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ABSTRACT Many viral envelope proteins are modified by asparagine (N)-linked gly-
cosylation, which can influence their structure, physicochemical properties, intra-
cellular transport, and function. Here, we systematically analyzed the functional
relevance of N-linked glycans in the alphaherpesvirus pseudorabies virus (PrV)
glycoprotein H (gH), which is an essential component of the conserved core herpes-
virus fusion machinery. Upon gD-mediated receptor binding, the heterodimeric com-
plex of gH and gL activates gB to mediate fusion of the viral envelope with the host
cell membrane for viral entry. gH contains five potential N-linked glycosylation sites
at positions 77, 162, 542, 604, and 627, which were inactivated by conservative mu-
tations (asparagine to glutamine) singly or in combination. The mutated proteins
were tested for correct expression and fusion activity. Additionally, the mutated gH
genes were inserted into the PrV genome for analysis of function during virus infec-
tion. Our results demonstrate that all five sites are glycosylated. Inactivation of the
PrV-specific N77 or the conserved N627 resulted in significantly reduced in vitro fu-
sion activity, delayed penetration kinetics, and smaller virus plaques. Moreover, sub-
stitution of N627 greatly affected transport of gH in transfected cells, resulting in en-
doplasmic reticulum (ER) retention and reduced surface expression. In contrast,
mutation of N604, which is conserved in the Varicellovirus genus, resulted in en-
hanced in vitro fusion activity and viral cell-to-cell spread. These results demonstrate
a role of the N-glycans in proper localization and function of PrV gH. However, even
simultaneous inactivation of all five N-glycosylation sites of gH did not severely in-
hibit formation of infectious virus particles.

IMPORTANCE Herpesvirus infection requires fusion of the viral envelope with cellu-
lar membranes, which involves the conserved fusion machinery consisting of gB and
the heterodimeric gH/gL complex. The bona fide fusion protein gB depends on the
presence of the gH/gL complex for activation. Viral envelope glycoproteins, such as
gH, usually contain N-glycans, which can have a strong impact on their folding,
transport, and functions. Here, we systematically analyzed the functional relevance
of all five predicted N-linked glycosylation sites in the alphaherpesvirus pseudorabies
virus (PrV) gH. Despite the fact that mutation of specific sites affected gH transport,
in vitro fusion activity, and cell-to-cell spread and resulted in delayed penetration ki-
netics, even simultaneous inactivation of all five N-glycosylation sites of gH did not
severely inhibit formation of infectious virus particles. Thus, our results demonstrate
a modulatory but nonessential role of N-glycans for gH function.

KEYWORDS herpesvirus, pseudorabies virus, glycoprotein gH, membrane fusion,
virus entry, N-linked glycosylation

nfectious entry of herpesviruses into cells depends on fusion of the viral envelope
with host cell membranes. To accomplish this task, herpesviruses use specialized
surface glycoproteins allowing them to bind to an appropriate cellular receptor and to
execute membrane fusion. Whereas many enveloped viruses rely on a single protein for
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receptor binding and entry, multiple viral glycoproteins are involved in herpesvirus-
mediated membrane fusion.

Glycoprotein B (gB) and the heterodimeric complex of membrane-bound glycopro-
tein H and anchorless glycoprotein L (gH/gL) constitute the core fusion machinery and
are conserved across the Herpesviridae, a large family of enveloped double-stranded
DNA viruses infecting mammals, birds, and reptiles (reviewed in references 1 and 2).
Binding of nonconserved herpesvirus subfamily-specific glycoproteins to cellular re-
ceptors is thought to trigger activation of the conserved fusion machinery. However,
the exact molecular mechanism of this process remains to be elucidated. According to
the current model, the entry glycoproteins are activated in a cascade-like fashion,
beginning with binding of, e.g., alphaherpesvirus gD to a cellular receptor. Receptor
binding was shown to lead to a conformational change in the C-terminal region of gD,
presumably enabling gD to interact with gH/gL (3, 4). gH/gL in turn is thought to
activate gB by direct interaction of their respective ectodomains (5-9). gB then inserts
its two fusion loops (FL) into the target membrane to subsequently merge the viral and
cellular membranes by a large conformational change (5, 8). gB is a type | transmem-
brane protein and is considered the bona fide fusion protein, since crystal structures of
gB homologs from pseudorabies virus (PrV) (10, 11), herpes simplex virus 1 (HSV-1) (12),
human cytomegalovirus (HCMV) (13, 14), and Epstein-Barr virus (EBV) (15) resemble
those of typical class Il postfusion trimers. However, despite its homology to, e.g., the
vesicular stomatitis virus fusion protein G (16) or baculovirus gp64 (17), gB is not able
to mediate membrane fusion on its own but requires the conserved gH/gL complex.

Although the specific contribution of the gH/gL complex to herpesvirus membrane
fusion remains largely unknown, functional analysis points to a regulatory role (5). In
contrast to that of gB, the crystal structures of soluble gH/gL of HSV-2 (7), EBV (18), and
varicella-zoster virus (VZV) (19) and of a core fragment of PrV gH (20) (Fig. 1) revealed
no structural homology to any known viral fusion protein. However, despite poor
sequence conservation, the crystallographic studies revealed a strikingly similar domain
organization of the four gH homologs.

The least-conserved domain |, located at the N terminus of gH, is associated with gL,
and the presence of both proteins seems to be critical for the tertiary structure of this
domain in HSV and EBV (7, 18, 21). However, in PrV, Bovine herpesvirus 4, and Murid
herpesvirus 4, gL is not required for correct folding, transport, or virion incorporation of
gH (22-27). Moreover, infection by PrV can occur in the absence of gL and the
glL-binding domain of gH when compensatory mutations in other glycoproteins are
present (28-30). In addition, the absence of gL obviously facilitates maturation of
certain N-glycans of PrV gH, which are possibly masked during wild-type (WT) replica-
tion (25). Interestingly, domain | of PrV gH, which was not included in the crystallized
core fragment, contains one of the predicted N-glycosylation sites at an asparagine (N)
at amino acid (aa) position 77 (Fig. 1).

