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The hemagglutinin-neuraminidase (HN) protein of human parainfluenza viruses (hPIVs) both binds (H)
and cleaves (N) oligosaccharides that contain N-acetylneuraminic acid (Neu5Ac). H is thought to correspond
to receptor binding and N to receptor-destroying activity. At present, N's role in infection remains unclear:
does it destroy only receptors, or are there other targets? We previously demonstrated that hPIV1 and 3 HNs
bind to oligosaccharides containing the motif NeuSAca2-3Galf31-4GlcNAc (M. Amonsen, D. F. Smith, R. D.
Cummings, and G. M. Air, J. Virol. 8§1:8341-8345, 2007). In the present study, we tested the binding specificity
of hPIV2 on the Consortium for Functional Glycomics’ glycan array and found that hPIV2 binds to oligosac-
charides containing the same motif. We determined the specificities of N on red blood cells, soluble small-
molecule and glycoprotein substrates, and the glycan array and compared them to the specificities of H. hPIV2
and -3, but not hPIV1, cleaved their ligands on red blood cells. hPIV1, -2, and -3 cleaved their NeuAca2-3
ligands on the glycan array; hPIV2 and -3 also cleaved NeuAca2-6 ligands bound by influenza A virus. While
all three HNs exhibited similar affinities for all cleavable soluble substrates, their activities were 5- to 10-fold
higher on small molecules than on glycoproteins. In addition, some soluble glycoproteins were not cleaved,
despite containing oligosaccharides that were cleaved on the glycan array. We conclude that the susceptibility
of an oligosaccharide substrate to N increases when the substrate is fixed to a surface. These findings suggest
that HN may undergo a conformational change that activates N upon receptor binding at a cell surface.

The human parainfluenza viruses (hPIVs) are members of
the family Paramyxoviridae. They possess two envelope glyco-
proteins, the hemagglutinin-neuraminidase (HN) and the fu-
sion protein (F). HN binds (H) to N-acetylneuraminic acid
(Neu5Ac, sialic acid) on glycoproteins and glycolipids on the
host cell and assists viral entry by activating F (10, 26, 30). HN
also removes (N) sialic acid from glycans at low pH and low
chloride concentrations (24), possibly intracellularly (24), and
is presumed to destroy receptors. N is required for paramyxo-
viruses to form plaques in cell culture (12, 35), but the reason
for this requirement is not established.

Previous research suggests several possibilities for the bio-
logical role of N. N may facilitate virion release by eliminating
receptors that otherwise cause progeny to remain attached to
the host cell. hPIV3 N can remove receptors from cells; UV-
inactivated virus has been shown to remove measurable sialic
acid from infected CV-1 cells (25). Receptor removal from
cells affects virion release. The mutant C-28 strain of hPIV3,
which has half the neuraminidase activity of wild-type virus,
produced HN and nucleoprotein (NP) at the same rate as
wild-type virus, as measured by gel densitometry of radiola-
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beled protein, but produced fewer PFU per unit time (18). The
neuraminidase-dead C28a hPIV3 virus showed an even more
marked delay in release (12). These findings suggest that in-
fection and protein production are successful but that release
of virus from the cells is delayed in the absence of functional N.
N has also been shown to affect the type of infectious course
that hPIV will take. Treatment of uninfected cells with small
amounts of bacterial or hPIV3 neuraminidase removed suffi-
cient receptor to prevent fusion with persistently infected, HN-
expressing cells, and treatment of uninfected cells with larger
amounts of neuraminidase prevented infection of the cells
entirely. N pushed the virus’ life course toward persistent
rather than lytic infection by prohibiting viral spread via cell-
cell fusion (25). Taken together, these findings suggest that N
is capable of removing the same receptors that hPIV uses for
initial infection of cells and for cell-cell fusion and that removal
of these receptors facilitates viral release. However, if N re-
moves receptors too early in the viral life cycle, no infection or
limited infection is the result.

N may also regulate overall HN function. Several studies
suggest that HN must be properly glycosylated, but not sialy-
lated, for receptor binding to occur. The low-N revertant L1 of
a temperature-sensitive Newcastle disease virus (NDV) mu-
tant incorporates sialic acid into itself, as shown by a periodi-
ate-tritiated borohydride treatment that specifically labels
sialic acid. The revertant demonstrated an attachment constant
that was half of that of the wild type, but neuraminidase treat-
ment restored the wild-type attachment kinetics (34). Simi-
larly, a neuraminidase-null NDV mutant HN protein ex-
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pressed on the surface of BHK-21 cells incorporated sialic acid
into its glycans and was unable to bind red blood cells (RBCs);
binding was restored by treatment with exogenous neuramin-
idase but not by removal of the glycosylation sites from HN
(19). The data suggest that HN must be glycosylated but not
sialylated for proper folding, binding site accessibility, and/or
tetramer assembly; the purpose of the N activity of HN may be
to control this function-critical glycosylation.

N could also modulate the relationship between receptor
binding and fusion activation. Cells expressing wild-type hPIV3
HN and F fused with red blood cells at pH 8, but most red
blood cells were released at pH 5, where N is active. Cells
expressing the C28a N-null HN did not show this pH-depen-
dent change in fusion in a reporter-based cell-cell fusion assay
(29). In a human airway epithelial cell model, two mutant
hPIV3 viruses with higher-than-wild-type fusogenicity or hem-
agglutinin (HA) avidity, but without a corresponding increase
in N, produced lower viral titers than the wild type. Treatment
with exogenous neuraminidase partially restored the titers
(27). These studies suggest that N may act to balance receptor
binding and fusion triggering by limiting the number of recep-
tors that are available for binding on the cell surface and/or by
inducing a change in HN that limits fusion triggering.

Structural studies of HN, interestingly, have not clarified the
function of N. The crystal structure of NDV HN in complex
with a high concentration of the thiosialoside inhibitor
NeuSAc-2-S-a(2,6)GallOMe showed the sialic acid moiety of
the inhibitor bound at both the neuraminidase active site (site
I) and the dimer interface (site II) (44). In contrast, the struc-
tures of hPIVS5 (43) and hPIV3 (20) showed sialic acid bound
only at the neuraminidase active site. However, sialic acid was
successfully computationally modeled into the dimer interface
of the H552Q mutant of hPIV3 HN (whose binding is resistant
to the N inhibitor zanamivir) (28), suggesting that there may be
a second site in this mutant HN. In the structures of NDV at
pH 6 or higher and in the structure of hPIV3, the monomers in
an HN dimer are rotated such that the site I binding pockets
face 90° away from each other (9, 20, 32, 44). A pH 4.5 struc-
ture of NDV HN, in contrast, has the two binding sites in a
2-fold symmetric arrangement with their active sites pointed
180° away from each other (9); the dimer is evidently capable
of assembling in at least two different ways. Stabilization of the
90°-opposed sites in recombinant NDV HN by introduction of
engineered disulfide bonds enhanced fusion activity while de-
creasing N activity, suggesting that fusion triggering does not
require a conformational change in HN (23) but that N activity
may. In hPIV3, a conformational change in HN could link the
receptor-binding and N functions of site I with the fusion-
triggering and, potentially, secondary receptor-binding func-
tions of site II. The existing data leave several questions un-
answered. What is the relationship between binding specificity
and neuraminidase specificity? In what contexts do binding
and neuraminidase activity occur?

