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A model is proposed for the three-dimensional structure of the paramyxovirus hemagglutinin-neuraminidase
(HN) protein. The model is broadly similar to the structure of the influenza virus neuraminidase and is based
on the identification of invariant amino acids among HN sequences which have counterparts in the
enzyme-active center of influenza virus neuraminidase. The influenza virus enzyme-active site is constructed
from strain-invariant functional and framework residues, but in this model of HN, it is primarily the functional
residues, i.e., those that make direct contact with the substrate sialic acid, which have identical counterparts
in neuraminidase. The framework residues of the active site are different in HN and in neuraminidase and
appear to be less strictly conserved within HN sequences than within neuraminidase sequences.

Neuraminidases (sialidases, EC 3.2.1.18) are found in a
number of pathogenic microorganisms, including viruses,
bacteria, and protozoa. Their biochemical role is to catalyze
the cleavage of sialic acid from glycoconjugates (18). The
biological significance of this event may vary depending on
the microorganism, but generally it appears to be related to
virulence, including the penetration of mucosal secretions
(7, 8, 9), uptake of bacterial toxins (16), and release of virus
from infected cells (5, 19, 36, 37).

The best characterized of these enzymes is that from
influenza viruses, for which the primary structure from many
different strains has been determined and several three-
dimensional structures are also known (reviewed in refer-
ence 11). Among subtypes of influenza type A virus, neur-
aminidase sequences differ by about 50%, and influenza type
B virus neuraminidaseé sequences differ from those of A
strains by about 70% (11). The three-dimensional structures
of two N2 strains (48, 49), one N9 strain (3, 46), and one B
strain (6) have been reported, together with the structures of
a number of so-called escape mutants, i.e., variants which
differ from the parental strain by a single amino acid se-
quence change which renders them selectable by monoclo-
nal antibodies (46, 51). All of these three-dimensional struc-
tures display the same folding motif, a so-called B-sheet
propeller (49) comprising six four-stranded antiparallel
B-strands connected internally by reverse turns and joined to
each other by a connection between the outside strand of
each sheet to the inside strand of the following sheet. The
arrangement and twist of the sheets is reminiscent of the
blades of a propeller (Fig. 1). The six B-sheets are referred to
herein as B; (i = 1,6); and the four strands within each sheet
are labelled S; (j = 1,4), reading in the sense of the polypep-
tide, i.e., from the center of the structure to the periphery.
Loop structures are referred toas L,, , ., ;, indicating connec-
tions between strands n and n + 1 within the sheet, withn =
0 indicating a connection from the preceding B-sheet. The
neuraminidase structure may therefore be read in this termi-
nology as: membrane anchor and stalk (not part of the head
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structure shown here), N-terminal arm, B¢S,, B1Loi, B1S:,
B1L12, B1S2, B1L2s, BiSs, ByLass BiSas BoLoss B2S2, BoLas,
B¢S3, C-terminal arm at subunit interface (48, 49).

The folded structure of the polypeptide brings into close
spatial proximity a number of amino acids which are invari-
ant in all strains of influenza virus characterized to date (12).
These amino acids line the walls of a pocket into which sialic
acid and substrate analogs are observed to bind (6, 12, 50).
Eight of these strain-invariant amino acids contact the sub-
strate directly and are referred to here as functional (Fig. 2).
Ten others appear to be important primarily for stabilizing
the active-site structure and are referred to here as frame-
work. Partitioning the site in this way is not a precise
exercise (see the legend to Fig. 2). Some amino acids may be
critical for function though not themselves in contact with
substrate. Although no such amino acids have been charac-
terized yet, E-277 could be one candidate through its prox-
imity to Y-406 and a possible functional role that it may have
iﬁ«’&’)larizing the phenolic hydroxyl group of that residue. In
this respect, it may be more important than E-276, whose
role in binding the eight and nine hydroxyls of the substrate
could be played by another amino acid. A striking feature of
the active site is the triarginyl cluster (R-118, R-292, and
R-371) which encircles the carboxylate moiety of the bound
sugar and which may contribute to the observed ‘“boat”
geometry of sialic acid bound to the enzyme (50). Binding of
the sugar in this conformation to the neuraminidase is likely
to be important for catalysis.

A mechanism for the enzyme action has been proposed on
the basis of kinetic isotope methods, nuclear magnetic
resonance, and molecular dynamics simulation (10) of the
enzyme-substrate complex (50). The mechanism involves a
sialosyl cation transition state complex, formed by acid
attack on the glycosidic oxygen by a water molecule acti-
vated by D-151.

