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Paramyxovirus glycoproteins are posttranslationally modified by the addition of N-linked glycans, which are
often necessary for correct folding, processing, and cell surface expression. To establish the contribution of N
glycosylation to morbillivirus attachment (H) protein function and overall virulence, we first determined the
use of the potential N-glycosylation sites in the canine distemper virus (CDV) H proteins. Biochemical
characterization revealed that the three sites conserved in all strains were N glycosylated, whereas only two of
the up to five additional sites present in wild-type strains are used. A wild-type virus with an H protein
reproducing the vaccine strain N-glycosylation pattern remained lethal in ferrets but with a prolonged course
of disease. In contrast, introduction of the vaccine H protein in the wild-type context resulted in complete
attenuation. To further characterize the role of N glycosylation in CDV pathogenesis, the N-glycosylation sites
of wild-type H proteins were successively deleted, including a nonstandard site, to ultimately generate a
nonglycosylated H protein. Despite reduced expression levels, this protein remained fully functional. Recom-
binant viruses expressing N-glycan-deficient H proteins no longer caused disease, even though their immu-
nosuppressive capacities were retained, indicating that reduced N glycosylation contributes to attenuation

without affecting immunosuppression.

Measles virus (MeV) and Canine distemper virus (CDV) are
members of the genus Morbillivirus in the family Paramyxoviri-
dae that are highly contagious and can cause severe disease.
MeV is known to infect only humans and certain nonhuman
primates and is rarely fatal, while CDV infects a broad range of
carnivores and can result in up to 100% mortality (13). The
signaling lymphocyte activation molecule (SLAM; CD150),
which is expressed on activated T and B cells (10), is the
primary receptor for morbilliviruses (3, 15, 42). Morbillivirus
attachment to susceptible cells occurs via interaction between
SLAM and the viral hemagglutinin (H) protein, one of two
glycoproteins that are inserted into the viral membrane and
subsequently expressed on the surfaces of infected cells. Upon
binding, the conformational change of the H protein conducts
a signal to the fusion (F) protein, which then mediates fusion
between the viral and host cell membranes. However, the ex-
tent and efficiency of cell-cell fusion are H protein dependent
(21, 52).

Morbillivirus vaccine strains were developed during the
1960s by serial passages in eggs and different cell lines (11, 35).
Consequently, there are significant molecular differences be-
tween the glycoproteins of wild-type and vaccine CDV strains.
The H protein of the large-plaque Onderstepoort strain (OL)
differs from the wild-type 5804P at 60 amino acid residues,
introducing several additional N-glycosylation sites. Based on
the observation that the vaccine strain H proteins have a lower
apparent molecular weight than the wild-type proteins (9, 52),
it has been hypothesized that reduced N glycosylation is an
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important attenuating factor and that an increase in N glyco-
sylation may eventually result in vaccine failure (19).

Posttranslational modifications, including N-linked glyco-
sylation, are essential for the functions of many integral mem-
brane and secreted proteins. N-glycan chains are added to
asparagine (N) residues in the endoplasmic reticulum (ER) at
the consensus sequence N-X-S/T, where “X” can be any amino
acid except proline. As the nascent protein chain is inserted
into the ER and moves through the Golgi apparatus and finally
to the plasma membrane, N-glycans are trimmed and modified
into elaborate structures that can account for a substantial
proportion of the overall molecular weight of a given glyco-
protein (43). N glycosylation has been shown to be important
for the correct folding, transport, and function of other
paramyxovirus fusion and attachment glycoproteins, including
MeV H (17), Sendai virus hemagglutinin-neuraminidase (HN)
(39), simian virus 5 HN (31), and Newcastle disease virus HN
(27). In most cases, one or two N-glycans at specific locations
are essential for proper folding and transport to the cell sur-
face, and at least one or two N-glycans are required for the F
or H/HN protein to function correctly (30, 47). Thus, the total
deletion of N-glycans is generally not tolerated.

