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ABSTRACT Herpesvirus entry and spread requires fusion of viral and host cell mem-
branes, which is mediated by the conserved surface glycoprotein B (gB). Upon acti-
vation, gB undergoes a major conformational change and transits from a metastable
prefusion to a stable postfusion conformation. Although gB is a structural homolog
of low-pH-triggered class III fusogens, its fusion activity depends strictly on the pres-
ence of the conserved regulatory gH/gL complex and nonconserved receptor bind-
ing proteins, which ensure that fusion occurs at the right time and space. How gB
maintains its prefusion conformation and how gB fusogenicity is controlled remain
poorly understood. Here, we report the isolation and characterization of a naturally
selected pseudorabies virus (PrV) gB able to mediate efficient gH/gL-independent vi-
rus-cell and cell-cell fusion. We found that the control exerted on gB by the accom-
panying viral proteins is mediated via its cytosolic domain (CTD). Whereas gB var-
iants lacking the CTD are inactive, a single mutation of a conserved asparagine
residue in an alpha-helical motif of the ectodomain recently shown to be at the core
of the gB prefusion trimer compensated for CTD absence and uncoupled gB from
regulatory viral proteins, resulting in a hyperfusion phenotype. This phenotype was
transferred to gB homologs from different alphaherpesvirus genera. Overall, our data
propose a model in which the central helix acts as a molecular switch for the gB
pre-to-postfusion transition by conveying the structural status of the endo- to the
ectodomain, thereby governing their cross talk for fusion activation, providing a new
paradigm for herpesvirus fusion regulation.

IMPORTANCE The class III fusion protein glycoprotein B (gB) drives membrane fusion
during entry and spread of herpesviruses. To mediate fusion, gB requires activation
by the conserved gH/gL complex by a poorly defined mechanism. A detailed molec-
ular-level understanding of herpesvirus membrane fusion is of fundamental virologi-
cal interest and has considerable potential for the development of new therapeutics
blocking herpesvirus cell invasion and spread. Using in vitro evolution and targeted
mutagenesis of three different animal alphaherpesviruses, we identified a single con-
served amino acid in a regulatory helix in the center of the gB ectodomain that ena-
bles efficient gH/gL-independent entry and plays a crucial role in the pre-to-postfu-
sion transition of gB. Our results propose that the central helix is a key regulatory
element involved in the intrastructural signal transduction between the endo- and
ectodomain for fusion activation. This study expands our understanding of herpesvi-
rus membrane fusion and uncovers potential targets for therapeutic interventions.

KEYWORDS autonomous fusion, bovine herpesvirus, fusion regulation, gH/gL complex,
glycoprotein B, herpesviruses, membrane fusion, pseudorabies virus, viral entry
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Enveloped viruses have evolved specialized surface glycoproteins, termed fusion
proteins or viral fusogens, to catalyze the merger of viral and cell membranes for in-

fectious entry and spread. To effect fusion, these proteins undergo a large-scale exo-
thermic conformational change and refold from a high-energy metastable prefusion
form to an energetically more favorable postfusion conformation (1). The different mo-
lecular architectures of fusion proteins led to the identification of three distinct struc-
tural classes (I to III) (2). According to the trigger of the fusogenic transition, viral fusion
proteins can be divided into two major categories: those that are activated by binding
of protons in the acidic environment of the endosome or those triggered by interac-
tion with one or more specific receptors at the cell surface at neutral pH. The second
category requires additional control proteins to ensure that fusion takes place at the
right time and space.

Herpesviruses are large, enveloped double-stranded DNA viruses. Members of the
Herpesviridae can enter and infect many vertebrate species using a complex multicom-
ponent fusion machinery (3). Envelope glycoprotein B (gB) is their conserved bona fide
fusion protein. Based on the crystal structure of its stable, trimeric postfusion state,
which is available for five different herpesviruses, including the alphaherpesviruses
pseudorabies virus (PrV; Suid alphaherpesvirus 1) (4, 5), human herpes simplex virus 1
(HSV-1) (6), and varicella-zoster virus (VZV) (7), gB was identified as a class III viral fusion
protein. Typically, class III fusogens, which include the G protein of rhabdoviruses, bac-
ulovirus glycoprotein 64 (gp64), and thogotovirus Gp, mediate both receptor binding
and autonomous low-pH-triggered membrane fusion (2). In stark contrast, herpesvirus
gB is not an autonomous fusogen but requires activation by accompanying proteins to
drive pH-independent membrane fusion at the plasma membrane (8). The current
model for alphaherpesvirus entry proposes that receptor-engagement by the subfam-
ily-specific receptor-binding protein gD initiates a cascade of events in which a struc-
tural change in gD signals to the conserved complex of membrane bound gH with
anchorless gL (gH/gL), which in turn triggers the gB fusogenic conformational change
(3, 9–11). The forces maintaining gB in its metastable prefusion conformation and how
they are released to execute fusion remain largely unknown.

