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Analysis of the Genomic Sequence of a Human Metapneumovirus
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We recently described the isolation of a novel paramyxovirus from children with respiratory tract disease in The
Netherlands. Based on biological properties and limited sequence information the virus was provisionally classified as the
first nonavian member of the Metapneumovirus genus and named human metapneumovirus (hMPV). This report describes
the analysis of the sequences of all h(MPV open reading frames (ORFs) and intergenic sequences as well as partial
sequences of the genomic termini. The overall percentage of amino acid sequence identity between APV and hMPV N, P, M,
F, M2-1, M2-2, and L ORFs was 56 to 88%. Some nucleotide sequence identity was also found between the noncoding regions
of the APV and hMPV genomes. Although no discernible amino acid sequence identity was found between two of the ORFs
of hMPV and ORFs of other paramyxoviruses, the amino acid content, hydrophilicity profiles, and location of these ORFs in
the viral genome suggest that they represent SH and G proteins. The high percentage of sequence identity between APV and
hMPYV, their similar genomic organization (3'-N-P-M-F-M2-SH-G-L-5’), and phylogenetic analyses provide evidence for the

proposed classification of hMPV as the first mammalian metapneumovirus.

© 2002 Elsevier Science (USA)
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INTRODUCTION

Recently we reported the isolation of human meta-
pneumovirus (hMPV) from nasopharyngeal aspirate
samples taken from young children in the Netherlands
(van den Hoogen et al., 2001). The clinical symptoms of
these children were largely similar to the respiratory tract
illnesses caused by the human respiratory syncytial vi-
rus (hRSV), ranging from mild respiratory problems to
severe cough, bronchiolitis, and pneumonia. The newly
discovered virus displayed a high percentage of se-
quence identity with and probably a genomic organiza-
tion similar to avian pneumovirus (APV), the etiological
agent of an upper respiratory tract disease in turkeys
(Cook, 2000; Giraud et al, 1986). APV, also known as
turkey rhinotracheitis virus (TRTV), belongs to the Meta-
pneumovirus genus, which together with the Pneumovi-
rus genus constitutes the Pneumovirinae subfamily
within the Paramyxoviridae family (International Commit-
tee on Taxonomy of Viruses, 2000). The Pneumovirus
genus contains the mammalian respiratory syncytial vi-
ruses (human, ovine, bovine RSV) and pneumonia virus
of mice (PVM). Until the discovery of hMPV, APV was the
sole member of the Metapneumovirus genus. The clas-
sification of the two genera is based primarily on the
gene constellation; metapneumoviruses lack nonstruc-
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tural proteins NS1 and NS2 and the gene order is differ-
ent from that of pneumoviruses (RSV, 3’-NS1-NS2-N-P-
M-SH-G-F-M2-L-5"; APV, 3'-N-P-M-F-M2-SH-G-L-5") (Col-
lins et al, 1986; Randhawa et al.,, 1997; Ling et al., 1992;
Yu et al., 1992).

Sequence analyses of the nucleoprotein (N), phospho-
protein (P), matrix protein (M), and fusion protein (F)
genes of hMPV revealed the highest percentage of se-
quence identity with APV serotype C, the avian pneumo-
virus found primarily in birds in the United States. These
analyses also revealed the absence of NS1 and NS2 at
the 3’ end of the viral genome and positioning of F
immediately adjacent to M. Here we present the se-
quences of the putative 22K protein (M2), the small hy-
drophobic protein (SH), the attachment glycoprotein (G),
and the large polymerase protein (L) genes, the inter-
genic regions, and the trailer sequence. In combination
with the sequences described previously the sequences
presented here complete the genomic sequence of
hMPV with the exception of the extreme 12—15 nt of the
genomic termini and establish the genomic organization
of hMPV. Side by side comparisons of the sequences of
the hMPV genome with those of APV subtypes A, B, and
C, hRSV subgroups A and B, bRSV, PVM, and other
paramyxoviruses provide strong evidence for the classi-
fication of hMPV in the Metapneumovirus genus.

RESULTS
Sequence strategy

hMPV isolate 00-1 (van den Hoogen et al., 2001) was
propagated in tertiary monkey kidney (tMK) cells and
0042-6822/02 $35.00
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FIG. 1. Genomic map of hMPV isolate 00-1. The putative ORFs and the nt positions of the start and stop codons are indicated. The double lines
crossing the L ORF indicate the shortened representation of the L gene. Note that the length of the genome is still uncertain since the sequence of
the genomic termini reflects primer sequences. The three reading frames below the map indicate the primary G ORF (nt 6262—-6972) and overlapping

potential secondary ORFs.

RNA isolated from the supernatant 3 weeks after inocu-
lation was used as template for RT-PCR analyses. Prim-
ers were designed on the basis of the partial sequence
information available for AMPV 00-1 (van den Hoogen et
al., 2001) as well as the leader and trailer sequences of
APV and RSV (Randhawa et al, 1997; Mink et al,, 1991).
Initially, fragments between the previously obtained
products, ranging in size from 500 to 4000 bp in length,
were generated by RT-PCR amplification and sequenced
directly. The genomic sequence was subsequently con-
firmed by generating a series of overlapping RT-PCR
fragments ranging in size from 500 to 800 bp that repre-
sented the entire hMPV genome. For all PCR fragments,
both strands were sequenced directly to minimize am-
plification and sequencing errors. The nucleotide and
amino acid sequences were used to search for related
sequences in the GenBank database using the BLAST
software (http://www.ncbi.nIm.nih.gov/BLAST). Putative
protein names were assigned to open reading frames
(ORFs) based on sequence identity with known viral
genes as well as their location in the genome. Based on
this information, a genomic map for hMPV was con-

structed (Fig. 1). The hMPV genome was found to be
13,378 nt in length and its organization was found to be
similar to the genomic organization of APV. It should be
noted that the sequence of the genomic termini reflects
primer sequences and therefore these parts of the ge-
nome are still uncertain with respect to size and se-
quence. Below, we present a comparison between the
ORFs and noncoding sequences of hMPV and those of
other paramyxoviruses and discuss the important simi-
larities and differences.

The nucleoprotein ORF

As shown previously (van den Hoogen et al., 2001) the
first gene in the genomic map of hMPV codes for a
394-aa protein, which resembles the N protein of other
pneumoviruses. The length of the N ORF is identical to
the length of the N ORF of APV-C (Table 1) and is smaller
than those of other paramyxoviruses (Barr et al, 1991).
Analysis of the aa sequence revealed the highest per-
centage of sequence identity with APV-C (88%) and only
7-11% with other paramyxoviruses (Table 2). Barr et al.

Lengths of the Putative ORFs of hMPV and Other Paramyxoviruses

TABLE 1

N® P M F M2-1 M2-2 SH G L
hMPV 394 294 254 539 187 71 183 236 2005
APV A 391 278 254 538 186 73 174 391 2004
APV B 391 279 2564 538 186 73 b 414 —°
APV C 394 294 254 537 184 71 b —° —°
APVD _b _b _b _b _b _b _b 389 _b
hRSV A 391 241 256 574 194 90 64 298 2166
hRSV B 391 241 256 574 195 90 65 299 2166
bRSV 391 241 256 574 186 90 81 257 2162
PVM 393 295 257 537 176 98 92 396 —°
Others® 418-542 2256-709 335-393 539-565 — — —7 — 2183-2262

? Lengths in amino acid residues.
 Sequence not available.
“Human parainfluenza virus types 2 and 3, Sendai virus, measles virus, Nipah virus, phocine distemper virus, and Newcastle disease virus.

¢ ORF absent in viral genome.
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(1991) identified three regions of similarity between vi-
ruses belonging to the order Mononegavirales: A, B, and
C (Fig. 2). Here, aa residues are regarded as similar
when they are replaced by aa residues from a group
sharing some physical or chemical properties: hydropho-
bic/aliphatic (I, L, V, M, and A); small/neutral (G, P, S, T,
and A); acidic/polar (D, E, Q, and N); aromatic (F, Y, W, and
H); basic (K and R); thiol (C). Although similarities are
highest within a virus family, these regions are highly
conserved between virus families. In all three regions
hMPV revealed 99.3% aa sequence similarity with APV-C,
98.6% with APV-A, 95.3% with APV-B, and 78-92% with
RSV and PVM. The region between aa residues 160 and
340 appears to be highly conserved among metapneu-
moviruses and to a somewhat lesser extent in the Pneu-
movirinae (Miyahara et al., 1992; Li et al., 1996; Barr et al.,
1991). This is in agreement with hMPV being a meta-
pneumovirus, showing 99% similarity with APV-C.