To characterize the contribution of H protein N glycosylation
to morbillivirus pathogenesis, we took advantage of the CDV
ferret model (48, 50). We first determined the role of decreased
natural N glycosylation of the vaccine strain H protein in protein
function and virulence. Based on our finding that reduced N
glycosylation results in prolonged disease, we performed a com-
prehensive mutational analysis to determine the minimal comple-
ment of H protein N glycosylation needed for proper intracellular
transport and function. Using viruses bearing increasingly degly-
cosylated H proteins, we demonstrate that a CDV H protein
without N-glycans remains completely functional. However, min-
imal N glycosylation is required for virulence.
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MATERIALS AND METHODS

Cells and transfections. Vero cells stably expressing canine SLAM (Vero
dogSLAMtag) (50) and 293 cells (ATCC CRL-1573) were maintained in Dul-
becco’s modified Eagle medium (DMEM) (Gibco) supplemented with 5% heat-
inactivated fetal bovine serum (FBS). For the biochemical analysis of recombi-
nant proteins, 12-well plates of Vero dogSLAMtag cells were transfected at
approximately 90% confluence as described previously (37). Briefly, each well
was transfected with 2 pg of the H expression plasmid pCG-H5804Pzeo or the
respective mutant H plasmids using Lipofectamine 2000 (Invitrogen). Fusion
activity was evaluated after 24 h. To harvest protein lysates, 200 pl of RIPA
buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, and 0.5% sodium
deoxycholate) containing protease inhibitor cocktail (Complete; Roche) was
added to the transfected cells 16 h after transfection. The lysate was collected
and centrifuged at 14,000 X g for 15 min at 4°C, and the clarified lysate was
stored at —20°C.

Production of recombinant CDV H proteins. To generate mutant H proteins,
the 5804P H gene was subcloned into pCR4-TOPO to yield CDV H-TOPO. The
initial round of N-glycosylation mutations (N149Q, N309Q, N391Q, N422Q,
N456Q, N587Q, and N603Q) was performed on CDV H-TOPO, and the mutant
genes were subcloned into pCG-IRESzeomut (50) using the BamHI and Sphl
restriction sites. These plasmids were used for all subsequent mutageneses. To
generate mutant H proteins with vaccine-like N-glycosylation patterns and C-
terminal truncations, S605 was first changed to a stop codon (S605stop), after
which the mutations N309Q, N391Q, and N456Q were introduced into this
clone, yielding pCG-Hpy -

To generate the corresponding recombinant viruses, the respective mutated
fragments were subcloned into a genomic segment containing the 5804P H open
reading frame (ORF) and then transferred into the full-length p5804PeH plas-
mid, which expresses enhanced green fluorescent protein (EGFP) from an ad-
ditional open reading frame located between the H and polymerase genes (48),
using the BsrGI and Ascl sites, yielding p5804P-Hq, , p5804P-Hpy jike, P5804P-
Hs,,,, and p5804P-Hy,,,. The sequences of all clones were verified.

Recovery and amplification of recombinant viruses. Recombinant viruses were
recovered as previously described (1, 24). Briefly, semiconfluent 293 cells were
transfected with 6 pg of the respective CDV genomic plasmid and a combination
of 0.5, 0.1, 0.5, and 0.7 pg MeV N, P, polymerase (L), and T7 RNA polymerase
expression plasmid, respectively, using TransIT-LT1 (Mirus). Three days post-
transfection, the cells were resuspended and overlaid onto Vero dogSLAMtag
cells at 80 to 90% confluence in 10-cm dishes. The cocultured cells were main-
tained in DMEM containing 5% FBS until syncytia were observed. Individual
syncytia were then picked and inoculated onto fresh Vero dogSLAMtag cells.
Stocks of the recombinant viruses and the parental recombinant 5804PeH strain
were grown on Vero dogSLAMtag cells. Titrations were performed by limiting
dilution of virus stock in DMEM containing 5% FBS and expressed as the 50%
tissue culture infectious dose (TCIDs). For growth kinetics, cells were infected
at a multiplicity of infection (MOI) of 0.01 for each recombinant virus, and
supernatant and cell-associated virus titers were followed for 5 days.

Western blots and cell surface biotinylation. For each protein, 10 pl of RIPA
lysate was mixed with 10 ul of 2X SDS-gel-loading buffer (SDS-GLB) containing
40% B-mercaptoethanol. Protein lysates were separated by SDS-PAGE on 4%
stacking/8% resolving gels, transferred to polyvinylidene difluoride (PVDF)
membranes, and blocked overnight at 4°C in 0.5% blocking reagent (Roche)
prepared in Tris-buffered saline (TBS). The blocked membranes were probed
with the Heyt antiserum, which recognizes the cytoplasmic tail of CDV H (52),
followed by detection with goat anti-rabbit horseradish peroxidase (HRP)-con-
jugated secondary antibody (Sigma) using the ECL* Chemiluminescence detec-
tion kit (GE Healthcare).