Paramyxoviruses also carry a neuraminidase activity on
the hemagglutinin-neuraminidase (HN) glycoprotein, and
primary structures of a number of these molecules are
known, including representatives from Newcastle disease
virus (NDV), mumps virus, Sendai virus, and parainfluenza
viruses (reviewed in reference 34). The pH profile of the HN
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FIG. 1. Schematic of the chain tracing of the influenza virus
neuraminidase polypeptide. Strain-invariant amino acids in the
active site referred to in the legend to Fig. 2 are shown as solid
squares (functional residues) or solid circles (framework residues).
The sequence numbers of the first and last amino acids in each of the
six sheets as drawn here are 118 and 175, 178 and 216, 226 and 268,
276 and 317, 352 and 398, and 406 and 103. The figure is based on a
drawing produced by the MolScript program (29).

enzyme activity is bell shaped and peaks at around pH 4.5
(44), but these data do not allow an accurate comparison of
the enzyme mechanism with that of influenza virus neura-
minidase (10). No requirement for exogenous calcium ion for
enzyme activity has been reported. The inhibitor 2-deoxy-
2,3-dehydro-N-acetylneuraminic acid is as effective against
HN as it is against influenza virus neuraminidase (23),
suggesting that both enzymes use a similar transition state in
catalyzing cleavage, namely one in which the carboxylate of
the sugar is equatorial to the pyranose ring (10, 50). Jor-
gensen et al. (26) have reported a homology between NDV
HN and parts of the third and fourth B-sheets of influenza
virus neuraminidase. The similarity of sequence is low, but
secondary structure predictions for the regions in question
are consistent with the claim. A shortcoming with their
conclusion is that it identifies only a small fragment of the
influenza virus neuraminidase active site in the HN se-
quence, yet if the overall structures are to be truly similar it
would be expected that all of the binding site residues would
be found within the HN sequence.

More recently, a number of bacterial and protozoal neur-
aminidase sequences have been determined and an aspartic
acid box sequence motif common to influenza virus
neuraminidases has been identified (27, 32, 38, 40). The motif
is a short sequence of the consensus S-X-D-X-G-X-T-W, and
it occurs four times in each of the bacterial neuraminidase
sequences. However, the connection to the influenza virus
(in BeS4, B1Lo1) enzyme is weak. The motif is found once in
an N1 subtype sequence and twice in an N9 sequence (once
as for N1 and again at BsS,, BsL,,) (40), but in none of these
examples is the consensus sequence strictly observed nor
are significant elements of the motif conserved across other
influenza virus neuraminidase subtypes. Furthermore, no
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FIG. 2. Active-site structure of influenza virus type A neuramin-
idase (50). All amino acids shown are invariant across all known
strains of types A and B influenza virus except for Asp-198, which
is Asn in the N7 and N9 sequences (Fig. 3). Yellow residues (R-118,
D-151, R-152, R-224, E-276, R-292, R-371, and Y-406) are defined as
functional in the sense that they make contact with the reaction
product sialic acid, shown in green. All of these interactions are
polar in character, except that of R-224 in which the aliphatic
component makes apolar contact with the lipophilic surface of the
glycerol side chain. Red residues (E-119, R-156, W-178, S-179,
D-198, 1-222, E-227, E-277, N-294, and E-425) are defined as
framework in the sense that they make no direct contact with the
substrate but through interactions with the functional residues hold
them in place for binding and catalysis. The distinction between
these two types of residues is blurred in places, for example near the
N-acetyl group binding residues, in which W-178 and I-222 are close
to within the van der Waals contact with the bound sugar. The
orientations of Fig. 1 and 2 are identical. The figure was generated
with the HYDRASTER program, written by S. Watowich and L.
Gross, based on work by D. Bacon and W. Anderson (RASTER3D)
and R. Hubbard (HYDRA).

active-site residues of the influenza virus enzyme lie within
any of the identified motifs.

Comparative studies of protein and gene sequences are
often not sufficiently sensitive to determine similarities in the
three-dimensional structures of two protein molecules. In
cases for which a functional similarity exists, such as among
the neuraminidases, a more restricted search for elements of
an active site might be undertaken. Even in such cases,
convergent evolution may be operating, resulting in similar
three-dimensional clustering of active-site elements sup-
ported on unrelated polypeptide backbones. One such ex-
ample is provided by the four classes of enzymes which
contain catalytic triads (35), viz., the eukaryotic serine
proteases, the cysteine proteases, the subtilisins, and the o/f
hydrolases.

Here we describe an alignment of influenza virus neur-
aminidase sequences with sequences from the HN glycop-
rotein of paramyxoviruses. The alignment extends the work
of Jorgensen et al. (26) by including most of the amino acids
known to be important for substrate binding in influenza
virus neuraminidase and further suggests how bacterial
neuraminidase sequences could be overlaid on the influenza
virus neuraminidase structure so as to preserve functional
elements of the active-site structure.
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MATERIALS AND METHODS