Domain Il contains two conserved elements (Fig. 1), the “fence,” a sheet of antipa-
rallel beta-chains, and a bundle of three alpha-helices which is tightly packed against
the fence and was designated syntaxin-like bundle (SLB) due to its structural similarities
to a specific domain of cellular syntaxins (20). The side of the fence which packs against
the SLB is very hydrophobic, whereas the opposite side, including an N-glycosylation
site at position 162, displays only polar residues (20). The integrity and flexibility of the
SLB were recently shown to be relevant for the function of PrV gH in membrane fusion
(31).

Domain Ill, which contains no N-glycosylation sites, is composed of eight alpha-
helices (Fig. 1) and contains a highly conserved amino acid stretch (serine-proline-
cysteine) which is important for regulation of membrane fusion (32).

The membrane-proximal domain IV is the most conserved domain of gH. It consists
of a beta-sandwich comprising two opposed four-stranded beta-sheets, which in PrV
contain one and two predicted N-glycosylation sites, respectively, at aa 554, 604, and
627 (Fig. 1). The two sheets are connected by an extended polypeptide chain, which is
designated “flap” (20). Interestingly, the flap, supported by the N-glycan at position 627,
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FIG 1 Positions of potential N-linked glycosylation sites in PrV gH. (A) The primary translation product of
PrV gH (686 aa) is schematically shown. The first amino acids of the predicted signal peptide (SP), the
ectodomain parts (I to IV), the transmembrane domain (TMD), and the cytoplasmic domain (CD), as well
the modified asparagine (N) residues, are indicated. (B) Crystal structure of the gH core fragment (aa 107
to 639) (20). The N and C termini are labeled. In domain II, the fence (dark blue) and the syntaxin-like
bundle (SLB) (light blue) are indicated. Domain Il is colored yellow and domain IV red, with the flap
highlighted in blue. Predicted glycosylation sites at N162, N542, and N627 are indicated by green
spheres. N604 lies within a flexible region (dashed green line), which was not solved in the crystal
structure. N77 was not included in the construct used for crystallization. The image was generated using
the UCSF Chimera package (version 1.11.2) (65).

covers a patch of hydrophobic amino acid residues which is conserved in PrV, HSV, and
EBV. Movement of the flap during a receptor-triggered conformational change of gH is
thought to enable interaction of this underlying hydrophobic surface with the viral
envelope (20, 33). This hypothesis was supported by studies revealing that disruption
of conserved disulfide bonds important for positioning of the flap, prevention of flap
movement by introduction of artificial disulfide bonds, or multiple alanine substitutions
within the flap or the hydrophobic patch led to significant defects in gH function (33).
Moreover, recent studies demonstrated functional conservation of domain IV by con-
struction of a chimeric gH consisting of PrV domains | to Il and HSV-1 domain IV. This
chimera supported replication of gH-deleted PrV and was able to promote membrane
fusion when coexpressed with HSV-1 or PrV gB and PrV gD and gL (34).

N-linked glycosylation is one of the most common types of membrane protein
modification and involves the transfer of oligosaccharides to the asparagine residue of
the sequon N-X-threonine (T) or serine (S) in the endoplasmic reticulum (ER), frequently
followed by trimming and substitution of mannose residues by various other sugars in
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the Golgi apparatus (35, 36). Unlike sugar chains of the complex type, the initially added
high-mannose chains are sensitive to digestion with endoglycosidase H (endo H), which
permits differentiation (37). Many viral envelope proteins contain N-linked glycans,
which can play major roles in correct folding, physicochemical properties, intracellular
transport, function during entry, and also immune evasion (38-40). Disruption of
N-glycosylation sites from envelope proteins of a variety of viruses, such as HSV-2 (41),
Ebola virus (40), influenza virus (42), respiratory syncytial virus (43) Zika virus (44), or
Hendra and Nipah viruses (45), has been shown to have a strong impact on viral entry,
cell-cell fusion, or shielding from neutralizing antibodies. N-glycans on other envelope
proteins, such as HSV-1 gD, were shown to be structurally important. In contrast,
N-glycosylation of gD was not required for its function during virus entry or spread
(46-48).

While PrV gH contains five potential N-linked glycosylation sites (49) (Fig. 1), its
complex partner gL is modified only by O-linked carbohydrates (23). Earlier studies
indicated that N-linked glycans contribute approximately 19 kDa to the molecular mass
of mature PrV gH and provided no evidence for the presence of O-linked sugars (49).
Occupation of two (N162 and N627) of the five potential N-linked glycosylation sites
was confirmed by crystal structure analysis of the core fragment of PrV gH (20). The site
at aa 627 is highly conserved among the Herpesviridae and was suggested to play a role
in the fusion process by partially masking the highly conserved hydrophobic patch in
domain IV (20, 33). Mutation of this site affected the function of gH, although it was not
abolished (33). However, more-detailed studies on the relevance of this site and of the
four other potential PrV gH N-glycosylation sites were required.

To this end, we have now inactivated all potential N-linked glycosylation sites singly
or in various combinations by conservative amino acid replacements of N by glutamine
(Q) using site-directed mutagenesis of the plasmid-cloned PrV gH gene. The resulting
gH expression plasmids were tested in a virus-free transfection-based cell fusion assay.
Furthermore, the mutated gH genes were transferred into the PrV genome. Protein
expression and glycosylation as well as in vitro replication properties, including pene-
tration, growth kinetics, and plaque formation, of the obtained virus mutants were
investigated.

RESULTS

Effect of N-glycosylation site mutations on gH expression and transport. The
deduced amino acid sequence of PrV gH contains five potential N-linked glycosylation
sites matching the consensus motif N-X-T/S, where X can represent any amino acid
except proline (36). They are all located within the gH ectodomain at aa 77, 162, 542,
604, and 627 (Fig. 1). To investigate their occupation and functional relevance, the
codons encoding asparagine were replaced by glutamine codons via site-directed
mutagenesis of the expression plasmid-cloned gH gene of PrV strain Kaplan (PrV-Ka).
The resulting plasmids, containing one to five mutations, were used for in vitro
expression studies and fusion assays, as well as for generation of virus recombinants by
mutagenesis of the PrV genome cloned as a bacterial artificial chromosome (BAC) in
Escherichia coli (31).