Cell surface biotinylation was performed as described previously (47). Trans-
fected cell monolayers were biotinylated for 20 min at 4°C with EZ-Link Sulfo-
NHS-LC-biotin (Pierce) at a concentration of 2 mM in 750 wl/well of ice-cold
PBS and then washed with ice-cold PBS plus 100 mM glycine to quench excess
biotin. The cells were lysed in 600 pl/well of RIPA buffer with protease inhibitor,
a 20-pl aliquot was taken for Western blot analysis, and 1 pl/tube of Hcyt
antiserum and 60 wl/tube of immobilized protein A beads (Thermo Scientific)
were added to the clarified RIPA lysate. After incubation overnight at 4°C on a
rotating tube rack, the beads were washed three times with RIPA buffer and
mixed with 30 pl of 1X SDS-GLB and heated at 75°C for 5 min. The crude
lysates and immunoprecipitated proteins were separated in parallel on SDS-
PAGE gels and transferred to PVDF membranes. Total cellular expression of
recombinant H proteins was detected as described above, while biotinylated
proteins were detected using a streptavidin-HRP conjugate (Pierce) and the
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ECL* Chemiluminescence kit (GE Healthcare). Bands were quantified using
Molecular Imaging software (Kodak).

In vivo characterization of recombinant viruses. Unvaccinated male ferrets
(Mustela putoris furo) aged 16 weeks and older (Marshall Farms) were used for
all studies. All animal experiments were performed as described previously (48,
50) and were approved by the institutional animal care and use committee of the
INRS-Institut Armand-Frappier. Groups of three to six ferrets were infected
intranasally with 10° TCIDs, of the respective virus. Body temperature and
clinical signs were recorded daily, and blood samples were collected from the
jugular vein under general anesthesia twice weekly for the first 2 weeks and
weekly thereafter. Clinical signs, such as the development of rash or fever, were
monitored daily. Four parameters of virulence were measured. Rash was graded
0 (no rash), 1 (localized rash), or 2 (generalized rash); fever was graded 0 (no
fever), 1 (temperature reached above 39°C), or 2 (temperature reached above
40°C); and weight loss was classified as 0 (0 to 5% loss of day 0 body weight), 1
(5 to 10% loss of day 0 body weight), or 2 (more than 10% loss of day 0 body
weight). Cell-associated viremia was determined by limiting dilution of periph-
eral blood mononuclear cells (PBMCs) as described previously (6, 51). In vitro
proliferation of Ficoll-purified PBMCs was assessed by stimulation with 1 pg/ml
phytohemagglutinin (PHA) and subsequent detection of bromodeoxyuridine
(BrdU) incorporation into proliferating cells using the Cell Proliferation ELISA
BrdU kit (Roche).

Neutralizing-antibody titers were determined by mixing serial dilutions of
plasma collected at different time points with 10> TCIDs, of 5804PeH. For
cross-neutralization experiments, 10> TCIDs, of either 5804P-Hg,,, or 5804P-
Hgp was used, in addition to 5804PeH. Control plasma samples for 5804P-
positive ferrets were taken from a group of animals that had been vaccinated
using the envelope proteins of 5804P and that were then challenged with
5804PeH (36). The virus and plasma were incubated at 37°C for 15 min before
50 pl of Vero dogSLAMtag cells was added to each well. The neutralizing titer
was expressed as the reciprocal of the highest dilution at which no cytopathic
effect (CPE) was observed after 4 days.

RESULTS

A wild-type H protein with a vaccine-like glycosylation pat-
tern is fully functional. The vaccine strain OL H protein (Hq, )
has three fewer potential N-linked glycosylation sites than the
5804P H protein (Hsgo4p) due to the following changes in the
amino acid sequence: N309S, T393A, and N456D. In addition,
a mutation at S605 results in a premature stop codon, truncat-
ing the Hy, ORF by 3 amino acids. This truncation also
disrupts the N-glycosylation sequon at residues 603 to 605,
thereby eliminating the potential N-glycosylation site, leaving
Hg,; with three potential N-glycosylation sites (Fig. 1A). To
determine if lack of these N-glycosylation sites accounts for the
observed differences in the apparent molecular weights of vac-
cine and wild-type H proteins (9, 52), we mutated the wild-type
protein to correspond to Hg,; in length and N-glycosylation
pattern, which we named Hg ;. (Fig. 1A). Hop e and the
parental proteins were expressed at similar levels, and Hgp
and Hey ;. migrated faster than Hsgosp (Fig. 1B). Treatment
with PNGase F, which removes all N-linked glycans, resulted in
similar migration patterns for all proteins, indicating that the
observed differences are largely due to N-linked glycosylation.
Surface biotinylation revealed that Hey ;. 1S transported to
the cell surface less efficiently than Hsgy,p or Hy, (Fig. 1C).
However, its fusion activity upon cotransfection with the F
protein in Vero dogSLAMtag cells was similar to that of the
parental proteins (Fig. 1D), demonstrating that Hy; . 1S
functional. The identity of the higher-molecular-weight band
in Fig. 1C is unknown, but it likely represents a protein that
coimmunoprecipitates with H, since it is not present in mock-
transfected cells.

