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ABSTRACT Herpesvirus membrane fusion depends on the core fusion machinery,
comprised of glycoproteins B (gB) and gH/gL. Although gB structurally resembles
autonomous class Il fusion proteins, it strictly depends on gH/gL to drive membrane
fusion. Whether the gH/gL complex needs to be membrane anchored to fulfill its
function and which role the gH cytoplasmic (CD) and transmembrane domains
(TMD) play in fusion is unclear. While the gH CD and TMD play an important role
during infection, soluble gH/gL of herpes simplex virus 1 (HSV-1) seems to be suffi-
cient to mediate cell-cell fusion in transient assays, arguing against an essential con-
tribution of the CD and TMD. To shed more light on this apparent discrepancy, we
investigated the role of the CD and TMD of the related alphaherpesvirus pseudora-
bies virus (PrV) gH. For this purpose, we expressed C-terminally truncated and solu-
ble gH and replaced the TMD with a glycosylphosphatidylinositol (gpi) anchor. We
also generated chimeras containing the TMD and/or CD of PrV gD or HSV-1 gH. Pro-
teins were characterized in cell-based fusion assays and during virus infection. Al-
though truncation of the CD resulted in decreased membrane fusion activity, the
mutant proteins still supported replication of gH-negative PrV, indicating that the
PrvV gH CD is dispensable for viral replication. In contrast, PrV gH lacking the TMD,
membrane-anchored via a lipid linker, or comprising the PrV gD TMD were nonfunc-
tional, highlighting the essential role of the gH TMD for function. Interestingly, de-
spite low sequence identity, the HSV-1 gH TMD could substitute for the PrV gH
TMD, pointing to functional conservation.

IMPORTANCE Enveloped viruses depend on membrane fusion for virus entry. While
this process can be mediated by only one or two proteins, herpesviruses depend on
the concerted action of at least three different glycoproteins. Although gB has fea-
tures of bona fide fusion proteins, it depends on gH and its complex partner, gL, for
fusion. Whether gH/gL prevents premature fusion or actively triggers gB-mediated
fusion is unclear, and there are contradictory results on whether gH/gL function re-
quires stable membrane anchorage or whether the ectodomains alone are sufficient.
Our results show that in pseudorabies virus gH, the transmembrane anchor plays an
essential role for gB-mediated fusion while the cytoplasmic tail is not strictly re-
quired.

KEYWORDS herpesvirus, pseudorabies virus, glycoproteins, gH/gL complex, gB,
membrane fusion, virus entry

nfectious entry of enveloped viruses into cells requires fusion of the viral envelope
with a host cell membrane. To meet this challenge, enveloped viruses have evolved
specialized surface glycoproteins enabling them to bind to a cellular receptor and to
catalyze membrane merging. Many well-studied enveloped viruses, e.g., influenza
viruses or rhabdoviruses, require only a single viral protein to mediate both functions.
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In contrast, herpesviruses use a more complex apparatus, which involves multiple viral
glycoproteins. The core fusion machinery consists of glycoprotein B (gB) and the
heterodimeric complex of gH and gL (gH/gL). This subset of glycoproteins is conserved
across the Herpesviridae, while receptor binding is primarily mediated by nonconserved
subfamily-specific glycoproteins (reviewed in references 1 and 2). The alphaherpesvi-
ruses pseudorabies virus (PrV; Suid alphaherpesvirus 1) and herpes simplex viruses 1 and
2 (HSV-1/2; Human alphaherpesvirus 1/2), for example, require gD and a gD-specific
cellular receptor such as nectin-1 or herpesvirus entry mediator (HVEM) (3). Other
herpesviruses lack a gD homolog, and receptor binding function is mediated by, e.g.,
varicella-zoster virus (VZV; human herpesvirus 3) glycoprotein E (gE) (4, 5) or gp42 of
Epstein-Barr virus (EBV) (6-8).

The current model for herpesvirus membrane fusion assumes that the entry glyco-
proteins are activated in a cascade-like fashion to promote membrane fusion (9, 10).
Activation of the Simplexvirus fusion machinery is initiated by binding of gD to one of
its cellular receptors, which leads to a conformational change in the C-terminal region
of the gD ectodomain, as shown for HSV-1 (11-14). This activated gD is thought to
trigger gH/gL, which, in turn, is presumed to activate the bona fide fusion protein gB
by direct interaction of their respective ectodomains (9, 15-18). A similar mechanism
has been proposed for the Varicellovirus PrV (19). The related Varicellovirus VZV, on the
other hand, has to initiate fusion via a fundamentally different mechanism, since it
completely lacks a gD homolog (4, 5).

The crystal structures of the gB ectodomains resemble those of typical class Il fusion
proteins, including a trimeric fold, internal bipartite fusion loops, and a central alpha-
helical coiled-coil (20-23). Despite its similarities to other class lll fusion proteins, such
as the G protein of vesicular stomatitis virus or baculovirus gp64 (24, 25), gB is not able
to drive membrane fusion on its own but depends on the presence of the gH/gL
complex (16, 18). However, the role of the gH/gL complex during fusion is still elusive.

Unlike gB, the crystal structures of EBV gH/gL (26), HSV-2 gH/gL (16), VZV gH/gL (27),
and a core fragment of PrV gH (28) revealed no features typical for fusion proteins, and
the experimental data point to a regulatory role (16, 21, 24, 26-28). While correct
folding and transport of gH depends on the presence of gL in most herpesviruses (16,
29), it is not essential for gH virion incorporation in PrV (30). Moreover, infection of PrvV
can occur in the absence of gL, and/or the gL-binding domain in gH, when compen-
satory mutations in gD, gH, and/or gB are present (31-33), indicating that gL is not
directly involved in the membrane fusion process, at least in PrV. In contrast, gL is
required for fusion in HSV-1 and HSV-2, and no glL-negative infectious virus mutants
have been reported in the simplexviruses.

