), and attachmentprotein (G) of seven
newly isolated human metapneumoviruses (hMPVs) were analyzed and compared with previously published
data for hMPV genes. Phylogenetic analysis of the nucleotide sequences indicated that there were two genetic
groups, tentatively named groups 1 and 2, similar to the grouping of human respiratory syncytial virus.
Although the predicted amino acid sequences of N, P, M, F, and M2 were highly conserved between the two
groups (amino acid identities, 96% for N, 85% for P, 97% for M, 94% for F, 95% for M2-1, and 90% for M2-2),
the amino acid identities of the SH and G proteins were low (SH, 58%; G, 33%). Furthermore, each group could
be subdivided into two subgroups by phylogenetic analysis, tentatively named subgroups 1A and 1B and
subgroups 2A and 2B. The predicted amino acid sequences of G within members of each subgroup were highly
conserved (amino acid identities, 88% for group 1A, 93% for group 1B, and 96% for group 2B). The G of h(MPV
is thought to be the major antigenic determinant and to play an important role in the production of neutral-
izing antibodies. Clarification of the antigenic diversity of G is important for epidemiological analysis and for
establishment of strategies to prevent hMPYV infection.

Human metapneumovirus (hMPV), first isolated in The
Netherlands in 2001, is a member of the genus Metapneumo-
virus of the subfamily Pneumovirinae of the family Paramyxo-
viridae (37). hMPV causes upper respiratory tract infections
and flu-like illnesses (5, 32); but it is also associated with lower
respiratory tract infections, such as wheezing bronchitis, bron-
chitis, bronchiolitis, and pneumonia, in very young children,
elderly individuals, and immunocompromised patients (7, 10,
11, 15, 30).

The genomic organization of hMPV is 3’-N-P-M-F-M2-SH-
G-L-5" (36, 37). The M2 gene contains two open reading
frames (ORFs), M2-1 and M2-2. Although the predicted
hMPV proteins have not yet been identified or functionally
analyzed, hMPV is thought to encode the following nine pro-
teins: N, the nucleocapsid RNA binding protein; P, the nucleo-
capsid phosphoprotein; M, the nonglycosylated matrix protein;
F, the fusion glycoprotein; M2-1, the transcription elongation
factor; M2-2, the RNA synthesis regulatory factor; SH, the
small hydrophobic surface protein; G, the major attachment
protein; and L, the major polymerase subunit (4, 36, 37).

Pneumoviruses encode two major surface glycoproteins (gly-
coproteins F and G). F promotes fusion of the viral and cell
membranes, allowing penetration of the viral ribonucleopro-
tein into the cell cytoplasm (39), and G mediates virus binding
to the cell receptor (24). G is known to be the most variable
protein in human respiratory syncytial virus (hRSV) and avian
pneumovirus (APV) (8, 22). In both viruses there are at least
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two distinct groups. For hRSV G, there is 53% identity in
amino acid sequences between groups A and B (19), whereas
there is only 38% identity in the amino acid sequences between
types A and B for APV G (20). Neutralizing antibodies against
F and G are important for protection against hRSV infection.
The antibody against F protects animals from viruses of both
hRSV group A and hRSV group B (17, 18, 28). G induces an
antibody response protective only against infections caused by
one hRSV group (19, 40).

The sequences of several hMPV genes (the genes for N, P,
M, F, and L) and gene fragments have been determined, and
the results of phylogenetic analysis have shown that h(MPV can
be divided into two major groups (2, 3, 5, 6, 9, 25, 29, 38).
However, sequence data for G are limited (4, 37). In the
present study, we determined the nucleotide sequences of pu-
tative ORFs for N, P, M, F, M2-1, M2-2, SH, and G of seven
newly isolated hMPVs and compared them with the previously
published sequences for hMPV.

MATERIALS AND METHODS

Virus propagation. Seven hMPYV isolates (9) were propagated in LLC-MK2
cells in vitro. The isolates were from nasopharyngeal swab samples of seven
Japanese patients (age range, 8 months to 3 years) with lower respiratory tract
infections obtained during the winter and spring of 2003-2004 in Sapporo, Japan.
The cells were cultured in Eagle’s minimum essential medium for 3 to 4 weeks,
with the medium changed weekly. Trypsin (Sigma-Aldrich) was added to the
medium at a concentration of 1 pg/ml.