Functional studies on alphaherpesviruses indicate that the very large and structured
gB cytoplasmic domain (CTD) (90 amino acids [aa] for PrV gB) (12), which lacks an
equivalent among the short and unstructured cytosolic tails of low-pH-triggered class
III fusion proteins (see Fig. S1 in the supplemental material), is crucial for its fusogenic-
ity. While removal of the entire CTD renders gB nonfunctional (13, 14), truncations of,
or point mutations within the gB CTD resulted in increased fusion activity, pointing
towards the gB CTD as a key regulatory element that negatively controls gB fusogenic-
ity (13, 15–20). Multiple studies have shown that in the absence of the CTD, the gB
ectodomain (4) spontaneously adopts the stable postfusion conformation (4, 6, 7, 21,
22), implying that the membrane anchor, the CTD, and/or gH/gL is involved in main-
taining gB in its fusion-active, metastable prefusion state (3). Indeed, recent structural
studies of full-length gB on extracellular vesicles (HSV-1) (23) and intact human cyto-
megalovirus (HCMV) virions (24) allowed elucidation of a putative prefusion structure,
albeit to limited resolution, supporting the hypothesis that the CTD and accompanying
viral proteins are important to maintain gB in a fusion-active state. Nevertheless, intro-
duction of a mutation stabilizing the prefusion state of HSV-1 gB was required to allow
its determination to subnanometer resolution and the identification of the arrange-
ments of all subdomains (25).

In this study, we further investigated the functional relevance of the gB CTD during
virus infection using reversion analysis, i.e., in vitro evolution of a PrV mutant express-
ing a C-terminally truncated gB variant lacking the 60 C-terminal amino acids (PrV-
gBDCTD2) (26). Although PrV-gBDCTD2 is deficient in entry, it is still able to spread from
cell to cell (13, 26). This exceptional phenotype was used for serial in vitro passaging to
select for mutations restoring viral infectivity. Reversion analysis is a powerful tool to
select for mutations compensating a strong defect in the parental virus, assisting in
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the identification of significant structural and functional inter- and intramolecular rela-
tionships, which are poorly accessible via direct rational approaches (3, 26–33).
Considering the proposed role of the gB CTD in maintaining the prefusion conforma-
tion, we hypothesized that compensatory mutations acquired by infectious revertants
would reveal functionally important sites, including residues affecting the stability of
prefusion gB.

Using this approach, we identified a PrV gB variant expressed by an infectious rever-
tant that is hyperfusogenic and able to mediate autonomous in vitro cell-cell fusion in
a gH/gL-independent manner, representing a hitherto undescribed phenotype. In-
depth characterization at sequence, functional, and comparative structural levels
allowed us to define a short conserved alpha-helix in domain V of the gB ectodomain
as a central switch that is decisive for the gB pre-to-postfusion transition. A single point
mutation of a conserved asparagine residue in this regulatory helix compensated for
absence of the gB CTD and conferred gH/gL independence during viral entry and cell-
cell spread. Strikingly, the same mutation was able to transform gB of the closely
related Varicellovirus Bovine alphaherpesvirus 1 (BoHV-1) but also gB of the distantly
related Iltovirus avian infectious laryngotracheitis virus (ILTV; Gallid alphaherpesvirus 1)
into gH/gL-independent fusion proteins, arguing for a common mechanism among
alphaherpesvirus gB. Overall, our findings support a model in which the conforma-
tional change of the alphaherpesvirus gB ectodomain for fusion is under the allosteric
control of the gB endodomain and that this cross talk is governed by a newly discov-
ered regulatory element that eventually controls the fusogenic conformational change
of gB.