Introduction of either the Hy; or the Hy; ;. protein into
the 5804P background resulted in recombinant viruses that
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FIG. 1. Construction and characterization of recombinant viruses with vaccine-like H protein N glycosylation. (A) Schematic drawing of the
Hsgo4p and Hgy proteins. The Hyy ;. protein has the primary sequence of Hsgggp With the mutations N309Q, N391Q, N456Q, and S605stop to
reproduce the glycosylation pattern of Hg, . Protein schematics are shown from the N to the C terminus. The N-terminal box represents the
cytoplasmic tail, the black box represents the transmembrane domain, and the C-terminal box represents the C-terminal ectodomain. (B) Western
blot analysis of vaccine-like H protein expression. Hsgoup, Hop, and Hgy e Were expressed in Vero dogSLAMtag cells by transfection of
expression plasmids and detected by Western blotting. Each lysate was also treated with PNGase F to remove all N-glycans. (C) Cell surface
biotinylation of vaccine-like H proteins. Cells transfected with expression plasmids for Hsgpup, Hop, 0r Hep e Were labeled with Sulfo-NHS-
LC-biotin, immunoprecipitated (IP) with an antiserum recognizing the H protein cytoplasmic tail, and detected with a streptavidin-HRP conjugate.
Western blots of cell lysates from the same experiment were analyzed for total H protein expression. The relative surface expression of each protein
was calculated by normalizing the biotinylation or Western blot signal to the respective Hsgo,p signal. The relative surface expression represents
the ratio between the normalized biotinylation signal and the normalized Western blot signal for each replicate. Average relative surface expression
is shown, and the blots are representative of three independent replicates. IB, immunoblot. (D) Cell-cell fusion observed for wild-type and mutant
H proteins. Confluent monolayers of Vero dogSLAMtag cells were transfected with Fsg,p in combination with Hsgoup, Hop, 0r Hop e €Xpression
plasmid. The images were taken 24 h posttransfection at X100 magnification. The left image shows control untransfected Vero dogSLAMtag cells.
(E and F) Growth kinetics of recombinant 5804P viruses expressing either Hsgosp, Hop, or Hop ke in Vero dogSLAMtag cells shown as either
cell-associated (E) or released (F) virus. The cells were infected at an MOI of 0.01, and samples were harvested daily for 5 days. Titers are
expressed as TCIDs,/ml, and the error bars indicate standard deviations.

replicated efficiently and showed similar growth kinetics with
respect to cell-associated (Fig. 1E) and supernatant (Fig. 1F)

spective recombinant virus. Animals infected with 5804PeH
developed a severe rash with fever and weight loss, succumbing

titers.

H protein glycosylation contributes to virulence. To assess
the impact of the reduction in N-glycans on pathogenesis,
ferrets were infected intranasally with 10° TCIDs, of the re-

to disease 12 to 13 days after infection (Fig. 2A and B). In
contrast, 5804P-H,, -infected ferrets showed no clinical signs,
although two animals lost a small amount of weight, and all
survived (Fig. 2A and B). Infection with 5804P-Hg, e Te€-
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FIG. 2. Virulence of vaccine-like viruses in ferrets. Groups of three to six animals were infected intranasally with 10° TCIDs, of either the
recombinant parental 5804PeH virus or the recombinant viruses 5804P-Hg,, and 5804P-H¢, .- (A) Virulence index. Each box represents one
animal, and black represents the highest (2), gray an intermediate (1), and white the lowest (0) score, as detailed in Materials and Methods.
(B) Survival curve. Death of an animal is indicated by a step down on the curve. (C) The course of cell-associated viremia is shown as the log;,
of the virus titer per 10° PBMCs. (D) CDV neutralizing-antibody response in plasma samples. Antibody titers are shown as reciprocals of the
highest dilution in which CPE was observed. (E) Total leukocyte counts from infected animals, shown as 10° leukocytes per mm?®. (F) In vitro
proliferation activities of lymphocytes from infected animals. Days postinfection are indicated on the x axes of the graphs, and the error bars

represent standard deviations.