To begin to answer these questions, we determined the spec-
ificities of both H and N. We previously reported that hPIV1
(C35) bound to structures containing the minimal motif
NeuSAca2-3Galp1-4GlcNAc, including when the motif is sul-
fated or with GalNAc on Gal, fucosylated on GIcNAc (sialyl-
Lewis®), or attached to an extended polylactosamine or man-
nose chain. At pH 5, it also binds to some NeuS5Aca2-8 and
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NeuS5Aca2-3Galp1-3 glycans. hPIV3 binds a restricted set of
structures containing the same minimal motif with or without
fucosylation and requires the addition of at least one additional
galactose to the chain for binding. We have now studied the
binding of these together with hPIV2 and recent clinical isolates
on newer, expanded glycan arrays. We also examined the suscep-
tibilities of substrates to N on the glycan array, red blood cells,
and soluble small molecules and glycoproteins. We propose that
N activity is facilitated by the fixation of substrates to a surface,
perhaps mediated by a conformational change in HN.

MATERIALS AND METHODS

Virus culture and purification. hPIV1 strain C35 and hPIV3 strain C243 were
from ATCC. Clinical isolates Oklahoma/4409/2010 (hPIV1), Oklahoma/3955/
2005 (hPIV2), Oklahoma/94/2009 (hPIV2), Oklahoma/283/2009 (hPIV2), Okla-
homa/410/2009 (hPIV3), and Oklahoma/754/2009 (hPIV3) were obtained from
the virology laboratory at the University of Oklahoma Children’s Hospital. LLC-
MK2 (MK2) cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) (Gibco) with 10% supplemented calf serum (HyClone). MDCK cells
were maintained in DMEM supplemented with 1% glutamine (200 mM; Gibco),
2% amino acids (50X; Gibco), 1% vitamins (MEM, 100X; Gibco), and 3%
sodium bicarbonate (7.5%; Gibco). All hPIV strains were propagated in MK2
cells in DMEM/F12 infection medium with 1% ITS+ as previously described (4).
Trypsin (tosylsulfonyl phenylalanyl chloromethyl ketone [TPCK] treated; Wor-
thington) was added at 1 pg/ml to the infection medium for hPIV2 as for hPIV1.
Influenza A virus strains A/Oklahoma/447/2008 (seasonal HIN1), A/Oklahoma/
2952/2009 (2009 pandemic HINT), and A/Oklahoma/483/2008 (H3N2) were
propagated in MDCK cells in the same infection medium but with 0.5 pg/ml
trypsin. Viruses were purified as previously described (4).

Determination of ratios of viral proteins using amino acid analysis. Three
samples of purified virus were subjected to 9% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and then blotted onto a polyvinylidene diflu-
oride (PVDF) membrane. Blots were stained with Coomassie blue (from concen-
trate; Sigma). All visible bands were excised and quantified by amino acid analysis at
the University of Oklahoma Molecular Biology Proteomics Facility, which also
confirmed their identity. For hPIV2, the identities of bands were determined by mass
spectrometry prior to amino acid analysis. The amount of each protein in a sample,
and therefore the ratios of proteins to each other, was determined using the follow-
ing formula: mol protein = mol amino acid in sample/(mol amino acid/mol protein).
The result was averaged for amino acids whose prevalence in the sample was close
to the expected value; the set of amino acids chosen was different for each sample,
but Ala, Met, Gly, Ser, and Thr were avoided. The percentage of total viral protein
contributed by each component was calculated as the amount of each protein
divided by the sum of the five gel bands.

The P and F bands of hPIV2 could not be separated by gel electrophoresis.
Therefore, these two bands were calculated together, and the proportions of P
and F were derived from the average P/F ratio for hPIV1 and -3.

Determination of total viral protein by gel electrophoresis. Virus was sub-
jected to 9% SDS-PAGE followed by Coomassie blue staining and visual com-
parison of the NP band intensity to known amounts of bovine serum albumin
(BSA) (Pierce). The amount of NP in each sample was multiplied by the per-
centage of total viral protein that is NP to yield the total viral protein. The
amount of HN in a sample was calculated by multiplying the total viral protein
by the percentage that is HN.

Sequencing of HN. RNA was extracted from purified virus using the QIAamp
viral RNA minikit (Qiagen). Reverse transcriptase PCR was performed using the
OmniScript RT kit (Qiagen) and the HN forward primers for each virus as
described below. PCR was performed using the Platinum 7ag DNA polymerase
kit (Invitrogen). PCR of the HN gene used the following primers: hPIV1 for-
ward, 5'-AACGATGGCTGAAAAAGGG-3'; hPIV1 reverse, 5S'-CTATTTGTC
ATATAAATGTCTATTC-3'; hPIV2 forward, 5'-CAGCTTAATCCACTCAAC
ATATAA-3'; hPIV2 reverse, 5'-AGCCAAAACGTATAACTATTGCAT-3';
hPIV3 forward, 5'-ATGGAATACTGGAAGCACAC-3"; and hPIV3 reverse,
5'-TTAACTGCAGCTTTTTGGAA-3'. PCR was performed in an MJ Research
programmable thermal controller using the following program: 94°C for 5 min;
30 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min; and 72°C for 5
min. Sequencing was performed at the Oklahoma Medical Research Foundation
Sequencing Core Facility. Additional primers used for sequencing were as fol-
lows: hPIV1 Fwd 451, 5-AGGAATTGGCTCAGATATGC-3'; hPIV1 Fwd
1024, 5'-AGTGTAGGAAGTGGGATAAAG-3'; hPIV1 Fwd 1463, 5'-TCCGA
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GAGAATGCATATCAG-3'; hPIV1 Rev 1527, 5'-TACAGTGTGGTTGTAGC
AAC-3'; hPIV1 Rev 1081, 5'-CCTTGGAGCGGAGTTGTTA-3'; hPIV1 Rev
608, 5'-GTGGTTGATCCAGAAAGTAGA-3'; hPIV2 Fwd 496, 5'-CATACAA
TGGGACGCCTAAATATG-3'; hPIV2 Fwd 1045, 5'-AGCAGTCCTCACGCT
ATTTTAT-3'; hPIV2 Fwd 1452, 5'-TGCCCTGCTAATTGCATCA-3'; hPIV2
Rev 545, 5'-GAGATGTTGCTGAGGGGATA-3"; hPIV2 Rev 968, 5'-CCTAG
ATGATAGATCCCGCTT-3'; hPIV2 Rev 1382, 5'-GGTACCCATTGAGCCT
CA-3’"; hPIV3 Fwd 488, 5'-CCACAAAGAATAACACATGATG-3'; hPIV3 Fwd
959, 5'-GATGGTTCAATCTCAACAACA-3'; hPIV3 Fwd 1457, 5'-GAATGT
CCATGGGGACATTC-3"; hPIV3 Rev 482, 5'-TGTTATTCTTTGTGGCAGC
AC-3'; hPIV3 Rev 843, 5'-TGTATTTAGGAGTGCTAGAG-3'; and hPIV3 Rev
1353, 5'-ATTGTAACTTGCTATGCCAAC-3'. Completed sequences were an-
alyzed for their phylogenetic relationships to each other and to GenBank se-
quences for hPIV1, hPIV2, and hPIV3 using MultAlin (8) and CLUSTALW with
PHYLIP (39) using default settings.