Protein sequences were taken from the GenBank nucle-
otide data base (release 71) or the data base of the Protein
Research Foundation of Japan (release 09/91) and aligned
using the CLUSTAL program (22), with a gap penalty of 2
for pairwise sequence comparisons and a gap penalty of 10
for both fixed and varying gaps in multiple sequence com-
parisons. These alignments were not subsequently manually
edited (with the exception of residues 609 to the C termini of
the sequences shown in Fig. 4). The following 10 paramyx-
ovirus HN protein sequences were extracted from GenBank,
and the accession numbers are shown in parentheses: Simian
virus 5 (K02870) (21), Sendai virus Z strain (X02808) (33),
human parainfluenza virus type 1 (hPIV-1) (M31228) (17),
hPIV-2 (X57559) (28), hPIV-3 strain Wash/1511/73 (M18759)
(47), hPIV-4A (M34033) (4), NDV strain D26/76 (M24705)
(43), NDV strain LAS/46 (M24709) (43), NDV strain CHI/85
(M24716) (43), and mumps virus (M19933) (55). Five influ-
enza virus type A sequences and one type B neuraminidase
sequence were extracted from GenBank; the accession
numbers are shown in parentheses: N1, A/Puerto Rico/8/34
(J02146) (15); N2, A/Tokyo/3/67 (K01393) (30); N7, A/Cor/
16/74 (M14916) (14); N8, A/Ken/1/81 (M14917) (14); N9,
A/Tern/Australia/G70C/75 (M11445) (2); and B, B/Victoria/
3/85 (M30639) (1). The sequence of an N5 neuraminidase was
obtained from the data base of the Protein Research Foun-
dation of Japan: N5, A/Shearwater/Australia/72 (Z1506542A)
(20).

The alignments were examined for the presence of con-
served amino acids which would preserve the sialic acid
binding site observed in influenza virus neuraminidase.
Initially, both the functional and framework components
(see the legend to Fig. 2) of the neuraminidase active site
were sought, but when it was apparent that that level of
homology did not exist between the influenza virus neura-
minidase and HN, the search focused primarily on functional
residues.

RESULTS

The alignment of influenza virus neuraminidase subtype
sequences is shown in Fig. 3. Amino acid sequence number-
ing is according to the sequence of the N2 subtype and
follows that of Colman (11). The alignment of representative
HN sequences is shown in Fig. 4. In seven places, concen-
trations of three invariant residues within a span of four
residues are observed. Four of these seven regions can be
mapped in order to active-site structures on influenza virus
neuraminidase as shown in the boxes in Fig. 5, and the
remaining three have plausible structural interpretations as
described below. Although the individual alignments show
only weak resemblances between HN and neuraminidase,
the sequences are very conserved within HN and neuramin-
idase sequences. Furthermore, the two arginines at neura-
minidase positions 118 and 371 and the glutamic acid at
position 276, all known to be important elements of the
neuraminidase structure for binding sialic acid, map to
identical residues in HN. From the starting point of the
boxed residues in Fig. 5, the following conclusions can be
drawn.

D-230 (Fig. 4) on HN can be aligned with D-151 on
neuraminidase, the putative catalytic aspartic acid (50). This
requires the deletion of nine residues from HN with respect
to neuraminidase, possibly within B,L,,, but it allows for the
formation of a disulfide bond in HN between residues 204
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and 228, a bond which is plausible between the neuramini-
dase counterparts at residues 116 and 149. It should be
stressed that the disulfide bonding pattern in HN has not
been experimentally determined.

Aligning R-267 of HN with R-224 of neuraminidase re-
quires the deletion from HN of 36 residues with respect to
neuraminidase (Fig. 5). In the neuraminidase structure,
sheet two begins at position 176 and ends at position 217
(48). The proposed alignment therefore requires the deletion
in entirety of the neuraminidase sheet two sequence (not
structure) from the HN structure. From within this sheet,
W-178 in neuraminidase makes contact with the N-acetyl
moiety of bound sialic acid, an interaction which can have no
direct counterpart in the structure proposed here. Further
disulfide bonding is plausible as a consequence. A cysteine
at HN position 218 is always accompanied by a cysteine at
position 279 (Fig. 4), and these residues may be covalently
joined. The counterparts in neuraminidase, residues 130 and
236, could not be so joined without the excision of sheet two.
Structurally, the deletion of sequence corresponding to sheet
two means that R-267 of HN is now on sheet two of that
structure, whereas its counterpart in neuraminidase is on
sheet three. The displacement of the Ca atom resulting from
such a change is on the order of 6 A (0.6 nm).

The third alignment suggested in Fig. 5 requires an inser-
tion of 114 residues in HN with respect to neuraminidase.
Some conserved sequences are evident, and two disulfide
bonds internal to this domain are also implied by the pattern
of conserved cysteine residues. In this model, these 100 or
so amino acids have no sequence counterpart in the influ-
enza virus neuraminidase structure. We propose that they
are the structural counterpart of neuraminidase sheet three.
This structure may be associated with the hemagglutinating
activity of the HN protein. It is interesting to note that this
alignment would place the beginning of HN sheet three near
residue 350 which is in one of the seven conserved sequence
windows referred to above. It is common among the neur-
aminidase sequences shown in Fig. 3 to find similarly con-
served windows near the beginning or within the first strand
of each of the six B-sheets. By analogy, it could be argued
that the conserved HN sequence near residue 350 is a
marker for the beginning of sheet three.

Toward the C terminus from E-435, a conserved arginine
at position 450 may be the third of the three carboxylate-
binding residues observed at R-292 in neuraminidase. Four
residues toward the C terminus, a (nearly) conserved tryp-
tophan may be homologous to W-295 in neuraminidase.