Western blot (not shown) and indirect immunofluorescence (IIF) analyses (Fig. 2A) of
rabbit kidney (RK13) cells cotransfected with gH and gL expression plasmids demon-
strated that all generated gH mutants were stably expressed at similar levels. However,
comparative IIF tests of permeabilized and nonpermeabilized RK13 cells revealed that
whereas wild-type (WT) gH and most of the gH mutants were readily found at the
cell surface, gH mutants containing the amino acid substitution N627Q were barely
detectable on nonpermeabilized cells (Fig. 2A). These findings were confirmed by
fluorescence-activated cell sorter (FACS) analysis of cotransfected cells showing that
significantly decreased proportions of gHN627Q and gHN77/162/542/604/627Q were
present on the cell surface compared to wild-type gH (Fig. 2B).

Analysis of the distribution of gH in the cytoplasm of plasmid transfected cells
by laser scanning confocal microscopy revealed wild-type-like speckled patterns for
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FIG 2 Expression and surface localization of gH. RK13 cells were cotransfected with expression plasmids for either wild-type (WT) or mutant gH
in combination with gL. After 24 h, cells were either permeabilized or not and were stained with a gH-specific rabbit antiserum and Alexa Fluor
488-conjugated secondary antibodies. Total and cell surface expression of gH was analyzed either by fluorescence microscopy (Nikon Eclipse Ti-S)
(A) or by flow cytometry (B). Bars represent the ratio between cells expressing gH at the surface and total gH-positive cells. Mean values and
standard deviations from three independent experiments are shown, and the significance of differences from results obtained with wild-type gH

is marked. (**, P = 0.01). Size bar in panel A, 100 um.

most of the gH single-site mutants (Fig. 3). However, all variants, including that with
the mutation N627Q showed a more perinuclear localization indicative of the
endoplasmic reticulum (ER). For confirmation, colocalization of gH with an ER
marker (pmTurquoise2ER; Addgene) was analyzed. As shown in Fig. 4, both
gHN627Q and the quintuple mutant colocalized with the ER marker, whereas
wild-type gH was found mainly in speckles distinct from the ER, indicating that
N627Q impaired ER export of PrV gH to the plasma membrane.

Effects of gH N-glycosylation site mutations on in vitro fusion activity. To
analyze the impact of the gH N-glycosylation sites on in vitro fusion activity, the
different gH mutants were tested in transient-transfection-based fusion assays (Fig. 5).
RK13 cells were cotransfected with expression plasmids encoding wild-type or mutated
gH in combination with gB, gD, and gL of PrV-Ka as described previously (50). In
addition, an enhanced green fluorescent protein (EGFP) expression plasmid was
cotransfected to facilitate evaluation of the syncytium formation by fluorescence
microscopy (51). The results of assays with wild-type gH were set as 100%. While fusion
activities of mutants gHN77Q and gHN162Q were reduced by around 20% and 10%,
respectively, no significant reduction was observed for gHN542Q (Fig. 5A). Interestingly,
mutation of the N-glycosylation site at position 604, which is conserved in members of
the Varicellovirus genus of alphaherpesviruses, led to a significant increase in in vitro
fusion activity of approximately 30% compared to that with WT gH. In contrast,
disruption of the highly conserved N627 completely abolished fusion activity. In line,
the double, triple, quadruple, and quintuple mutants, which all contain mutation
N627Q, exhibited no fusogenic potential (Fig. 5A).
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FIG 3 Subcellular localization of gH. RK13 cells were cotransfected with plasmids encoding wild-type (WT) or mutated gH in combination with
gL. One day after transfection, cells were fixed with 3% paraformaldehyde and permeabilized with 0.1% Triton X-100. gH was detected using a
monospecific rabbit antiserum and Alexa Fluor 488-conjugated secondary antibodies. Green fluorescence was excited at 488 nm and recorded
with a laser scanning confocal microscope (Leica SP5). Size bar, 10 um.

To investigate whether the gH mutants with an inactivated glycosylation site at
position 627 are able to trigger fusion in combination with a more fusogenic gB, we
replaced native gB with a C-terminally truncated protein (gB-008). In comparison to
fusion assays with the WT glycoproteins, replacement of WT gB by gB-008 leads to a
3-fold increase in fusion activity (52) (Fig. 5B). Assays with plasmids encoding WT gH,
gB-008, gL, and gD served as positive controls, and results were set as 100%. Assays
conducted with the empty expression vector (pcDNA3) instead of a gH plasmid served
as negative controls.

In relative terms, fusion activities obtained for gHN77Q, gHN162Q, gHN542Q, and
gHN604Q in combination with the hyperfusogenic gB-008 (Fig. 5B) were similar to
those obtained with wild-type gB (Fig. 5A). However, in contrast to fusion assays with
wild-type gB, in which no activity could be observed for gH N627Q mutants, assays with
gB-008 revealed that all these mutants mediated cell-cell fusion, although at =70%
lower levels than WT gH (Fig. 5B). These results indicate that the carbohydrate moiety
on N627 plays an important role in fusion or proper localization of gH.

Effects of N-glycosylation site mutations on processing and virion incorpora-
tion of gH. To investigate the relevance of the N-glycosylation sites for processing and
virion incorporation of gH and virus replication, the mutated gH genes were introduced
into the PrV genome by BAC mutagenesis in E. coli as described previously (31). PCR
amplification and subsequent sequencing of the entire gH open reading frames (ORF)
of all virus recombinants confirmed that neither reversions of the desired mutations nor
additional mutations elsewhere in the gene had occurred.
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FIG 4 Colocalization of gH mutants with the endoplasmic reticulum. RK13 cells were cotransfected with expression plasmids
for wild-type (WT) or mutated gH in combination with gL and the ER marker pmTurquoise2ER (Addgene). At 24 h
posttransfection, cells were fixed with 3% paraformaldehyde and permeabilized with 0.1% Triton X-100. gH was detected using
a monospecific rabbit antiserum and Alexa Fluor 633-conjugated secondary antibodies. Green (ER) and red (gH) fluorescence
was excited at 488 nm and 633 nm, respectively, and recorded with a laser scanning confocal microscope (Leica SP5). Channels
were merged to visualize ER localization of gH. Size bars, 10 um.