RNA extraction, cDNA synthesis, RT-PCR, and sequencing. Virus RNA was
extracted from inoculated LLC-MK?2 cells by the RNAzol B (TEL-TEST, Inc.,
Friendswood, Tex.) method, according to the protocol of the manufacturer.
Approximately 1 pg of each RNA sample was incubated in a solution containing
100 ng of random hexadeoxynucleotides and 200 U of Moloney murine leukemia
virus reverse transcriptase (First-Strand cDNA Synthesis kit; Amersham Phar-
macia Biotech, Piscataway, N.J.) in a final volume of 15 ul at 37°C for 1 h to
synthesize cDNA. The cDNA (0.3 pl) was subjected to reverse transcription-
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FIG. 1. Phylogenetic analysis of hMPV isolates. The putative ORFs for N, P, M, F, M2-1, M2-2, SH, and G were analyzed. The corresponding
gene sequences from APVC were also analyzed. Bootstrap proportions were plotted at the main internal branches of the phylogram to show
support values. Note that the scale of each tree was different. Phylogenetic analysis was performed by use of the neighbor-joining method of the

MEGA program.
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0 TS 00 00 00 Iy Te} < PCR (RT-PCR). The RT-PCR mixture consisted of 100 umol of each deoxyri-
a4 Q8888 & (SRS bonucleotide, 1.0 U of AmpliTag Gold, 50 mmol of potassium chloride per liter,
10 mmol of Tris-HCI (pH 8.3) per liter, 1.5 mmol of magnesium chloride per
O | o aaaaas S o liter, 0.01% (wt/vol) of gelatin, 10 pmol of each primer, and cDNA in a volume
g}/ 8/8 55555 81/ 8& of 25 pl. The PCR conditions were as follows: 94°C for 10 min, followed by 35
g = % % % % % = oL cycles of 94°C for 1 min, 50°C for 2 min, and 72°C for 3 min. The PCR products
o~ NeRNiNCRNCRNS) o~ © © were sequenced directly by using a BigDye Dye terminator cycle sequencing
ready reaction kit (Perkin-Elmer Applied Biosystems, Tokyo, Japan) with an
= g 3 g : : : : = ; g ABI PRISM 310 Genetic Analyzer (Perkin-Elmer Applied Biosystems).
= N AN AN AN Strategy for sequencing. Specific primers were designed on the basis of the
total sequence of hMPV strain 00-1 and the partial sequence of isolate JPS02-76,
5 o fogag £ £ i i i i
A |5 el 2RRRR = N~ which were obtained previously (data not shown). Fragments ranging from 1,000
& zZ oo Z z to 3,000 bp were generated by RT-PCR. The PCR product was sequenced
s N AR & 33 directly by the genome-walking method. The sequences were subsequently con-
‘e ‘nnn 0 e firmed by generating overlapping RT-PCR fragments. The genomes of hMPV
s a A NN « A isolates were sequenced from the start of the gene for N to the noncoding
S o0 o0 0 00 0 B 0 ) o6 o6 sequences between the genes for G and L.
~ Nucleotide sequences. The GenBank database nucleotide sequence accession
% = == anan anenien = anian numbers for the pneumovirus strains and proteins used in this study are
S cS Sttt S tC AF371337 for strain hMPV 00-1, AY297749 for strain hMPV CAN97-83,
= © © © oo v = © © .
©n = — — — = — — — — AY297748 for strain hMPV CAN98-75, AF176590 for the APV type C (APVC)
0 a ISESESESES IS ISES
-1 gene for N, AF176591 for the APVC gene for P, AF262571 for the APVC gene
T% s oy en o a ISES for M, AY579780 for the APVC gene for F, AF176592 for the APVC gene for
; s bl pxB xRz b x| M2, APN457967 for the APVC gene for SH, and APN457967 for the APVC gene
| for G.
% ) o e -~ T Analysis of nucleotide and amino acid sequences. Sequences were aligned by
) = g éiﬁ/ %%%%é % i‘_?/é use of the CLUSTAL W program (35). The transmembrane region was predicted
» = < < < <f < < < <~ <+ < by the method of Stoffel et al. (33), available online at the Swiss Institute for
% B8 B ELEE. 2 B8 Experimental Cancer Research (http://www.ch.embnet.org/software/TMPRED
g _form.html). ORFs were predicted by using ORF finder software (http:/www
g s £ g £ g £ £ £ ; g £ .ncbi.nlm.nih.gov/gorf/gorf.html). O-linked glycosylation and N-linked glycosyl-
§ = reRve) reRYe Vo RToRTet o) "N ation were predicted by using NetOGlyc2.0 (14) and NetNGlyc1.0 (13) software,
] respectively; all software was obtained from the Center for Biological Sequence
S | §§; §§§§§ § §§ Analysis, Technical University of Denmark, Lyngby, Denmark (http://www.cbs
"g ’gx Kee) v e} v .dtu.dk/services/). Local similarities between nucleotide and amino acid se-
a. - ST SS88S S 2] quences were studied by use of the BLAST 2 algorithm (1).
9 = o R o o\ Phylogeny. The nucleotide sequences of the genes for N, P, M, F, M2-1, M2-2,
=1 — — — — R .
< SH, and G were assembled by using CLUSTAL W software. Phylogenetic trees
& s © © © \© O OO © ©° © were generated by the neighbor-joining method with the MEGA program (21).
g s NN NSNS N NI Nucleotide sequence accession numbers. The hMPV sequences presented in
o this paper have been deposited in GenBank under accession numbers AY530089
> .
g (= _ s $5555 s | s to AY530095 for strains JPS02-76, .FPSO3-176, JPS03-178, JPS03-180, JPS03-187,
5 Ltg, @‘@/ @8@‘@/@ 8/ ‘@/@ % JPS03-194, and JPS03-240, respectively.
2" 5 N v nn v nun | a2
°© S SEEER 2 S22
2z 5 g RESULTS
- Q QO
=] ) \O [ el el e v, <t < = . . .
5 é ol o ol ai o ol o o aial| 28 Phylogenetic analysis. Phylogenetic analyses were based on
,_] N en cnenenenen nen | E T .
" E 2 the putative ORFs for N, P, M, F, M2-1, M2-2, SH, and G of
— Q . .
m | &= 5 YIS 5 535 seven hMPV isolates, three published full-length hMPV se-
< ° .
= & ag agggaa a o é S quences (for isolates 00-1, CAN97-83, and CAN98-75), and the
< 5 o NN n ') nun | §& . p P .
& LS LLLLS kS 28| g APVC sequence (.Flg. 1). Ten hMPV strains were d1v1ded.1nt0
S = two major genetic groups that were previously tentatively
S5 .
s o nnnnn 2 ol = X named groups 1 and 2 (2, 5). The hMPV Dutch isolate char-
A AN Y1722 acterized by van den Hoogen et al. (37) (isolate 00-1) belongs
. a5 P ey I~ e I g to group 1. The results of our phylogenetic analysis are con-
= 28 feana a 2 '@-‘-; sistent with data previously reported for the partial or com-
3 ce cegeee < AN
- @ @ @ @ @ @ @ @ @ @ 3;; plete sequences of the genes for N, P, M, F, and L of hMPV
AR AR = ST ES isolates from The Netherlands (37), Canada (2, 5, 31), Ger-
£ é many (38), Italy (25), and Japan (9). Furthermore, seven
e 2 2= hMPYV strains in group 1 were subdivided into two subgroups,
e § ‘35 tentatively named subgroup 1A (strains 00-1 and JPS03-180)
= < %g and subgroup 1B (strains CAN97-83, JPS03-176, JPS03-178,
= < Z ER JPS03-187, and JPS03-240). Three hMPV strains in group 2
e} 2 .. . .
g = 3 = EE%SF S & ed | g were also subdivided into two subgroups, tentatively named
o | ST TN Y = . .
9 S & S9dhdhdd S Sda|E% subgroup 2A (strain CANO98-75) and subgroup 2B (strains
? |-E=F EZ2EF2Z & £7Z 2%
o ehcd AL ek Al Al AL AL ) S | 2 JPS02-76 and JPSO3-194)
=) %@OH L UR~R~R~ %‘—D o= = ,:2 . .
g 4 a ca 4 & = ORFs and proteins of hMPV isolates. Table 1 shows the
O o} lengths of the putative ORFs for N, P, M, F, M2-1, M2-2, SH,
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TABLE 2. Levels of identity of nucleotide and amino acid sequences within and between two hMPV groups