Downstream from this tryptophan in HN is found the
conserved sequence R-487-P-G. The arginine may corre-
spond to the conserved arginine at position 327 in neuramin-
idase. In neuraminidase, that arginine is frequently followed
by proline. This arginyl residue is buried in the neuramini-
dase structure and makes hydrogen bonds with four peptide
carbonyl groups (48). A similar structural role is proposed
here for R-487 in HN.

Residues 506 to 510 compose the last of the conserved
sequence windows which do not relate to functional active-
site residues. Previous and subsequent alignments suggest
that residue 510 of HN corresponds approximately to resi-
due 350 of neuraminidase. That residue in neuraminidase
marks the beginning of the fifth B-sheet, and the alignment
proposed is therefore consistent with the argument above
concerning conserved sequences at the start of sheet struc-
tures. Two possible structural roles can be envisaged for HN
D-510. As the counterpart of residue 350 in neuraminidase, it
is within 6 A of residue E-277 in neuraminidase and may
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FIG. 3. Alignment of influenza virus neuraminidase protein sequences from the viral subtypes referred to in the Mat_eria}s and Methods.
Sequence numbering corresponds to that of the N2 sequence (11). Asterisks indicate amino acid residues which are identical in all sequences.
N2, A/Tokyo/3/67; N1, A/Puerto Rico/8/34; N5, A/Shearwater/Australia/72; N7, A/Cor/16/74; N8, A/Ken/1/81; N9, A/Tern/Australia/G70C/
75; B, B/Victoria/3/85.
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hPIV-2 NQ----=--- ILYNVAITIPLKIDSIETVIFSALKDMHTGS- -MSNTNCTPGNLLLHDAAY INGINKFLVLKSYNGTPKY - - GP- - -LLNIPSFIPSATS
hPIV-3 QSGVNTRLLTIQSHVANY IPISLTQQMSDLRKFISE1TIRNDNQEVPPQR- - - 11 - -HDVGIKPLNPDDFWRCTSGLPSLMRTPKIRLMPGPGLLAMPTT
hPIV-4A NQ-----ee- ITYDVSVLTPIRQEAIETNI ISKIKDHCKDRVIKEGSTCTLNRSPLHDVSFLNGFNKFYFTYKDNMQIKF - -KS- - -LLDYPNFIPTATT
NDV D26/76 DR---====- IYKQVALESPLALLNTEST IMNAITSL - - SYQINGAANSSGCGAP 1 HDPDY1GGIGKEL I VDDASDVTSFYPSA- - - FREHLNFIPAPTT
NDV LAS/46 DR-----==- IYKQVALESPLALLKTETTIMNAITSL- - SYQINGAANNSGWGAPTHDPDY1GGIGKEL I VDDASDVTSFYPSA- - - FEHLNFIPAPTT
NDV CH1/85 DR-----==- IYKQVALESPLALLNTES] IMNAITSL- - SYQINGAANNSGCGEPVHDPDY1GGIGKEL IVDD1SDVTSFYPSA- - - YQEHLNF IPAPTT
MUMPS NQ-------- VIHGVTVSLPLQIEGNQNQLLSTLATICTSK--KQISNCSTNIPLVNDLRF INGINKF 1 IEDYANHDFSI - - GH- - -PLNMPSF IPTATS
* *
210 220 230 240 250 260 270 280 290 300
SIMIAN-5 PEGCTRIPSFSLTKTHWCY THNVILNGCQDHVSSNQFVSMGI IEPTSAGFPFFRTLKTLYLSDGYNRKSCSSTVPGGCMMYCFVSTQPERDDY FSAAPP
SENDAI -2 ISGCVRLPSLSIGEAI YAYSSNLITQGCAD I GKSYQVLQLGY ISLNSDMIPDLNPVVSHTYDINDNRKSCSVVATGTRGYQLCSMPTVDERTDYSSDGIE
hPIV-1 ISGCVRLPSLSIGDAI YAYSSNLITQGCAD I GKSYQVLQLGYISLNSDMYPDLKPVISHTYDINDNRKSCSVIAAGTRGYQLCSLPTVNETTDYSSEGIE
hPIV-2 PNGCTRIPSFSLIKTHWCY THNVMLGDCLDFTTSNQYLAMGI 10QSAAAFPT FRTMKTIYLSDGINRKSCSVTAIPGGCVLYCYVATRSEKEDYATTOLA
hPIV-3 VDGCVRTPSLVINDLIYAYTSNLITRGCQDIGKSYQVLQIGI I TVNSDLVPDLNPRISHTFNINDNRKSCSLALLNTDVYQLCSTPKVDERSDYASSGIE