For membrane fusion, a direct interaction between the ectodomains of gB and
gH/gL has been proposed (9). Nevertheless, previous data demonstrated important
functions for the transmembrane (TMD) and the cytoplasmic domains (CD) of gB and
gH, for which structural information is currently lacking. However, the gB CD obviously
restricts membrane fusion, since truncation of or point mutations within this region are
reported to increase the fusogenic activity in several herpesviruses (17, 34-36). The
93-amino-acid (aa) CD of PrV gB contains two predicted alpha-helical domains. A
C-terminally truncated PrV gB lacking one of these domains (gB008) (34), including an
overlapping endocytosis motif, resulted in significantly enhanced cell surface expres-
sion as well as increased fusion activity in virus-free cell-cell fusion assays (32, 34, 37).
PrV gB mutants lacking both alpha-helical domains (gB007), the complete CD (gB006),
or the CD and the TMD (gB005) were unable to complement gB-negative PrV (34).
Surprisingly, the defect in gB007, which still mediated direct cell-to-cell spread, was
compensated for by two mutations in the gB ectodomain (38), showing a functional
interplay between sequences in the CD and the ectodomain. In addition, the CDs of EBV
and HSV-1 gB were reported to directly interact with lipid membranes (39, 40),
indicating that the gB CD functions as a clamp, stabilizing the prefusion form of gB (41).

In contrast to gB, the gH CD is very short, with an only poorly conserved amino acid
sequence even within the alphaherpesvirus subfamily (Fig. 1A). The CDs of HSV-1, VZV,
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FIG 1 Sequence alignment of gH cytoplasmic domains of different herpesviruses and schematic repre-
sentation of the generated gH mutants. (A) The alignment was generated using ClustalW (Geneious
10.3.2). Residues are colored according to their conservation (white letters on dark gray background, 80
to 100%; black letters on light gray, 60 to 80%). The YXX¢ endocytosis motif is boxed. Sequences of
herpesvirus gH used for the alignment correspond to gH of pseudorabies virus (PrV; AAA47466),
varicella-zoster virus (VZV; AH010537.2), bovine alphaherpesvirus 1 (BoHV-1; CAA41677), equid alpha-
herpesvirus 1 (EHV-1; AY464052), human alphaherpesvirus 1 (HSV-1; AJE60179), human alphaherpesvirus
2 (HSV-2; CAB06746), and Epstein-Barr virus (EBV; V01555.2). (B) The PrV gH open reading frame and the
amino acid sequence of the cytoplasmic domains of the generated truncation mutants are shown. SP,
signal peptide; ECD, ectodomain; TMD, transmembrane domain; CD, cytoplasmic domain.

and EBV gH had been linked to regulation of cell fusion (7, 42, 43), and a direct
interaction between the CDs of EBV gH and gB was reported recently (7), pointing to
an important role of the CDs in fusion. However, truncations of the cytoplasmic
domains in HSV-1, VZV, and EBV gH had different consequences in terms of fusion
activity. Stepwise truncations of the 14-aa HSV-1 gH CD resulted in a gradual reduction
in fusion levels, whereas deletion of the complete HSV-1 gH CD completely abrogated
cell-cell fusion activity, even in the presence of hyperfusogenic gB variants (41), as well
as its ability to complement a gH-negative mutant (42). These studies indicate that the
CD, or at least part of it, is essential for HSV-1 gH function. It had been hypothesized
that it acts as a wedge to release the gB CD clamp, allowing gB to exert its fusion
function (41). Surprisingly, a 5-aa insertion in the membrane-proximal part of the HSV-1
gH CD also prevented cell-cell fusion and complementation (44). Thus, either the length
of the gH C tail is crucial or the membrane-proximal amino acids of the CDs, which are
the most highly conserved, at least within the alphaherpesvirus gH homologs, com-
prising a basic amino acid (K or R, except in VZV gH) followed by a pair of neutral
nonaromatic residues, execute specific functions.

In contrast to HSV-1, PrV, and EBV, full-length VZV gH is not functional in cell-cell
fusion assays but requires truncation of the last 8 amino acids, comprising a predicted
endocytosis motif, for function in these assays (43, 45, 46). In addition, it was shown that
the length of the VZV gH CD is important for fusion regulation but not its amino acid
composition. However, in these studies the membrane-proximal sequences were not
altered, leaving their importance for fusion unclear (43). It was speculated that the gH
CD acts as a gate keeper to control access to functional domains of neighboring
proteins, e.g., allowing or preventing phosphorylation of the gB CD (43).

The EBV gH CD comprises only eight residues and was found to regulate fusion by
altering gH binding to gp42 and epithelial cell attachment (7). Deletion of the last four
amino acids had only marginal effects on cell-cell fusion. However, truncation to only two
amino acids or complete deletion of the CD reduced fusion to background levels (7). Here,
in contrast to VZV gH, the CD amino acid composition seems to be important, since
replacement by foreign sequences resulted in significantly reduced fusion levels (7).

Besides the CD, the functional role of the gH TMD has also been discussed controver-
sially. Mutations in the HSV-1 gH TMD, substitution of the gH TMD by analogous domains
from other glycoproteins, or replacement by a glycosylphosphatidylinositol (gpi) an-
chor resulted in a nonfunctional protein (42, 47). These data indicate that HSV gH/gL
needs to be anchored in the membrane by a specific TMD to fulfil its function. In
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FIG 2 Expression and surface localization of gH truncation mutants. (A) Western blot analysis. Lysates
prepared 48 h after transfection with expression plasmids for wild-type (gH Ka) or mutant gH in
combination with gL or only the empty vector (mock) were separated by SDS-PAGE. Blots were probed
for presence of mature (gH mat) and immature gH (gH imm). Molecular masses (kDa) of marker proteins
are indicated on the left. (B) Flow cytometry. RK13 cells were transfected in parallel assays with
expression plasmids for either wild-type or C-terminally truncated gH in combination with gL. After 24
h, cells were either permeabilized or not and then stained with a monoclonal antibody against gH and
Alexa-Fluor 488-conjugated secondary antibodies, and fluorescence was measured. Bars represent the
ratio between the mean fluorescence intensity (MFI) of cells expressing gH at the surface and MFI of total
gH-positive cells. Results obtained for gH Ka were set as 100%. Mean values and standard deviations from
three independent experiments are shown. Significance of differences from results obtained with
wild-type gH is marked (¥, P < 0.05). n.s., not significantly different from gH Ka.

contrast, recent studies suggested that soluble forms of HSV gH/gL are sufficient to
induce gB-mediated fusion (9), while this was not observed for EBV (8, 48).