% Nucleotide sequence identity

o % Nucleotide
within group”

% Amino acid sequence identity

within group” % Amino acid sequence

Protein sequence identity identity between eroups®
Group 1 Group 2 between groups* Group 1 Group 2 v group
N 94-100 (96) 95-99 (96) 86-87 (86) 99-100 (99) 98-100 (99) 95-96 (96)
P 92-100 (95) 98-99 (95) 80-82 (81) 94-99 (97) 95-99 (97) 84-86 (85)
M 94-99 (97) 95-99 (96) 84-86 (85) 98-100 (99) 99-100 (99) 96-97 (97)
F 85-100 (92) 81-98 (87) 55-61 (60) 98-99 (98) 98-99 (98) 93-94 (94)
M2-1 94-99 (97) 94-99 (96) 86-87 (86) 96-100 (98) 97-100 (98) 94-95 (95)
M2-2 95-100 (97) 95-100 (97) 85-87 (86) 95-100 (97) 97-100 (98) 88-90 (90)
SH 90-99 (94) 88-98 (91) 6669 (67) 83-99 (92) 81-98 (88) 54-60 (58)
G 75-99 (82) 78-97 (85) 56-60 (58) 61-99 (78) 63-96 (75) 31-35 (33)

“ Values are ranges (average) of identity obtained for comparison of strains within each group and between groups.