hPIV-4A PHGCIRIPSFSLGQTHWCY THNINLLGCADPASSNQYVSLGTLQVLKMGDPY FKVEHSHYLNDGRNRKSCSVVAVPDGCLRNCVTMTKNETENFKDLNWQ
NDV D26/76 GSGCTRIPSFDMSATHYCYTHNVILSGCRDHSHSHQYLALGVLRTSATGRVFFSTLRSINLDDTQNRKSCSVSATPLGCDMLCSKVTETEEEDYNSAIPT
NDV LAS/46 GSGCTRIPSFDMSATHYCYTHNVILSGCRDHSHSYQYLALGVLRTSATGRVFFSTLRSINLDDTQNRKSCSVSATPLGCOMLCSKVTETEEEDYNSAVPT
NDV CH1/85 GSGCTRIPSFDMSTTHYCYTHNVILSGCRDHSHSHQYLALGVLRTSATGRVFFSTLRS INLDDTGNRKSCSVSATPLGCDMLCSKVTETEEEDYKSVTPT
MUMPS PNGCTRIPSFSLGKTHWCY THNVINANCKDHTSSNQYVSMGI LVQTASGYPMFKTLKIQYLSDGLNRKSCSIATVPDGCAMYCYVSTQLETDDYAGSSPP
*k Kk ki *  * * % * % * Fededededd * *
310 320 330 340 350 360 370 380 390 400
SIMIAN-5 EGRI1IMYYNDTIVERI INPPGVL - -DVWATLNPGTGSGVYYLGHWVLFP1YGGVIKGTSLWNNQANKY F IPQMVAALCSQNQATQVQNAKSSYYSSWFGN
SENDAI -2 DLVLDVLDLKGRTKSHRYRNSEVDLDHPFSALYPSVGNGIATEGSLIFLGYGGLTTPLQGDT - = -~~~ -~ KCRTQGCQQVSQ- - -DTCNEALKI TWLGG
hPIV-1 DLVFDILDLKGKTKSHRCKNEDITFDHPFSAMYPSVGSGIKIENTLIFLGYGGLTTPLQGDT -~ - ==~~~ KCVTNRCANVNQ- - - SVCNDALKI TWLKK
hPIV-2 ELRLAFYYYNDTFIERVISLPNTT--GQWAT INPAVGSGI YHLGF 1L FPVYGGL1SGTPSYNKQSSRYF I PKHPN 1 TCAGNSSEQAAAARSSYVIRYHSN
hPIV-3 DIVLDIVNYDGSISTTRFKNNNISFDQPYAASYPSVGPGIYYKGKI1FLGYGGLEHPINENV--- === -~ ICNTTGCPGKTQ- - -RDCNQASHSPWFSD
hPIV-4A HNYLHTYHIMVPLKTRI INPPGSS- -ROWVHIAPGVGSGLLYAKLL I FPLYGGLTEKSVIHNNQSGKY FFPNSTKLQCRNSTMEKIKGAKDSYTITYFSG
NDV D26/76 SMVHGRLGFDGAYHEKDLDVTTLF - - EDWVANYPGVGGGSF IDNRVWFPVYGGLKPNSPSDTAQEGKYVI YKRYNDTCPDEQDYQI RMAKSSYKPGRFGG
NDV LAS/46 RMAHGRLGFDGQYHEKDLDVTTLF - - GDWVANYPGVGGGSF IDGRVMFSVYGGLKPNSPSDTVAEGKYVI YKRYNDTCPDEQDYQIRMAKSSYKPGRF GG
NDV CH1/85 SMVHGRLGFDGQYHEKDLDTTVL F - -KDWVANYPGVGGGSF IDDRVWFPVYGGLKPNSPSDTAQEGKYV I YKRYNNTCPDEQDYQIRMAKSSYKPGRFGG
MUMPS TQKLTLLFYNDTVTERT ISPSGLE - - GNWATLVPGVGSGI YFENKL I FPAYGGVLPNSTLGVKLARE FFRPVNPYNPCSGPQQDLDQRALRSYFPSYLSN
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SIMIAN-5 RMIQSGILACPLRQDLTNECLVLPFSNDQVLMGAEGRL YMYGDSVYYYQRSNSWWPMTMLYKVT I TFTNGQPSAI SAQNVPTQQVPRPGTGDCSATNRCP
SENDAI-2Z KQVVSVI IQVNDYLSERPKIRVTTIPITQNYLGAEGRLLKLGDRVY IYTRSSGWHSQLQIGVLDVS- - - - H- -PLT INWTPHEAL SRPGNKECNWYNKCP
hPIV-1 RQVVNVL IRINNYLSDRPKIVVET IPITQNYLGAEGRLLKLGKKIYIYTRSSGWHSHLQIGSLDIN- - - -N- -PMT I KWAPHEVL SRPGNQDCNWYNRCP
hPIV-2 RLIQSAVL 1CPLSDMHTARCNLVMFNNSQVMMGAEGRL YVIDNNLYYYQRSSSWWSASLFYRINTDFSKGIPP1 I EAQWVPSYQUPRPGVMPCNATSFCP
hPIV-3 RRMVNS IVVDKGLNSIPKLKVWT I SMRGNYWGSEGRLLLLGNKIY1YTRSTSWHSKLQLGI IDIT- - - -DYSD IR IKWTWHNVL SRPGNNECPWGHSCP
hPIV-4A RLIQSAFLVCDLRQFLSEDCE L IPSNDYMMVGAEGRLYNIENNIFYYQRGSSWWPYPSLYRIRLNLSKKYPRITE IKFTKIE | APRPGNKDCPGNKACP
NDV D26/76 KRVQQAILSIKVSTSLGEDPVLTVPPNTVTLMGAEGRVLTVGTSHF FYQRGSSYFSPALLYPMTV- - - SNKTATLHSPYT - FNAFTRPGSVPCQASARCP
NDV LAS/46 KRIQQAILSIKVSTSLGEDPVLTVPPNTVTLMGAEGRILTVGTSHFLYQRGSSYFSPALLYPMTV- - -SNKTATLHSPYT - FNAFTRPGS I PCQASARCP
NDV CH1/85 KRVQQAILSIKVSTSLGEDPVLTIPPNT I TLMGAEGRVLTVGTSHFLYQRGSSYFSPALLYPMTV- - -NNKTATLHSPYT - FNAFTRPGSVPCQASARCP
MUMPS RRVQSAFLVCAWNQILVTNCELVVPSNNQTLMGAEGRVLL INNRLLYYQRSTSWWPYELLYE I SFTFTNSGQSSVNMSWIP I YSFTRPGSGKCSGENVCP
* dedkdk * % Kk * *k