None of the analyzed N-glycosylation site mutations of gH abrogated formation of
infectious PrV (see below), and Western blot analyses of purified virions revealed that
all mutated proteins were incorporated into virus particles (Fig. 6A). Moreover, no
obvious reduction of gH amounts compared to those of other envelope glycoproteins
such as gB (not shown) or gD (Fig. 6B) could be observed. As expected, all glycosylation
site mutants of gH exhibited higher electrophoretic mobilities than WT gH, which
possessed an apparent molecular mass of approximately 90 kDa (Fig. 6A, first lane).
Considerable differences could be observed between the apparent masses of the single
mutants, indicating that the sizes of carbohydrate chains of gH differ site specifically.
Interestingly, removal of the highly conserved glycosylation site at gH position 627 had
the least effect on electrophoretic mobility (Fig. 6A and 7F). The apparent molecular
masses of the double (gHN162/627Q), triple (gHN77/162/627Q), quadruple (gHN77/
162/604/627Q), and quintuple (gHN77/162/542/604/627Q) mutants gradually de-
creased as expected (Fig. 6A). These results demonstrate that all five predicted
N-glycosylation sites are occupied by carbohydrates in PrV gH. Since N77 is located in
PrV gH domain I, which was recently confirmed to be required for gL binding and virion
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FIG 5 In vitro fusion activity of gH mutants. RK13 cells were cotransfected with expression plasmids for EGFP, gD, gL, wild-type (WT) or
mutated gH, and wild-type gB (A) or C-terminally truncated gB-008 (B). Assays without gH served as negative controls. One day after
transfection, the relative fusion activity was determined by multiplication of the mean syncytium area by the number of syncytia in 10
fields of view. Fusion activities in assay mixtures containing wild-type gH were set as 100%. Shown are the mean relative values and
corresponding standard deviations from four independent experiments. Results significantly differing from those obtained with WT gH
are marked (*, P = 0.05; **, P =< 0.01, ***, P = 0.001; ****, P = 0.0001). NS, not significant.

incorporation (30), virus particles were also analyzed for the presence of gL (Fig. 6C).
Despite moderate variations in signal strength, gL was detectable in virions of all investi-
gated gH mutants, including the N77Q substitution mutants. Thus, N-glycosylation of gH is
not required for interaction with gL.

To further analyze the glycosylation state of gH, purified virions of the different
mutants were treated with either endo H to remove only high-mannose-type N-glycans
(Fig. 7, lanes 3) or peptide-N-glycosidase F (PNGase F) to cleave off all N-linked
carbohydrates (Fig. 7, lanes 2). As expected, WT gH and all gH mutants, except the
quintuple mutant, were sensitive to digestion with PNGase F, which resulted in a shift
from the different sizes of the untreated proteins (Fig. 7, lanes 1 and 4) to a similar
apparent molecular mass of approximately 70 kDa (Fig. 7, lanes 2). This size corre-
sponded to that of the glycosidase-resistant quintuple mutant of gH (Fig. 7H) and was
close to the 69-kDa calculated molecular mass of the unmodified polypeptide after
removal of the predicted signal peptide. These results confirmed that all predicted
N-glycosylation sites on wild-type gH are occupied and that they are inactivated in the
quintuple mutant.

As shown previously (49), PrV wild-type virions still contain endo H-sensitive carbo-
hydrates (Fig. 7A). To investigate which of the five glycosylation sites of mature
wild-type gH might be modified by high mannose N-glycans, virions of the gH mutants
were also treated with endo H. All mutants containing deletions of only one
N-glycosylation site were found to be sensitive, and faster-migrating gH species were
detected (Fig. 7, lanes 3). However, the shifts compared to untreated gH (Fig. 7, lanes
1 and 4) were different, and least in pPrV-gHN162Q and pPrV-gHN627Q virions (Fig. 7C
and F, arrows). Western blot analysis of virions of the double mutant pPrV-gHN162/
627Q revealed that this gH mutant was no longer sensitive to endo H digestion (Fig. 7G,
arrow). These results strongly suggest that high-mannose-type N-glycans are retained
only at aa 162 and 627 of mature gH.

Effect of gH N-glycosylation site mutations on virus entry and spread. To
determine the effect of N-glycosylation in PrV gH on virus replication, the penetration
and growth kinetics, as well as direct viral cell-to-cell spread of all obtained virus
mutants, were analyzed in RK13 cells. Penetration kinetics studies revealed that entry of
WT gH-expressing PrV (pPrV-gHK) and pPrV-gHN162Q occurred at a similar high
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FIG 6 Western blot analyses of purified PrV particles. Virion proteins of the indicated gH mutants were
separated by SDS-PAGE. Blots were probed with monospecific rabbit antisera against gH (A), gD (B), or
gL (C). Molecular masses of marker proteins are indicated.

velocity, with almost 100% of infectious input virus protected from inactivation by
low-pH treatment after 10 min at 37°C (Fig. 8). Penetration of pPrV-gHN77Q, pPrV-
gHN542Q, and pPrV-gHN604Q was slightly delayed, with approximately 80% of virions
being internalized within 10 min. However, after 30 min, almost complete penetration
was achieved. In contrast, only 70% of infectious pPrV-gHN627Q and pPrV-gHN162/
627Q particles were able to penetrate within 10 min, and 2 h was required for complete
penetration (Fig. 8). The defect in entry was even more pronounced for the triple,
quadruple, and quintuple virus mutants, of which only 30% of the infectious particles
were internalized within 10 min. However, after 2 h, almost complete penetration was
observed for all mutants (Fig. 8).