and G and the predicted amino acid sequences of isolates 00-1,
CANO97-83, and CAN98-75 and seven hMPYV isolates. The cal-
culated molecular masses of the predicted proteins are also
shown. The lengths of the coding regions of the putative genes
for N, P, M, F, M2-1, and M2-2 and the predicted amino acid
sequences were consistent between isolates (N, 1,185 bp and
394 amino acids [aa]; P, 885 bp and 294 aa; M, 765 bp and 254
aa; F, 1620 bp and 539 aa; M2-1, 564 bp and 187 aa; and M2-2,
216 bp and 71 aa). The lengths of the coding region of the
putative gene for the SH protein and the predicted amino acid
sequence were different for strains in groups 1 and 2 (group 1,
552 bp and 183 aa; group 2, 534 bp and 177 aa) except for
isolate CAN97-83 (540 bp and 179 aa), which had a stop codon
(TAA) at position 541 from the start of the gene for SH. The
lengths of the coding region of the putative gene for G and
predicted amino acid sequences were different for strains in
subgroups 1A, 1B, 2A, and 2B (subgroup 1A, 711 bp and 236
aa; subgroup 1B, 660 bp and 219 aa; subgroup 2A, 711 bp and
236 aa; and subgroup 2B, 696 bp and 231 aa).

Table 2 shows the levels of identity of the nucleotide and
amino acid sequences of the various hMPV ORFs between and
within groups. Between two groups, the ORFs for N, P, M,
M2-1, and M2-2 shared identities of 81 to 86%, on average,
whereas the ORFs for the three surface proteins (F, SH, and
G) were more divergent (F, 60%; SH, 67%; G, 58%). The
predicted amino acid sequences of N, P, M, M2-1, and M2-2
were highly (85 to 97%) conserved between two groups, as
expected. While the predicted amino acid sequences of SH and
G were divergent between two groups (58 and 33%, respec-

tively), as expected, those of F were surprisingly well conserved
(94%).

Within each group, the ORFs for N, P, M, M2-1, and M2-2
shared high degrees of identity, on average, 95 to 97%; and the
predicted amino acid sequences of these proteins were highly
conserved (97 to 99%) (Table 2). The ORFs for F and SH were
well conserved within the two groups (F, 92 and 87%, respec-
tively; SH, 94 and 91%, respectively), and the predicted amino
acid sequences of F and SH were also well conserved (F, 98%
for both groups; SH, 92 and 88%, respectively). The ORFs for
G were moderately identical within groups (82 and 85%, re-
spectively), and the predicted amino acid sequences of G were
marginally less conserved (78 and 75%, respectively).

Tables 3 and 4 show the levels of identity of the nucleotide
and amino acid sequences of various hMPV ORFs between
and within subgroups. The ORFs and the predicted amino acid
sequences of G were highly identical within members of each
subgroup (nucleotide identities, 92% for subgroup 1A, 96%
for subgroup 1B, and 97% for subgroup 2B; amino acid iden-
tities, 88% for subgroup 1A; 93% for subgroup 1B, and 96%
for subgroup 2B).

SH. SH is predicted to be a type II glycoprotein that is
inserted in the plasma membrane by a hydrophobic signal-
anchor sequence located near its amino terminus (Fig. 2). The
predicted length of SH in group 1 isolates except for strain
CAN97-83 was 183 amino acids, as stated above (Table 1). The
predicted length of SH in group 2 isolates was 177 amino acids.
The predicted extracellular domain had two to four potential
motifs for N-linked glycosylation and two to five potential sites

TABLE 3. Levels of identity of nucleotide and amino acid sequences within and between subgroups 1A and 1B

% Nucleotide sequence identity
within subgroup

% Nucleotide sequence

% Amino acid sequence identity

e % Amino acid sequence
within subgroup

Protein identity between subgroups identity between subgroups
Subgroup 1A Subgroup 1B* 1A and 1B Subgroup 1A Subgroup 1B* 1A and 1B

N 99 97-100 (99) 93-94 (94) 99 99-100 (99) 99-100 (99)

P 97 96-100 (98) 92-93 (92) 98 98-100 (99) 95-96 (95)

M 99 97-100 (99) 94-95 (94) 100 99-100 (99) 99 (99)

F 96 96-100 (99) 84-86 (85) 99 98-99 (99) 98 (98)

M2-1 99 98-100 (99) 93-94 (94) 99 98-100 (99) 96-97 (97)

M2-2 99 97-100 (99) 95-96 (95) 100 97-100 (99) 95-97 (96)

SH 98 95-100 (98) 90-91 (91) 97 94-100 (97) 83-97 (86)

G 92 92-100 (96) 75-78 (76) 88 86-100 (93) 60-65 (62)