FIG. 4
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SIMIAN-5 GFCLTGVYADAWLLT-NPSSTS--TFGSEATFTGSYLNTATORINPTMY I ANNTQI I SSQQFGSSGQEAAYGHT TCFRDTGSVMVYCI Y1 IELSSSLLGQ
SENDAI -2 KECISGVYTDAYPLSPDAANV-=-==--=-==-- ATVTLYANTSRVNPT IMYSNTTNI INMLRIKDVQLEAAYTTTSCI THFG--KGYCFHI 1E INQKSLNT
hPIV-1 RECISGVYTDAYPLSPDAVNV-==---=-=--- ATTTLYANTSRVNPTIMYSNTSE] INMLRLKNVQLEAAYTTTSCI THFG--KGYCFHIVE INQTSLNT
hPIV-2 ANCITGVYADVWPLN -DPEPTSQNALNPNYRFAGAFLRNESNRTNPTFYTASASALLNTTGFNNTNHKAAYTSSTCFKNTGTQKIYCLI 1 1EMGSSLLGE
hPIV-3 DGCITGVYTDAYPLNPTGSIV-==--=---== SSVILDSQKSRVNPVITYSTATERVNELAIRNRTLSAGYTTTSCITHYN - -KGYCFHIVE INHKSSNT
hPIV-4A KECITGVYQDILPLS-YPNTAFPHL - -KQAYYTGFYLNNSLERRNPTFYTADNLDYHQQERLGKFNLTAGYSTTTCFKQTTTARLYCLY I 1EVGDSVIGD
NDV D26/76 NSCVTGVYTDPYPLVFYRNHTLRGVF - - ==~ -~ GTMLDDEQARLNPVSAVFDSISRSRITRVSSSSTKAAY TTSTCFKVVKTNKTYCLSIAE ISNTLFGE
NDV LAS/46 NPCVTGVYTDPYPLIFYRNHTLRGVF - -~ -~ GTMLDGVQARLNPTSAVFDSTSRSRITRVSSSSTKAAYTTSTCFKVVKTNKTYCLSIAE ISNTLFGE
NDV CHI/85 NSCITGVYTDPYPLIFHRNHTLRGVF -~~~ - -~ GTMLDDEQARLNPVSAVFDNISRSRVTRVSSSSTKAAYTTSTCFKVVKTNKAYCLSIAE I SNTLFGE
MUMPS IACVSGVYLDPWPLT - - - PYSHQSGINRNFYFTGALLNSSTTRVNPTLYVSALNNLKVLAPYGTQGLSASYTTTTCFQDTGDASVYCVY IMELASNIVGE
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610 620 630 640 650 660
SIMIAN-5 FQIVPFIRQVTLS
SENDAI-2 LQPMLFKTSIPKLCKAES
hPIV-1 LQPMLFKTSIPKICKITS
hPIV-2 FQIIPFLRELIP
hPIV-3 FQPMLFKTEIPKSCS
hPIV-4A FQITLFLAA
NDV D26/76 FRIVPLLVEILKDDGVREARSGRLSQLQEGWKDD 1VSP1FCDAKNQTEYRRELESYAASWP
NDV LAS/46 FRIVPLLVE I LKDDGVREARSG
NDV CH1/85 FRIVPLLVEILKDDRV
MUMPS FQILPVLTRLTIT

FIG. 4. Alignment of 10 paramyxovirus HN protein sequences taken from GenBank. SIMIAN-5, Simian virus 5; SENDAI-Z, Sendai virus
Z strain; hPIV-1; hPIV-2; hPIV-3 strain WASH/1511/73; hPIV-4A; NDV strain D26/76; NDV strain LAS/46; NDV strain CHI/85; MUMPS,
mumps virus. Sequences were aligned from residue positions 1 to 608 inclusive. Asterisks indicate amino acid residues which are identical

in all sequences.

therefore fulfil the active-site structural role (50) of binding
to active-site residues R-292 and Y-406 (HN counterparts are
R-450 and Y-571). Alternatively, it could be involved in
stabilizing a calcium ion site located near that observed in
neuraminidase. Note that there is no evidence for such a site
in HN and that in neuraminidase the calcium ion ligands are
D-324 and the backbone carbonyl groups of residues 293,
297, 345, and 347.