RESULTS
Isolation of infectious PrV-gBDCTD2Pass. PrV-gBDCTD2 expressing gB lacking the 60

C-terminal amino acids (gBDCTD2) (Fig. 1C) was passaged in rabbit kidney (RK13) cells,
and an infectious revertant virus termed PrV-gBDCTD2Pass was isolated by plaque purifi-
cation of the 19th passage (Fig. 1A). The cell-cell spread ability of PrV-gBDCTD2Pass was
investigated 48 h after infection of RK13 cells (Fig. 1B). In comparison to nonpassaged
PrV-gBDCTD2 (;10% of PrV wild type [WT] plaque size), PrV-gBDCTD2Pass formed signifi-
cantly larger plaques, reaching approximately 90% of the WT virus plaque size
(Fig. 1B).

PrV-gBDCTD2Pass had acquired a single compensatory N735S mutation in the
gB ectodomain. Viral DNA from the infectious PrV-gBDCTD2Pass plaque isolate was ana-
lyzed for mutations in the genes encoding the fusion-associated envelope glycopro-
teins gD (US6), gH (UL22), gL (UL1), and gB (UL27). Only a single point mutation in the
gB gene was acquired during passaging, leading to an exchange of asparagine (N) at
position 735 to serine (S) (Fig. 1C and D), while no alterations were found in the other
coding regions tested. Mapping of N735 into the trimeric postfusion structure of the
PrV gB ectodomain revealed its location in a short alpha-helix within domain (D) V,
where it is located on the outside of the trimer nested between the interfaces formed
by the other two protomers (Fig. 1D). For further functional investigations, the com-
plete gB open reading frame was amplified from genomic PrV-gBDCTD2Pass DNA and
cloned into the eukaryotic expression vector pcDNA3.

N735S imparts hyperfusogenic gH/gL-independent cell-cell fusion. To investi-
gate the impact of the N735S mutation on gB fusogenicity, gBDCTD2N735S was tested in
a transfection-based cell-cell fusion assay (34) (Fig. 2A). RK13 cells were transfected
with expression plasmids encoding PrV WT gB, gBDCTD2, or gBDCTD2N735S. Optionally,
expression plasmids encoding PrV WT gH, gL, and gD were cotransfected (15, 30).
Fusion activities were determined 18 h posttransfection by multiplication of the mean
area of syncytia containing three or more nuclei by the number of syncytia. Fusion
activities with the four WT glycoproteins served as a positive control and were set as
100%, while fusion assays with empty vector pcDNA3 served as a negative control. As
expected, coexpression of PrV WT gB, gH, and gL resulted in the formation of multiple
syncytia, whereas omission of gH/gL completely abolished fusion. PrV gD was not
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required for cell-cell fusion as reported earlier (15, 30) (Fig. 2A). No syncytium forma-
tion was detectable in assays with C-terminally truncated gBDCTD2, supporting the
notion that the PrV gB CTD plays a crucial role for gB fusogenicity. Surprisingly, the
N735S mutation not only restored but strongly enhanced the fusion activity of gBDCTD2

compared to that of WT gB. This hyperfusion phenotype of gBDCTD2N735S was
observed independent of the presence of gH and/or gL (Fig. 2A). Overall, these find-
ings demonstrate that the N735S mutation not only compensates for the absence of
the C-terminal 60 aa of the gB CTD but also for absence of gH/gL. A hyperfusogenic
gH/gL-independent phenotype as described here for PrV gBDCTD2N735S has never
been reported for any herpesvirus gB.

gBDCTD2N735S supports gH/gL-independent viral entry. To investigate whether
gBDCTD2N735S is also able to drive gH/gL- or gD-independent viral entry, virus mutants
simultaneously lacking the gB and gH (PrV-DgB/H), or gB and gD genes (PrV-DgB/D)
(35), were complemented in trans with gBDCTD2N735S and used for infection experi-
ments (Fig. 2B). Since cellular expression of gBDCTD2N735S led to a rapid induction of
strong cell-cell fusion, we generated RK13 cell lines stably expressing PrV
gBDCTD2N735S or PrV gB WT under the control of the native gB (UL27) promoter, allow-
ing expression only upon transactivation by PrV infection. The resulting RK13-
gBDCTD2N735S and RK13-gBWT cells were infected with phenotypically complemented
PrV-DgB/H, PrV-DgB/D, or with a PrV mutant lacking only the gB gene (PrV-DgB) (13) at
a multiplicity of infection (MOI) of 3. Progeny virus was harvested 24 h postinfection
and titrated on RK13-gBWT cells (Fig. 2B). Progeny virus was also used for Western blot