In contrast to the effects of N-glycosylation site mutations on the kinetics of virus
entry, the impact on total replication was less striking (Fig. 9). Multistep growth
analyses performed after infection at a multiplicity of infection (MOI) of 0.01 revealed
no significant effects on maximum titers of any of the virus recombinants possessing
single gH mutations compared to WT gH-rescued pPrV-gHK, demonstrating that none
of the N-glycosylation sites is essential for efficient production of infectious virions. The
multiply mutated viruses exhibited an approximately 5- to maximum 10-fold reduction
of final titers compared to pPrV-gHK (Fig. 9). Moreover, the quintuple mutant showed
a delayed increase of virus titers (Fig. 9). These results indicate that although none of
the N-glycosylation sites is essential, complete absence of N-glycosylation impairs gH
function during productive viral replication.

The most striking differences between the investigated virus mutants were ob-
served in direct cell-to-cell spread, and the results from plaque assays generally
paralleled the findings from transient-transfection fusion assays (Fig. 5). Whereas
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FIG 7 Analysis of N-linked carbohydrates in gH. Purified virion proteins of the indicated PrV recombinants were either left untreated (lanes 1), digested with
PNGase F (lanes 2) or endo H (lanes 3), or incubated with reaction buffer without enzymes (lanes 4). Samples were separated by SDS-PAGE, and blots were tested
with a gH-specific rabbit antiserum. Molecular masses of marker proteins are indicated. Arrows indicate gH mutants exhibiting reduced or no endo H sensitivity.

plaque sizes of pPrV-gHN162Q and pPrV-gHN542Q were similar to those of WT gH-
expressing pPrV-gHK, plaque areas of pPrV-gHN604Q were significantly enlarged to
135% (Fig. 10). In contrast, pPrV-gHN77Q (65%) and pPrV-gHN627Q (45%) formed
significantly smaller plaques than wild-type virus. Deletion of multiple glycosylation
sites further reduced plaque sizes, and the quintuple mutant pPrV-gHN77/162/542/
604/627Q formed only very tiny plaques reaching 20% of the pPrV-gHK size (Fig. 10).

In summary, the results indicate that the N-glycosylation of the partially conserved
site at position 77, positioned in the gL binding domain, and of the highly conserved
site at position 627, located within the hydrophobic patch in domain IV, is important
but not absolutely required for gH function during virus entry and cell-to-cell spread.
In contrast, deletion of the PrV-specific glycosylation site at gH position 604 seems to
be beneficial for virus spread in cell culture, like for in vitro membrane fusion.

DISCUSSION
N-linked glycosylation of envelope glycoproteins of a variety of viruses, such as, e.g.,
gB from HSV-2 (41), has been shown to play an important role in viral infection.
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FIG 8 Penetration kinetics of PrV gH mutants. RK13 cells grown in 6-well plates were infected with approximately 250 PFU/well
of pPrV-gHK or the different gH mutants. After adsorption at 4°C, the cells were incubated for 0, 5, 10, 15, 30, 60, and 120 min
at 37°C, followed by acid inactivation of nonpenetrated virus. After 48 h at 37°C under semisolid medium, plaques were
counted and compared to plaque numbers found without inactivation. Mean percentages from three independent experi-
ments and corresponding standard deviations are shown.

However, little is known about the role of N-linked glycosylation in the function of
herpesvirus gH. In the present study, we investigated the role of N-linked glycosylation
of the alphaherpesvirus PrV gH for its function during entry and spread. To this end, the
five predicted N-glycosylation sites in PrV gH (N77, N162, N542, N604, and N627) (Fig.
1) were inactivated singly or in combination by introduction of conservative amino acid
substitutions (N—Q). The effect of the mutations on protein expression, maturation,
virion incorporation, and, in particular, function in membrane fusion was investigated.

Western blot analysis of purified virions showed that the apparent molecular masses
of all mutated gH variants were lower than that of wild type, demonstrating that the
five potential glycosylation sites are indeed modified by N-glycans in PrV gH. Further-
more, gH of a quintuple mutant was no longer sensitive to N-glycosidases (Fig. 7H) and
showed a molecular mass as predicted for the nonglycosylated precursor protein. This
demonstrates that no other (e.g., O-linked) glycans are present in gH, which is in line

pPrv-gHK
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pPrv-gHN542Q
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pPrv-gHN627Q
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FIG 9 In vitro growth kinetics of PrV gH mutants. RK13 cells were infected with pPrV-gHK or the different gH mutants at an
MOI of 0.01. Cells and supernatants were harvested after 0, 6, 12, 24, 48, and 72 h at 37°C and lysed by freeze-thawing. Progeny

virus titers were determined on RK13 cells. Shown are mean values from four independent experiments and corresponding
standard deviations.
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160+
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FIG 10 Plaque sizes of PrV gH mutants. RK13 cells were infected with the indicated PrV recombinants and
subsequently incubated under plaque assay conditions. After 48 h, areas of 30 plaques per virus were
measured. Plaque areas of wild-type gH-expressing pPrV-gHK were set as 100%. Mean values and
standard deviations from four independent experiments are shown. Results significantly differing from
those obtained with pPrV-gHK are marked (*, P = 0.05; **, P = 0.01, ***, P = 0.001). NS, not significant.

with previous results (49). Only two of the sites (N162 and N627) were found to be
glycosylated in the crystallized gH core fragment, because they were either absent from
the analyzed protein (N77) or located in insufficiently resolved parts of the determined
structure (N542 and N604) (20). Interestingly, the five single mutants exhibited appar-
ent molecular masses that were different from each other (Fig. 7A to F), which could be
due to differences between the oligosaccharide chains attached to the individual
N-glycosylation sites. It has been reported that other glycoproteins containing more
than one N-X-T/S sequon per molecule are also often heterogeneous with respect to
their content of complex N-glycans on different sequons (53, 54). It is conceivable that
the glycans attached to the different glycosylation sites in gH are site specific and that
the observed N-glycan diversity is caused by the surrounding amino acid sequence or
conformation affecting substrate availability for Golgi glycosidases or glycosyltrans-
ferases (53).