Neuraminidase assay and determination of neuraminidase activity on soluble
substrates. 2'-(4-Methylumbelliferyl)-a-p-N-acetylneuraminic acid (MUN), 3'-
N-acetylneuraminyllactose (3'NANL), human al-acid glycoprotein (hAGP), hu-
man transferrin, bovine submaxillary mucin, hen ovomucoid, and human glyco-
phorin A were from Sigma. Gangliosides GM1, GM2, and GM3 were from
Calbiochem. Bovine fetuin (bFetuin) was purified from fetal calf serum (Sigma)
by the method of Spiro (36). The sialic acid concentration in the substrates was
measured as amount released after overnight incubation with excess hPIV1 and
-2 virus mixture (cleavable sialic acid) or Arthrobacter ureafaciens (Sigma) or
Micromonospora viridifaciens neuraminidase (total sialic acid). A proteinase K
digest of bFetuin (fetuin peptides) was prepared by incubating a solution of 40
mg/ml bFetuin and 3 to 4 mg/ml proteinase K (Invitrogen) in neuraminidase
buffer (50 mM Na acetate, 4 mM CaCl,, pH 5.5) at 50°C for 2 h.

Neuraminidase activity on MUN was assayed by the fluorescence method of
Potier et al. (31) adapted for 96-well plates. Activity on all other substrates was
assayed by the thiobarbituric acid assay of Warren (41) with the following
modifications for a 96 well plate: Na,SO, and H,SO, were omitted from the
arsenite reagent, H,SO, was omitted from the thiobarb reagent, the plate was
heated on a dry heating block at 85°C, and dimethyl sulfoxide (DMSO) was used
to stabilize the color in place of the butanol extraction. Virus, buffer, and
substrate were mixed to a starting volume of 30 pl in a 96-well flat-bottom
enzyme-linked immunosorbent assay (ELISA) plate (Microlon; Greiner Bio-
One). The reaction mixture was incubated at 37°C for 10 min (for enzyme activity
analysis) or 60 min (for determination of substrate susceptibility). Development
reagents were added as in Warren’s assay, using 5 pl periodate, 50 pl arsenite,
and 100 pl thiobarb. After heating (85°C for 20 min), 50 pl DMSO was added.
If necessary, protein precipitates were spun down for 5 min at 2,000 rpm in a
GS-6R (Beckman) tabletop centrifuge, and then 150 pl supernatant was trans-
ferred to a new plate. The plate was read at 550 nm in a SpectraMax M2
microplate reader using SoftMax Pro software. For glycoprotein substrates, the
initial 37°C incubation was followed by deactivation and denaturation of the
neuraminidase at 80°C for 5 min and then addition of 10 wl of 3 to 4 mg/ml
proteinase K and incubation at 50°C for 20 min to avoid a large protein precip-
itate. Periodate was then added and the procedure continued as described above.

Enzyme activity assays were set up such that all wells contained the same
amount of viral protein and a variable amount of the substrate to be tested. A
substrate-only blank was included for each substrate concentration. A 4-meth-
ylumbelliferone (Sigma) or N-acetylneuraminic acid (Sigma) standard curve was
included as appropriate for each assay.

The enzyme activity parameters K, (Michaelis-Menten constant) and V.,
(maximum initial velocity, used to derive the specific activity [in wmol sialic acid
released per min per mg total viral protein]) were calculated using Prism 4
software with the nonlinear regression equation “Michaelis-Menten.” k,; was
calculated as follows: ke, (s7') = Viax (pmol/s)/HN in sample (wmol).

Hemagglutination assays and determination of neuraminidase activity on red
blood cells. Human blood testing samples were obtained from the Oklahoma
Blood Institute. Whole chicken and turkey blood were from Lampire (Pipers-
ville, PA). Red blood cells (RBCs) were washed four times with cold phosphate-
buffered saline (PBS) to remove serum and then suspended to ~50% in Alsever’s
solution (Sigma). Human red blood cells were made to a final concentration of
0.8% and avian cells to a concentration of 0.5% in PBS or acetate buffer (100
mM NaCH;COOH, 2 mM CaCl,, 2 mM MgCl,, pH 5.5) as needed. Viruses were
serially diluted in 50 pl PBS or acetate buffer in a round-bottom microtiter plate,
and then 50 pl red blood cells was added. The assay mixture was incubated at 4°C
for 30 to 60 min and the titer read. To test for neuraminidase action on red blood
cells, the initial binding was performed in acetate buffer. The red blood cells were
then allowed to elute at room temperature. Cells were gently resuspended by
pipetting and the plate reincubated at 4°C for 30 to 60 min. In the event that no
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rebinding was observed, an amount of purified virus sufficient for agglutination
was added to each well of the assay plate, the cells resuspended by pipetting, and
the plate incubated at 4°C for 30 to 60 min. Hemagglutination inhibition assays
were performed by incubating 4 hemagglutinating units (HAU) of virus with
2-fold dilutions of glycoprotein (see materials listed in “Neuraminidase assay and
determination of neuraminidase activity on soluble substrates” above) for 30 min
at 4°C and then adding red blood cells and incubating as described above.

Fluorescent labeling of viruses and glycan array analysis. Purified virus was
labeled with Alexa Fluor 488 (Molecular Probes) and bound to the glycan array
as previously described (4). Viruses sent to the array had hemagglutinin titers on
the order of 10* HAU/ml and total protein of 0.5 to 1 mg/ml and were diluted 5-
to 200-fold depending on labeling efficiency. Three concentrations in this dilution
range were tested for each virus. High-affinity ligands were defined as those
glycans bound at >10% of the level for the highest-binding species at all con-
centrations tested. For neuraminidase specificity studies, Alexa 488-labeled virus
was diluted in acetate buffer with 1% BSA and 0.05% Tween 20 at pH 5.5 and
incubated with the glycan array for 1 to 4 h at 37°C to allow neuraminidase to
cleave structures on the array. The temperature was then lowered to 4°C and
labeled virus was allowed to bind to the array. The slide was dried and read. In
some experiments, the original virus was washed off and fresh virus added at pH
7 and 4°C and left for 1 h. A structure was considered to have been cleaved if its
binding after N treatment was less than 20% of its original binding level or to
have been partially cleaved if its binding after N activity was between 20% and
60% of its original binding level. For inhibition experiments, 2-deoxy-2,3-dide-
hydro-N-acetylneuraminic acid (DANA) (Sigma) was used to block neuramini-
dase activity. For some samples, Alexa-labeled influenza A virus was subse-
quently bound to the same array.