The poor sequence conservation of the gH CD and the divergent results in different
herpesviruses highlight the need to study each gH homolog individually, especially in
light of the different requirements to induce fusion. Thus, whereas in PrV gB and gH/gL
are sufficient for the induction of syncytium formation by direct cell-cell fusion in
transfection-based fusion assays (37), gD is required in HSV-1 (49). In VZV, which lacks
a gD homolog, expression of gB and gH/gL is sufficient to induce membrane fusion in
cell fusion assays, resembling the situation in PrV (5, 46). Moreover, EBV depends on the
presence of receptor-binding gp42 for fusion of B cells (50, 51). Since the role of the CD
and the TMD of PrV gH during membrane fusion had not been characterized, we
investigated the functional relevance of the CD and the TMD of PrV gH by generating
different C-terminal truncations and site-specific mutations, soluble gH, a gpi-anchored
gH, as well as chimeras containing either only the TMD or TMD and CD of HSV-1 gH or
PrV gD. These proteins were characterized for their ability to function in virus-free
membrane fusion as well as virus infection.

RESULTS

Function of the PrV gH cytoplasmic domain. To investigate the functional rele-
vance of the 19-amino-acid (aa) cytoplasmic domain (CD) of PrV gH, different truncated
proteins were generated lacking either the C-terminal 5, 9, or 17 aa or the complete CD
(gHA682, gHA678, gHA670, and gHA668, respectively) (Fig. 1B). Correct protein expres-
sion was analyzed by Western blotting of rabbit kidney cells (RK13) after cotransfection
with expression plasmids encoding the different gH variants and gL. Expression of gH
was detected using the monospecific anti-gH serum (31). In Western blots, immature
gH (gH imm) as well as several processed forms (gH mat) were detected for all
C-terminally truncated mutants retaining at least the two most membrane-proximal
amino acids (Fig. 2A). After complete deletion of the CD (gHA668), predominantly
immature gH was detected, indicating that the amino acids immediately following the
transmembrane domain (TMD) are involved in efficient protein trafficking and/or
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FIG 3 Cell-cell fusion activity of gH truncation mutants and transcomplementation of PrV-AgH. (A) RK13
cells were cotransfected with 200 ng of expression plasmids for EGFP in combination with full-length gB,
gL, gH, or C-terminally truncated gH. Twenty-four hours posttransfection, the areas of green fluorescing
syncytia were measured, and total fusion activity was determined by multiplication of the mean
syncytium area with the number of syncytia in 10 fields of view. Fusion activities obtained with wild-type
gH Ka, gB, and gL were set as 100%. Cells transfected with empty vector pcDNA3 served as a negative
control (vector). Shown are mean relative values and standard deviations from four independent
experiments with the corresponding standard deviations. Values significantly differing from those
obtained with gH Ka are marked (**, P < 0.01; ****, P < 0.0001; all by unpaired t test with Welch
correction). n.s., not significantly different from gH Ka. (B) gH Ka- or mutant gH-expressing RK13 cells
were infected with PrV-AgH. Progeny virus titers were determined on wild-type PrV gH/gL-expressing
cells and are given in PFU per ml. Cells transfected with the empty vector pcDNA3 served as a negative
control. Shown are mean values for three independent assays with corresponding standard deviations.
n.s., not significantly different from gH Ka.

maturation (Fig. 2A). In contrast to HSV gH, which depends on the presence of gL for
correct maturation (52), gL is dispensable for maturation of PrV gH (30, 53). Thus,
absence of gL did not influence processing of any of the gH proteins (data not shown).

Transport of the gH variants to the plasma membrane was investigated by flow
cytometry of RK13 cells cotransfected with gH and gL expression plasmids. The analysis
revealed that gHA682 and gHA668 were present on the surface at levels similar to those
of wild-type (wt) gH (derived from PrV strain Kaplan [PrV-Ka]) (Fig. 2B), whereas deletion
of the predicted tyrosine-based endocytosis motif YSRL, located at positions 679 to 682,
as in gHA678 and gHA670 (Fig. 1), resulted in enhanced surface expression, indicating
that the motif is functional (Fig. 2B). To further investigate this finding, tyrosine at
position 678 was replaced by alanine (gHY678A). Flow cytometry of transfected cells
revealed enhanced surface expression for gHY678A (Fig. 2B).

To analyze the role of PrV gH CD in membrane fusion, the different truncated
mutants and gHY678A were tested in transient-transfection-based cell-cell fusion as-
says (Fig. 3A) (32, 54). Fusion activity was analyzed after cotransfection of RK13 cells
with expression plasmids encoding either wild-type gH or the mutated PrV gH variants
in combination with plasmids expressing wild-type gB and gL as well as enhanced
green fluorescent protein (EGFP), which was used to facilitate evaluation by fluores-
cence microscopy (54). Assays with wild-type gH, gB, and gL served as positive controls,
which were set as 100%, and assays with the gH expression plasmid replaced by the
empty vector pcDNA3 served as negative controls (vector). Figure 3A shows that fusion
activity obtained with gHA682, lacking the terminal 5 aa, was comparable to that of
wild-type gH. gHA678, devoid of the last 9 aa, including the endocytosis motif, showed
a slight increase in fusion activity, which was also evident in gHY678A-expressing cells,
indicating that the enhanced cell surface localization promotes cell-cell fusion. How-
ever, despite efficient surface expression, expression of gHA670, with only two amino
acids in the CD left, resulted in only approximately 50% fusion activity compared to that
of the positive control. gHA668, lacking the complete CD, although showing impaired
protein processing (Fig. 2A), was still able to mediate fusion to a limited extent, and
fusion activity reached values of around 20%, while no fusion was observed in the
absence of gH (Fig. 3A). These results indicate that the membrane-proximal part of the
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FIG 4 Schematic representation of the constructed gH mutants. (A) The PrV gH transmembrane domain
(TMD) and/or cytoplasmic domain (CD) were deleted or replaced with a gpi anchor or the analogous
region from HSV-1 or PrV gD. The constructs are illustrated, and each is named to indicate its
composition with reference to the ectodomain (ECD), TMD, and CD. The first and last amino acids of the
predicted (Geneious 10.3.2) components of the chimeric proteins are given above the respective bars.
Amino acid positions refer to the sequences of PrV gH (GenBank accession number AAA47466), HSV-1 gH
(GenBank accession number AJE60179), and PrV gD (GenBank accession number AFI70842.1). The
proteins are not drawn to scale. (B) Sequence alignment of the predicted transmembrane domains of Prv
and HSV-1 gH and PrV gD. The alignment was generated using ClustalW (Geneious 10.3.2). Residues are
colored according to their conservation (white letters on black, 100%; black letters on light gray, 60 to
80%). Amino acids conserved in PrV and HSV gH but not in gD are boxed.