The phosphoprotein ORF

The second ORF in the genome map codes for a
294-aa protein which shares 68% aa sequence identity
with the P protein of APV-C and only 22—24% with the P
protein of RSV (Table 2). The putative P gene of hMPV
contains one substantial ORF and in that respect is
similar to P from many other paramyxoviruses (reviewed
in Lamb and Kolakofsky, 1996; SedIimeier and Neubert,
1998).

In contrast to APV-A and -B and PVM and similar to
RSV and APV-C the hMPV P ORF lacks cysteine residues.
The C-terminus of the hMPV P protein is rich in gluta-
mate residues as has been described for APVs (Ling et
al, 1995). Ling et al. (1995) suggested that a region of
high similarity between all pneumoviruses (aa 185—241)
plays a role either in the RNA synthesis process or in
maintaining the structural integrity of the nucleocapsid
complex. This conserved region may represent the do-
main that interacts with the polymerase protein. This
region of high similarity is also found in hMPV (Fig. 3),
showing 100% similarity with APV-C, 93% with APV-A and
-B, and approximately 81% with RSV (see the section on
the N ORF for the definition of similarity).

The matrix protein ORF

The third ORF of the hMPV genome encodes a 254-aa
protein, which resembles the M ORFs of other pneumo-
viruses. The putative M ORF of hMPV has exactly the
same size as the M ORFs of other metapneumoviruses
(Table 1) and shows high aa sequence identity with the
matrix proteins of APV (76—-87%), lower identity with those
of RSV and PVM (37-38%), and 10% or less identity with
those of other paramyxoviruses (Table 2).

Easton and Chambers (1997) compared the se-
quences of matrix proteins of all pneumoviruses and
found a conserved hexapeptide at residue 14 to 19 that is

50
HMPV  MSLOGIHLSDLSYKHAILKESQYTIKRDVGTTTAVTPSSLQQEITLLCGE
APVC ...... et e e e e e R.VS.....
APVB ...ES.R....E...... Do R....A...I...E..PKVST...M
APVA ...ES.R....E...... ED..... R....A...I...E..PQVST...M
HRSVA .A.SKVK. N TLN.DQL.S5S.K...Q.ST.DSIDTPNYDV.KH.NK. ..M
HRSVB .A.SKVK.N.TLN.DQL.SS.K...Q.ST.DNIDTPNYDV.KHLNK. ..M
BRSV A.SKVK.N.TFN.DQL.ST.K...Q.ST.DNIDIPNYDV KHLNK. ..M
PVM ...DRLK.N.V.N.DSL.SNCK.SVT.ST.DV.S.SGHAM.KALARTL.M
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HMPV ILYAKHADYKYAAEIGIQYISTALGSERVQQILRNSGSEVQVVLTRTYSL
APVC ...... T..SH...V.M..V..T..A..T....K....... A...K....
APVB ..F...... EP..QV.M ........ ADKT....KS...... G.M.KIVT.
APVA V.F T..EP VMoo, AD.T K.o.o..o... G.M.KIVT
HRSVA L.ITED.NH.FTGL..ML.AMSR..R.DTIK...DA.YH.KANGVDVTTH
HRSVB L.ITED.NH.FTGL..ML.AMSR..R.DTIK..KDA.YH.KANGVDITTY
BRSV L.ITED.NK.FTGL..ML.AMSR..R.DTLK..KDA.YQ.RANGVDVITH
PVM F.LTAFNRCEEV....L..AMSL. .RDDSIK...EA.YN.KC.D.QLKDF

150
HMPV  GKIKNNKGEDLOMLDIHGVEKSWVEEIDKEARKTMATLLKESSGNIPQONQ
APVC ..G..S5...E...... ..., R..I..Vo..oooe SAT.DN..P.....

APVB PAEGPIR~-KREV.N..DIGPA.ADNVERT..E..SLMV..K-AQ..K..
APVA SAEGSVR--KREV.N..D.GVG.ADDVERTT.EA.GAMVR.K-VQLTK. .
HRSVA RQDI.G.EMKFEV.TLASLTTEIQIN.EI.S..SYKKM...M-.EVAPEY
HRSVB RQDI.G.EMKFEV.TLSSLTSEIQVN.EI.S..SYKKM...M-.EVAPEY
BRSV RQDV.G.EMKFEV.TLVSLTSEVQGN.EI.S..SYKKM...M-.EVAPEY
PVM TIKLQOG.EYKI.V..

.V.IDAANLADLEIQ..GVV.KE..TG-ARL.D.R
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HRSVA LLPKD..N...EV..KHPHFIDV.VHF.I.QS.TRG..RV.GI.AGL..N
HRSVB LIPKD..N...EV..KHPHLIDV.VHF.I.QS.TRG..RV.GI.AGL..N
BRSV LIPKD..N...EV..KYPHYIDV.VHF.I.QS.TRG..RV.GI.AGL..N
PVM LEVKQ.LE.. ... R.P.YIDV..TF.L.QS.VRG..
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HMPV LLHLRQSPKAGLLSLANCPNE‘ASVVLC NASGLGIIGMYRGRVPNTELFSA
BAPVC v Neoaeaneaeaen )t Lueiiaeaanns A.
BPVB  weeeian, TS v C B ... K..A..L.....
APVA oo, Toeeene ] S VU K..A..L...A.
HRSVA FY.ILNN...S....TQF.H.S..... A....M.E...TPR.QD.YD
HRSVB FY.ILNN...S....TQF...S..... ..A....M.E...TPR.QD.YD
BRSV FY.ILNN...S....TOF...S..... ..A....M.E...TPR.QD.YD
PyM  EY.I.NN. .8, .. .T T AL, S.K.APR.R...D
395
HMPV AESYAKSLKESNKINFSSLGLTDEEKEAAEHFLNVSDDS-QNDYE
REVC ..... | SR Eovvnnn. N...INEEG-.....
APVB  ..... Reweurnn.. LAA....ED.R...TSY.GGDE.K-SQKF.
APVA  ..... RT.R.N....LAA..... D.R...TSY.GGD.ER-SSKE.
HRSVA KA. .EQ...NGV..Y.V.D..A..L..IK.Q..PK.N--DVEL-
HRSVB .KA..EQ...NGV..Y.V.D..A..L..IKNQ..PKE.--DVEL-
BRSV .KA..EQ...NGV..Y.V.D..T..L..IKNQ..PK.N--DVEL-
PVM .KD..ER..DN.V..Y.A.N..A. .R.LISQQ. .IV..TPDD.I~-

FIG. 2. Amino acid sequence comparison of the putative nucleo-
protein ORF of hMPV and other pneumoviruses. The conserved
regions (Barr et al., 1991) are represented by boxes and are labeled
A, B, and C. The conserved region among pneumoviruses (Li et al/.,
1996) is shown shaded in gray. Gaps are represented by dashes and
periods indicate the positions of identical aa residues compared to
hMPV.
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TABLE 2

Amino Acid Sequence Identity between the Putative ORFs of hMPV and Those of Other Paramyxoviruses’

N P M F M2-1 M2-2 L
APV A 69 55 78 67 72 26 64
APV B 69 51 76 67 71 27 —r
APV C 88 68 87 81 84 56 —b
hRSV A 41 24 38 33 36 18 44
hRSV B 41 23 37 33 35 19 44
bRSV 41 22 38 34 35 13 44
PVM 45 26 37 38 34 12 —b
Others® 7-11 4-9 7-10 10-18 —d — 13-15

? Percentage sequence identity could not be determined for the G and SH proteins because these proteins could not be properly aligned with

known G and SH proteins.
?Sequence not available.

°Human parainfluenza virus types 2 and 3, Sendai virus, measles virus, Nipah virus, phocine distemper virus, and Newcastle disease virus.

? ORF absent in viral genome.

also conserved in hMPV (Fig. 4). For RSV, PVM, and APV
small secondary ORFs within or overlapping with the
major ORF of M have been identified (52 and 51 aa in
bRSV, 75 aa in hRSV, 46 aa in PVM, and 51 aa in APV) (Yu
et al, 1992; Easton and Chambers, 1997; Samal and
Zamora, 1991; Satake and VVenkatesan, 1984). We noticed
two small secondary ORFs in the M ORF of hMPV. One
small ORF of 54 aa residues was found within the major
M OREF, starting at nt 2281, and one small ORF of 33 aa
residues was found overlapping with the major ORF of
M, starting at nt 2893 (data not shown). Similar to the
secondary ORFs of RSV and APV there is no significant
sequence identity between these secondary ORFs and
secondary ORFs of the other pneumoviruses, and appar-
ent start and stop signals are lacking. Evidence for the
synthesis of proteins corresponding to these secondary
ORFs of APV and RSV has not been reported.