Beyond the fourth alignment in Fig. 5 involving HN R-543
as the homologous residue to R-371 in neuraminidase, con-
served HN residues Y-571 and E-592 appear as the counter-
parts of Y-406 and E-425 in neuraminidase. The pair of

cysteine residues between them may exist in a disulfide bond
because a covalent link between their counterparts in neur-
aminidase at positions 411 and 420 is plausible.

Finally, a disulfide bond may join residues in the homol-
ogous positions to neuraminidase residues 88 and 447 (HN
numbers 173 and 614). This connection would not be possi-
ble in neuraminidase without a deletion of residues from the
loop B¢L,,, and indeed the requisite cysteines for this
disulfide bond are only found in HN sequences which lack
two amino acids precisely in this place, i.e., between C-576
and C-587 in HN (Fig. 4).

It is also possible to align the sequences of three bacterial
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FIG. 5. Schematic representation of the proposed structural similarity of paramyxovirus HN and influenza virus mj.uraminidase (NA). The
four highly conserved sequence motifs in HN (see text) that can be identified with active-site regions in NA are shqwn in .the uppermost boxes.
The locations of the corresponding NA regions are shown in the lower half of the diagram, with the key active-site residues underlined. The
B-sheet secondary structure of NA is indicated in the boxes labelled B1 through B6; the large vertical arrows link these to the corresponding
proposed secondary structural elements of HN. Also shown are the HN residues D-230, R-450, R-487, Y-S]l, and E-592 and the
corresponding NA residues D-151, R-292, R-327, Y-406, and E-425. The vertical bar in sheet B6 indicates the transition from the C to the N

terminus of the corresponding polypeptide.
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TABLE 1. Putative active-site residues of
bacterial neuraminidases

Neuraminidase
from

Influenza virus R-118 D-151 R-224 E-276 R-292 R-371 Y-406 E-425°¢
C. sordelli R-55 D-80 R-115 E-253 R-270 R-330 Y-365 E-380
C. perfringens R-37 D-62 R-97 E-235 R-252 R-312 Y-347 E-362
S. typhimurium R-37 D-62 R-97 E-236 R-251 R-309 Y-342 E-364

Active-site residue

4 Manual correction of the automatic alignment described in the text for the
three bacterial neuraminidase sequences was necessary to show conservation
of sequence at the site homologous to E-425.

neuraminidases (Clostridium perfringens [41], Clostridium
sordelli [42], and Salmonella typhimurium [24]) to capture
the conserved elements of the influenza virus enzyme struc-
ture described above for HN. These alignments, not shown
here, preserve the aspartic acid box motif first described by
Roggentin et al. (40). Grafting these sequences onto a model
of influenza virus neuraminidase is a more difficult task than
the exercise described above for HN sequences, partly
because there are fewer sequences in the alignment and
conserved residues cannot be read as such with the same
level of confidence. Tentative assignment of active-site
functional residues as shown in Table 1 requires that, as for
HN, the counterpart of influenza virus neuraminidase R-224
is on the second sheet of the propeller and not the third.
Also, as for HN, an insertion between the counterparts of
R-224 and E-276 shows no homology with influenza virus
neuraminidase. A 10-kDa peptide of S. fyphimurium neur-
aminidase has been labelled with an active-site photoprobe
(53). The peptide includes R-309 and Y-342 which are
elements of the proposed active site (Table 1). Functional
residues in the active site (Fig. 2) appear conserved between
viral and bacterial enzymes, but structural residues of the
active site are not. The three-dimensional structure of a
bacterial neuraminidase should be known shortly (45).

DISCUSSION

A summary of the essential elements of the HN model is
shown in Fig. 5. The model provides for most of the
functional elements of the active site of influenza virus
neuraminidase within the sequence of the HN protein.
Analogs of amino acids contacting the carboxylate of the
bound sugar (R-118, R-292, and R-371) and the glycerol side
chain (R-224 and E-276) are present in HN, as is the putative
catalytic aspartic acid (D-151) and the tyrosine residue
underlying the sugar-binding site (Y-406). The binding site
for the N-acetyl moiety is apparently different in HN, since
no direct counterparts of R-152, W-178, and I-222 of neura-
minidase are seen in HN. On the basis of alignments focused
on active-site functional residues, three additional conserved
sequence windows have plausible structural interpretations
and a number of potential disulfide bonds consistent with
structure and conserved sequence patterns are identified.

The assignment (Fig. 4) of R-267 as the HN counterpart of
R-224 suggests that it is located on the second of the six
sheets in the propeller structure and not the third as found in
influenza virus neuraminidase. The insertion in HN which
follows, in order to regain the register of sequences around
E-276 in neuraminidase, may correspond in structure, if not
in sequence, to sheet three of the influenza virus enzyme.
The lack of homology between this inserted region in HN
and influenza virus neuraminidase suggests caution in re-

J. VIROL.

garding the insert as the third sheet of the HN structure,
although this is clearly one possibility.