FIG 1 Reversion analysis of PrV-gBDCTD2. (A) PrV-gBDCTD2 expressing gB lacking the 60 C-terminal amino acids was passaged in RK13 cells by repeated
coseeding of infected and noninfected cells. Supernatant titers of each passage were determined on RK13 cells and are given in PFU per milliliter.
Infectious revertant virus PrV-gBDCTD2Pass was harvested from supernatant of the 19th passage (black arrowhead). (B) Plaque sizes of PrV, nonpassaged but
wild-type gB-complemented PrV-gBDCTD2, and revertant PrV-gBDCTD2Pass were determined 48 h postinfection of RK13 cells. Shown are mean relative plaque
areas expressed as percentage of WT PrV and corresponding standard deviations (n= 3). Two-tailed Welch’s t test; ****, P , 0.001. (C) Schematic diagram of
PrV gB wild-type (WT), gBDCTD2, and gBDCTD2N735S. gB domain (D) V (residues 697 to 756) is highlighted in red, and the N735S mutation in green. SP, signal
peptide; ECD, ectodomain; TMD, transmembrane domain; CTD, cytoplasmic domain. (D) Ribbon diagram of the PrV gB ectodomain monomer (left) and
trimer (middle), with surface representation (right). DV helix (residues 728 to 742) is depicted in red, and N735 is marked in green; PDB 6ESC. Diagram was
made using UCSF Chimera (62).
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analyses to verify correct glycoprotein expression of the different PrV mutants (see
Fig. S2).

PrV WT gB efficiently complemented PrV-DgB to titers of 105 PFU/ml but was not
able to support entry of PrV-DgB/H or PrV-DgB/D (Fig. 2B). gBDCTD2N735S was able to
complement PrV-DgB, and final titers did not significantly differ from those obtained
for PrV-DgB complemented with WT gB. Remarkably, gBDCTD2N735S was also able to
support gH/gL-independent entry by PrV-DgB/H, reaching titers of ;104 PFU/ml as
well as entry of PrV-DgB/D to titers of ;102 PFU/ml. These results demonstrate that
gBDCTD2N735S not only mediates highly efficient autonomous in vitro membrane fusion
but also a significant level of gH/gL-independent entry. Although gH/gL is apparently
not required to trigger and/or stabilize gBDCTD2N735S for fusion during entry, receptor
engagement by gD augments viral entry presumably by providing a stable platform
for action of the fusogen.

N735S and the physical length of the gB CTD dictate gH/gL dependence. We
next investigated whether substitution of N735 by serine in PrV WT gB or gB deriva-
tives with different truncations of the CTD would allow for gH/gL-independent mem-
brane fusion. The PrV gB CTD contains two predicted alpha-helical domains (h1 and
h2; JPred4 [36]) (Fig. 3A; Fig. S1). As inferred from the predictions and comparative
sequence-structure analysis with the gB CTD of HSV-1 gB (12), putative PrV gB h1 and
h2 might exert similar functions as HSV-1 gB h2 and h3, whereby a major role in mem-
brane binding was attributed to h3 (12, 20) (Fig. S1). The N735S mutation was inserted
into PrV WT gB and gB variants lacking the 29 C-terminal amino acids, including h2
(gBDCTD1), or the complete CTD (gBDCTD3) (Fig. 3A). Fusion activities of these mutants
were tested in assays with and without gH/gL (Fig. 3B).