The fusion protein ORF

The putative F ORF of hMPV is located adjacent to the
putative M ORF, which is characteristic for members of
the Metapneumovirus genus. The F gene of hMPV en-
codes a 539-aa protein, which is 2 aa residues longer
than F of APV-C (Table 1). Analysis of the aa sequence
revealed 81% sequence identity with APV-C, 67% with
APV-A and -B, 33-38% with other pneumovirus F pro-
teins, and only 10—-18% with other paramyxoviruses (Ta-
ble 2). One of the conserved features among F proteins
of paramyxoviruses and also seen in hMPV is the distri-
bution of cysteine residues (Morrison, 1988; Yu et al.,
1991). The metapneumoviruses share 12 cysteine resi-
dues in F1 (7 are conserved among all paramyxoviruses)
and 2 in F2 (1 is conserved among all paramyxoviruses).
Of the three potential N-linked glycosylation sites
present in the F ORF of hMPV, none are shared with RSV
and two (positions 66 and 389) are shared with APV. The
third, unique, potential N-linked glycosylation site for
hMPV is located at position 206 (Fig. 5).

Despite the relatively low percentage of sequence
identity with other paramyxoviruses, the F protein of
hMPV revealed typical fusion protein characteristics con-
sistent with those described for the F proteins of other
Paramyxoviridae family members (Morrison, 1988). F pro-
teins of Paramyxoviridae members are synthesized as
inactive precursors (FO) that are cleaved by host cell
proteases which generate N-terminal F2 subunits and
large C-terminal F1 subunits. The cleavage site is con-
served among all members of the Paramyxoviridae fam-
ily (Collins et al, 1996). The cleavage site of hMPV
contains the residues RQSR. Both arginine residues are
shared with APV and RSV, but the glutamine and serine
residues are shared with other paramyxoviruses such as
human parainfluenza virus type 1, Sendai virus, and mor-
billiviruses (data not shown). In RSV a second cleavage
site (RARR) was found which is separated from the first
cleavage site immediately upstream of the fusion pep-
tide by a stretch of 27 aa. Cleavage at both sites is
required for the acquisition of membrane fusion potential
of the F protein. The F proteins of other pneumoviruses
such as APV and PVM as well as other paramyxoviruses
lack the sequence between the two cleavage sites (Zim-
mer et al., 2001; Gonzalez-Reyes et al., 2001). As can be
seen in Fig. b, this second cleavage site and the con-
necting peptide are absent in the hMPV F protein. The
hydrophobic region at the N-terminus of F1 functions as
the membrane fusion domain and displays a high degree
of sequence similarity among paramyxoviruses and mor-
billiviruses and to a lesser extent among the pneumovi-
ruses (Morrison, 1988; Horvath and Lamb, 1992). This
hydrophobic region (position 137-159, Fig. 5) is con-
served between hMPV and APV-C, which is in agreement
with this region being highly conserved among the meta-
pneumoviruses (Naylor et al, 1998; Seal et al, 2000).
Adjacent to the fusion peptide and transmembrane seg-
ment are two regions that contain heptad repeats (HRA
and HRB) which are relatively poor in glycines, contain
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50

HMPV MSFPEGKDILFMGNEAAKLAEAFQKSLRKPGHKRS

APVC .......... Lo.o..... A..... R..K.I..

APVB ..L....... M..S........ Y.Q.IKNSTSV.-—-—-

APVA .......... M..S....M.D.Y.R...NTSAGG

HRSVA ---M.KFAPE.H.ED.NNR.TK.LE.-~———=——=oemm o
HRSVB ---M.KFAPE.H.ED.NNK.TK.LE.--

BRSV ---M.KFAPE.H.ED.NTK.TK.LE.--———--—-—-——-——————————
PVM --~M.KFAPE.V.ED.N.K..E.L.HRSF.SE.PLAGIPNTATHVTKYNM

100
HMPV VNTVSETLELPTISRPAKPTIPSEPKLAWTDKGGATKTEIKQAIKVMDPI
APVC II..... V.K....KST.V.T.P.R.N..GE.PDT.RSQTEE.RNEAT.E
APVB .S8....KVP..PLCSSETS-——————————— R.ACIRPT-.STLPPIK--
APVA I..IA.KVP..PLCN.TT.--—----—-—--- . .SCI.PN-.APVPKVK--

HRSVA -—-IKGKFTS.-—===mmem e — e —-—--KDPKK.DS.ISVNS.
HRSVB ---IKGKFASS-——=m~=wmorme—mo e ——— ——KDPKK.DS.ISVNS.
BRSV ---LKGKFTSS-—-=-====ommm— e o~ o e KDSRK.DS.ISVNSV
PVM PPILRSSFK..SPRVA.NL.E..A.P~-——--TTPPP.PPQN.EEQPKESDV

150
HMPV EEEESTEKKVLPSSDGKTPAEKKLKPSTNTKKK----- VSFTPNEPGKYT
APVC DASRLY.EVFA.T......... GKETPEKP. . .~~—~~ .T.KND.S.R..
APVB .V.SIYP.LPTAPP.AMIETAHPIGAPKKAQ.R--—--— .K.ESSKA. ...
APVA .I.SIYP.LPTAPVATD.YTSTSTESAKKS..---——- K.DNPKV....

HRSVA DI.VTK.SPITSN.TIIN.TNETDDTAG.KPNYQRKPL. ..KEDPTPSDN
HRSVB DI.VTK.SPITSGTNIIN.TSEADSTPETKANYPRKPL. ..KEDLTPSDN
BRSV DI.LPK.SPITSTNQNINQPSEINDTIATNQVHIRKPL...KEEL.SSEN
PVM DI.TMHVC. . PDNPEHSKKPCCSDDTD.KKT---RKPM.T.VEP.EKFVG

200
HMPV KLEKDALDLLSD-NEEEDAESSILTFEERD--THLSIEARLESIEEKLS
APVC ...ME..E....-..DD..... Voo K.——..A. L., D....
APVB ...EE..E....PD.DN.EK..V..... K.--NAPS....... AL,
APVA ...EEG.E....PE.DN.EK........ K.——.A.T....... A......
HRSVA PFS.LYKETIETFDNN-~E.E.SYSY..INDQ.NDN-.T...DR.D....
HRSVB PFS.LYKETIETFDNN--E.E.SYSY..INDQ.NDN-.T...DR.D....
BRSV PFTRLYKETIETFDNN--E.E.SYSYD.INDQ.NDN-.T...DR.D....
PVM LGASLYRETMQTFAADGYD.E.N.S. ., .TNQEP{.5.V.Q. .DR. .. ...

250
HMPV MILGLLRTLNIATAGPTAARDGIRDAMIGVREELIADIIKHAKGK~~~-~
APVC .......... N VoLiooooiial e T
APVB LDMUKLLS Voo NS.MAJ)....-————
APVA ... M.K.. ... iiiiiiiiiiiaa M..... NS.MTJ)..D.——-——-—
HRSVA E...M.H..VV.S....85........... L...M.EK.RT|.LMTNDRLE
HRSVE E...M.H..VV.S8....5......... V.L...M.EK.RA].LMTNDRLE
BRSV E.I.M.H..VV.5.............. V.L...M.EK.RS|.LMTNDRLE
PVM Y.I.. N.IMV...... Ir...5... .5, T..... EM.KSHILTVNDRIV

300

HMPV ~AAEMMEEEMSQRSKIGNGSVKLTEKAKELNKIVEDESTSGESEEEEEPK

APVC -..... K..

APVB -I..IIK..

APVA -I....K..

HRSVA AM.RLRN..

HRSVB AM.RLRN. .

BRSV AM.RLRD..

PVM AMEKLRD. .C.RADTDDGSACY..DR.RI.D...SSNA-~———~————— E
316

HMPV DTODNSQEDDIYQLIM

APVC EEESNED..L.S.T.

APVB EPDTDGEN....SFD.

APVA ESESDEE:S...N.DL

HRSVA .SDNDLSLE.F-----

HRSVB .SDNDLSL. .F----=

BRSV  SSDNDLSLE.F-=~--

PVM EAKEDLDV. . . MGINF

FIG. 3. Amino acid sequence comparison of the putative phospho-
protein ORF of hMPV and other pneumoviruses. The region of high
similarity (Ling et al., 1995) is boxed, and the glutamate-rich region is
shaded in gray. Gaps are represented by dashes and periods indicate
the position of identical aa residues compared to hMPV.

no helix-breaking prolines, and contain charged aa side
chains in all heptad positions except a and d. These
heptad regions that are necessary for viral fusion (Cham-
bers et al., 1990; Buckland and Wild, 1989; Lamb, 1993,
Russell et al., 2001) are also found in the hMPV F gene.
Whereas a high percentage of sequence identity is found
between HRA of hMPV and all other pneumoviruses
(especially in positions a and d of the repeats), a high

level of sequence identity in HRB is restricted to the
metapneumoviruses (Fig. b).