sulted in an intermediate disease phenotype, characterized by
substantial rash and fever and delayed mortality. Two animals
were found to have severe bacterial pneumonia at the time of
sacrifice, and one of the six animals survived (Fig. 2A and B).
All animals became viremic with peak titers after 7 days, al-
though the titer of 5804P-H,, was approximately 5- to 10-fold
lower than those of the other two viruses (Fig. 2C). The viral
loads in the 5804PeH and 5804P-Hg, . groups remained
high until the animals were sacrificed, with the exception of the
survivor in the 5804P-Hg; ;. group, which remained viremic
until day 28, while ferrets infected with 5804P-H,, cleared the
virus after 14 days (Fig. 2C). As previously reported for lethal
infections (50), 5804PeH or 5804P-Hq; ;. generally elicited a
very poor neutralizing-antibody response, while infection with
5804P-H, resulted in titers within the protective range by day
35 (Fig. 2D). Both 5804PeH and 5804P-Hg, ., Which were
lethal, caused severe immunosuppression, as indicated by dra-

matically decreased white blood cell counts (Fig. 2E) and se-
vere inhibition of PBMC proliferation (Fig. 2F), whereas ani-
mals infected with 5804P-H; experienced only a transient
decrease in proliferation (Fig. 2F) despite severe leukopenia
(Fig. 2E).

A completely deglycosylated CDV H retains function. To
characterize H protein N glycosylation in more detail, we pro-
duced a comprehensive panel of further Hsgy4p N-glycan de-
letion mutants. The Hsgosp protein has seven potential N-
glycosylation sites of the type N-X-S/T at positions N149,
N309, N391, N422, N456, N587, and N603 of its ectodomain
(Fig. 3A), and one additional site has been reported at position
584 of some Asian isolates (19, 29). Only disruption of N-
glycosylation sequons at the sites N149, N391, N422, N456, and
N587 resulted in mutant proteins that migrated at a slightly
variable but uniformly lower apparent molecular weights than
the parental Hsgy,p protein, while those with the mutations
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FIG. 3. Systematic deglycosylation of Hsgysp. (A) Schematic draw-
ing of the N-glycosylation sites of the type N-X-S/T located in the
ectodomain of Hsgo,p and the mutant protein Hg,,. Protein schematics
are shown from the N terminus (left) to the C terminus (right). The
N-terminal white boxes represent the cytoplasmic tail, the black boxes
the transmembrane domain, and the C-terminal white boxes the
ectodomain. (B) Western blot expression analysis of a comprehensive
panel of N-glycosylation knockout mutant Hsgy,p proteins. Proteins
were expressed by transfection of expression plasmids in Vero
dogSLAMLtag cells. (Top) Single N-glycan knockout proteins (left blot)
and the Hpsgyn knock-in mutant protein (right blot) compared to
Hsgoqp protein. Note that Hyzp00, Haeozo» and Hpsgan do not shift in
apparent molecular weight. (Bottom) Quadruple- and quintuple-
knockout proteins produced in all possible combinations. Mutant pro-
teins are shown with Hsgoqp and Hyigo3014200 to illustrate the
observed molecular weight shift. The arrow indicates the higher-mo-
lecular-weight band observed for Hs,,,.

N309Q and N603Q, as well as D584N, which introduces the
site found in some Asian isolates, retained the parental mo-
lecular weight (Fig. 3B). Based on the five N-glycosylation sites
that were used, a full panel of mutants was constructed lacking
two, three, four, or five N-glycans in all possible combinations
(Fig. 3B). All of these recombinant proteins remained func-
tional in a cell-cell fusion assay (data not shown).