PrV gH CD contains sequences required for correct protein processing but is also
involved in fusion regulation. However, the PrV gH CD was apparently not absolutely
essential to mediate cell-cell fusion.

The ability of the gH mutants to function in virus entry was determined by transcomple-
mentation of a gH-negative PrV mutant (Fig. 3B) (55). To this end, RK13 cells were
transfected with expression plasmids encoding wild-type gH or the different gH mutants
and subsequently infected with PrV-AgH at a multiplicity of infection (MOI) of 3. Progeny
virus titers were determined on RK13-gH/gL cells (56). As shown in Fig. 3B, all gH mutants
were able to complement gH-negative virus, but titers were gradually reduced with
decreasing length of the CD. Titers derived from cells expressing gH completely lacking
the CD (gHA668), however, showed only an approximately 10-fold reduction (Fig. 3B)
despite compromised protein processing (Fig. 2A). No infectious virus could be de-
tected after infection of vector-transfected (mock) cells. These results show that the PrV
gH CD also is not essential for gH function during virus replication.

Expression of soluble, gpi-anchored, and chimeric gH constructs. To test for
functional relevance of the transmembrane anchor, soluble gH (gHs) comprising only
the PrV gH ectodomain (aa 1 to 646), as well as a glycosylphosphatidylinositol (gpi)-
anchored version of gH (gH-gpi; gpi was added at position 646), were constructed (Fig.
4A). To investigate whether the gH TMD possesses specific features important for its
function, gH chimeras were generated in which the TMD, or the TMD and CD of PrV gH,
were replaced by the equivalent sequences from HSV-1 gH (gH-Hs-Hp and gH-Hs-Hs) or
PrV gD (gH-D-H and gH-D-D) (Fig. 4A). Protein expression was analyzed by Western
blotting and flow cytometry (Fig. 5). In contrast to wild-type gH, mature gHs was easily
detectable in the supernatant of transfected cells, while immature forms of gHs were
exclusively found in the cell lysate, demonstrating efficient secretion of anchorless gH
(Fig. 5A). gH-gpi was also found in the supernatant after cleavage with phospholipase
C (PLQ), indicating correct processing (Fig. 5B). In Western blot experiments, expression
patterns of all mutants were comparable to those of wild-type gH, indicating that the
substitutions had no effect on protein processing and maturation (Fig. 5C).
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FIG 5 Expression and surface localization of gHs, gH-gpi, and gH chimeras. Cell lysates (CL) or supernatants (SN)
harvested 48 h after transfection with expression plasmids for wild-type gH Ka, gHs (A), gH-gpi (B), the different gH
chimeras (C), or the empty vector (mock) were separated by SDS-PAGE. To test whether the predicted gH-gpi is
membrane associated via the gpi anchor, wild-type gH and gH-gpi-expressing cells were treated with PLC.
Supernatants and lysates of PLC-treated cells were separated by SDS-PAGE. Blots were incubated with a PrV
gH-specific rabbit polyclonal antiserum. Molecular masses (kDa) of marker proteins are indicated. (D) Total and cell
surface expression of wild-type gH and the gH mutants was analyzed by flow cytometry. Bars represent the ratio
between the mean fluorescence intensity (MFI) of cells expressing gH at the surface and MFI of total gH-positive
cells. Results obtained for gH Ka were set as 100%. Mean values and standard deviations for three independent
experiments are shown. Significance of differences from results obtained with gH Ka is marked (*, P < 0.05; **,
P < 0.01). n.s., not significantly different from gH Ka.

Total expression and surface localization of the gH proteins were analyzed by flow
cytometry of RK13 cells cotransfected with expression plasmids for gH and gL (Fig. 5D).
These analyses revealed that gH-gpi was efficiently expressed at the cell surface, while
only a significantly smaller proportion of gHs could be detected on the surface (Fig. 5D).
Surface expression of gH-Hs-Hp, gH-D-H, and gH-D-D was comparable to that of gH Ka,
whereas a significant increase in surface expression compared to that of wild-type gH
was observed for gH-Hs-Hs (Fig. 5D).

Functional analysis of soluble, gpi-anchored, and chimeric gH constructs. The
ability of the different gH mutants to function in cell-cell fusion and entry was
investigated by fusion (Fig. 6A) and complementation assays (Fig. 6B). In contrast to the

A

T

= 1204 n.s. 10°1 ns. s

;’100_ n.s. 105

> £

Z 804 £ 104

e w

S 604 Q. 10°4

c -

S 2

2 40+ £ 1024

2 20 10" 4

[

® o - == o e o0 soan e s _oemn_sene

> v o Q ° > 9 < > 0 Q Q 2 X Q0 &

FESFFSSE &‘k"‘\g”' £ LSS
S S q‘b g S 3 § & S S

FIG 6 Cell-cell fusion activity of gHs, gH-gpi, and gH chimeras and transcomplementation of PrV-AgH. (A)
Results of cell-cell fusion assays are expressed as percent fusion activity of wild-type gH in combination
with gB and gL set as 100%. (B) Viral titers obtained in the transcomplementation assay are shown as gray
bars and correspond to the number of PFU per ml. Shown are mean values and corresponding standard
deviations for four independent experiments. Values significantly differing from those obtained with
wild-type gH are marked (****, P < 0.0001 by unpaired t test with Welch correction). n.s., not significantly
different from gH Ka.
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closely related HSV-1, in which soluble forms of gH/gL were able to trigger fusion,
although at only low levels (9), soluble PrV gH/gL was completely unable to induce
fusion (Fig. 6A), even in the presence of hyperfusogenic gB variants (data not shown).
Despite localization on the cell surface, no fusion activity could be observed for gH-gpi,
gH-D-H, or gH-D-D. However, chimeras containing the HSV-1 gH TMD were able to
efficiently mediate membrane fusion to levels comparable to that of wild-type gH.