Furthermore, for RSV and APV, the signal peptide and
anchor domain were found to be conserved within sub-

types

and displayed high variability between subtypes

(Plows and Pringle, 1995; Naylor et al, 1998). At the
N-terminus of F2 of hMPV, 11 of 18 aa residues are
identical to those of APV-C and lower sequence identity
is observed with the signal peptides of other APV or RSV
F ORFs. Much more variability is seen in the membrane
anchor domain at the C-terminus of F1, although some
sequence identity is still seen with APV-C.
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FIG. 4. Amino acid sequence comparison of the putative matrix

protein

ORF of hMPV and other pneumoviruses. The conserved

hexapeptide sequence (Easton and Chambers, 1997) is shaded in gray.
Gaps are represented by dashes and periods indicate the position of
identical aa residues relative to hMPV.
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FIG. 5. Amino acid sequence comparison of the putative fusion protein ORF of hMPV and other pneumoviruses. The cleavage sites are shown
shaded in gray and three hydrophobic domains (the putative signal peptide, fusion domain, and membrane anchor domain) are shown italicalized
in boldface type. The conserved cysteine residues are boxed, putative N-linked glycosylation sites are underlined, and domains HRA and HRB are
indicated with a line above the sequence. Gaps are represented by dashes and periods indicate the position of identical aa residues relative to hMPV.

The 22K protein ORF

The M2 gene is unique to the members of the Pneu-
movirinae subfamily and two overlapping ORFs have
been observed in all pneumoviruses. The first major ORF

represents the M2-1 protein which enhances the proces- S : : . '
sivity of the viral polymerase (Collins et al, 1995, 1996) larity with APV-C in the first 80 aa residues of the protein
(Fig. 6A). The hMPV M2-1 protein contains 3 cysteine res-

idues located within the first 30 aa residues that are con-
served among all pneumoviruses. Such a concentration
of cysteines is frequently found in zinc-binding proteins

and its read-through of intergenic regions (Hardy and
Wertz, 1998; Fearns and Collins, 1999). The putative M2-1
gene for hMPV, located adjacent to the F gene, encodes
a 187-aa protein (Table 1) and reveals the highest per-
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HRSVA MELLILKANAITTILTAVTFCFASGONIT.EFYQST.|. .. 4 . .QLLMQST
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HRB Membrane anchor 583

HMPV ESIENSQALVDQSNRILSSAE--~-KGNTGFIIVIILIAVLGSTMILVSVFIIIKKTKKPTG---AP-PELSGVTNNGFIPHN
APVC ..V.K..N.I....K..D.I.~-=-=...A..V...V..VL.MLAAVG.G..FVV. .R.AAPK---F.-M.MN..N.K....——
APVB ..VDK.KD.I.K..DL.DIEV~~--.S.I.AALA.TILV..SMLI.VGIAYYVV..R.AK.S---NGY.KTT.QS.M.Y.S—-
APVA ...DR..D.I.K..DL.GADA----.SKA.IA.A.VVLVI..IFFL.AVIYYCSRVR.TKPK---HDY.ATT.HSSMAYVS~-

HRSVA .K.NQ.L.FIRK.DEL.HNVN--AG.ST.NIM.TT.I.VIIVILLS.IA.GLLLYCKARS.P-VTLSKDQ...IN.IA.SN-~
HRSVB .K.NQ.L.FIRR.DEL.HNVN--TG.ST.NIM.TT.I.VIIVVLLS.IAIGLLLYCKA.N.P-VTLSKDQ...IN.IA.SK--
BRSV AK.NQ.L.FIRR.DEL.H.VD--VG.ST.NVV.TT.I.VIVVVILM.IA.GLLFYCKT.S.P-IMLGKDQ...IN.LS.SK--
PVM H..NOTRTFFKA.DQL.DLS.NREN.NLNKSY.LTT.LF.VMLII.MAVIGF.LY.VL.MIRDNKLKSKSTP.L.VLS----—

centage of sequence identity with M2-1 of APV-C (84%, (Ahmadian et al., 1999; Cuesta et al, 2000).

Table 2). Comparison of all pneumovirus M2-1 proteins
revealed the highest level of conservation in the N-
terminal half of the protein (Collins et al., 1990; Zamora
and Samal, 1992; Ahmadian et al, 1999), which is in agree-
ment with the observation that hMPV displays 100% simi-
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FIG. 6. Amino acid sequence comparison of the putative M2 ORFs of
hMPV and other pneumoviruses. (A) Alignment of M2-1 ORFs, with the
conserved N-terminus (Collins et al, 1990; Zamora and Samal, 1992)
shown shaded in gray. The conserved cysteine residues are printed in
boldface type and are indicated by pound signs. (B) Alignment of M2-2
ORFs. Gaps are represented by dashes and periods indicate the
position of identical aa residues relative to hMPV.

The secondary ORFs (M2-2) that overlap with the M2-1
ORFs of pneumoviruses are conserved in location but
not in sequence and are thought to be involved in the
control of the switch between virus RNA replication and
transcription (Collins and Wertz, 1985; Collins et al., 1990;
Elango et al., 1985; Baybutt and Pringle, 1987; Ling et al/.,
1992; Zamora and Samal, 1992; Alansari and Potgieter,
1994; Ahmadian et al, 1999; Bermingham and Collins,
1999). For hMPV, the putative M2-2 ORF starts at nt 512 in

the M2-1 ORF (Fig. 1), which is exactly the same start
position as for APV-C. The lengths of the M2-2 ORFs are
the same for APV-C and hMPV, 71 aa residues (Table 1).
Sequence comparison of the M2-2 ORF (Fig. 6B) re-
vealed 56% aa sequence identity between hMPV and
APV-C and only 26-27% aa sequence identity between
hMPV and APV-A and -B (Table 2).

The small hydrophobic protein ORF

The gene located adjacent to M2 of hMPV probably
encodes a 183-aa SH protein (Figs. 1 and 7). There is no
discernible sequence identity between this ORF and
other RNA virus genes or gene products. This is not
surprising since sequence similarity between pneumo-
virus SH proteins is generally low. The putative SH ORF
of hMPV is the longest SH ORF known to date (Table 1).
The aa composition of the SH ORF is relatively similar to
that of APV, RSV, and PVM, with a high percentage
of threonine and serine residues (22, 18, 19, 20, 21, and
28% for hMPV, APV, RSV A, RSV B, bRSV, and PVM,

l\ MITLDVIKSDGSSKTCTHLKKIIKDHSGKVLIVLKLILALLTFLTVTI??
EYTKVENNLQICQSKTESDKKDSSSMIESVTTKTTLNHDITQYFKSL%SE
g
YTNSAINSDTCWKINRNQCTNLITYKFLCFKSEDTKTNNCDKLTDLC;SE
PKPAVGVYHIVECHCIYTVKWKCYHYPTDE%gg

AN\

hMPV

APV-A

WN =0 -2NW

Mean hydrophilicity

1hRSV B
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Position (aa)

FIG. 7. Amino acid sequence analysis of the putative SH ORF of
hMPV. (A) Amino acid sequence of the putative SH ORF of hMPV, with
cysteine residues in boldface type, potential N-linked glycosylation
sites underlined, and the most hydrophobic region represented by a
line above the sequence. (B) Alignment of the hydrophilicity plots of the
SH proteins of hMPV, APV-A, and hRSV-B. The procedure of Kyte and
Doolittle (1982) was used with a window size of 17 aa residues. Arrows
indicate strong hydrophobic domains.
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respectively). The SH ORF of hMPV contains 10 cysteine
residues, whereas APV SH contains 16 cysteine resi-
dues. The SH ORF of hMPV contains two potential N-
linked glycosylation sites (aa 76 and 121), whereas APV
has one, RSV has two or three, and PVM has four.

The hydrophilicity profiles for the putative hMPV SH
protein and SH of APV and RSV revealed similar charac-
teristics (Fig. 7B). The SH ORFs of APV and hMPV have
a hydrophilic N-terminus, a central hydrophobic domain
which can serve as a potential membrane-spanning do-
main (aa 30—53 for hAMPV), a second hydrophobic domain
(aa 165—170), and a hydrophilic C-terminus. In contrast,
RSV SH appears to lack the C-terminal part of the APV
and hMPV ORFs. In all pneumovirus SH proteins the
hydrophobic domain is flanked by basic aa residues,
which are also found in the SH ORF for h(MPV (aa 29 and
54).