Removal of the complete PrV gB CTD (PrV gBDCTD3) resulted in a loss of function,
whereas expression of PrV gBDCTD1 led to enhanced but gH/gL-dependent fusion activity
(Fig. 3B). Unexpectedly, introduction of the N735S mutation into full-length gB (gB-N735S)

FIG 2 gBDCTD2N735S drives strong autonomous cell-cell fusion and supports gH/gL-independent virus entry. (A) In vitro fusion activity of PrV
WT gB, gBDCTD2, and gBDCTD2N735S in different combinations with WT gH, gL, and gD was determined 18 h after transfection of RK13 cells.
Results from fusion assays with WT gB, gH, gL, and gD were set as 100%, and empty vector served as a negative control. Mean relative
values and corresponding standard deviations are shown (n= 4). Mean values below 50% are given as numbers. (B) Noncomplementing RK13
cells or RK13-gBWT and RK13-gBDCTD2N735S cell lines were infected with phenotypically complemented PrV-DgB, PrV-DgB/H, or PrV-DgB/D at
an MOI of 3. Twenty-four hours postinfection (p.i.), progeny virus was harvested and titrated on RK13-gBWT cells. Mean titers in PFU per
milliliter and corresponding standard deviations are shown (n= 4). (A and B) Two-tailed Welch’s t test; ns, not significant; *, P , 0.05; ***, P ,
0.001; ****, P , 0.0001.
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FIG 3 gB cytoplasmic domain dictates gH/gL dependence. (A) Schematic diagram of PrV gB and amino acid sequence of the
predicted cytoplasmic domain (CTD) of PrV gB WT and gB mutants with truncations of the 29 or 60 C-terminal amino acids or
complete removal of the CTD. Predicted alpha-helices h1 and h2 (JPred4 [36]) are indicated, and two functional endocytosis
motifs are highlighted in bold and are underlined. SP, signal peptide, ECD, ectodomain; TMD, transmembrane domain. (B) Fusion
activities of the indicated gB variants with and without gH/gL were determined 18 h after transfection of RK13 cells with
corresponding expression plasmids. RK13 cells transfected with empty vector served as a negative control. Fusion activity
obtained for WT gB, gH, and gL was set as 100%, and mean relative values and corresponding standard deviations are shown
(n= 4). Mean values below 50% are indicated by numbers. Two-tailed Welch’s t test; ns, not significant; ***, P , 0.001; ****, P ,
0.0001. (C) Western blot analyses of PrV gB variants 18 h after transfection of RK13 cells. PrV gB was detected using a specific
rabbit antiserum and peroxidase-conjugated secondary antibody. Signals of uncleaved gBa or furin-cleaved subunits gBb and gBc
are marked, and the molecular masses of marker proteins are indicated. (D) Total and surface expression of the gB variants
analyzed by indirect immunofluorescence 18 h posttransfection of RK13 cells using a Leica DMi8 microscope (Leica Microsystems,
Wetzlar, Germany); PrV gB was detected using PrV gB-specific rabbit antiserum and Alexa Fluor 488-conjugated secondary
antibodies (green). Nuclei were counterstained with Hoechst 33342 (blue). Bars, 100 nm.
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and hyperfusogenic gBDCTD1 (gBDCTD1N735S) led to significantly decreased fusion levels in
the presence of gH/gL. In contrast, introduction of the N735S mutation into gBDCTD3

(gBDCTD3N735S) rescued fusion activity, and fusion levels reached approximately 200%
compared to that of PrV WT glycoproteins. As observed for gBDCTD2N735S, gBDCTD3N735S
was able to promote membrane fusion in the absence of gH/gL. In contrast, neither gB-
N735S nor gBDCTD1N735S was functional in the absence of gH/gL, indicating that both the
N735S mutation and the absence of the alpha-helical motifs in the CTD contribute to gH/
gL-independent gB activation. These results indicate that the control exerted on gB by gH/
gL is mediated via the gB CTD and that appropriate truncation or complete absence of the
gB CTD is a prerequisite for efficient gH/gL-independent fusion by gB carrying the N735S
mutation.

To exclude a possible influence of the N735S mutation on gB expression or process-
ing, the same panel of gB mutants was investigated by Western blotting and indirect
immunofluorescence analyses of transfected RK13 cells (Fig. 3C to E). PrV gB processing
involves proteolytic cleavage behind 501RRARR505 by cellular furin in the Golgi appara-
tus, resulting in two disulfide-bonded subunits, gBb (69 kDa) and gBc (58 kDa) (Fig. 3C).
gBa and gBb of C-terminally truncated variants revealed the expected decreased mo-
lecular masses compared to that of PrV WT gB or gB-N735S (Fig. 3C). Western blot anal-
ysis demonstrated the presence of both subunits gBb and gBc for all constructs, indi-
cating that introduction of the N735S mutation did not impair gB processing (Fig. 3C).