“ Values are ranges (average) of identity obtained for comparison of strains within and between subgroups 1A and 1B.
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00_1 119
JPS03_180 MITLDVIKSDGSSKTCTHLKKIIKDHSGK?LIVLKLILALLTFLTVTITINYI?VENNLOIGQSKTESDKKDSSSNIISVITKTTLNHNITOYFKSLIORYTNSAIN—RDTCWKISRNOC 119
CAN97_83 MITLDVIKSDGSSKTCTHLKKIIKDHSGK?LIALKLILALLTFFTITITINYI?VENNLOIGOSKTESDKEDSP§NIISVITKTTLDHDITOYFKRLIORYTDSVIN—KDTCWKISRNQC 119
JPS03_176 MITLDVIKNDGSSKTCTHLKKIIKDHSGK?LIALKLILALLTFFTVTITlNYI?VENNLQICOSKTESNKEDSP§NIISVITKTTLNHDITOYFKRLIQRYTDSVIN—KDTCWKISRNOC 119
JPS03_187 MITLDVIKNDGSSKTCTHLKKIIKDHSGK?LIALKLILALLTFFTVTIT|NYI¥VENNLQIGQSKTESDKEDSP§NIISVITKTTLNHDITOYFKRLIORYTDSVIN—KDTCWKISRNOC 119
JPS03_178 MITLDVIKNDGSSKTGTHLKKIIKDHSGK&LIALKLILALLTFFTVTITINYI;VENNLOICOSKTESDKEDSP§NIISVITKTTLNHDITQYFKRLIORYTDSV]N—KDTCWKISRNQC 119
JPS03_240 MITLDVIKNDGSSKTCTHLKKIIKDHSGK&LIALKLILALLTFFTVTITINY!?VENNLOICOSKTESDKEDS§§NIISVITKTTLNHDITOYFKRLIORYTDSVIN—KDTCWKISRNOG 119
CAN98_75 MKTLDVIKSDGSSETCNOLKKIIKKHSGK;LIASKPTLALLTSFTVTITVNYT?VENNLOACOLKNESDKKDTKLNTISTIlRPIPDLNAVOYLKRLIOKHTNSVTKDRDTCWRIHTNOC 120
JPS02_76 MKTLDVIKSDGSSETCNQLKKTIKKHSGK&LIVLKLILALLTFFTVTITVNYI?VENNLOACOSKNESDKKVIKPNTISTIIRPIPDLTVVHYLKRLIQRHTNFVIKDSDTCWRIHKNOC 120
JPS03_194 MKTLDVIKSDGSSETCNQLKKTIKKHSGK&LIVLKLILALLTFFTVTlTVNYI?VENNLQACOSKNESDKKVTKLNTISTIIRPIPDLTVVHYLKRLIQRHTNFVIKDSDTCWRIHKNQC 120
® ootk ook dok sokok ok ****g** * folok ok kobok ok %****** sk sk ko K ook % * ok ok X ook koK
v v
00_1xx0 TNITTYKFLCFKSEDTKTNNCDKL TDLCRNKPKPAVGVYH | VECHC | YTVKWKCYHYPTDETQS 183
JPS03_180 TNITTYKFLCFKSEETKTNNCDKL TDLCRNKPKPAVEVYH | VECHG I YTVKWKCYHYP IDETQS 183
CAN97_83 TNITTYKFLCFKPEDSK INSCDRLTDLCRNKSKSAAEAYHTVECHCI YT | EWKCYHHS ID-——- 179
JPS03_176  TNITTYKFLCFKPEDSKINSCDRLTDLCRNKSNSAVEAYHTVECHCI YT IEWKCYHYSIDKTQS 183
JPS03_187  TNITTYKFLCFKPEDSKINSCDRLTDLCRNKSNSAVEAYHTVECHCI YT IEWKCYHYSIDKTQS 183
JPS03_178  TNITTYKFLCFKPEDSKINSCDRLTDLCRNKSNSAVEAYHTVECHCI YT IEWKCYHYSIDKTQS 183
JPS03_240  TNITTYKFLCFKPEDSKINSCDRLTDLCRNKSNSAVEAYHTVECHCI YT IEWKCYHYSIDKTQS 183
CAN98_75 TNIKIYKFLCFGSMNSTNTDCEEPTVLCDKKSKTMTEKHRKAECHRPHT TEWWCHYL —————- 177
JPS02_76 TNIKIYKFLCFGF INSTGTDCEELTTLCDKKLK TMVEKHRKAECHCLH | TEWGCYYL———-——— 171
JPS03_194  TNIKIYKFLCFGF INSTGTDGEELTTLCDKKLKTMVEKHGKAECHCLH | TENGCYYP-—————— 177
sk sotolotolok EE S sokok * %

FIG. 2. Comparison of the predicted amino acid sequences of SH of hMPV isolates. The predicted amino acid sequence of SH of hMPV with
cysteine residues is shown in boldface type, potential N-linked glycosylation sites are shaded in gray, and potential O-glycosylation sites are
underlined. Dashes indicate gaps introduced to maximize the alignment or to denote the absence of corresponding amino acids. The asterisks
underneath each alignment denote amino acid identity among all sequences. Proposed intracellular, transmembrane, and extracellular domains are

indicated above the sequences.

for O-linked glycosylation (14) (Fig. 2). Although the NYT
sequence in the CAN98-75 isolate was a consensus N-linked
glycosylation site, it is unlikely to be glycosylated within the
membrane. The transmembrane domain might be shifted in
this sequence, or this site might not be glycosylated. The pre-
dicted SH sequences contained 9 or 10 cysteine residues, which
were mostly in the extracellular domain, and 9 of these were
conserved among all strains.