In line with these results, gHs, gH-gpi, gH-D-H, and gH-D-D were not able to
complement gH-negative PrV (Fig. 6B). However, chimeras containing the HSV-1 gH
TMD efficiently complemented PrV-AgH, with only marginally reduced viral titers (Fig.
6B). Thus, our data demonstrate that membrane anchorage of PrV gH via a TMD is
crucial for its function in fusion. This TMD has to fulfil specific requirements not
provided by the PrV gD TMD but by the HSV-1 gH TMD. In summary, we show that the
PrV gH TMD is important for its function during the fusion process.

DISCUSSION

Infectious entry of enveloped viruses requires fusion of the viral envelope with
cellular membranes. In herpesviruses, this involves the conserved fusion machinery
consisting of gB and the heterodimeric gH/gL complex. However, the molecular details
of this process remain to be uncovered. Although it is accepted that gB is the actual
fusion protein, the exact role of the gH/gL complex remains elusive. Despite its
presence in all herpesviruses, the amino acid sequence of gH is only poorly conserved,
even between members from the same subfamily (28). Not only the poor amino acid
sequence conservation of gH but also the different requirements to induce fusion in
different herpesviruses highlight the need to study each protein individually to eluci-
date common features and differences for a better understanding of the fusion process.

In contrast to that of HSV (49), PrV gL is not necessary for correct transport,
processing, or virion incorporation of gH and, moreover, the gL-binding domain in PrV
gH is dispensable for the fusion process in the presence of compensatory mutations in
gH and/or gB (31, 33). Reports on HSV-1 indicated that soluble gH/gL, lacking the
membrane anchor, is sufficient to mediate low levels of membrane fusion in transient
assays (9). This was surprising in light of earlier data ascribing an important function to
the transmembrane and cytoplasmic domains of HSV-1 gH (42, 47). However, a soluble
form of EBV gH/gL was not sufficient to trigger membrane fusion (8, 48). These
fundamental differences in the requirement for gH in different herpesviruses prompted
us to investigate whether the requirements for fusion activation differ for members of
different subfamilies or even between the closely related alphaherpesviruses HSV-1
and PrVv.

For this purpose, we first generated C-terminally truncated gH variants. While
deletion of the 5 C-terminal amino acids had no effect on cell-cell fusion or comple-
mentation of PrV-AgH, deletion or site-specific mutagenesis of the predicted endocy-
tosis motif (678YSRL®8") resulted in an enhanced cell surface expression (Fig. 2B)
concomitant with higher levels of fusion activity (Fig. 3A). However, gHA670, which
retained only the two membrane-proximal amino acids despite enhanced surface
expression (Fig. 2B), showed a 50% reduction in fusion activity (Fig. 3A), pointing to a
regulatory role of the gH CD, particularly the N-terminal half.

Congruent with our results, approximately half of the gH CD (10 of 19 aa, as in PrV
gHAG678) appears to be sufficient for full function, as was shown for EBV gH (4 of 8 aa)
(7) and HSV-1 (8 of 14 aa) (41). Further deletion, however, resulted in a significant
reduction of fusion activity, again pointing to a regulatory role for the membrane-
proximal part of the gH CD (Fig. 3A). In contrast, despite its similarity to the PrvV gH CD
in length, the C-terminal half of the VZV gH CD (8 of 18 aa) obviously impairs cell-cell
fusion and had to be removed for function in transfection-based cell-cell fusion assays
(43, 46). This enhanced fusion activity resulted in increased syncytium formation in
infected cells concomitant with a significant reduction in virus titers (43). VZV is
characterized by its syncytial phenotype in vivo, is highly cell associated, and lacks a gD
homolog (57-59). It can be speculated that the VZV gH CD partly fulfills the regulatory
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role which is otherwise encoded in accessory proteins as, e.g., gD in HSV-1 or gp42 in
EBV. PrV, which also belongs to the Varicellovirus genus, obviously exhibits an inter-
mediate phenotype between HSV-1 and VZV regarding the importance of gD. Cell-cell
fusion and direct cell-to-cell spread in PrV occur independently of gD (37, 60, 61) but
without a significant syncytial phenotype in vitro or in vivo. Free virions even enter cells
in the absence of gD when compensatory mutations in gB and gH are present (62).
These data point to a well-balanced but virus-specific control of membrane fusion by
a complex interplay between the receptor-binding factor and the components of the
core fusion machinery which differ between the different herpesviruses.

The membrane-proximal gH CD residues of different alphaherpesviruses show a
higher degree of conservation, comprised of a basic residue (K or R; the only exception
is VZV) followed by two neutral nonaromatic residues (M, V, and L) (Fig. 1A). These
residues, or at least the first two amino acids, appear to be important for efficient
protein translocation, presumably by involvement in lipid interactions in the plasma
membrane or the viral envelope (63). Correct trafficking is often influenced by the CD
of type | transmembrane proteins. Since PrV gHA670 was efficiently processed and
transported to the cell surface (Fig. 2B), the two remaining membrane-proximal resi-
dues seem to be sufficient for efficient transport through the secretory pathway. In
contrast, gHA668, which completely lacks the CD, was mainly detected in its immature
form (Fig. 2A). Nevertheless, surface expression of gHA668 was only slightly reduced
compared to that of wt gH (Fig. 2B), and gHA668 still complemented PrV-AgH to only
approximately 10-fold-reduced titers (Fig. 3B), indicating that the PrV gH CD, in contrast
to the HSV-1 gH CD (41, 42), is not required for incorporation into the virus envelope
to function during entry. In contrast to EBV gH (7), surface expression of HSV-1 gH
lacking the CD seemed to be unaffected (41). However, the importance of the
membrane-proximal residues might explain why a five-amino-acid insertion immedi-
ately after the TMD completely abrogated function (44, 64), as did complete deletion
of the CD (41, 42).