Total cellular and surface expression of the gB mutants was analyzed by indirect im-
munofluorescence of transfected RK13 cells after or without permeabilization (Fig. 3D).
While PrV WT gB and gB-N735S were barely detectable on the cell surface, PrV gBDCTD1,
gBDCTD2, and gBDCTD3 were readily observed independent of the N735S mutation. The
enhanced surface expression of the gB CTD truncation mutants correlates with previ-
ous reports (13) and can be attributed to the lack of two functional endocytosis motifs
(890LL891 and 905YQRL908) in the gB CTD (Fig. 3A). Overall, introduction of the N735S
mutation had no apparent effect on the subcellular localization of the respective gB
variants (see Fig. S3) and does not impact gB processing.

Loss of two endocytosis motifs in gBDCTD2N735S is responsible for the
hyperfusogenic phenotype but not for gH/gL independence. To clarify whether the
hyperfusogenic phenotype and/or gH/gL independence of gBDCTD2N735S is due to
enhanced surface expression, we inactivated both endocytosis motifs (890LL891 and
905YQRL908) (Fig. 3A) in the gB CTD of full-length gB-N735S (gB-N735SDEndo) by alanine
substitutions (LL890/891AA and Y905A). Immunofluorescence analyses revealed signifi-
cantly enhanced surface expression of gB-N735SDEndo as seen for the C-terminally trun-
cated gB variants, demonstrating the functionality of the motifs (Fig. 3A and 4A).
Concomitant with the enhanced surface expression, fusion activity of gB-N735SDEndo

was significantly increased (;300% of that for gB WT) (Fig. 4B). Nevertheless, despite
the hyperfusogenic phenotype, gB-N735SDEndo was not able to mediate gH/gL-inde-
pendent membrane fusion. These data indicate that (i) the hyperfusogenic phenotype
observed for gBDCTD2N735S is due to the lack of two functional endocytosis motifs but
that (ii) hyperfusogenicity per se is not sufficient for gH/gL-independent fusion, requir-
ing both the N735S mutation and a short or absent gB CTD.

A common mechanism of fusion activation of different alphaherpesvirus gBs.
Sequence analyses revealed that N735 is highly conserved across alphaherpesvirus gBs
(Fig. 5A). The high sequence conservation prompted us to investigate whether muta-
tion of this site in addition to gB CTD truncation could transform other gB homologs
into autonomous fusion proteins. To this end, we focused on the closely related
Varicellovirus BoHV-1 and the distant avian ILTV of the Iltovirus genus. Sequence analy-
ses and secondary structure prediction using JPred4 revealed that, similar to PrV gB,
BoHV-1 and ILTV gB contain two extended putative alpha-helices in the CTD (Fig. S1).
Therefore, BoHV-1 and ILTV gB were truncated at sites corresponding to K857 (DCTD2)
of PrV gB, resulting in removal of both predicted alpha-helices (Fig. S1). N742 of BoHV-
1 gB corresponds to N735 of PrV gB and was replaced by serine. Interestingly, in the
more distant ILTV gB, the highly conserved NQ dipeptide motif is inverted to QN
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(positions 684/685) (Fig. 5A) and was replaced by SQ to match the sequence of PrV gB
N735S (ILTV gBDCTD2Q684S/N685Q). The resulting gB mutants were tested for their abil-
ity to mediate membrane fusion on various immortalized and primary cells (Fig. 5C
and D; see also Fig. S4).

Neither BoHV-1 gBDCTD2 nor ILTV gBDCTD2 was fusion active, again demonstrating the
importance of the CTD for membrane fusion and highlighting that the C-terminal trun-
cation per se cannot compensate for gH/gL function during fusion. Remarkably, similar
to PrV gBDCTD2N735S, ILTV gBDCTD2Q684S/N685Q revealed an autonomous, hyperfuso-
genic phenotype on RK13, bovine esophagus (KOP-R) (Fig. 5C and D), and several other
cells, including primary turkey and chicken embryo kidney cells (TEK and CEK cells,
respectively) (Fig. S4). In contrast, autonomous fusion by BoHV-1 gBDCTD2N742S was re-
stricted to cells of bovine origin, including KOP-R cells (Fig. 5C and D) and Madin-Darby bo-
vine kidney (MDBK) epithelial cells (Fig. S4), suggesting that the BoHV-1 gBDCTD2N742S
requires a signal specific to bovine cells. To exclude that lack of fusion activity of BoHV-1
gBDCTD2N742S on nonbovine cells was due to impaired protein expression, immunofluores-
cence analyses of transfected RK13 and KOP-R cells were performed (Fig. 5B). Expression of
BoHV-1 WT gB and the C-terminally truncated BoHV-1 gB variants was detected on both