Previous studies revealed that mature PrV gH, as found in virions, is still sensitive to
endo H digestion, indicating that N-linked carbohydrates on gH are not completely
processed to complex structures in the Golgi apparatus (49). Here, we show that only
the two glycosylation sites at N162 and N627 carry high-mannose sugars. N162 is
located in gH domain Il (Fig. 1) and is part of the “fence,” a sheet of antiparallel
beta-chains. The side of the fence which includes glycan N162 displays only polar
residues (20). In HSV-2 gH, which contains no equivalent glycosylation site, the corre-
sponding side of the fence is partly covered by gL, which was not crystallized with the
PrV gH core fragment (7, 20). Thus, N162 in PrV gH may also be covered by gL, which
limits accessibility for glycosidases or glycosyltransferases in the Golgi apparatus,
leading to incomplete modification of this glycosylation site and endo H sensitivity. This
is in line with previous data showing that the carbohydrates incorporated into gH of
PrV-AgL virions are completely endo H resistant (25).
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The N-glycosylation site at aa 627 in PrV gH is located within a highly conserved
hydrophobic patch which is covered by a negatively charged surface loop, desig-
nated the “flap” (20). Therefore, it is conceivable that the flap might interfere with
glycosylation at position N627, leading to endo H sensitivity of the respective
glycans in mature gH.

N-glycans on other entry glycoproteins, such as, e.g., gB from HSV-2, were shown to
be important for correct intracellular trafficking and maturation (41). N-glycans on
HSV-1 gD were found to be critical for the formation and maintenance of the gD
structure. However, in contrast to what was observed for gB, no effect on protein
processing or trafficking could be observed for HSV-1 gD N-glycosylation site mutants.
Moreover, none of the investigated N-glycans on HSV-1 gD were required for gD
function during entry and spread (46-48).

In PrV gH, the introduced N-glycosylation site mutations had no effect on expression
level, and the subcellular localization of most single mutants was similar to that of
wild-type gH. However, inactivation of the highly conserved N627 greatly affected
efficient transport, resulting in ER retention and reduced cell surface expression as
demonstrated by colocalization of gHN627Q with an ER marker as well as by IIF and
FACS analysis of nonpermeabilized cells cotransfected with gH and gL expression
plasmids (Fig. 2 to 4). Moreover, in transient-transfection assays no fusion activity could
be observed for gH N627 mutants in combination with wild-type gB, gD, and gL (Fig.
5A), and surface expression of mutant gH was still barely detectable (data not shown).
This indicates that none of the entry glycoproteins is able to assist gHN627Q in
efficient trafficking to the cell surface. However, in contrast to the results of fusion
assays conducted with wild-type gB, gHN627Q exhibited moderate fusion activity
with hyperfusogenic gB-008 (Fig. 5B), as reported earlier (33). Thus, due to the
enhanced surface expression of the C-terminally truncated gB-008 (52), smaller
amounts of gH might be sufficient to trigger membrane fusion.

Although a great majority of gHN627Q seemed to be retained in the ER of trans-
fected cells, Western blot analysis of corresponding PrV recombinants demonstrated
that gHN627Q, as well as multiplex mutants including this amino acid substitution, is
efficiently incorporated into virus particles (Fig. 6A). Thus, intracellular transport of gH
during virus infection may differ from the situation after plasmid transfection, e.g., due
to concomitant transport of other membrane proteins to the secondary envelopment
site in the trans-Golgi network (55). For HSV and EBV it was shown that gL is critical for
correct folding, transport, and virion incorporation of gH (7, 18). However, in PrV, gL is
not required for these processes (21-27), and other protein interactions involved in gH
transport remain to be analyzed.

As demonstrated by in vitro replication studies, none of the introduced single or
multiple glycosylation site mutations abolished gH function in the viral context (Fig. 8
to 10). Most PrV recombinants reached maximum titers similar to those of wild-type
PrV, and only the multiple mutants exhibited 5- to 10-fold reductions in final titers and
a slight delay in replication kinetics (Fig. 9). Whereas formation of infectious progeny
was barely affected, cell-to-cell spread of several of the PrV mutants was signifi-
cantly impaired (Fig. 10). Plaque sizes of PrV-gHN77Q and PrV-gHN627Q were
reduced by approximately 30% and 50%, respectively, while plaque sizes of the
triple, quadruple, and quintuple mutants including both amino acid substitutions
were further reduced by 70% to 85% compared to that of wild-type PrV. Consis-
tently, mutations N77Q and N627Q led to reduced fusion activity in transfected
cells, and simultaneous removal of both sites decreased fusion activity even further
(Fig. 5B). N77 is located in the structurally uncharacterized gH domain I, which is
important for binding of gL (30). Removal of the carbohydrates from this site might
affect optimal interaction of gH with gL and thus interfere with efficient membrane
fusion. However, Western blot analysis of purified pPrV-gHN77Q virions showed
that gL was efficiently incorporated into particles (Fig. 6A), demonstrating that
gH/gL binding per se is not disturbed.

N627 is located within a highly conserved hydrophobic patch of domain IV which
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was suggested to play a role in membrane fusion by temporally regulated interaction
with the viral envelope (20, 33). In line with our previous results (33), N-glycosylation of
gH at position 627 was found to be important, although not essential, for PrV-mediated
membrane fusion. The homologous glycosylation site in HSV-1 gH was also shown to
be nonessential for its function (56). Thus, in the absence of the carbohydrates, the
underlying hydrophobic patch might still be sufficiently masked by the charged “flap”
to prevent its premature movement into the membrane. However, as outlined above,
inactivation of the glycosylation site at position N627 severely affected gH transport
and surface expression, which might also contribute to the observed spreading defects
of the virus mutants. However, we cannot completely exclude that the mutation of the
amino acid rather than the absence of the glycan is relevant for the observed pheno-
type.

Whereas mutations N77Q and N627Q led to a decrease in plaque sizes, an increase
in plaque size by 30% was observed after substitution of N604, and, consistent with this,
the in vitro fusion activity of gHN604Q was enhanced (Fig. 5). The N-glycosylation site
N604 is located in gH domain IV (Fig. 1) and is conserved between members of the
Varicellovirus genus, whereas members of the Simplexvirus genus lack a corresponding
site (20). Previous studies using chimeric proteins consisting of domains of PrV and the
simplexvirus HSV-1 gH demonstrated functional conservation of domain IV and indi-
cated species-specific interactions of this domain with gB (34). Possibly, the absence of
the carbohydrate at aa 604 positively influences this interaction between gH and gB,
resulting in the observed phenotype.