G. G is also predicted to be a type II glycoprotein (Fig. 3).
The predicted lengths of G in subgroup 1A, 1B, 2A, and 2B
isolates were 236, 219, 236, and 231 amino acids, respectively.
The predicted extracellular domain had one to four potential
motifs for N-linked glycosylation and more than 40 potential
sites for O-linked glycosylation (Fig. 3). The NAS and NAT
N-linked glycosylation sequences within the intracellular do-
main were potential sites but are unlikely to be used. G con-
tained one or two cysteine residues, one of which was con-
served in the intracellular domain. In group 2 isolates, G had
two cysteine residues, one in the intracellular domain and the
other in the extracellular domain; but those in group 1 isolates
had only one residue.

Noncoding sequences. hMPV contains a 3’ leader region,
followed by nine putative genes and a 5’ trailer region (4, 22,
36). The transcriptional control sequences are conserved at the
beginning (gene-start) and end (gene-end) of each gene. In-
tergenic sequences are located between the gene boundaries.
Figure 4 shows the putative gene-start, gene-end, and inter-
genic sequences of the seven new hMPV isolates and three
strains described previously. The overall gene-start signals (G
GGAC/UAAA/GU) for the genes for P, M, F M2, SH, and G
identified in the three strains described previously were well
conserved in the seven new isolates (4, 36). As described be-
fore (4, 36), there was an additional ATG codon upstream of
the gene-start motif of the gene for SH (Fig. 4).

The putative gene-end signals (AGUU/AA/UnnA/UA4-7
where n is any nucleotide) of the genes for N, P, M, F, M2, SH,
and G were also conserved in the seven new isolates as well as
the three published strains of hMPV (Fig. 4). Strains JPS03-
194 (group 2) and CAN97-83 (group 1) had one A-to-U nu-
cleotide substitution in the poly(A) tail.

The lengths of the putative intergenic sequences of the
hMPYV gene varied (Fig. 4). The intergenic regions of the N-P,
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Intra-cellular domain Transmembrane domain Extra-cellular domain
00-1 MEVKVENIRTIDMLKARVKNRVARSKCFKNAS_VLIGITTLSIALNIYLIIgYKMQKNTSESEHHI§§SPME§§RETPIVPIDN§DIN§§PJHPIQQ§IEGSTLYFAASAS§PEIEPI§I 120
JPS03-180 MEVKVENIRTIDMLKARVKNRVARSKCFKNAS_ILIGITTLSIALNIYLII@YTMQENTSESEHHI§§SPMES§RETPIVPMDN§DTNPG§JYPIQO§IEG§ILH§AA§I§PPEIEPI§I 120
CAN97-83 MEVKVENIRAIDMLKARVKNRVARSKCFKNAS_ILIGITTLSIALNIYLIIéYTIOKTSSESEHHI§§PPIESNKEASII§TDNPDINPN§JHPIGO§IENPILNPAA§V§P§EIEPA§I 120
JPS03-176 MEVKVENIRAIDMLKARVKNRVARSKCFKNAS_ILIGITTLSIALN!YLIIgYTIQKTISESEHHIG§PPIESNKET§TlPlDNPDINPN§JHPIOOPIESLTLYPA§SVS§§EIEPA§I 120
JPS03-178 MEVKVENIRAIDMLKARVKNRVARSKCFKNAS_ILIGITTLSIALNIYLII@YTIOKTISESEHHIG§PPIESNKETSTISIDNPDINPN§JHPIOQPIESLTLYPA§SVS§§EIEPA§I 120
JPS03-187 MEVKVENIRAIDMLKARVKNRVARSKCFKNAS_ILIGITTLSIALNIYLIIQYTIQKTISESEHHIG§PPIESNKET§TISIDNPDINPN§DHPIOQPIESLTLYPA§SVS§§EIEPA§I 120
JPS03-240 MEVKVENIRAIDMLKARVKNRVARSKCFKNAS_ILIGITTLSIALNIYLII&YTIOKTISESEHHI§§PPIESNKET§TIPIDNPDINPN§DHPIOOPIESLTLYPA§SVS§§EIEPA§I 120
CAN98-75 MEARVENIRAIDMFKAKMKNRIRSSKCHRNAT-ILIGSTAPSMALNTLLIIéHATSKNMTKVEHGVNMPPVEP§KKTPMI§AADPNIKPNP5OATOLTIEDSISLAATLEDHLHTGTIPI 120
JPS02-76 MEVRVENIRAIDMFKAKIKNRIKSSRCYRNAT-ILIGLTALSMALNIFLIIéHATLRNMIKTENCANMLSAEP§KKTPM1§IAGP§1KPNP}OATOWTIEN§I§PAATLEGHPYIETIQI 120
JPS03-194 MEVRVENIRAIDMFKAKIKNRIRSSRGYRNAT-ILIGLTALSMALNIFLIIéHATLRNMIKTENCANMP§AEP§KKIPMI§IAGP§IKPNP}OATQWTIENS PAATLEGHPYTGTTQT 120
Kk RkkRk RRk kK Rk K K Rk KRRk kK kkk K : * * * kk Rk k% * %
v v
00-1 PDTTNRPPFVDTHTTPPSASRTKTSPAVHTKNNPRTSSRT—————— 236
JPS03-180 PDTTSRPPFVDTHTTPPSASKTRTSPAVHTKNNPRTNPRT———— 236
CAN97-83 PDTTNRLSSVDRSTAQPSESRTKTKPTVHTRNNPSTASST- 219
JPS03-176 PG| TNRLSSVDRSTTQPSKSRTNTTPTVHKRN | PSTVSRK-———- 219
JPS03-178 PG I TNRLSSVDRSTTQPSKSRINTTPTVHKRN | PSTVSRK-——— 219
JPS03-187 PSITNRLSSVDRSTTQPSKSRTNTTPTVHKRN | PSTVSRK————- 219
JPS03-240 PG I TNRLSSVDRSTTQPSKSKTNTTPTVHKRN I PSTVSRT————— 219
CAN98-75 PDATVSQQTTDEHTTLLRSTNRQTTQTTAEKKPTRAT TKK————-| 236
JPS02-76 PDTTAPQQTTDKHTALPKSTNEQ I TQTTTEKKTTRATTQKREKGKENTNQTTSTAATQTTNTTNQ IRNASET I TTSDRPRTD | TTQSSEQTTRATEPGSPPHHARRDAGPR——————————~ 231
JPS03-194 PDTTAPQQTTDKHTALPKSTNEQ | TQTTTEKKTTRATTQKRKKGKENTNQTTSTAATQTTNTTNG IRNASET I TTSDRPRIDTTTQSSEQTTRATEPGSSPYHARRGAGPR—————————~ 231