The attachment glycoprotein ORF

The putative G ORF of hMPV is located adjacent to the
putative SH gene and encodes a 236-aa protein (nt
6262—6972; Fig. 1). A secondary small ORF is found
immediately following this ORF, potentially coding for 68
aa residues (nt 6973-7179) but lacking a start codon. A
third potential ORF in the second reading frame of 194 aa
residues overlaps both of these ORFs but also lacks a
start codon (nt 6416—7000). This ORF is followed by a
potential fourth ORF of 65 aa residues in the same
reading frame (nt 7001-7198), again lacking a start
codon. Finally, a potential ORF of 97 aa residues (but
lacking a start codon) is found in the third reading frame
(nt 6444-6737, Fig. 1). Unlike the first ORF, the other ORFs
do not have apparent gene start or gene end sequences
(see below). Although the 236 aa G ORF probably repre-
sents at least a part of the hMPV attachment protein, the
possibility cannot be excluded that the additional coding
sequences are expressed as separate proteins or as
part of the attachment protein through some RNA editing
event. It should be noted that for APV and RSV no sec-
ondary ORFs after the primary G ORF have been identi-
fied but that both APV and RSV have secondary ORFs
within the major ORF of G. However, evidence for ex-
pression of these ORFs is lacking and there is no se-
quence identity between the predicted aa sequences for
different viruses (Ling et al., 1992). The secondary ORFs
in hMPV G do not reveal characteristics of other G
proteins and whether the additional ORFs are expressed
requires further investigation.

BLAST analyses with all ORFs revealed no discernible
sequence identity at the nucleotide or aa sequence level
with other known virus genes or gene products. This is in
agreement with the low percentage of sequence identity
found for other G proteins such as those of hRSV A and
B (63%) (Johnson et al, 1987) and APV-A and -B (38%)
(Juhasz and Easton, 1994).

Whereas most of the hMPV ORFs resemble those of
APV in both length and sequence, the putative G ORF of
236 aa residues of hMPV is considerably smaller than
the G ORF of APV (Table 1). The aa sequence revealed a
serine and threonine content of 34%, which is even
higher than the 32% for RSV and 24% for APV. The
putative G ORF also contains 8.5% proline residues,
which is higher than the 8% for RSV and 7% for APV. The
unusual abundance of proline residues in the G proteins
of APV, RSV, and hMPV has also been observed in
glycoproteins of mucinous origin where it is a major
determinant of the proteins’ three-dimensional structures
(Collins and Wertz, 1983; Wertz et al., 1985; Jentoft, 1990).
The G ORF of hMPV contains five potential N-linked
glycosylation sites, whereas hRSV has seven, bRSV has
five, and APV has three to five.

The predicted hydrophilicity profile of hMPV G re-
vealed characteristics similar to those of other pneumo-
viruses. The N-terminus contains a hydrophilic region
followed by a short hydrophobic area (aa 33-53 for
hMPV) and a mainly hydrophilic C-terminus (Fig. 8B).
This overall organization is consistent with that of an
anchored type Il transmembrane protein and corre-
sponds well with these regions in the G protein of APV
and RSV. The putative G ORF of hMPV contains only 1
cysteine residue in contrast to RSV and APV (5 and 20,
respectively). Of note, only two of the four secondary
ORFs in the G gene contained 1 additional cysteine
residue and these four potential ORFs revealed 12—-20%
serine and threonine residues and 6—11% proline resi-
dues.

The polymerase protein ORF

In analogy to other negative-strand viruses, the last
ORF of the hMPV genome is the RNA-dependent RNA
polymerase component of the replication and transcrip-
tion complexes. The L gene of hMPV encodes a 2005-aa
protein, which is one residue longer than the APV-A L
protein (Table 1). The L protein of hMPV shares 64% aa
sequence identity with APV-A, 44% with RSV, and 13—15%
with other paramyxoviruses (Table 2). Poch et al. (1989,
1990) identified six conserved domains within the L pro-
teins of nonsegmented negative-strand RNA viruses,
from which domain Il contained the four core polymer-
ase motifs that are thought to be essential for polymer-
ase function. These motifs (A, B, C, and D) are well
conserved in the hMPV L protein: hMPV shares nearly
100% aa sequence similarity with other pneumoviruses.
For the entire domain Il (aa 625—847 in the hMPV L ORF),
hMPV shares 83% aa sequence identity with APV, 67—
68% with RSV, and 26—-30% with other paramyxoviruses
(Fig. 9). In addition to these polymerase motifs the pneu-
movirus L proteins contain a sequence which conforms
to a consensus ATP-binding motif, K(X),;GEGAGN(X),,K
(Stec et al, 1991). The hMPV L ORF contains a similar
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FIG. 8. Amino acid sequence analysis of the putative G ORF of hMPV.
(A) Amino acid sequence of the putative G ORF of hMPV, with the
cysteine residue in boldface type, potential N-linked glycosylation sites
underlined, and the hydrophobic region represented by a line above
the sequence. (B) Alignment of the hydrophilicity plots of the G proteins
of hMPV, APV-A, and hRSV-B. The procedure of Kyte and Doolittle (1982)
was used with a window size of 17 aa residues. Arrows indicate
hydrophobic domains.

motif as APV, in which the spacing of the intermediate
residues is off by 1: K(X),,GEGAGN(X),,K.

Phylogenetic analyses

As an indicator for the relationship between hMPV and
members of the Pneumovirinae, phylogenetic trees
based on the N, P, M, and F ORFs were constructed
previously (van den Hoogen et al.,, 2001) and revealed a
close relationship between hMPV and APV-C. Because
of the low level of sequence identity of the hMPV SH and
G genes with those of other paramyxoviruses, reliable
phylogenetic trees for these genes could not be con-
structed. In addition, the distinct genomic organization
between members of the Pneumovirus and Metapneu-
movirus genera makes it difficult to generate phyloge-
netic trees based on the entire genomic sequence. We
therefore constructed phylogenetic trees for only the
M2-1 and L genes in addition to those previously pub-

lished. Both these trees confirmed the close relationship
between APV and hMPV within the Pneumovirinae sub-
family (Fig. 10).

hMPV noncoding sequences

The noncoding regions between the ORFs of pneumo-
viruses contain gene end signals, intergenic regions,
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FIG. 9. Amino acid sequence comparison of a conserved domain of
the putative polymerase ORF of hMPV and other paramyxoviruses.
Domain Il is shown with the four conserved polymerase motifs (A, B,
C, and D) boxed (Poch et al, 1989, 1990). Gaps are represented by
dashes and periods indicate the position of identical aa residues
relative to hMPV. HPIV2 and HPIV3, human parainfluenza virus types 2
and 3; SV, Sendai virus; NDV, Newcastle disease virus; MV, measles
virus; NIPAH, Nipah virus.
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FIG. 10. Phylogenetic analyses of the M2-1 and L ORFs of hMPV and
selected paramyxoviruses. The putative M2-1 (A) and L (B) ORFs of
hMPV were aligned with those from selected paramyxoviruses (see
legend to Fig. 9) and phylogenetic trees were generated by maximum-
likelihood analyses using 100 bootstraps and three jumbles. The most
probable trees are shown with numbers representing the bootstrap
values calculated from the consensus trees. The scale bars roughly
represent 10% of nucleotide changes between close relatives.

and gene start signals, and they vary in size and se-
quence (Curran and Kolakofsky, 1999; Blumberg et al.,
1991; Collins and Wertz, 1983). The noncoding se-
guences between the hMPV ORFs range in size from 23
to 209 nt (Fig. 11A) and do not reveal significant se-
qguence identity with those of APV and RSV. The region
between the M and F ORFs of hMPV contains part of a
potential secondary ORF, which starts in the primary M
ORF (see above). The region between SH and G ORFs of
201 nt does not appear to have coding potential based
on the presence of numerous stop codons in all three
reading frames. The region between G and L of 209 nt
may encode additional ORFs in two reading frames (see
above). Interestingly, the start of the L ORF is located in
these secondary ORFs. Whereas the L gene of APV does
not start in the preceding G ORF, the L ORF of RSV starts
in the preceding M2 gene. Comparison of the noncoding
sequences between the ORFs of hMPV revealed a con-
sensus sequence for the gene start signal of the N, P, M,
F, M2, and G genes, GGGACAA A/G U (Fig. 11A), which
is similar to the consensus gene start signal of the APV
(Ling et al, 1992; Yu et al., 1992; Li et al, 1996; Bayon-
Auboyer et al, 2000). The gene start signals for the SH
and L genes of hMPV were found to be slightly different
from this consensus (SH, GGGAUAAAU; L, GAGA-
CAAAU). For APV the gene start signal of L was also
found to be different from the consensus: AGGACCAAT
(APV-A) (Randhawa et al, 1996) and GGGACCAGT
(APV-D) (Bayon-Auboyer et al., 2000).