Curiously, a distinct double band that comigrated with a
glycoform having an additional N-glycan was observed in pro-
teins lacking four or more N-glycans (Fig. 3B). This higher-
molecular-weight band was sensitive to treatment with
PNGase F (data not shown), indicating that it is due to one or
more extra N-glycans. While Hs,, lacks all five N-glycosylation
sites used in Hsgy,p, it still contains the sites at N309 and N603
(Fig. 4A), which were not used in the wild-type context. How-
ever, H,,,, which carries the corresponding mutations, re-
tained the double band (Fig. 4B and data not shown), demon-
strating that alternative N glycosylation at these sites is not
responsible for the larger band. In addition to these seven
previously mentioned sites, there is a potential N-glycosylation
site at residues 19 to 21 (NSS) in the cytoplasmic tail, which is
unlikely to be used, and an N-X-C sequon at residues 152 to
154 (NYC) in the ectodomain (Fig. 4A). N glycosylation at
N-X-C sites is uncommon but was first discovered in synthetic
peptides, where the motif could act as an N-glycan acceptor
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(5), and was subsequently identified in several viral and cellular
glycoproteins (28, 32, 41, 44, 45). Using H,,,,, we generated
additional mutant proteins lacking N19 and N152 alone or in
combination (Hy,,), ultimately resulting in complete removal
of all potential N-glycosylation sites (Fig. 4A). As expected,
mutation of N19 had no effect on the higher-molecular-weight
band, but removal of N152 resulted in the band’s disappear-
ance (Fig. 4B), confirming that the nonstandard N-glycosyla-
tion site at N152 can be used in Hsgy4p. We then introduced
the N152Q mutation into Hs,, to generate Hg,, (Fig. 4A),
which comigrated with Hg,, as a single band, yielding a com-
pletely deglycosylated H protein with minimal amino acid
changes (Fig. 4B). The total protein expression levels of all
mutant H proteins were at least 2- to 3-fold reduced compared
to Hsgoup (Fig. 4B and C, bottom). However, the relative cell
surface expression levels of Hg,, and its derivatives were sim-
ilar to those of the wild-type H protein, while H,, surface
expression was slightly lower (Fig. 4C, top). All mutant H
proteins supported cell-cell fusion at wild-type levels (Fig. 4D),
and the fusion associated with H,,, was even slightly increased,
which correlates with its higher relative cell surface expression
(Fig. 4C and D).

To assess the functionality of these mutants in the viral
context, recombinant 5804PeH viruses expressing the Hy,, and
Hy,,, proteins were recovered. The viruses with N-glycan-defi-
cient H proteins grew to overall titers comparable to those of
5804PeH (Fig. 4E) but were slightly deficient in virus release,
with titers becoming detectable only at 3 days postinfection for
5804P-Hg,, (Fig. 4F).

CDV H N glycosylation is essential for disease progression.
To determine the importance of H protein N glycosylation for
virulence, three ferrets were infected intranasally with 10°
TCIDs, of 5804P-Hy, , or 5804P-Hy, . None of the animals de-
veloped signs of disease except slight weight loss (Fig. SA), and no
mortality was observed. Even though the peak viral loads in
PBMC:s associated with 5804P-Hs, , and 5804P-H,, were similar
to that of 5804PeH, the animals rapidly controlled the infection,
resulting in complete clearance within 21 days (Fig. 5B). Animals
infected with 5804P-Hg,, or 5804P-Hg,, developed strong leuko-
penia and inhibition of lymphocyte proliferation comparable to
levels seen in 5804PeH-infected animals at days 10 to 14 after
infection, which persisted for up to 35 days (Fig. 5C and D). All
animals infected with N-glycan-deficient viruses mounted a neu-
tralizing antibody response, but the levels remained slightly below
the value considered sufficient for protection against subsequent
infection (Fig. SE). To evaluate the possibility that increased N
glycosylation reduced the neutralization by sera raised against less
glycosylated viruses, we tested the neutralization of 5804PeH,
5804P-H,, , and 5804P-Hg,, by homologous and heterologous
antisera. There was no difference in neutralization of 5804PeH or
5804P-Hg,, by antisera raised against either virus (Fig. 5F). Neu-
tralization of 5804P-H,; by its homologous antiserum was sig-
nificantly stronger than neutralization by the anti-5804P and anti-
5804P-Hy,, sera, which was, however, similar to neutralization
levels observed for the other two viruses (Fig. 5F).