FIG 4 Hyperfusogenicity and gH/gL-independent fusion are unrelated features. (A) Total and surface
expression of PrV gB WT, gB-N735S, and gB-N735SDEndo were analyzed by indirect immunofluorescence 18 h
posttransfection of RK13 cells using a Leica DMi8 microscope (Leica Microsystems, Wetzlar, Germany). PrV gB
was detected using a specific rabbit antiserum and Alexa Fluor 488-conjugated secondary antibodies (green).
Nuclei were counterstained with Hoechst 33342 (blue). Bars, 100 nm. (B) Fusion activity of the PrV gB variants
in presence or absence of gH/gL and gD. Relative fusion activities compared to that of gB WT were determined
18 h posttransfection of RK13 cells. Mean relative values and standard deviations are shown (n= 4). Mean
values below 50% are indicated. Two-tailed Welch’s t test; ***, P , 0.001.
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RK13 and KOP-R cell lines, demonstrating that lack of fusion activity was not due to impaired
protein expression (Fig. 5B). Overall, these results demonstrate that mutation to serine of the
conserved asparagine residue in the putative DV helix of C-terminally truncated BoHV-1 and
ILTV gB allows for gH/gL-independent fusion, indicating functional conservation of the

FIG 5 Asparagine in the gB DV helix is highly conserved, and mutation to serine leads to autonomous
fusogenicity of different gB homologs. (A) Alignment of amino acid sequences of gBs from 28 different
alphaherpesviruses was generated using the ClustalW plug-in of Geneious (Geneious Prime 2019 2.3). Only the
residues forming the conserved regulatory helix in domain V of postfusion PrV gB (aa 697 to 756) and
corresponding sequences of the other alphaherpesvirus gBs are shown and colored according to their
similarity. Black, 100%; dark gray, ,100% to 80%; light gray, ,80% to 60%; white, ,60%. N735 of PrV gB (Suid
alphaherpesvirus 1) (bottom) and corresponding amino acids of the other gB homologs are boxed in green.
Corresponding GenBank accession numbers top to bottom: YP_003084394.1, ASW27079.1, ALR87798.1,
AAD46112.2, APO15888.1, AEK27122.1, AAD46114.2, NP_077446.1, AAD46115.2, BAE47051.1, YP_009352935.1,
AII81366.1, YP_009054936.1, NP_045250.1, YP_006273012.1, YP_002333514.1, YP_009046525.1, ANG65542.1,
AFD36568.1, YP_001033956.1, NP_066859.1, AAF04615.1, ADG45133.1, AAP32845.1, BAM99305.1, AAD11960.1,
NP_944400.1, AEM64049.1. (B) Indirect immunofluorescence analysis of BoHV-1 WT gB and mutant gB 18 h
after transfection of RK13 (left) or KOP-R cells (right). BoHV-1 gB was detected using the monoclonal antibody
42/18/7 and Alexa Fluor 488-conjugated secondary antibodies (green). Nuclei were stained with Hoechst 33342
(blue). Representative images of fixed and permeabilized RK13 (left) and KOP-R cells (right) are shown (Leica
DMi6000 TZS SP5, Leica Microsystems, Wetzlar, Germany). Bars, 10 nm. (C and D) Fusion activity of the PrV,
ILTV, and BoHV-1 gB variants. Relative fusion activity was determined 18 h posttransfection of RK13 (C) or KOP-
R cells (D) with the corresponding expression plasmids. Mean relative values and standard deviations are
shown (n= 4). Two-tailed Welch’s t test; ns, not significant.
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mutated region and strongly suggests a common central role of the regulatory helix for the
fusion mechanism of alphaherpesvirus gB.