The HSV-1 and VZV gH CDs were suggested to function as gatekeepers, utilizing
their length to control access of functional domains within neighboring proteins (41,
43). Since PrV gH mutants gHA670 and gHA668 showed reduced fusion levels in
combination with wild-type gB (Fig. 3A) or a more fusogenic variant (data not shown),
it is possible that the PrV gH CD, although not essential, modulates fusion in a manner
similar to that proposed for HSV. The HSV gH CD was suggested to act as a wedge to
release the gB CD clamp, which enables activation of gB (41). Moreover, the confor-
mation of the gH ectodomain may be altered by the truncations influencing interac-
tions between the gB and gH ectodomains, although reactivity of truncated gH variants
of HSV, VZV, and EBV with several conformation-dependent monoclonal antibodies was
not affected. However, binding of the ectodomain of a truncated EBV gH to gp42 was
shown to be altered (7, 41, 43). Because monoclonal antibodies for PrV gH recognizing
conformational epitopes are lacking, a conformational alteration of the PrV gH ectodo-
main cannot be excluded.

Since the PrV gH CD was found to be dispensable for gH function during virus
infection, we analyzed whether the membrane-spanning region is required. Thus, we
expressed soluble gH (gHs; aa 1 to 646) lacking the CD and TMD (Fig. 4A). gHs was
efficiently secreted into the supernatant of transiently transfected RK13 cells (Fig. 5A).
However, no fusion activity or functional complementation was detectable (Fig. 6),
even when gB variants with increased fusogenicity were coexpressed or when soluble
forms of more fusogenic gH were used (data not shown). Thus, we conclude that
membrane anchorage is essential for PrV gH function in fusion.

Replacement of the TMD (and CD) by a lipid anchor (gH-gpi), thereby anchoring the
protein in only one leaflet of the lipid membrane, resulted in a nonfunctional protein
(Fig. 6) despite efficient cell surface expression (Fig. 5D), again highlighting the impor-
tance of a membrane-spanning domain. This prompted us to investigate whether any
transmembrane domain is sufficient for this purpose. To this end, we generated PrV gH
chimeras in which the TMD (or TMD and CD) of PrV gH was replaced by the equivalent

June 2018 Volume 92 Issue 12 e00376-18

Journal of Virology

jviasm.org 9


http://jvi.asm.org

Vallbracht et al.

sequence from PrV gD or HSV-1 gH (Fig. 4A). All chimeras were efficiently expressed and
processed (Fig. 5C). While gH-D-H and gH-Hs-Hp, both containing the CD of PrV gH, as
well as gH-D-D, were present at levels on the cell surface similar to those of the wt gH,
gH-Hs-Hs revealed an increase in cell surface localization (Fig. 5D). The HSV CD does not
show a typical endocytosis motif (Fig. 1A), which could explain the enhanced gH-Hs-Hs
cell surface presentation. The PrV gD CD, however, contains a functional endocytosis
motif (YRLL) (65), which is apparently also active in gH-D-D. Despite efficient processing
and surface expression, neither gH-D-H nor gH-D-D was functional in cell-cell fusion
and transcomplementation assays (Fig. 6). In line with our data, the HSV-1 gH TMD
could not be replaced by the TMD of HSV-1 gD or other type | membrane proteins, such
as CD8 and influenza HA, pointing to a gH-specific feature within the TMD of herpes-
virus gH (42). In contrast, the HSV-gH TMD efficiently substituted for the TMD in PrV gH
in both assays. This is consistent with previous results showing that the complete HSV-1
gH C-terminal part comprising the conserved domain 1V, as well as TMD and CD, could
functionally substitute for the corresponding part in PrV gH, pointing to functional
conservation (53).

Sequence comparison between the PrV gD, PrV gH, and HSV-1 gH TMD reveals only
one strictly conserved amino acid, a centrally located glycine (G) residue at amino acid
position 655 in PrV and 812 in HSV gH (Fig. 4B). Although a crucial role for gH function
was attributed to this particular glycine, its presence in the gD TMD (aa 362) apparently
is not sufficient for functional complementation in gH (42). Three further amino acids
are conserved between PrV and HSV gH TMD that are not present in the gD TMD (Fig.
4B). Interestingly, in HSV-1, mutation of two of them, namely, alanine (A) 808 and serine
(S) 809, which correspond to A651 and S652 in PrV gH, resulted in severely compro-
mised cell-cell fusion (42). With respect to the observed functional conservation of the
TMD of HSV and PrV, a similar effect on fusion seems likely for PrV. The third conserved
amino acid absent from gD is leucine (L) at amino acid position 663 in PrV. In HSV and
PrV gH, L663, together with A651, S652, and G655, are located on one face of an
alpha-helical wheel plot (42). This suggests that the gH TMD has an intrinsic property
to interact with lipids or other molecules within the membrane, involving those four
amino acids. However, the 21-aa TMD of HSV-1 gH is close to the lower limit for a
transmembrane-spanning helix (42). The PrV gD TMD, in contrast, is comprised of 23
residues (38, 65). Thus, we cannot completely exclude that the difference in length and
not the amino acid composition is responsible for the nonfunctional phenotype.

Our data highlight the importance of the PrV gH TMD, with its specific features
(length and amino acid composition) for function in fusion, whereas, in contrast to
HSV-1 (41, 42), the PrV gH CD is apparently not an essential component of the fusion
machinery. Moreover, as observed for EBV (48) and unlike HSV (9), soluble forms of PrV
gH/gL are unable to promote cell-cell fusion, even in the presence of gB proteins with
increased fusogenic potential. Interestingly, the gD TMD is not able to substitute
functionally for the gH TMD, although localization at the plasma membrane, indicative
of proper membrane anchorage, was observed. We hypothesize that the PrvV gH TMD
specifically interacts with membrane components such as lipids or other molecules as
a prerequisite for triggering membrane fusion. These specific interactions could also be
mediated by the HSV gH TMD but not by the TMD of gD.