DISCUSSION

Most glycoproteins require a minimal level of N glycosylation
to be functional. Paramyxovirus attachment proteins have at least



2758 SAWATSKY AND von MESSLING J. VIROL.

X °>Q o
Ao K - & B e ot
gl Heko | R —
X
o &
N N
c & Q§ O O J O
ﬁ Y W 2 9o
H - . s
Tho I +biotin
IP: a-Hcyt
IB: streptavidin-HRP
[l Hoko I — - —
o » . +biotin
> N} \] g
1 “"* q’+ L s e = IB: a-Heyt
[ﬁ H6ko I 1.0 09 1.4 09 0.7 Relative surface

expression

H 5ko

H5504P Hsko
E 74 F 7
o 6 6
E
n
g 4 - 5804PeH
2 3 @ 5804P-Hy,,
o
S 2 A~ 5804P-Hg,
o
- 14
0 T T T T
1 2 3 4 5

Days post-infection

FIG. 4. Identification of a nonstandard N-glycosylation site in Hsg4p and generation of recombinant viruses bearing N-glycan-deficient H
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the nonstandard type N-X-C. (B) Western blot comparing N-glycan-deficient H proteins to Hsgo,p. Note that Hg,, and Hg,,, comigrate with the
lower-molecular-weight bands of Hs,, and H,,,. The proteins were expressed by transfection of expression plasmids in Vero dogsSLAMtag cells.
(C) Cell surface biotinylation of N-glycan-deficient H proteins. Cells transfected with expression plasmids for Hsgosp, Hsior Hoio, OF Hgy, Were
labeled with Sulfo-NHS-LC-biotin, immunoprecipitated with an antiserum recognizing the H protein cytoplasmic tail, and detected with a
streptavidin-HRP conjugate. Western blots of cell lysates from the same experiment were used to quantify total H protein expression. Average
relative surface expression is shown, and the blots are representative of three independent replicates. (D) Cell-cell fusion observed for wild-type
and mutant H proteins. Confluent monolayers of Vero dogSLAMtag cells were transfected with Fsgo,p in combination with Hsgop, Hsyo, H7ios OF
Hg,, expression plasmid. The images were taken 24 h posttransfection at X100 magnification. (E and F) Growth kinetics of the 5804PeH virus and
the recombinant viruses expressing H,, or Hg,, in Vero dogSLAMtag cells shown as either cell-associated (E) or released (F) virus. The cells were
infected at an MOI of 0.01, and samples were harvested daily for 5 days. Titers are expressed as TCIDs,/ml, and the error bars indicate standard
deviations.

four potential N-glycosylation sites, not all of which are used (17,
27,31, 39). To clarify the role of N-glycans in the morbillivirus life
cycle, we performed a comprehensive mutational analysis of CDV
H protein N glycosylation and assessed its importance for viru-
lence. We showed that five of the seven standard N-glycosylation
sites in the ectodomain of the 5804P wild-type strain H protein
are used and that an additional nonstandard site of the type
N-X-C is used when few other sites are present. The Hsgpup

protein tolerates the deletion of all N-glycosylation sites without
losing function, which has not been observed for any other
paramyxovirus glycoproteins. However, viruses bearing N-glycan-
deficient H proteins are completely attenuated in vivo.

CDV H protein processing and function are N-glycan inde-
pendent. The morbillivirus H protein disulfide bonds generally
join sites that are adjacent in the primary sequence (22) and
thus may not need N-glycans for correct folding, in contrast to
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FIG. 5. Virulence of N-glycan-deficient viruses in ferrets. Groups of three or four animals were infected intranasally with 10° TCIDs, of either
recombinant virus 5804P-Hs,, or 5804P-Hg,,. The results from the 5804PeH infections obtained in Fig. 2 are shown for comparison. (A) Virulence
index. Each box represents one animal, and black represents the highest (2), gray an intermediate (1), and white the lowest (0) score, as detailed
in Materials and Methods. (B) The course of cell-associated viremia is shown as the log,, of the virus titer per 10° PBMCs. (C) Total leukocyte
counts, shown as 10° leukocytes per mm?. (D) In vitro proliferation activities of lymphocytes over the course of disease. (E) CDV neutralizing-
antibody response in plasma samples. Antibody titers are shown as reciprocals of the highest dilution in which CPE was observed. Days
postinfection are indicated on the x axes, and the error bars represent standard deviations. (F) Cross-neutralization of recombinant viruses. Plasma
from animals infected with 5804PeH, 5804P-H,, and 5804P-H,, were tested for efficiency of neutralization against the respective viruses.
Neutralizing-antibody titers are shown as reciprocals of the highest dilution at which CPE was observed. The asterisk indicates statistical
significance for 5804P-Hg, neutralization with a-Hg,; serum (P < 0.01) compared to neutralization with a-Hsggsp and a-Hg,, sera, and the error

bars represent standard deviations.