Use of photographic processing software in construction of figures. Adobe
Photoshop CS3 was used to annotate the sequence alignment in Fig. 1, to
annotate the subgroup labels in Fig. 2, to resize and move text labels for im-
proved legibility in Fig. 2, and to crop three wells for presentation from each 8-
or 12-well hemagglutination assay in Fig. 4. In all other figures, processing
software was used only for assembly of data into a single image file.

Nucleotide seq e accessi bers. The GenBank accession numbers
for the new HN sequences are as follows: Oklahoma/4409/2010 (hPIV1),
JN089925; Oklahoma/3955/2005 (hPIV2), JF912196; Oklahoma/94/2009
(hPIV2), JF912194; Oklahoma/283/2009 (hPIV2), JF912195; Oklahoma/410/
2009 (hPIV3), JF912197; Oklahoma/754/2009 (hPIV3), JF912198; and Wash-
ington/1957 C243 (hPIV3), JN089924.

RESULTS

Sequencing and phylogeny of hPIV clinical isolates. The HN
protein of human parainfluenza viruses is the primary anti-
genic target for both humoral and T-cell responses (7, 38). HN
can therefore be expected to change over time as hPIV re-
sponds to selective pressure. The prototype strains of hPIV
were isolated in the 1950s, and due to their age they may not
accurately represent the properties of current hPIVs. In addi-
tion to the ATCC type strains hPIV1 C35 and hPIV3 C243, we
obtained local clinical isolates as examples of currently circu-
lating hPIV strains.

Sequence analysis of local isolates showed that active-site res-
idues and residues thought to be structurally important are con-
served (19, 21) (Fig. 1). In accord with this observation, we found
that the enzyme activities and red blood cell specificities of hPIV2
and -3 clinical isolates are essentially identical to those of the type
strains and that their glycan array binding profiles are a close
although not exact match (see below). hPIV1 strain 4409 grew
poorly in MK2 cells and therefore was not tested for enzyme
activity and glycan array binding. Henceforth, “hPIV2” and
“hPIV3” refer to the aggregate behavior of the strains used.

The phylogeny of local clinical isolates compared to se-
quences in GenBank is shown in Fig. 2.

Activity of neuraminidase on soluble substrates. The bio-
logical function of N presumably requires a precisely calibrated
enzyme activity; HN must destroy enough of its target in the
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FIG. 1. Protein sequence alignment of the hPIV1, -2, and -3 strains used in this study and described in Materials and Methods. Residues
highlighted in red make contacts with sialic acid in the active site (7). Residues highlighted in blue are residues that have demonstrated structural
importance; these positions did not change in a panel of escape mutants, and intentional mutation of these residues in a recombinant HN
eliminated both H and N activity (18, 20). Residues in green are differences between strains of a single hPIV. Note that no changes occur in
active-site residues or in structural components from strain to strain.
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FIG. 2. Unrooted phylogenetic trees of hPIV1, -2, and -3, based on sequences of type strains and local clinical isolates and clinical isolate
sequences from GenBank. (A) Phylogeny of hPIV1. Local isolate Oklahoma/4409/2010 (far right) shares 93.7% amino acid sequence identity with
the type strain Washington/1957 (C35) (top) and groups with the Milwaukee/1991 isolates previously identified as belonging to antigenic subgroup
C (15). Assignment of sequences to subgroups is based on the Chapel Hill and Milwaukee isolates (14, 15). (B) Phylogeny of hPIV2. Local isolates
Oklahoma/3955/2005, Oklahoma/94/2009, and Oklahoma/283/2009 are 94 to 96% identical in amino acid sequence to the type strain Ohio/1955
(Greer). Each Oklahoma isolate represents a different lineage, despite having originated in the same hospital over the course of only 4 years. hPIV2
strains tend to group geographically; note that the four Lyon isolates (lower right) group together, as do most of the isolates from Japan (center).
However, closely related strains can also be isolated in different places at different times; for example, Ohio/1955, Tokyo/1962, Vanderbilt/1998,
and Oklahoma/94/2009 share a branch of the tree. (C) Phylogeny of hPIV3. Local isolates Oklahoma/410/2009 and Oklahoma/754/2009 are 97 to
98% identical in amino acid sequence to the type strain Washington/1957 (C243). hPIV3 strains appear to group both temporally and geograph-

ically; strains from the New World and Australia before 1995 form one major branch of the tree (right), while strains from Asia after 1995 form
the other (left). The Oklahoma/2009 isolates may be Asian in origin.
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available time to facilitate virion release, remove sialic acids
from other HN molecules, or modulate binding strength with-
out altering attachment to new cells (18, 19, 25, 27). The
activity of N, therefore, is expected to reflect its role in the life
cycle of hPIV. In order to determine the efficiency of neur-
aminidase activity on a variety of structures, we tested the
enzyme activities of hPIV1, -2, and -3 on soluble substrates.
We tested small molecules, which are expected to be easily
cleavable by N without concern for any effects due to substrate
size or shape, and glycoproteins, whose complex carbohydrate
structures are expected to more closely resemble those of the
glycans that hPIV might encounter on host cells.

We first identified potential substrates by testing the ability
of hPIVs to release sialic acid from a panel of small molecules
and commercially available glycoproteins. hPIV1 and -2 re-
leased quantifiable amounts of sialic acid from MUN,
3'NANL, bovine fetuin (bFetuin), human AGP (hAGP), and
chicken ovomucoid during a 1-hour incubation. hPIV3 re-
leased measurable sialic acid from MUN and hAGP (Table 1).
None of the viruses tested released detectable sialic acid from
6'NANL, human transferrin, bovine submaxillary mucin, hu-
man glycophorin A, or ganglioside GM1, GM2, or GM3.