In summary, we demonstrate here the relevance of the PrV gH TMD and CD in
membrane fusion. Whereas a specific gH TMD is essential for triggering fusion, the gH
CD modulates fusion efficiency. Given the importance of the TMD with its specific
requirements, fusion induction by soluble HSV-1 gH/gL or in trans with gB and gH/gL
present in different membranes, as shown for HSV-1 (9) and human cytomegalovirus
(66), is difficult to reconcile. Either fusion can be triggered differently by the homolo-
gous gH/gL proteins, which seems improbable, or the influence of the TMD is indeed
more quantitative than qualitative, with a higher dependence of PrV gH for a boost in
fusion activity by the TMD. In either case the presence of a correct TMD is of high
relevance for PrV gH function.
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TABLE 1 Oligonucleotide primers for mutagenesis, PCR and sequence analyses

Journal of Virology

Restriction
Primer name? site Sequence® (5'-3') Nucleotide position©
Primers for construction of
gH CD mutants
DH-3 EcoRl AGA ATT CAA AGT TTG CCG TGC CCG TC 60748-60766
gH_ECD R Xhol CACACTCGAGCTACGGGGACACGGGCGC 62693-62707 (r)
gH A668-686 Xhol CACACTCGAGCTAGAATAGGGCGTACAGGATCCC 62750-62770 (r)
gH A670-686 Xhol CACACTCGAGCTACATCTTGAATAGGGC 62762-62776 (r)
gH A678-686 Xhol CACACTCGAGCTAGCCCTCGGAGGA 62780-62809 (r)
gH A682-686 Xhol CACACTCGAGTAACCGAGAATAGCC 62812-62798 (r)
Primers for construction of
gH Y678A
gH Y679A F CCTCCGAGGGCGCTTCTCGGTTAATAAACG 62790-62819
gH Y679A R CGTTTATTAACCGAGAAGCGCCCTCGGAGG 62790-62819 (r)
Primer for construction of
gH-gpi
gH Ka Hindlll F Hindlll CACAAGCTTAAAGTTTGCCGTGCCCGTC 60748-60766
gH ECD EcoRV R EcoRV CACAGATATCCGGGGACACGGGCGCGAGCCG 62687-62707 (r)
Primers for construction of
gH chimeras
PCDHTMDF TGGTTATGATTACCGCCGCCCTGGCTGGCATCCTA/AAGATGCTCTGCAGC H, 43828-43862; P,
62771-62785
P ECDHTMDR ATCATAACCACGCCCAGCGCAGAGGCGGCCAGAA/AGGCCGGGGACACGGG H, 43853-43886; P,
62696-62711 (r)
PECDHTMD CD F TCGCGCCCGTGTCCCCGGCC/TTTCTGGCCGCCTCTGCG H, 43870-43887; P,
62691-62711
P ECDHTMD CD R GCCAGCCAGGGCGGCGGTAATCATAACCACGCCCAGCGCAGAGGCGGC H, 43834-42886; P,
CAGAA/AGGCCGGGGACACGGGCGCGAGCC 62688-62711 (r)
H TMD P CD GCCGCCTCTGCGCTGGGCGTGGTTATGATTACCGCCGCCCTGGCTGGC H, 43828-43881; P,
ATCCTA/ATGCTCTGCAGCTTCTCCTCCGAGG 62774-62798
gH Ka ECD gD TMD R CGTGCCGACGATCACCGA/CGGGGACACGGGCGCGAGC gD Ka, 122199-122215;
gH Ka, 62689-62707 (r)
gH Ka ECD gD TMD F GCTCGCGCCCGTGTCCCCG/TCGGTGATCGTCGGCACG gH Ka, 62689-62707; gD
Ka, 122198-122215
gDTM gHCDF ACCGCGATGGGCGCGCTCCTGGTGGGCGTGTGCGTCTACATCTTCTTC/AA gH Ka, 62771-62788; gD
GATGCTCTGCAGCTTC Ka, 122219-122266
gDTM gHCDR AGGAGCGCGCCCATCGCGGTGCCCGTGCCGACGATCACCGAC/GGG gH Ka, 62707-62690; gD
GACACGGGCGCGAG Ka, 122198-122238 (r)
HHV1gH-R Xhol CACACTCGAG TTA TTCGCGTCTCC 43783-43796 (r)
US6-rev EcoRI CACAGAATTCC ATC GACGCCGGTACTGC 121353-122370 (r)
DHrev1 Xbal CATCTAGACACGCGCACGCAGAGAGT 62856-62874 (r)

Primer for sequencing

T7 TAATACGACTCACTATAGGG

SP6 CTCTAGCATTTAGGTGACACTATAG
gH-WH3 TGCACGAGAGCGACGACTACC
gH-WH6 GGACATCGCCAACCCGCTCG

pcDNA3
PcDNAS3 (r)
61479-61499
62356-62375

aDesignations and components of the OE primers specify the virus. P, PrV; H, HSV-1; TMD, transmembrane domain; CD, cytoplasmic domain; ECD, ectodomain; F,
forward; R, reverse. Nucleotide positions in the PrV Ka genome refer to GenBank accession no. JQ809328 and for HSV-1 strain F to GenBank accession no. GU734771.
bNonmatching nucleotides are printed in boldface, and restriction sites for convenient cloning of PCR products are underlined. HSV-1 and PrV gD sequences are

shown in italics.

“Reverse-strand PCR primers are indicated (r).

MATERIALS AND METHODS

Cells and viruses. Rabbit kidney (RK13) and RK13-gH/gL cells (56) were grown in Dulbecco’s
modified Eagle’s minimum essential medium (MEM) supplemented with 10% fetal calf serum (FCS) at
37°C and 5% CO,. The PrV mutant lacking gH (PrV-gHABF; here designated PrV-AgH) (55), which was
derived from PrV strain Kaplan (PrV-Ka) (67), was propagated on RK13-gH/gL cells.

Expression plasmids. Construction of expression plasmids for PrV-Ka and HSV-1 F gB, gH, and gL has
been described previously (37, 53). Expression plasmids for the truncated versions of gH and soluble gH
were generated by PCR, using pcDNA-gH as the template, DH-3 as forward primer, and the correspond-
ing reverse primers gH A668-686, gH A670-686, gH A678-686, gH A682-686, and gH ECD R (Table 1). PCR
products were cloned after cleavage with EcoRl and Xhol into correspondingly digested pcDNA3
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(Invitrogen). The expression plasmid for gHY678A was generated by site-directed mutagenesis
(QuikChange II XL kit; Agilent) with the complementary pair of oligonucleotide primers (Table 1) and
pcDNA-gH as the template. For generation of pcDNA-gH-gpi, the 5'-terminal part of the PrV gH open
reading frame (ORF) was amplified from pcDNA-gH Ka using primers gH Ka Hindlll F and gH ECD EcoRV
(Table 1) and cleaved with Hindlll and EcoRV. The 110-bp sequence comprising a gpi addition signal was
purified from pspGPIsig (kind gift from G. Keil, Insel Riems, Germany) by cleavage with Smal and EcoRlI.
The two fragments were ligated and subsequently cloned into pcDNA3 via Hindlll and EcoRlI restriction
sites.