* * ok

* % *% *

FIG. 3. Comparison of the predicted amino acid sequences of G of hMPV isolates. The predicted amino acid sequence of G of hMPV with
cysteine residues is shown in boldface type, potential N-linked glycosylation sites are shaded in gray, and potential O-glycosylation sites are
underlined. Dashes indicate gaps introduced to maximize the alignment or to denote the absence of corresponding amino acids. The asterisks
underneath each alignment denote amino acid identity among all sequences. Proposed intracellular, transmembrane, and extracellular domains are
indicated above the sequences. The square indicates the positions of conserved amino acid residues.

P-M, M-F, M2-SH, and SH-G boundaries were 2 to 3, 8, 30 to
34,10 to 13, and 115 to 126 bp, respectively. The length of the
F-M2 boundary differed in both the genetic groups and the
subgroups. The F-M2 boundaries in subgroup 1A isolates (iso-
lates 00-1 and JPS03-180) were 41 and 67 bp, respectively, and
those in subgroup 1B isolates (isolates CAN97-83, JPS03-176,
JPS03-178, JPS03-187, and JPS03-240) and group 2 isolates
(isolates CAN98-75, JPS02-76, and JPS03-194) were 13 to 20
and 1 bp, respectively.

DISCUSSION

In the present study, the complete predicted gene sequences
of N, P, M, F, M2-1, M2-2, SH, and G of seven newly isolated
hMPV isolates were determined and compared with the se-
quences of three hMPV genomes published previously. Phylo-
genetic analyses indicated that hMPV isolates could be divided
into two major genetic groups, tentatively named groups 1 and
2 (Fig. 1), which is consistent with the partial or complete
sequences of the genes for N, P, M, F, and L reported previ-
ously (2, 5, 9, 25, 31, 37, 38). Each group could be further
divided into two subgroups, tentatively named subgroups 1A
and 1B and subgroups 2A and 2B (Fig. 1). The other published

sequences of the genes for N, P, M, and F (GenBank accession
numbers AY145242 to AY145301, AY256863 to AY256867,
AY321506, AY321507, AY355328, AY355335) were classified
into four subgroups (data not shown). In a previous phyloge-
netic analysis based on partial F sequences (80 bp) (9), 57
hMPYV isolates were classified into two distinct genetic groups
(groups 1 and 2) and also, potentially, into four subgroups.
However, due to the small number of hMPYV isolates, we can-
not conclude that all h(MPV isolates can be clustered into one
of the four subgroups. The findings for additional sequences
from around the world may require modification of the classi-
fication, but so far, the classification seems to be appropriate.