Based on these findings, we selected MUN, 3'NANL,
bFetuin, and hAGP as substrates and quantified N activity
using a Michaelis-Menten assay. MUN and 3'NANL are small
molecules; bFetuin and hAGP are 40- to 50-kDa glycoproteins
that contain sialylated glycans with up to three (bFetuin) or
four (hAGP) branches on each N-linked glycan (11, 16). A
proteinase K digest of bovine fetuin (bFetuin peptides) was
also included as a test for the effect of protein size or folding

on neuraminidase susceptibility. Chicken ovomucoid was
cleaved by N, but its low sialic acid content and lower water
solubility did not allow us to achieve a sufficient concentration
in the assay to measure K,, and V..

hPIV1 and -2 cleaved all five susceptible substrates with
various efficiencies (Fig. 3; Table 1). The Michaelis-Menten
constant (K,,,), often considered a measure of the affinity of the
enzyme for substrate, ranged from 0.5 to 2.0 mM for the
various substrates. However, the reaction rate per milligram of
viral protein (specific activity derived from V,,,,) and turnover
rate (k.,) were at least 2-fold higher on small-molecule sub-
strates than on glycoproteins or glycopeptides. hPIV3 cleaved
only MUN and hAGP to detectable levels. On MUN, hPIV3
had a 10-fold lower affinity and at least a 2-fold lower activity
and turnover rate than hPIV1 and -2; on hAGP, its kinetic
parameters were similar to those of hPIV1 and -2. The activity
of hPIV3 on MUN was 3-fold higher than its activity on AGP.
hPIV3 has previously been shown to have lower relative activ-
ity than hPIV1 or -2 when allowed to cleave sialyllactose over
a period of hours (1). Our results demonstrate that this pattern
holds for other substrates and quantify the activities of all three
viruses (Table 1).

To control for the possibility that the low N susceptibility of
glycoproteins is the result of the protein itself, we digested
bFetuin with proteinase K. Digestion of bFetuin increased the
Vnax Of hPIV1 and -2 by 3- to 5-fold, but even after digestion
the V. was only 10 to 30% of that with 3'NANL or 10% of
that with MUN; protease digestion did not affect the activity of
hPIV3 on bFetuin (Fig. 3; Table 1).

To see if the glycoprotein substrates are less efficiently cleaved
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TABLE 1. Enzyme activity parameters of hPIVs on soluble substrates”

Substrate Example of Substrate Glycan Virus* Indicated Km (mM Vmax (umol Kcat (s7)
Structures hPIV sialic acid sialic acid/
releases cleavable by min/mg total
detectable  hPIV1 and 2 viral protein)
sialic acid overnight)
in 60 min?

MUN ’— Methylumbelliferyl Group hPIV1 Yes 0.53 + 0.05 5.77 +1.00 22.9+4.0
hPIV2 Yes 0.36 + 0.04 11.25 £ 0.91 45.7+ 3.8
hPIV3 Yes 7.74+1.58 4.60+0.57 18.2+2.2

3'NANL Y o ) hPIV1 Yes 0.76 £ 0.12 5.98 + 0.56 23.7+22

. - hPIV2 Yes 0.12+0.01 3.62+0.59 147+2.4
Sialic Acid Linkage: a.2-3 hPIV3 No

Bovine OB hPIV1 Yes 0.46 +0.14 0.17 £ 0.03 0.7+0.1

Fetuin * (}.\Op .

oo’ hPIV2 Yes 0.58+0.11 0.27 £ 0.02 1.1+£0.1
Sialic Acid Linkage: a.2-3, a.2-6

N-glycan shown; O-glycans also hPIV3 No

present

Bovine OB hPIV1 Yes 0.69 + 0.02 0.48 + 0.03 1.9+0.1

Fetuin P >-mm

Peptides v :};p hPIV2 Yes 0.40 £ 0.02 1.37 £0.07 56+03

f‘|allc Acid L|nka.ge4 a2-3, a.2-6 hPIV3 No
-glycan shown; O-glycans also
present
Human AGP & O = hPIV1 Yes 2.00+0.13 1.42 £ 0.02 56+0.1
: 2 :\Op LB ] hPIV2 Yes 1.25+0.26 1.17 £ 0.07 48+0.3
;aﬁi: z;:id Linkage: a2-3, ¢2-6 hPIV3 Yes 2.49 +0.56 0.59 + 0.06 24+0.2
Chicken SR e hPIV1 Yes
Ovomucoidt ¢ o= hPIV2 Yes
Sialic Acid Linkage: 0.2-3 hPIV3 No
Human b "I hPIV1 No
Transferrin ¢ ow hPIV2 No
Sialic Acid Linkage: a.2-6 hPIV3 No

Bovine L 4 hPIV1 No

submaxillary ~ A-O- B hPIV2 No

mucin Sialic Acid Linkage: a.2-6 hPIV3 No

Human e o -m hPIV1 No

Glycophorin ¢ Om

A Sialic Acid Linkage: «:2-6 hEVE hg

N-glycan shown; O-glycans also hPIV3 No
present

GM1 hPIV1 No

o--o0-e hPIV2 No

Sialic Acid Linkage: a2-3 hPIV3 No

GM2 4 hPIV1 No
-O-o hPIV2 No

Sialic Acid Linkage: a2-3 hPIV3 No

GM3 0o hPIV1 No
. - hPIV2 No

Sialic Acid Linkage: .2-3 hPIV3 No

“ Symbols: purple diamonds, N-acetylneuraminic acid; yellow circles, galactose; blue squares, N-acetylglucosamine; green circles,
mannose; red triangles, fucose; blue circles, glucose; yellow squares, N-acetylgalactosamine. *, measurements were made using strains
C35 (hPIV1), Oklahoma/3955/2005 (hPIV2), and C243 (hPIV3). Clinical isolates Oklahoma/283/2009 (hPIV2), Oklahoma/94/2009
(hPIV2), Oklahoma/754/2009 (hPIV3), and Oklahoma/410/2009 (hPIV3) gave results similar to the values for hPIV2 and -3 values

reported here. ¥, chicken ovomucoid was not selected for kinetics analysis due to low solubility and sialic acid content.

as a result of failure of the viruses to bind them, we tested the
abilities of hAGP and bFetuin to act as hemagglutination inhib-
itors. Both proteins were able to inhibit hemagglutination by all
three viruses (Table 2), with inhibitory concentrations ranging
from 2-fold to 10-fold lower than the K,,, values.

To test whether activity increased when glycoproteins were
fixed to a surface, we bound hAGP and bFetuin to an ELISA
plate. The thiobarbituric acid assay could not detect sialic acid
released from the small amount of protein that bound the well,
even if glycoproteins were digested overnight with a bacterial
neuraminidase.