There is an alternative interpretation for the conservation
of R-267 in the HN sequences and that is that it may play the
role of R-152 in influenza virus neuraminidase, i.e., hydro-
gen bonding to the carbonyl group of the N-acetyl moiety
(50). This role would have to be fulfilled from a structural
loop directly adjacent to the B,L,; loop holding R-152, viz.,
B,Lo;- The proximity of these loops makes such an interpre-
tation plausible. Our preference for the first interpretation
above is that R-224 in neuraminidase and R-267 in HN are
both embedded in conserved hepta- and hexapeptide se-
quences, respectively, and the rare occurrence of such long
stretches of conserved sequence in Fig. 3 and 4 suggests a
structural correlation. The main findings of this work are
unaffected by this ambiguity.

The model suggests that framework residues of the active
site referred to in Fig. 2 can be replaced by amino acids other
than those seen in influenza virus neuraminidase and that
even some of the functional residues, especially those in the
neighborhood of the N-acetyl group, are dispensable. Site-
directed mutagenesis of the neuraminidase active site sug-
gests that the enzyme activity is very sensitive to single
amino acid sequence changes in both the functional and
framework residues. In the latter category, substitutions of
D-198 to Asn and E-277 to Asp both result in loss of enzyme
activity (31). .

Several studies have sought to directly identify amino
acids in the neuraminidase active site of the HN protein. A
number of laboratory variants of HN which have altered
neuraminidase activities have been characterized, and gene
sequences have been described for several of these.

Waxham and Aronowski (54) have sequenced a variant of
mumps virus selected by growth in the presence of a
neuraminidase inhibitor (56). This variant has no detectable
neuraminidase activity, and the virus causes extensive syn-
cytium formation in cell culture. The translated amino acid
sequence of the HN protein of the variant showed two
changes with respect to the parental strain, I-181 (position
207 in Fig. 4) replaced by threonine and Q-261 (position 288
in Fig. 4) to lysine. The first of these changes involves one of
the framework residues of the active site, and the second is
in the vicinity of B,L,; (Fig. 5). D-198, part of this loop in
neuraminidase, is a structural residue of the active site (50).
The B,L,; loop is further implicated in catalysis in HN by the
observation (4) that the sequence of hPIV-4A (Fig. 4) differs
from that of all other HN sequences by the substitution of
D-293-Y-294 with the sequence N-F. It has been proposed
(4) that this change correlates with reduced enzyme activity
in the HN protein of hPIV-4A.

In another study (25), monoclonal antibodies were used to
select variants of NDV. Some of these, in particular variants
selected with a monoclonal antibody whose binding was
competitive with that of a low-molecular-weight neuramini-
dase inhibitor, showed altered neuraminidase activity, and
sequencing showed changes in these variants at residues 193
and 200 (positions 226 and 233 in Fig. 4). The homologous
residue numbers in influenza virus neuraminidase are 147
and 154, i.e., either side of the functional residue D-151.

Iorio et al. (25) also studied a revertant of a temperature-
sensitive mutant which has impaired neuraminidase activity.
That variant has I-175 replaced by methionine (residue 207 in
Fig. 4). Residue 119, the influenza virus neuraminidase
counterpart, is one of the structural residues of the active
site of neuraminidase. A second-step revertant which par-
tially restores neuraminidase activity has F-192 (residue 225
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in Fig. 4 and leucine in the NDV sequences shown there)
replaced by leucine. A possible interaction between these
two amino acids is plausible within the influenza virus
neuraminidase by virtue of the proximity of the homologous
residues 119 and 146.

The above three studies demonstrate that changes in the
framework amino acids of the active site of the model
proposed here influence enzyme activity.

The proposed association of the four highly conserved
regions of HN with corresponding regions in the active site
of influenza virus neuraminidase is supported indirectly by
the fact that only one of these highly conserved regions (viz.,
the R X P motif, HN residues 206 to 208) appears to occur in
the haemagglutinin (H) proteins of morbilliviruses. The
morbilliviruses (39, 13), while also members of the Paramyx-
oviridae family, have a similar morphological and genetic
organization to the paramyxoviruses, yet their attachment
protein H specifically lacks neuraminidase activity.

The models for both HN and bacterial neuraminidases
suggest that in neither case are there direct counterparts of
the influenza virus neuraminidase active-site framework
residues E-119 and E-227. These particular amino acids are
believed to be important for tight binding of 4-amino and
4-guanidino substituted analogs of sialic acid (52). The
replacement of E-119 by isoleucine or leucine suggests a
more hydrophobic character to the binding site near the C-4
position of sialic acid in HN or bacterial neuraminidase.
Some 2,3-unsaturated analogs of sialic acid (Neu5Ac2eu)
with hydrophobic properties at C-4 have been tested for
inhibiting activity against HN and bacterial neuraminidase
but none are yet more potent than the parent molecule
NeuSAc2en (23).

In summary, earlier work of Jorgensen et al. (26), claiming
a similarity in structure between influenza virus neuramini-
dase and the HN protein of paramyxovirus, has been ex-
tended to demonstrate how such a model can incorporate the
essential amino acids of the neuraminidase active site within
the HN structure. Many of the framework elements of the
neuraminidase active site, i.e., amino acids which do not
themselves contact substrate directly, are not conserved in
this model of the HN structure. A similar model can be built
for some bacterial neuraminidases.
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