The most interesting observation in this study was that pu-
tative ORFs for G in hMPVs were classified into four sub-
groups by phylogenetic analysis, as were other putative ORFs
for N, P, M, F, M2, and SH, and that the predicted G amino
acid sequences within each subgroup were highly conserved
(Tables 3 and 4). The numbers of amino acids in the ORFs
within the subgroups were also identical. In hRSV, the num-
bers of amino acids for G ranged from 289 to 299, but the
numbers for G in groups A and B are not the same (8, 12, 26,
27, 34). The nine partial sequences of hMPV G available in
GenBank (accession numbers AY327802 to AY327810) be-
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TABLE 4. Levels of identity of nucleotide and amino acid sequences within and between subgroups 2A and 2B

% Nucleotide sequence identity
within subgroup

% Nucleotide sequence

% Amino acid sequence identity

S % Amino acid sequence
within subgroup

Protein identity between identity between subgroups
Subgroup 2A Subgroup 2B subgroups 2A and 2B* Subgroup 2A Subgroup 2B 2A and 2B

N NA? 99 95 (95) NA 100 98 (98)

P NA 99 93-94 (94) NA 99 95-96 (95)

M NA 99 95 (95) NA 100 99 (99)

F NA 98 81-82 (82) NA 99 98 (98)

M2-1 NA 100 94 (94) NA 100 97 (97)

M2-2 NA 100 95 (95) NA 100 97 (97)

SH NA 98 88 (88) NA 98 82-83 (82)

G NA 97 78-79 (79) NA 96 64-66 (65)

“ Values are ranges (average) of identity obtained for comparison of strains within and between subgroups 2A and 2B.

®NA, not applicable because only a single isolate was tested.

longed to subgroup 1A, and 81% amino acid identity was
detected among the G sequences from subgroup 1A (data not
shown). Considering that the attachment proteins of para-
myxoviruses are one of the major protective antigens (8, 22),
immunological pressure might function to cause the genetic
diversity of hMPV G in the extracellular domain (Fig. 3). The
subgroups of hMPV isolates might be useful not only for in-
vestigation of the antigenic variability of h(MPV but also for the
study of the neutralizing antibodies against homologous or
heterologous subgroups of hMPV. In hRSV, although the ex-
tracellular domain of G is variable between groups A and B, a
strictly conserved 13-amino-acid region in the central extracel-
lular domain is noted (19). This conserved domain contains
four closely spaced, exactly conserved cysteine residues and
coincides with a tight turn in the predicted structure (23). In
contrast, the predicted sequence of the G of hMPV lacked
both the conserved 13-amino-acid region and the four cysteine
residues (Fig. 3). Instead, hMPV G had a relatively well con-
served region from residues 92 to 103, in which 50% (6 of 12)
of the amino acids were identical (Fig. 3, square). This part
might be involved in the attachment of G to cellular receptors.
Cysteine residues of the predicted sequence of the SH of
hMPV were well conserved, and this might be helpful in sta-
bilizing the structure of SH.

The sequences of the ORFs of three putative surface pro-
teins (F, SH, and G) were divergent between the two groups
(Table 2). The predicted amino acid sequences of F were well
conserved between the two groups, but the sequences of SH
and G were less well conserved (Table 2). Nucleotide substi-
tutions in the SH extracellular domain and the G extracellular
domain were closely associated with amino acid substitutions
(SH, 89.1%; G, 91.6%); the rate of amino acid substitutions
was low (10.6%) for F (data not shown). This observation is
consistent with previously reported findings for the G of h(MPV
(4) and the G of hRSV (16).

The putative gene-start signals (GGGAC/UAAA/GU) for
the genes for P, M, F M2, SH, and G and the putative gene-end
signals (AGUU/AA/UnnA/UA4-7) for the genes for N, P, M,
F, M2, SH, and G identified in the three published strains were
well conserved in the seven newly isolated hMPVs (Fig. 4) (4,
36). Those motifs were similar to those of hRSV (gene-start,
GGGGCAAAUU/A; gene-end, AGUU/AAnU/AU/AA/UA
AAA) (8). Further study is needed to determine whether those
motifs function as gene-start and gene-end signals.

In conclusion, genes encoding the putative N, P, M, F, M2-1,
M2-2, SH, and G of seven newly isolated hMPVs were ana-
lyzed. Phylogenetic analysis of the nucleotide sequences indi-
cated that there were two genetic groups (groups 1 and 2),
which were further subdivided into two subgroups, tentatively
named subgroups 1A and 1B and subgroups 2A and 2B. The
predicted amino acid sequences of G within members of each
subgroup were highly conserved. The G of hMPV is thought to
be the major antigenic determinant and to play an important
role in the production of neutralizing antibodies. Clarification
of the antigenic diversity of G is important for epidemiological
analysis and for the establishment of strategies to prevent
hMPYV infections.
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