Composition of hPIV. To calculate the V. and k_,, of HN,
it is necessary to know the concentration of HN in a given
sample. We determined the proportion of viral protein that is
HN using amino acid analysis, as described in Materials and
Methods. Five proteins (P, HN, NP, F, and M) were detectable
by 9% SDS-PAGE with Coomassie blue staining. Amino acid
quantification showed HN monomer to comprise 16.2% =
7.1%, 23.9% = 0.6, and 23.2% = 3.6% (wt/wt) of the total
protein of hPIV1, -2, and -3, respectively, measured as the sum
of the 5 protein gel bands. Bousse and Takimoto estimated
from gel densitometry that HN constitutes 19% of hPIV1, 18%



Vor. 85, 2011

hPIV1
10+
84
A
0 1 2 3 5 é
Cleavable Sialic Acid (mM)
10- hPIV2
8- A a
6+ » A
> 4 %a
2+ /
Cm==F =y
01M‘T—I_‘ T 1
0 1 2 3 4 5
Cleavable Sialic Acid (mM)
10- hPIV3
8
6+
>
44
24 . A
04 =
0 1 2 3 4 5
Cleavable Sialic Acid (mM
A MUN
e 3'NANL
v bFetuin Peptides
m bFetuin
¢ hAGP

FIG. 3. Enzyme activities of hPIV1, -2, and -3 HN (as whole virus)
on soluble substrates. Examples of Michaelis-Menten curves for each
virus are shown; results of one representative experiment are shown
for each substrate. I is measured as wmol sialic acid released/min/mg
total viral protein. Note that curves for small molecules (MUN and/or
NANL) exhibit higher V,,,, than those for glycoproteins or peptides
for all three viruses. The maximum sialic acid concentration was lim-
ited by substrate solubility for glycoproteins.

of hPIV2, and 28% of hPIV3 (5); while our findings are some-
what higher for hPIV2 and lower for hPIV3, both sets of
measurements suggest that any given hPIV is about 20% HN.
hPIV1 exhibited an HN/F ratio of 1.7 = 0.9. hPIV2 had the
highest HN/F ratio of the three virus types tested at 5.0 = 1.1,
and hPIV3 had an HN/F ratio of 2.0 = 0.5. NP makes up
433% *= 6.0% of hPIV1, 432% = 6.9% of hPIV2, and
33.5% = 5.9% of hPIV3 by mass.

Effect of neuraminidase on red blood cells. Two of the three
proposed functions of HN, removal of receptors to facilitate
virion release and modulation of binding and fusion, require N
to destroy targets on cell membranes. We used RBCs, which
have sialylated glycans that are ligands for HN binding, as a
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TABLE 2. Hemagglutination inhibition of hPIVs by
substrate proteins

Inhibitory concn

Virus Substrate (mM sialic acid)
hPIV1 AGP 0.04
Fetuin 0.09
hPIV2 AGP 0.14
Fetuin 0.19
hPIV3 AGP 0.16
Fetuin 0.19

model system to determine the susceptibility of cell surface
ligands to N. Our solution assays demonstrate that hPIVs pre-
fer small molecules to glycoproteins or glycolipids as N sub-
strates in solution, so we investigated the ability of N to cleave
glycoproteins or glycolipids in the context of a cell membrane.
We previously reported that hPIV1 rebinds eluted chicken
RBCs at both pH 7 and pH 5, while hPIV3 rebinds eluted
human or guinea pig RBCs at pH 7 but not at pH 5 (4). We
expanded this experiment and included hPIV2.

N is active at pH 5 at temperatures from 25 to 50°C (24), but
there is no detectable activity at 4°C (data not shown). Under
conditions not conducive to N (pH 5, 4°C), hPIV1 and -2
bound chicken RBCs, and hPIV3 bound turkey RBCs. Raising
the temperature of the assay to 25°C caused complete elution
of bound RBCs from all three viruses. Elution can be caused by
either disruption of weak interactions by increased Brownian
motion or receptor destruction by N. RBCs eluted as the result
of a temperature effect maintain intact glycans and can be
re-bound by virus, but RBCs eluted as the result of neuramin-
idase activity have their receptors destroyed and cannot be
rebound. hPIV1 rebound RBCs upon resuspension of the red
cells followed by a second incubation at 4°C, even if the assay
mixture was allowed to remain at an N-permissive temperature
overnight; RBCs therefore elute from hPIV1 due to tempera-
ture effects. hPIV2 and -3 did not rebind RBCs. Addition of
fresh virus did not restore binding, indicating that RBC receptors
had been destroyed and that the lack of binding was not the result
of loss of viral H activity due to assay conditions (Fig. 4).

Binding profiles of HN. In order to assemble a more com-
plete picture of the potential receptor structures of the hPIVs,
we extended binding experiments done with the Consortium
for Functional Glycomics’ glycan array v. 2.0 (4) to the ex-

hPIV1 hPIV2 hPIV3

(C35) (3955) (410)
First Binding =) VIVIVERVILULL
RBC Elution ®)®)s) @@®® ®E&E
Second Binding ) 200 000
Binding with e & @ 2 6 @
New Virus — ~

FIG. 4. N action on chicken (hPIV1 and -2) or turkey (hPIV3) red
blood cells. All assays were conducted in pH 5 acetate buffer. hPIV1
elutes from RBCs but is able to rebind them, indicating that elution is
due to Brownian motion at higher temperature. hPIV2 and hPIV3 do
not rebind RBCs after elution, and addition of new virus does not
restore binding, indicating that receptors have been removed by N
activity. The three wells shown represent three 2-fold dilutions of virus.
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FIG. 5. Motifs bound by hPIV1, -2, and -3. Bold, minimal binding
motif. Italic, substituents and modifications to the motif that bound at
pH 5 but not at pH 7.

panded arrays v. 3.2 (406 glycans), 4.0 (442 glycans), 4.1 (465
glycans), and/or 4.2 (511 glycans) at both pH 5 and pH 7. The
binding motifs of hPIV1 and -3 remained as reported earlier
(4). On the newer arrays, hPIV1, but not hPIV3, recognized its
binding motif in the context of a glycan with two branches; the
array did not contain any tri- or tetra-antennary structures.
hPIV2 recognized the same minimal binding motif,
NeuSAca2-3Galp1-4GlcNAc, as hPIV1 (Fig. 5). Like hPIV1,
hPIV2 bound fucosylated (sialyl-Lewis*) or sulfated motifs;
unlike hPIV1, it did not bind to structures with GalNAc. At pH
5, hPIV2 bound the glycan array with considerably broader
specificity; it accepted structures with GalB1-3 as the second
sugar, Neu5Gca2-3 or KDNoa2-3 as the first sugar, and
GalNAc as the third sugar. Binding motifs did not differ sig-
nificantly between high and low virus concentrations. Some
structures, such as glycans with Neu5Aca2-8 linkages at pH 7
and glycans with Galp1-3 linkages, bound to hPIV1 with low
affinity (that is, weakly at high concentration but not detectably
at low concentration); glycans with Neu5Gca2-3 or KDNa2-3
sugars were low-affinity targets for hPIV2. hPIV3 bound the
same limited glycan set regardless of virus concentration.

To test for changes in binding profiles in recent clinical
isolates, we tested hPIV3 strain Oklahoma/410/2009 at both
pH 5 and 7 and hPIV2 strain Oklahoma/283/2009 at pH 7 on
the glycan array. Strain 410 did not bind the fucosylated glycan
bound by the type strain C243, but it did share the requirement
that the glycan chain be at least four sugars long. Strain 3955
bound biantennary sialylated glycans, but strain 283 did not.
However, the two hPIV2 strains and the two hPIV3 strains
recognized the same NeuSAca2-3GalB1-4GlcNAc minimal
binding motif, and both hPIV2 strains recognized fucosylated
and sulfated motifs.