In contrast to the similar gene start sequences of
hMPV and APV, the consensus gene end sequence of
APV, UAGUUAAUU (Chambers et al., 1990; Randhawa et
al, 1996), could be found only in the F and L genes of
hMPV. Variants of this motif, with 1 to 3 nt substitutions,
were found in the N, P, M, M2, and SH genes, but no
homologue was found in G. Another repeated sequence
(UAAAAA U/A/C) was found downstream of each of the
hMPV ORFs except G. The gene end signal described for
G of APV Fr/85/1 (Bdyon-Auboyer et al., 2000) was found
also at the end of the G ORF of hMPV (Fig. 11A). Although
these sequences may represent (part of) the gene end
signal, sequence analyses of viral mMRNA are required to
formally delineate the hMPV gene end signals.

Short extragenic regions at the 3’ and 5’ extremities of
the genome of paramyxoviruses are referred to as the
leader and trailer sequences, and approximately the first
12 nt of the leader and last 12 nt of the trailer are
complementary, probably because each of them con-
tains basic elements of the viral promoter (Curran and
Kolakofsky, 1999; Blumberg et al,, 1991; Mink et al., 1991).
The 3’ leaders of hMPV and APV are both 41 ntin length,
and some sequence identity is seen in the region be-
tween nt 16 and 41 of both viruses (18 of 26 nt) (Fig. 11B).
As mentioned before, the first 15 nt of the hMPV genomic
map is based on a primer sequence derived from the
APV genome. At the 5" end of the viral genome of hMPV
after the stop codon of the L ORF 179 nt of noncoding
sequence is found, including the trailer sequence. Align-
ment of the APV trailer sequence with the extreme 45 nt
of the hMPV genome revealed 24 out of 33 nt to be
identical, excluding the extreme 12 nt which represents
primer sequence based on the genomic sequence of
APV (Fig. 11B).

DISCUSSION

Previously we proposed the classification of hMPV in
the Metapneumovirus genus based on limited sequence
information for this virus. The sequence information de-
scribed here is in agreement with this classification. Our
sequence analyses revealed the absence of NS1 and
NS2 genes at the 3’ end of the genome and a genomic
organization resembling the organization of metapneu-
moviruses (3'-N-P-M-F-M2-SH-G-L-5'). The high percent-
age of sequence identity found between hMPV and APV
ORFs further emphasizes the close relationship between
these two viruses. For the N, P, M, F, M2-1, and M2-2
ORFs of hMPV an overall aa identity of 80% is found with
APV-C. In fact, for these genes APV-C and hMPV re-
vealed percentages of sequence identity which are in the
same range as those found between subgroups of other
genera, such as RSV-A and -B or APV-A and -B. This
close relationship between APV-C and hMPV is also
seen in the phylogenetic analyses which revealed hMPV
and APV-C to be always in the same branch, separate
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FIG. 11. Noncoding sequences of hMPV isolate 00-1. (A) The noncoding sequences between the putative ORFs and at the genomic termini are
shown in the positive sense. From left to right, stop codons of indicated ORFs are shown, followed by the noncoding sequences, the gene start
signals, and start codons of the indicated subsequent ORFs. Numbers indicate the first position of start and stop codons in the hMPV map. Sequences
that display similarity to published gene end signals are underlined and sequences that display similarity to UAAAAAU/A/C are indicated with a line
above the sequence. (B) Nucleotide sequences of the genomic termini of hMPV. The genomic termini of hMPV are aligned with each other and with
those of APV. Underlined regions represent the primer sequences used in RT-PCR assays which are based on the 3’ and 5’ end sequences of APV
and RSV (Randhawa et al,, 1997; Mink et al., 1991). Boldface italicalized nucleotides are part of the gene start signal of the N gene. Le, leader; Tr, trailer.

from the branch containing APV-A and -B. The identical
genomic organization, the high percentage of sequence
identity, and phylogenetic analyses are all in favor of the
classification of hMPV as the first mammalian member in
the Metapneumovirus genus.

It should be noted that previously found sequence
variation between different virus isolates of hMPV in the
N, M, F, and L genes revealed the possible existence of
different genotypes (van den Hoogen et al., 2001). Here
we describe the genomic sequence of virus isolate 00-1,
the prototype of one of the subgroups. Sequence analy-
sis of the genome of a member of the other subgroup is
in progress to further investigate the relationship be-
tween distinct hMPV isolates and APV.

The close relationship between hMPV and APV-C is
not reflected in the host range, since APV infects birds in
contrast to hMPV (van den Hoogen et al, 2001). This

difference in host range may be determined by the dif-
ferences between the SH and the G proteins of both
viruses. The SH and G proteins of hMPV did not reveal
significant aa sequence identity with SH and G proteins
of any other virus. Although the aa content and hydro-
philicity plots are in favor of defining these ORFs as SH
and G, experimental data are required to formally prove
this. Such analyses will also shed light on the role of the
additional overlapping ORFs in the putative G gene.
Sequence analysis of a second hMPV isolate that be-
longs to a distinct genetic lineage (van den Hoogen et al.,
2001) revealed the presence of a similar primary G ORF
and the presence of secondary ORFs (data not shown).
However, the positions and sizes of the secondary ORFs
were not identical to those of isolate 00-1. Sequence
analyses of the SH and G genes of APV-C might provide
more insight into the function of the putative SH and G
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proteins of hMPV and their relationship with those of
APV-C. Some of the noncoding regions of hMPV were
found to be similar to those of APV. The 3’ leader and 5’
trailer sequences of APV and hMPV displayed a high
percentage of sequence identity. Although the lengths of
the intergenic regions were not always the same for APV
and hMPV, the consensus gene start signals of most of
the genes were found to be identical and some similarity
may exist between potential gene end signals of APV
and hMPV. Sequence analysis of viral mMRNAs is required
to formally delineate the gene end sequences of hMPV.
It should also be noted that sequence information for 15
nt at the extreme 3’ end and 12 nt at the extreme 5’ end
is still missing. This information will be of crucial impor-
tance for the development of reverse genetics systems
for hMPV, as was shown recently for RSV and APV
(Marriott et al., 2001). Nevertheless, the sequence infor-
mation provided here will be of importance for the gen-
eration of diagnostic tests, vaccines, and antivirals for
hMPV.

MATERIALS AND METHODS

Sequence analysis

Virus isolate 00-1 was propagated to high titers (ap-
proximately 10,000 TCIDs/ml) on tertiary monkey kidney
cells as described previously (van den Hoogen et al,
2001). Viral RNA was isolated from supernatants from
infected cells using a High Pure RNA Isolating Kit ac-
cording to instructions from the manufacturer (Roche
Diagnostics, Almere, The Netherlands). Primers were
designed based on sequences published previously (van
den Hoogen et al,, 2001) in addition to sequences pub-
lished for the leader and trailer of APV/RSV (Randhawa et
al., 1997; Mink et al, 1991) and are available upon re-
guest from the authors. RT-PCR assays were conducted
with viral RNA, using a one-tube assay in a total volume
of 50 wl with 50 mM Tris, pH 8.5, 50 mM NaCl, 4.5 mM
MgCl,, 2 mM DTT, 1 uM forward primer, 1 uM reverse
primer, 0.6 mM dNTPs, 20 units RNAsin (Promega, Lei-
den, The Netherlands), 10 U AMV reverse transcriptase
(Promega), and 5 units Taq polymerase (PE Applied Bio-
systems, Nieuwerkerk aan den lJssel, The Netherlands).
Reverse transcription was conducted at 42°C for 30 min,
followed by 8 min of inactivation at 95°C. The cDNA was
amplified during 40 cycles of 95°C for 1 min, 42°C for 2
min, 72°C for 3 min, with a final extension at 72°C for 10
min. After examination on a 1% agarose gel, the RT-PCR
products were purified from the gel using a Qiaquick Gel
Extraction Kit (Qiagen, Leusden, The Netherlands) and
sequenced directly using a Dyenamic ET Terminator Se-
quencing Kit (Amersham Pharmacia Biotech, Roosendaal,
The Netherlands) and an ABI 373 automatic DNA se-
quencer (PE Applied Biosystems), according to the in-
structions of the manufacturer.

Sequence alignments were made using the Clustal
software package available in the software package of
BioEdit version 5.0.6 (Hall, 1999) (http://jwbrown.mbio.
ncsu.edu/Bioedit/bioedit.ntml).

Phylogenetic analysis

To construct phylogenetic trees, DNA sequences
were aligned using the ClustalW software package and
maximum-likelihood trees were generated using the
DNA-ML software package of the Phylip 3.5 program
using 100 bootstraps and three jumbles. Bootstrapping is
a method for deriving confidence values for the group-
ings in a tree, which involves making random samples of
sites from the alignment, drawing trees from each sam-
ple, and counting how many times each grouping from
the original tree occurs in the sample trees. Bootstrap
values were computed for consensus trees created with
the Consensus package (Felsenstein, 1989).