In line with the observed defects in cell-to-cell spread and in vitro fusion activity,
penetration of the triple, quadruple, and quintuple PrV mutants was significantly
delayed (Fig. 8). pPrV-gHN627Q showed a less pronounced but also significant lag in
penetration, whereas penetration of the single mutants with substitutions of N77,
N162, N542, and N604 was not or only marginally affected. Although gHN604Q resulted
in a significantly increased fusogenicity and plaque size, it exhibited a slight delay in
penetration, again indicating that the mechanisms of membrane fusion during entry of
free virus particles and direct viral cell-to-cell spread are similar but not identical. This
is also highlighted by the different protein requirements for the two membrane
fusion events. Whereas PrV gD is dispensable for plaque formation, it is required for
entry, functionally separating the two events (50, 57, 58).

In summary, our results demonstrate that all five predicted N-glycosylation sites in
PrV gH are modified by N-glycans, which play a modulating role in proper localization
and function of PrV gH during membrane fusion. However, even simultaneous inacti-
vation of all five sites did not severely inhibit formation of infectious virus particles,
demonstrating that modification of gH by N-glycans is not necessary for efficient PrV
replication. Although in vitro replication of the mutants was not severely affected, the
relevance of the N-glycosylation sites in vivo remains to be determined. N-linked
glycosylation of viral proteins expressed on the surface of virions may interfere with the
host antibody response (59). For influenza and human immunodeficiency viruses, it is
well documented that glycan modifications can serve as a “shield” which covers
essential viral epitopes, thereby protecting the viruses from antibody-mediated neu-
tralization (60, 61). The same might apply to PrV gH, but we cannot exclude that the
N-glycans in PrV gH represent parts of epitopes, which can be targeted by neutralizing
antibodies.

MATERIALS AND METHODS

Cells and viruses. Rabbit kidney (RK13) cells were grown in Eagle’s minimum essential medium
(MEM) supplemented with 10% fetal bovine serum (FBS) at 37°C and 5% CO,. The viruses described in
this study were derived from pPrV-AgHABF (31), which is a gH deletion mutant of PrV strain Kaplan
(PrV-Ka) cloned as a bacterial artificial chromosome (BAC) (33). The gH-rescued viruses were propagated
on RK13 cells, while pPrV-AgHABF was cultivated on RK13-gH/gL (62).

Mutagenesis of the cloned gH gene and generation of PrV N-glycosylation mutants. The
expression plasmid pcDNA-gHKDE (31) containing the gH ORF (UL22) of PrV-Ka was used for site-directed
mutagenesis (QuikChange Il XL kit; Agilent). The oligonucleotide primers used for mutagenesis leading
to inactivation of the potential N-glycosylation sites are indicated in Table 1. The resulting expression
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TABLE 1 Oligonucleotide primers for mutagenesis, PCR, and sequence analyses®

Primer name Sequence (5' to 3')° Nucleotide positions©
PGHN77Q-F CTGGGGGCGCTCCAGGACACGCGCATC 60986-61012
PGHN162Q-F GCGGCCGTCTTCCAGGTGACGCTGGGC 61241-61267
PGHN542Q-F GCCATCGTCAGCCAGGACAGCGCCGCG 62381-62407
PGHN604Q-F CATGGCCGGCGCCCAGTCCACCATCCC 62566-62592
PGHN627Q-F TGATGCTCTTCCCCCAAGGCACCGTGGTC 62634-62662
PgH-PSF TTCACGTCGGAGATGGGG 60611-60628
PgH-PSF2 GGAAGCCCTTCGACCAG 61875-61891
PgHK-PSR CGCGAGCCCATTTATACCC (Kan)
PgH-PSR2 GTCGAGCAGGCTGAAGG 62055-62071 (r)
PgH-WH3 TGCACGAGAGCGACGACTACC 61479-61499

a0nly forward-strand mutagenesis primers (F) are listed, since the reverse-strand primers were exactly
complementary.

bNonmatching nucleotides are shown in boldface.

“Nucleotide positions in the PrV-Ka genome refer to GenBank accession number JQ809328 (66), and a
reverse-strand sequencing primer is indicated (r). PgHK-PSR binds to the inserted kanamycin resistance gene
(Kanr) of the PrV recombinants.

plasmids were digested with Drdl, and a 3,461-bp fragment containing the modified gH gene together
with a downstream kanamycin resistance (Kan") gene was purified from an agarose gel and used for
Red-mediated mutagenesis of pPrV-AgH in E. coli as described previously (30, 31, 33). Desired BAC
recombinants were selected on LB agar plates supplemented with kanamycin (50 ng/ml) and chloram-
phenicol (30 wg/ml). DNA was prepared from overnight liquid cultures of single bacterial colonies by
alkaline lysis, phenol-chloroform extraction, isopropanol precipitation, and RNase treatment. BAC DNA
was used for transfection (FuGene HD transfection reagent; Promega) of RK13 cells, and progeny virus
isolated from single plaques was propagated and characterized. Correct mutagenesis and recombination
were verified by sequencing using the primers listed in Table 1, the BigDye Terminator v1.1 cycle
sequencing kit, and a 3130 genetic analyzer (Applied Biosystems).

IIF analysis. For IIF analyses, RK13 cell monolayers grown in 24-well plates were cotransfected with
200 ng of wild-type or mutant gH and gL expression plasmids in 50 ul Opti-MEM using 1 ul Lipo-
fectamine 2000 (Thermo Fisher Scientific). For colocalization studies, cells were additionally transfected
with 200 ul of the ER marker pmTurquoise2ER (Addgene). The transfection mixture was incubated for 20
min at room temperature and added to the cells. After 3 h at 37°C, the cells were washed with
phosphate-buffered saline (PBS) and incubated in MEM supplemented with 2% FBS for another 24 h at
37°C. The cells were fixed with 3% paraformaldehyde (PFA) in PBS for 20 min and, optionally, perme-
abilized in PBS containing 0.1% Triton X-100 for 10 min at room temperature. Afterwards, cells were
washed with PBS, blocked with 0.25% fat-free powdered milk in PBS, and incubated with the rabbit
antiserum specific for PrV gH (28) at a dilution of 1:200 in PBS. After 1 h at room temperature, bound
antibody was detected with Alexa 488- or 633-conjugated goat anti-rabbit antibodies (Invitrogen) at a
dilution of 1:1,000 in PBS. After each step, cells were washed repeatedly with PBS. Green fluorescence was
excited at 488 nm and red fluorescence at 633 nm, and the cells were analyzed with an Eclipse Ti-S
fluorescence microscope (Nikon) or with a laser scanning confocal microscope (SP5; Leica, Mannheim,
Germany).