Neuraminidase specificity of HN on the glycan array. The
structures bound by hPIV on the glycan array represent ter-
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minal oligosaccharide motifs, or more complete N- or O-linked
glycan structures, that are potential receptors for the virus. We
hypothesized that if the biological function of N involves pri-
marily destruction of receptors, then the same structures that
are bound on the glycan array should also be destroyed under
N-active conditions.

Treatment of the array with hPIV1, -2, or -3 under N-active
conditions (4 h at 37°C and pH 5) followed by binding of the
same or a new virus to the treated array (1 h at 4°C and pH 5
or 7) revealed that hPIV binds the treated array at a lower level
than an untreated array. All three hPIVs reduced their high-
and low-affinity ligand glycans by 80% or more compared to
the untreated array (Fig. 6A to C; see Table S2 in the supple-
mental material). None of the three viruses had completely
resistant ligands. hPIV1 did have one ligand, NeuSAca?2-
3(GalNAcB1-4)Galp1-4GIcNAcB-Sp8, that was “partially”
cleaved (hPIV1 binding was reduced by 70 to 80%), although
other ligands with GalNAc were completely cleaved. We did
not find any comparable “partially” cleaved structures for
hPIV2 or 3. hPIV1, -2, and -3 cleaved the Neu5Aca2-3Gal
bond, regardless of the remainder of the glycan structure.

To determine whether hPIV can also cleave glycans that are
not ligands, we first treated the array with hPIV under N-active
conditions (4 h at 37°C and pH 5) and then washed the slide
and bound influenza A virus (1 h at 4°C and pH 7). After
treatment with hPIV1, influenza A virus bound the array at
levels comparable to those for an untreated array; hPIV1 did
not cleave the Neu5Aca2-6Gal bonds recognized by influenza
A virus. However, treatment with hPIV2 and -3 N reduced
influenza A virus binding to 20% or less of the untreated array
level; hPIV2 and -3 have the ability to cleave Neu5SAca2-6 in
the context of the array but not 6'NANL (Fig. 6D; see Table S2
in the supplemental material). hPIV2 cleaved glycans contain-
ing the motif NeuSAca2-6Galp1-4GlcNAc attached to SpO0,
and this motif attached to extended polylactosamine or man-
nose-containing glycans (Fig. 6D, blue and gray bars; see Table
S2 in the supplemental material). hPIV3 cleaved all of influ-
enza A virus’s ligands, including sulfated and fucosylated
NeuSAca2-6 motifs (Fig. 6D, blue and green bars; see Table S2
in the supplemental material).

We tested the effects of the buffer and cell culture system on
the array in order to ensure that these results were due to N
activity. We treated the glycan array under the N-permissive
conditions (4 h at 37°C and pH 5) without virus. We also
treated the array under the same conditions but added an MK2
or MDCK cell culture supernatant. We found that hPIV1 or
influenza A virus binding was reduced by an average of =10%
of the untreated array binding intensity. Only two glycans,
NeuS5Aca2-3GalB1-4GIcNAcB1-3GalB-Sp8 and NeuSAca2-
3GalB1-4(Fucal-3)GlcNAcB1-3GalB-Sp8, bound hPIV1 or in-
fluenza A virus at less than 20% of the untreated array level
after treatment. We concluded that the array decays only
mildly as the result of pH 5 treatment or contaminants from
the cell culture system; we defined “cleaved” as reduced by
80% or more of the untreated array level to ensure that any
such decay is not mistakenly identified as N activity.

To further ensure that the difference between treated and
untreated array binding was the result of neuraminidase activ-
ity, we mixed labeled hPIV1 with 5 mM DANA, a concentra-
tion that completely blocks N activity on MUN and also blocks
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FIG. 7. Schematic of the glycan array neuraminidase specificity experiments.

hPIV1 binding to the array, and then incubated this mixture
with the array under N-permissive conditions (4 h at 37°C and
pH 5). We then washed the array to remove DANA and added
fresh hPIV1, without DANA, at 4°C and pH 7. hPIV1 bound
the treated array at an average of 37% of the untreated array
level, suggesting that the inhibitor blocks neuraminidase activ-
ity (although incompletely) in the context of the glycan array.
That the presence of an inhibitor makes any difference in
apparent cleavage activity suggests that the neuraminidase is
indeed responsible for the binding reductions observed. The
lower 50% inhibitory concentration (ICs,) of DANA against
the glycan array than against the small substrates may reflect a
higher affinity of HN for glycan attached to the solid array (i.e.,
a slow off rate). Due to the complexity of these experiments, we
have included a schematic of the experimental design (Fig. 7).

All glycan array experiments were performed using labeled
virus. The presence of the label does not affect the specificity of
HN; glycan arrays of hPIV1 performed using an antibody de-
tection system yield binding specificities that do not signifi-
cantly differ from ours (3).

DISCUSSION

hPIV2 and -3 distribute geographically and temporally, with
cocirculation of strains as seen in hPIV1. Both the HN protein
of the human parainfluenza viruses and the HA protein of
influenza virus change in response to their environment. HA
demonstrates antigenic drift over time in a remarkably linear
fashion: it accumulates amino acid changes that persist from
season to season. While HN is not known to undergo progres-
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sive antigenic drift, it has been shown to accumulate changes in
mapped antigenic sites (13). hPIV1 has been previously clas-
sified into four subgroups (A to D) (14, 15); subgroup A has
the fewest changes from the type strain (Fig. 2A). The number
of changes does not increase with time, suggesting that strains
persist over multiple seasons (14). Instead, strains appear to be
geographically restricted, so different strains are found in dif-
ferent places in a given season (17). hPIV2 and -3 also exhibit
cocirculation of strains, with distantly related isolates appear-
ing in a single year in the same place (Fig. 2B and C). While
hPIV3 appears to group temporally and geographically and
hPIV2 appears to show some geographic distribution, these
patterns could simply be artifacts of the limited GenBank se-
quence set. Overall, the evidence favors divergence into mul-
tiple strains that remain stable over time, rather than progres-
sively evolving lineages as seen with influenza virus.

The glycan array can be a useful tool for understanding
protein functions. Although the glycan array does not match
the glycome of any particular cell or tissue type or resemble a
cell surface, the array does contain complete N-linked glycans,
complete O-linked glycans, complete carbohydrate compo-
nents of glycolipids, and shorter oligosaccharides that can be
found on multiple types of glycosylated biomolecules. There-
fore, glycans on the array that are ligands for HN are expected
to correspond to oligosaccharides that the physiological recep-
tors or targets for N contain, and, since there are spacer mol-
ecules between the glycan and the array matrix, physical inter-
actions of HN with glycan are likely to be the same in vivo and
in vitro. Accordingly, any glycan that is destroyed by N on the
array is susceptible to N, assuming that there are no contribu-
tions from the cell membrane itself that the glycan array can-
not replicate. The fact that N-susceptible substrates can gain
resistance in certain contexts highlights the presentation de-
pendence of N activity.