the influenza virus hemagglutinin protein, which requires N-
glycans to direct the formation of disulfide bonds between
widely separated sites (12). Unlike fusion or other multifunc-
tional proteins, where N-glycans play an important role in
activation (2, 8, 16, 26, 30, 40, 47), the paramyxovirus attach-
ment protein does not require cleavage to be functional. De-
spite this, sialic acid-binding attachment proteins are more
sensitive to N-glycan deletion than CDV H (27, 31, 39), sug-
gesting that their N-glycans may be involved in receptor rec-

ognition and attachment, while N glycosylation has not been
demonstrated to play a role in morbillivirus interaction with its
protein receptors SLAM and CD46 (4, 7, 18, 25, 46, 49). The
observation that a completely deglycosylated H protein re-
mains functional thus indicates a correlation between the N-
glycosylation requirement and the folding and processing com-
plexity of glycoproteins. While the ratio of cell surface to total
cellular expression for N-glycan-deficient H proteins was not
dramatically altered, their overall expression levels were re-
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duced, demonstrating that N-glycans enhance H protein fold-
ing and transport and are added to the protein if sites are
available, including nonstandard sites.

Was there a loss of N glycosylation during vaccine attenu-
ation? The morbillivirus vaccine strains currently in use were
produced decades ago by serial passage through various cell
lines and eggs (11, 35). Unfortunately, the original seed viruses
used in these passages are no longer available, so it is difficult
to determine the exact changes that were accumulated during
attenuation. The H proteins of wild-type CDV strains, such as
5804P, Snyder Hill, and A75/17, share six N-glycosylation sites
(9). In addition, the 5804P H protein and other recent isolates
have a site at N309 (14), and some Asian strains have acquired
an eighth site at N584 (19, 29), both of which are not used. This
demonstrates that wild-type H proteins have maintained the
minimal complement of N-glycans needed to cause disease and
ensure transmission and suggests that the Onderstepoort vac-
cine strain may have lost several N-glycosylation sites during
the attenuation process. Our comparative neutralization assays
demonstrated that not only are fully glycosylated and deglyco-
sylated wild-type viruses neutralized with equal efficiency by all
sera, including those raised against the vaccine H protein, but
the vaccine H protein is more immunogenic than circulating
wild-type H proteins. These results, together with the remark-
able conservation of the wild-type N-glycosylation pattern de-
spite high vaccine coverage, thus argues against a glycan shield
escape mechanism in morbilliviruses, as has been proposed for
HIV (20, 34, 53).

Reduced glycosylation alone does not explain vaccine strain
attenuation. In our animal studies, introduction of the vaccine
strain H protein into a wild-type virus resulted in complete
attenuation, whereas the wild-type H protein with the vaccine
strain N-glycosylation pattern remained lethal but with pro-
longed disease. In addition, all nonlethal viruses carrying
5804P H proteins resulted in prolonged inhibition of lympho-
cyte proliferation, while the virus with the vaccine H protein
only transiently interfered with this activity. Our findings con-
firm previous reports that MeV wild-type H proteins are more
immunosuppressive than vaccine H proteins (33), while com-
plex N glycosylation was not required (54). This demonstrates
the importance of H for vaccine attenuation and highlights the
relative contributions of N glycosylation and primary sequence
differences between vaccine and wild-type strain H proteins to
virulence.

Since the SLAM-interacting residues are highly conserved
among all strains, it is likely that the efficiency of H-F interac-
tions, rather than receptor affinity, is another attenuating fac-
tor. However, the H protein residues 110 to 114, which are
likely to be in close proximity to the F protein in the F-H
complex (23), are conserved in all CDV strains. Thus, the
attenuation observed for 5804P-H; may be due in part to the
reduced ability of the wild-type F protein to efficiently interact
with heterologous H proteins (23). In addition, any of the 60
amino acid differences between the vaccine and wild-type
strains may result in conformational changes, thereby subtly
altering protein function. While the N-glycan-deficient H pro-
teins are otherwise identical to Hsgg4p, the lack of the N-glycan
at N149 may also play a role in altering the interaction between
F and H. This N-glycan is likely to be in close proximity to F
(23), and its absence may destabilize the F-H complex. The
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virus bearing the vaccine H protein had a strongly reduced
capacity to inhibit lymphocyte proliferation compared to the
N-glycan-deficient viruses, which suggests that differences in
contact inhibition are contributing factors (38, 54, 55).
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