Expression plasmids for gH chimeras gH-Hs-Hs, gH-Hs-Hp, gH-D-D, and gH-D-H were generated by
overlap extension PCR (OE-PCR) (68). The 5'-terminal parts of the PrvV gH ORF were amplified from
pcDNA-gH using primer DH-3 and the corresponding reverse OE primers (Table 1). For constructs with
the TMD from HSV-1 gH but comprising the CD from PrV gH, the 3’-terminal part of the PrV gH ORF was
amplified from pcDNA-gH using the desired forward OE primers in combination with the reverse primer
DHrev1 (Table 1). The 3’-terminal parts of the HSV-1 gH or PrV gD ORF were amplified from pcDNA-
H1FgH (53) or pcDNA-gD (32), respectively, with the appropriate forward OE primers and the reverse
primer HHV1 gH-R or US6-rev, respectively (Table 1). The PCR products were purified, and 10 ng of each
of the matching products, which overlapped by =15 bp, was mixed and amplified in a final PCR
using only the primers for the termini. PCR products were cloned via restriction sites which had been
introduced by the primers into correspondingly digested pcDNA3 (Table 1). Correct mutagenesis of all
constructs was verified by sequencing (data not shown). Geneious software, version 10.2.3 (Biomatters),
was used for analysis and comparison of DNA and protein sequences.

Western blot analyses. Protein expression was tested after transfection of the expression plasmids
into RK13 cells. For this, approximately 1.8 X 10> RK13 cells per well were seeded onto 24-well cell culture
plates. The following day, cells were transfected with 200 ng of the corresponding gH expression plasmid
in 100 wl Opti-MEM using 1 ul Lipofectamine 2000 (Thermo Fisher Scientific). Empty vector (pcDNA3)
served as a negative control. The mixture was incubated for 20 min at room temperature and subse-
quently added to the cells. After 3 h, cells were washed with phosphate-buffered saline (PBS) and
incubated in MEM supplemented with 2% FCS at 37°C. Cells were lysed 48 h posttransfection, and
samples were separated by discontinuous SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were incubated with the monospecific rabbit PrV gH antiserum (31), which was used at a
dilution of 1:15,000. Binding of peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch)
was detected with Clarity Western ECL substrate (Bio-Rad) and recorded with a VersaDoc 4000 MP imager
(Bio-Rad).

PLC treatment. Correct membrane attachment of gH by a gpi anchor was tested by treatment with
phospholipase C (PLC). For this, transfected cells were incubated with PBS containing 0.2 U PLC (Boehringer)
per ml. After 1 h on a shaker at room temperature, the supernatant was collected, centrifuged for 2 min at
13,000 rpm, and subsequently used for Western blot or immunofluorescence analysis.

Flow cytometry. RK13 cells were cotransfected with expression plasmids for gH and gL as described
above and were detached after 24 h with 2 mM EDTA in PBS for 1 h at 4°C. Subsequently, cells were fixed
with 4% paraformaldehyde (PFA) for 20 min at 4°C and washed with PBS supplemented with 2% bovine
serum albumin (BSA) and 2 mM EDTA. Each sample was split into two fluorescence-activated cell sorting
(FACS) tubes. While one aliquot was permeabilized with 0.5% saponin in PBS with 0.2% BSA for 30 min
at 4°C to assay total gH expression, the second was incubated without saponin to test for plasma
membrane localization of gH. After a washing step with 2 mM EDTA in PBS, cells were probed with a
monoclonal gH antibody (31) at a dilution of 1:5 in PBS with 2% BSA for 1 h at 4°C. After another 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 the mean
fluorescence intensity (MFI) of Alexa-488-positive, nonpermeabilized cells divided by the MFI of Alexa-
488-positive, permeabilized cells. Results obtained for gH Ka were set as 100%. Mean values and standard
deviations from three independent assays were determined.

Transient-transfection-based cell-cell fusion assays. Fusion activity of the different gH mutants
was determined after transient transfection of RK13 cells as described recently (54). Briefly, cells were
transfected with 200 ng each of the expression plasmids for EGFP (pEGFP-N1; Clontech) and for PrV
glycoproteins gB, gL, and gH or mutant gH in 100 ul Opti-MEM using 1 ul Lipofectamine 2000 (32, 37).
Empty vector (pcDNA3) served as the negative control. Cells were fixed 24 h posttransfection with 3%
PFA. Syncytium formation was analyzed using an Eclipse Ti-S fluorescence microscope and NIS-Elements
Imaging Software (Nikon). Total fusion activity was determined by multiplication of the area of cells with
three or more nuclei by the number of syncytia within 10 fields of view (5.5 mm?2 each). Each experiment
was repeated four times, and average percent values of positive-control transfections as well as standard
deviations were calculated.

Transcomplementation assay. The ability of the gH mutants to function in virus entry was
determined by transcomplementation of PrV-AgH (55). Cells were transfected with the gH expression
plasmids as described above. Twenty-four hours posttransfection cells were infected with PrvV-AgH at a
multiplicity of infection (MOI) of 3 and consecutively incubated on ice for 1 h and at 37°C for 1 h.
Subsequently, the inoculum was removed, nonpenetrated virus was inactivated by low-pH treatment
(69), and 1 ml fresh medium was added. After 24 h at 37°C, the cells and supernatant were harvested and
lysed by freeze-thawing (—80°C and 37°C). Progeny virus titers were determined on RK13-gH/gL cells
(56).
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Statistical analyses. The statistical significance of differences observed in flow cytometry,

transient fusion assays, and transcomplementation assays was evaluated using unpaired t test with
Welch correction provided by GraphPad Prism 7 software (GraphPad Software, Inc., San Diego, CA).
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