Flow cytometry. RK13 cells cotransfected with gH and gL expression plasmids were detached after
24 h with 2 mM EDTA in PBS for 1 h at 4°C. Thereafter, cells were fixed with 4% PFA for 20 min at 4°C
and subsequently washed with PBS supplemented with 2% bovine serum albumin (BSA) and 2 mM EDTA.
Each sample was split into two FACS tubes. One aliquot was permeabilized with 0.5% saponin in PBS with
0.2% BSA for 30 min at 4°C, while the second was incubated without saponin. Cells were probed with the
monoclonal antibody 13c2 directed against gH (28) at a dilution of 1:5 in PBS with 2% BSA for 1 h at 4°C.
After a washing step with 2 mM EDTA in PBS, cells were incubated for 1 h at 4°C with a secondary
antibody (Alexa Fluor 488, goat anti-mouse IgG; Invitrogen) at a dilution of 1:1,000 in PBS with 2% BSA.
Samples were analyzed using a MACSQuant analyzer (Miltenyi Biotec). Surface expression of gH was
quantified as follows: percent fluorescein isothiocyanate (FITC)-positive, nonpermeabilized cells/percent
FITC-positive permeabilized cells X 100. Mean values and standard deviations from three independent
assays were determined.

Western blot analyses. RK13 cells were harvested 2 days after PrV infection at an MOI of 2, and
virions were purified from culture supernatants as described previously (25). Protein samples (5 ug
protein per lane) were separated by discontinuous sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), transferred to nitrocellulose membranes, and incubated with antibodies (63).
Monospecific rabbit antisera against PrV gD (62), gH (28), and gL (25) were used at a dilution of 1:1,000
(gL) or 1:10,000 (gD and gH).

Enzymatic deglycosylation. Purified PrV particles were incubated in 1% SDS and 10% p-mercaptoe-
thanol for 10 min at 100°C. The pretreated purified virion preparations (15 ug each) were digested either
with 500 U of endo H to remove high-mannose or hybrid forms of N-linked glycans, with 500 U of PNGase
F to remove all N-linked glycans, or without enzymes for 2 h at 37°C under buffer conditions according
to the manufacturer’'s (New England BioLabs) instructions. After digestion, samples (5 ug/lane) were
separated by SDS-PAGE and analyzed by Western blotting.
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In vitro fusion assays. The fusogenic properties of the gH mutants were analyzed using a transient-
transfection-based cell fusion assay (30, 51). Briefly, approximately 3 X 10° RK13 cells per well were
seeded onto 12-well cell culture plates and after 20 h at 37°C transfected with 400 ng each of expression
plasmids for EGFP (pEGFP-N1; Clontech) and PrV-Ka glycoproteins gB (or C-terminally truncated gB-008),
gD, gL, and wild-type or mutagenized gH (29, 31, 50, 52) in 100 ul Opti-MEM using 2 ul Lipofectamine
2000 as described above. The empty expression vector (pcDNA3; Thermo Fisher Scientific) served as a
negative control. After 24 h at 37°C, the cells were washed with PBS and fixed with 3% PFA for 20 min.
An Eclipse Ti-S fluorescence microscope and the NIS-Elements imaging software (Nikon) were used to
analyze syncytium formation. Total fusion activity was determined by multiplication of the area of
syncytia with three or more nuclei by the number of syncytia counted within 10 fields of view (5.5 mm?
each). Mean values and standard deviations from four independent assays were determined.

In vitro replication studies. For analysis of growth kinetics, confluent monolayers of RK13 cells in
96-well plates were infected with the wild-type gH revertant pPrV-gHK (31) or the different Prv gH
mutants at an MOI of 0.01 and were subsequently incubated for 1 h on ice to permit virus adsorption.
After 2 h at 37°C, the inoculum was removed and nonpenetrated virus was inactivated by low-pH
treatment (64). The cells were then washed with PBS, and fresh medium was added. Immediately
thereafter and after 6, 12, 24, 48, and 72 h at 37°C, cells were harvested together with the supernatants
and lysed by freeze-thawing (—70°C and 37°C). Progeny virus titers were determined by plaque assays
on RK13 cells. After 48 h at 37°C under semisolid medium containing 6 g/liter methylcellulose, areas of
30 plaques were measured microscopically, and percentages of wild-type (pPrV-gHK) sizes were calcu-
lated. Mean results and standard deviations from four independent growth kinetic studies and compar-
ative plaque assays were determined.
In vitro penetration kinetics. For determination of penetration kinetics, confluent monolayers of
RK13 cells in in 6-well plates were infected on ice with approximately 250 PFU of PrV-gHK or the different
PrV gH mutants. After 1 h, the inoculum was replaced by prewarmed MEM supplemented with 5% FBS,
and cells were incubated at 37°C. Before and 5, 10, 15, 30, 60, and 120 min after the temperature shift,
remaining extracellular virus particles were inactivated by low-pH treatment. Cells were washed two
times with PBS and overlaid with semisolid medium containing 6 g/liter methylcellulose. For 100%
penetration controls, infected cells were washed with PBS only after 2 h at 37°C and overlaid with
semisolid medium. After 48 h at 37°C, plaques were counted, and the penetration rate was calculated by
comparison with corresponding controls. The experiment was repeated four times, and mean values and
standard deviations were determined.
Statistical analyses. The statistical significance of differences observed in FACS analyses, transient
fusion assays, and in vitro replication studies was evaluated using an unpaired t test with Welch
correction provided by GraphPad Prism 7 software (GraphPad Software, Inc., San Diego, CA).
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