The hMPV genomic sequence is available from Gen-
Bank under accession No. AF371337. All other se-
quences used here are available from GenBank under
Accession Nos. AB046218 (measles virus, all ORFs),
NC001796 (human parainfluenza virus type 3, all ORFs),
NCO001552 (Sendai virus, all ORFs), X57559 (human para-
influenza virus type 2, all ORFs), NC002617 (Newcastle
disease virus, all ORFs), NC002728 (Nipah virus, all
ORFs), NC001989 (bRSV, all ORFs), M11486 (hRSV A, all
ORFs except L), NC001803 (hRSV, L ORF), NC001781
(hRSV B, all ORFs), D10331 (PVM, N ORF), U09649 (PVM,
P ORF), U66893 (PVM, M ORF), U66893 (PVM, SH ORF),
D11130 (PVM, G ORF), D11128 (F ORF), AF176590 (APV-C,
N ORF), U39295 (APV-A, N ORF), U39296 (APV-B, N ORF),
AF262571 (APV-C, M ORF), U37586 (APV-B, M ORF),
X58639 (APV-A, M ORF), AF176591 (APV-C, P ORF),
AF325443 (APV-B, P ORF), U22110 (APV-A, P ORF),
AF187152 (APV-C, F ORF), Y14292 (APV-B, F ORF)
D00850 (APV-A, F ORF), AF176592 (APV-C, M2 ORF),
AF356650 (APV-B, M2 ORF), X63408 (APV-A, M2 ORF),
Ues312 (APV-A, L ORF), S40185 (APV-A, SH ORF). The
PVM M2 ORF was taken from Ahmadian et al. (1999).

ACKNOWLEDGMENTS

We thank M. Spronken, E. Fries, and O. Schaap for excellent tech-
nical assistance. R.F. is a fellow of the Royal Dutch Academy of Arts
and Sciences.

REFERENCES

Ahmadian, G., Chambers, P, and Easton, A. J. (1999). Detection and
characterization of proteins encoded by the second ORF of the M2
gene of pneumoviruses. J. Gen. Virol. 80, 2011-2016.

Alansari, H., and Potgieter, L. N. (1994). Molecular cloning and se-
quence analysis of the phosphoprotein, nucleocapsid protein, matrix
protein and 22K (M2) protein of the ovine respiratory syncytial virus.
J. Gen. Virol. 75, 3597-3601.

Barr, J., Chambers, P, Pringle, C. R., and Easton, A. J. (1991). Sequence
of the major nucleocapsid protein gene of pneumonia virus of mice:



SEQUENCE ANALYSIS OF hMPV 131

Sequence of comparisons suggest structural homology between
nucleocapsid proteins of pneumoviruses, paramyxoviruses, rhab-
doviruses and filoviruses. J. Gen. Virol. 72, 677-685.

Baybutt, H. N., and Pringle, C. R. (1987). Molecular cloning and se-
quencing of the F and 22K membrane protein genes of the RSS-2
strain of respiratory syncytial virus. J. Gen. Virol. 68, 2789-2796.

Bayon-Auboyer, M. H., Arnauld, C., Toquin, D., and Eterradossi, N.
(2000). Nucleotide sequences of the F, L and G protein genes of two
non-A/non-B avian pneumoviruses (APV) reveal a novel APV sub-
group. J. Gen. Virol. 81, 2723-2733.

Bermingham, A., and Collins, P. L. (1999). The M2-2 protein of human
respiratory syncytial virus is a regulatory factor involved in the bal-
ance between RNA replication and transcription. Proc. Natl. Acad.
Sci. USA 96, 112569-11264.

Blumberg, B. M., Chan, J., and Udem, S. A. (1991). Function of paramyxo-
virus 3’ and 5’ end sequences: In theory and practice. /n “The
Paramyxoviruses” (D. Kingsbury, Ed.), pp. 235-247. Plenum, New
York.

Buckland, R., and Wild, F. (1989). Leucine zipper motif extends. Nature
338, 547.

Chambers, P, Pringle, C. R., and Easton, A. J. (1990). Heptad repeat
sequences are located adjacent to hydrophobic regions in several
types of virus fusion glycoproteins. J. Gen. Virol. 71, 3075—3080.

Collins, P. L., and Wertz, G. W. (1983). cDNA cloning and transcriptional
mapping of nine polyadenylylated RNAs encoded by the genome of
human respiratory syncytial virus. Proc. Natl. Acad. Sci. USA 80,
3208-3212.

Collins, P. L., and Wertz, G. W. (1985). The envelope-associated 22K
protein of human respiratory syncytial virus: Nucleotide sequence of
the mRNA and a related polytranscript. J. Virol. 54, 65—71.

Collins, P. L., Dickens, L. E., Buckler-White, A., Olmsted, R. A., Spriggs,
M. K., Camargo, E., and Coelingh, K. V. W. (1986). Nucleotide se-
quences for the gene junctions of human respiratory syncytial virus
reveal distinctive features of intergenic structure and gene order.
Proc. Natl. Acad. Sci. USA 83, 4594—4598.

Collins, P. L., Hill, M. G., and Johnson, P. R. (1990). The two open reading
frames of the 22K mRNA of human respiratory syncytial virus: Se-
quence comparison of antigenic subgroups A and B and expression
in vitro. J. Gen. Virol. 71, 3016—3020.

Collins, P. L., Hill, M. G., Camargo, E., Grosfeld, H., Chanock, R. M., and
Murphy, B. R. (1995). Production of infectious human respiratory
syncytial virus from cloned cDNA confirms an essential role for the
transcription elongation factor from the 5’ proximal open reading
frame of the M2 mRNA in gene expression and provides a capability
for vaccine development. Proc. Natl. Acad. Sci. USA 92, 11563—11567.

Collins, P. L., McIntosh, K., and Chanock, R. M. (1996). Respiratory
syncytial virus. /n “Fields Virology” (B. N. Knipe and P. M. Howley,
Eds.), pp. 1313-13561, Lippincott—-Raven, Philadelphia.

Cook, J. K. (2000). Avian rhinotracheitis. Rev. Sci. Tech. 19, 602—613.

Cuesta, I, Geng, X., Asenjo, A., and Villanueva, N. (2000). Structural
phosphoprotein M2—1 of the human respiratory syncytial virus is an
RNA binding protein. J. Virol. 74, 98568—-9867.

Curran, J., and Kolakofsky, D. (1999). Replication of paramyxoviruses.
Adv. Virus Res. 50, 403—422.

Easton, A. J., and Chambers, P. (1997). Nucleotide sequence of the
genes encoding the matrix and small hydrophobic proteins of pneu-
monia virus of mice. Virus Res. 48, 27-33.

Elango, N., Satake, M., and Venkatesan, S. (1985). mRNA sequence of
three respiratory syncytial virus genes encoding two nonstructural
proteins and a 22K structural protein. J. Virol. 565, 101-110.

Fearns, R., and Collins, P. L. (1999). Role of the M2-1 transcription
antitermination protein of respiratory syncytial virus in sequential
transcription. J. Virol. 73, 5852—-5864.

Felsenstein, J. (1989). PHYLIP—Phylogeny Inference Package (Version
3.2). Cladistics 5, 164—166.

Giraud, P, Bennejean, G., Guittet, M., and Toquin, D. (1986). Turkey

rhinotracheitis in France: Preliminary investigations on a ciliostatic
virus. Vet. Rec. 119, 606—607.

Gonzalez-Reyes, L., Ruiz-Arguello, M. B., Garcia-Barreno, B., Calder, L.,
Lopez, J. A, Albar, J. P, Skehel, J. J., Wiley, D. C., and Melero, J. A.
(2001). Cleavage of the human respiratory syncytial virus fusion
protein at two distinct sites is required for activation of membrane
fusion. Proc. Natl. Acad. Sci. USA 98, 9859-9864.

Hall, T. A. (1999). BioEdit: A user-friendly biological sequence alignment
editor and analysis program for Windows 95/98/NT. Nucleic Acids
Symp. Ser. 41, 95—98.

Hardy, R. W, and Wertz, G. W. (1998). The product of the respiratory
syncytial virus M2 gene ORF1 enhances readthrough of intergenic
junctions during viral transcription. J. Virol. 72, 520-526.

Horvath, C. M., and Lamb, R. A. (1992). Studies on the fusion peptide of
a paramyxovirus fusion glycoprotein: Roles of conserved residues in
cell fusion. J. Virol. 66, 2443—2455.