The susceptibility of substrates to neuraminidase activity is
regulated by glycan presentation. Our findings demonstrate
that while all three hPIVs cleave the NeuSAca2-3Gal and/or
Neu5Aca2-6 bond, glycans that are small molecules or are
fixed to a surface are more susceptible to N than glycans on
glycoproteins.

One possible hypothesis is that N-linked glycans with three
and four branches are less accessible to HN than those with
one or two branches. The observation that bFetuin, which has
most of its Neu5SAc on three-branched glycans (11, 37), and
hAGP, which has most of its Neu5SAc on two- to four-branched
glycans (16), are less susceptible to N than MUN or sialyllac-
tose supports this hypothesis. However, glycan complexity
alone does not account for the observation that some one- or
two-branched glycans are susceptible to N on the array but not
on a glycoprotein or glycolipid in solution.

A second possibility is that N requires substrates to be
spaced such that multiple active sites on a tetramer can be
engaged, as has been deduced for some strains of NDV from
the cooperativity of N cleavage (22). The observation that
molecules that are small compared to the HN tetramer, or that
are fixed to the glycan array at a spacing of approximately 0.5
nm (calculated from reference 2), are more susceptible to N
than glycoproteins of a size comparable to HN whose glycans
may not be anchored to the protein at distances that allow
engagement of two or more active sites (calculated from Pro-
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tein Data Bank [PDB] 3BX6 [33]) supports this idea. However,
the observation that digestion of bFetuin with proteinase K
does not restore small-molecule-like susceptibility suggests
that other factors are also in effect.

A third possibility is that interaction of HN with surface-
fixed substrates induces a conformational change that activates
N. Previous studies suggest that conformational changes in HN
are possible and can affect the neuraminidase activity. Crennell
et al. noted that the pH 4.6 structure of NDV has a minimal
dimer interface and an active-site structure conducive to N
activity, while the pH 6.5 structure has a more extensive dimer
interface and active-site residues rotated away from their cat-
alytic positions (9). Ryan et al. subsequently proposed, based
on structures of NDV with inhibitors, that the active site can
rearrange in response to ligand binding (32). Mahon et al.
found that while a complete rearrangement of the interface is
not necessary for HN function, preventing conformational
changes by introducing disulfide bonds can affect both N and
fusion activity (23). Finally, Yuan et al. observed that interac-
tions between HN monomers in the tetrameric structure are
weak, and therefore the tetrameric structure itself may be
subject to rearrangements (43). They suggested that these re-
arrangements may involve the stalk region of the protein as
well, as mutations in the stalk of NDV HN had previously been
shown to affect N activity (40).

We propose that the monomers of an HN dimer can poten-
tially form any of several different types of interactions, includ-
ing changes to the dimer interface and rearrangement of the
tetrameric structure, and that conversion between conforma-
tions upon receptor engagement increases the neuraminidase
activity. For example, if substrates are attached to a matrix and
are therefore in the same plane, an HN tetramer might engage
the substrate using two of its four active sites simultaneously
(the two that face 180° away from the virion surface in the pH
6.5 structure described by Crennell et al. [9]). Receptor binding
could trigger slight changes in the active site of the molecule
under the proper conditions; such changes could be transmit-
ted to the dimer or tetramer interface, leading to rearrange-
ment of the HN molecule that triggers F and increases N.

hPIV has broader N specificity than H specificity if the
substrate is fixed to a surface. The N active sites of hPIV2
and -3 are apparently flexible enough to accommodate
Neu5Aca2-6 linkages, which are cleaved from the glycan array
although they are not held with sufficient affinity for binding to
be measurable. In contrast, all three hPIVs have been previ-
ously reported to have at least 8-fold-higher activity, and as
high as 1,000-fold-higher activity, on soluble a2-3 sialyllactose
than on «2-6 sialyllactose (1), and if hPIV1 and -2 are allowed
to cleave bFetuin or hAGP overnight, they release only half the
amount of sialic acid released by a nonspecific bacterial neur-
aminidase, suggesting that only one of the two available link-
ages is cleaved. They release 100% of the sialic acid from
3'NANL under the same conditions. These data are consistent
with a surface-induced conformational change in HN; changes
in the active site upon binding to a fixed receptor enable HN to
accommodate NeuSAca2-6. While the flexibility of the active
site is likely important for overall regulation of N, the ability to
cleave NeuS5Aca2-6 does not have an obvious function. hPIV1
does not cleave NeuSAca2-6, yet it is able to replicate just as
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effectively as hPIV2 and -3. This is the first report of extensive
cleavage of a2-6-linked glycans by hPIV2 and -3.

The specificity of N is broader on surface-fixed substrates
than on soluble substrates. The specificity of hPIV on the
array suggests that hPIV1 should cleave GM3 and hPIV2
should cleave transferrin (42) (structures are shown in Table
1), and hPIV3’s ability to cleave human RBCs (4) suggests that
it should cleave human glycophorin A, a major source of gly-
cans on RBC membranes (6), yet none of these were suscep-
tible in solution. 3’'NANL, bFetuin, and hAGP all contain
motifs that are cleaved on the glycan array (11, 16, 37), yet
3'NANL is more easily cleaved by hPIV1 and -2 than either
glycoprotein. Neither substrate size nor the ability of HN to
bind substrate was responsible for the specificity mismatch,
leaving only the presentation of glycans as a possible explana-
tion. The resistant RBC ligands of hPIV1 are the only instance
we found of surface-fixed substrates that are not N susceptible.
These ligands may be structures, such as 4-O-acetyl sialic acids
or large glycans that are sterically hindered from accessing the
active site, that are not on the current array, since no resistant
ligands were observed on the array. It appears that the N-ac-
tivating changes in HN that occur on the glycan array or on
RBC surfaces do not occur, or occur to a lesser degree, when
ligands are located on a soluble substrate.

Biological implications of surface-induced N activation. At
the cell surface, whether at entry as the virus balances fusion
against receptor binding or at exit as the virus must ensure
progeny release, N is unlikely to benefit from the same condi-
tions (low pH and low salt concentration) that favor N activity
in vitro. A conformational change that increases N might per-
mit sufficient receptor cleavage activity for fusion regulation or
progeny release but prevent activity from being great enough
to alter the course of viral infection. In intracellular compart-
ments, low-pH conditions may permit sufficient N activity in
the absence of the activating conformational change to allow
any biological functions of N (for example, the removal of
sialic acid from other HN molecules) to take place. The way in
which receptor or substrate glycans are presented to HN may
therefore be important for modulating HN action at different
stages of the viral life cycle.
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