International Committee on Taxonomy of Viruses (2000). Family
paramyxoviridae. /n “Virus Taxonomy, Seventh Report of the Interna-
tional Committee on Taxonomy of Viruses” (M. H. V. van Regenmortel,
C. M. Fauquet, D. H. L. Bishop, E. B. Carstens, M. K. Estes, S. M.
Lemon, J. Maniloff, M. A. Mayo, D. J. McGeoch, C. R. Pringle, and R. B.
Wickner, Eds.), pp. 549-561, Academic Press, San Diego.

Jentoft, N. (1990). Why are proteins O-glycosylated? Trends Biochem.
Sci. 15, 291-294.

Johnson, P. R., Jr, Olmsted, R. A., Prince, G. A., Murphy, B. R., Alling,
D. W, Walsh, E. E., and Collins, P. L. (1987). Antigenic relatedness
between glycoproteins of human respiratory syncytial virus sub-
groups A and B: Evaluation of the contributions of F and G glycop-
roteins to immunity. J. Virol. 61, 3163—-3166.

Juhasz, K., and Easton, A. J. (1994). Extensive sequence variation in the
attachment (G) protein gene of avian pneumovirus: Evidence for two
distinct subgroups. J. Gen. Virol. 75, 2873-2880.

Kyte, J., and Doolittle, R. F. (1982). A simple method for displaying the
hydrophobic character of a protein. J. Mol. Biol. 157, 105—142.

Lamb, R. A. (1993). Paramyxovirus fusion: A hypothesis for changes.
Virology 197, 1—11.

Lamb, R. A, and Kolakofsky, D. (1996). Paramyxoviridae: The viruses
and their replication. /n “Fields Virology” (B. N. Knipe and P. M.
Howley, Eds.), pp. 1177-1204, Lippincott—Raven, Philadelphia.

Li, J., Ling, R., Randhawa, J. S., Shaw, K., Davis, P. J., Juhasz, K., Pringle,
C. R., Easton, A. J., and Cavanagh, D. (1996). Sequence of the
nucleocapsid protein gene of subgroup A and B avian pneumovi-
ruses. Virus Res. 41, 185—191.

Ling, R., Easton, A. J., and Pringle, C. R. (1992). Sequence analysis of the
22K, SH and G genes of turkey rhinotracheitis virus and their inter-
genic regions reveals a gene order different from that of other
pneumoviruses. J. Gen. Virol. 73, 1709-1715.

Ling, R., Davis, P. J., Qingzhong, Y., Wood, C. M., Pringle, C. R., Ca-
vanagh, D., and Easton, A. J. (1995). Sequence and in vitro expression
of the phosphoprotein gene of avian pneumovirus. Virus Res. 36,
247-257.

Marriot, A. C., Smith, J. M., and Easton, A. (2001). Fidelity of leader and
trailer sequence usage by the respiratory syncytial virus and avian
pneumovirus replication complexes. J. Virol. 75, 6265—6272.

Mink, M. A., Stec, D. S., and Collins, P. L. (1991). Nucleotide sequences
of the 3’ leader and 5’ trailer regions of human respiratory syncytial
virus genomic RNA. Virology 185, 615—624.

Miyahara, K., Kitada, S., Yoshimoto, M., Matsumura, H., Kawano, M.,
Komada, H., Tsurudome, M., Kusagawa, S., Nishio, M., and lto, Y.
(1992). Molecular evolution of human paramyxoviruses. Nucleotide
sequence analysis of the human parainfluenza type 1 virus NP and
M protein genes and construction of phylogenetic trees for all the
human paramyxoviruses. Arch. Virol. 124, 265—-268.

Morrison, T. G. (1988). Structure, function, and intracellular processing
of paramyxovirus membrane proteins. Virus Res. 10, 113—135.

Naylor, C. J., Britton, P., and Cavanagh, D. (1998). The ectodomains but
not the transmembrane domains of the fusion proteins of subtypes A



132 VAN DEN HOOGEN ET AL.

and B avian pneumovirus are conserved to a similar extent as those
of human respiratory syncytial virus. J. Gen. Virol. 79, 1393—1398.

Plows, D. J., and Pringle, C. R. (1995). Variation in the fusion glycopro-
tein gene of human respiratory syncytial virus subgroup A. Virus
Genes 11, 37-4b.

Poch, O., Blumberg, B. M., Bougueleret, L., and Tordo, N. (1990). Se-
quence comparison of five polymerases (L proteins) of unsegmented
negative-strand RNA viruses: Theoretical assignment of functional
domains. J. Gen. Virol. 71, 1163—-1162.

Poch, O., Sauvaget, ., Delarue, M., and Tordo, N. (1989). Identification
of four conserved motifs among the RNA-dependent polymerase
encoding elements. EMBO J. 8, 3867-3874.

Randhawa, J. S., Marriott, A. C., Pringle, C. R, and Easton, A. J. (1997).
Rescue of synthetic minireplicons establishes the absence of the
NS1 and NS2 genes from avian pneumovirus. J. Virol. 71, 9849-9854.

Randhawa, J. S., Wilson, S. D., Tolley, K. P, Cavanagh, D., Pringle, C. R.,
and Easton, A. J. (1996). Nucleotide sequence of the gene encoding
the viral polymerase of avian pneumovirus. J. Gen. Virol. 77, 3047—
3051

Russell, C. J., Jardetzky, T. S., and Lamb, R. A. (2001). Membrane fusion
machines of paramyxoviruses: Capture of intermediates of fusion.
EMBO J. 20, 4024-4034.

Samal, S. K., and Zamora, M. (1991). Nucleotide sequence analysis of a
matrix and small hydrophobic protein dicistronic mRNA of bovine
respiratory syncytial virus demonstrates extensive sequence diver-
gence of the small hydrophobic protein from that of human respira-
tory syncytial virus. J. Gen. Virol. 72, 1715—1720.

Satake, M., and Venkatesan, S. (1984). Nucleotide sequence of the
gene encoding respiratory syncytial virus matrix protein. J. Virol. 50,
92-99.

Seal, B. S,, Sellers, H. S., and Meinersmann, R. J. (2000). Fusion protein
predicted amino acid sequence of the first US avian pneumovirus

isolate and lack of heterogeneity among other US isolates. Virus Res.
66, 139-147.

Sedlmeier, R., and Neubert, W. J. (1998). The replicative complex of
paramyxoviruses: Structure and function. Adv. Virus Res. 50, 101-139.

Stec, D. S., Hill, M. G., and Collins, P. L. (1991). Sequence analysis of the
polymerase L gene of human respiratory syncytial virus and pre-
dicted phylogeny of nonsegmented negative-strand viruses. Virology
183, 273-287.

van den Hoogen, B. G., de Jong, J. C., Groen, J., Kuiken, T., de Groot, R.,
Fouchier, R. A., and Osterhaus, A. D. (2001). A newly discovered
human pneumovirus isolated from young children with respiratory
tract disease. Nat. Med. 7(6), 719-724.

Wertz, G. W., Collins, P. L., Huang, Y., Gruber, C., Levine, S., and Ball,
L. A. (1985). Nucleotide sequence of the G protein gene of human
respiratory syncytial virus reveals an unusual type of viral membrane
protein. Proc. Natl. Acad. Sci. USA 82, 40756—4079.

Yu, Q., Davis, P. J., Barrett, T., Binns, M. M., Boursnell, M. E., and
Cavanagh, D. (1991). Deduced amino acid sequence of the fusion
glycoprotein of turkey rhinotracheitis virus has greater identity with
that of human respiratory syncytial virus, a pneumovirus, than that of
paramyxoviruses and morbilliviruses. J. Gen. Virol. 72, 75-81.

Yu, Q., Davis, P. J., Li, J., and Cavanagh, D. (1992). Cloning and sequenc-
ing of the matrix protein (M) gene of turkey rhinotracheitis virus
reveal a gene order different from that of respiratory syncytial virus.
Virology 186, 426—434.

Zamora, M., and Samal, S. K. (1992). Sequence analysis of M2 mRNA of
bovine respiratory syncytial virus obtained from an F-M2 dicistronic
mRNA suggests structural homology with that of human respiratory
syncytial virus. J. Gen. Virol. 73, 737-741.

Zimmer, G., Budz, L., and Herrler, G. (2001). Proteolytic activation of
respiratory syncytial virus fusion protein. Cleavage at two furin con-
sensus sequences. J. Biol. Chem. 276, 31642—31650.



	INTRODUCTION
	RESULTS
	FIG. 1
	TABLE 1
	FIG. 2
	TABLE 2
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6
	FIG. 7
	FIG. 8
	FIG. 9
	FIG. 10

	DISCUSSION
	FIG. 11

	MATERIALS AND METHODS
	ACKNOWLEDGMENTS
	REFERENCES