Fusion regulation of HSV-1 gB differs from that of other alphaherpesvirus gBs.
Since asparagine in the DV helix is also conserved in members of the Simplexvirus ge-
nus (Fig. 5A), we tested whether fusogenicity of HSV-1 gB might be regulated by a sim-
ilar mechanism. To this end, we truncated HSV-1 gB at residue K839 corresponding to
K857 (DCTD2) in PrV gB (Fig. S1) and replaced N709, corresponding to N735 in PrV gB
with serine (HSV-1 gBDCTD2N709S). In addition, the N709S mutation was also introduced
into full-length HSV-1 gB (HSV-1 gB-N709S). These mutants were tested for their ability
to mediate cell-cell fusion in the presence or absence of gH/gL (Fig. 6A). Comparable
to PrV gBDCTD2, truncation of HSV-1 gB at K839 completely abolished fusion activity in-
dependent of the presence or absence of gH/gL and gD (Fig. 6A). However, in contrast
to PrV, BoHV-1, and ILTV gB mutants (Fig. 5C and D), insertion of N709S was not able
to rescue fusogenicity of HSV-1 gBDCTD2, and none of the HSV-1 gB variants revealed
gH/gL-independent fusion activity (Fig. 6A). Nevertheless, like in PrV gB-N735S
(Fig. 3B), introduction of N709S into full-length HSV-1 gB led to significantly decreased
fusion levels (Fig. 6A), demonstrating that conserved asparagine in the DV helix indeed
plays an important role for HSV-1 gB function. Lack of fusogenicity of these mutants
was not due to impaired protein expression, as evident from Western blot and immu-
nofluorescence analyses showing that all mutants are properly processed (Fig. 6B) and
expressed on the cell surface (Fig. 6C). Overall, these results suggest that, despite the
high sequence conservation, fusion by HSV-1 gB might be regulated by a different
mechanism, highlighting intriguing differences between the here-investigated animal
alphaherpesviruses (PrV, BoHV-1, and ILTV) and human HSV-1.

DISCUSSION

In this study, we investigated the activation control of the herpesvirus fusogen gB.
Our data identify a conserved “regulatory” helix in gB DV that may act as a central
“switch” for the pre-to-postfusion conformational change in alphaherpesviruses. Our
results support a model in which the DV helix is directly involved in the structural sig-
nal transduction between the gB endo- and ectodomains, enabling the functional allo-
steric coupling between these two domains for fusion regulation.

Using in vitro evolution of an entry-deficient PrV mutant expressing a C-termi-
nally truncated gB (PrV-gBDCTD2), we isolated an infectious revertant (PrV-
gBDCTD2Pass) expressing a gB variant that mediates highly efficient autonomous in
vitro cell fusion as well as gH/gL-independent viral entry due to a single amino acid
substitution in the ectodomain (N735S) (Fig. 2). Whereas the C-terminally truncated
gB variants of different alphaherpesvirus gB homologs (gBDCTD2) were inactive in
fusion despite proper processing and efficient surface expression (Fig. 3B to D), engi-
neering this substitution (PrV, N735S; BoHV-1, N742S; ILTV, Q684S/N685Q) into the
gB ectodomain compensated for the lack of the gB CTD and allowed for gH/gL inde-
pendence during membrane fusion (Fig. 2 and 5C and D). The fact that a single point
mutation in the ectodomain can compensate for absence of part or the complete
cytoplasmic domain and gH/gL strongly supports the notion of finely tuned func-
tional cross talk between these domains for fusion regulation, as was proposed pre-
viously (20, 37). Considering the recently proposed role of the CTD in maintaining
the prefusion conformation (12, 14, 23, 24, 38), it is conceivable that the C-terminally
truncated gBDCTD2 and gBDCTD3 tested here, similar to soluble gB ectodomains (4, 22),
adopt the postfusion conformation before reaching the cell surface, resulting in the
observed null-fusion phenotype (Fig. 3B and 7). The N735S mutation, in turn, might
have been selected because it maintains the ectodomain in a fusion-competent
state in the absence of the CTD (Fig. 7). In the presence of the entire or a large part
of the gB CTD, as in WT gB and gBDCTD1, the N735S mutation would stabilize the prefu-
sion form to an extent where gH/gL would again be necessary for its activation, explain-
ing the reduced and gH/gL-dependent fusion activity of gB-N735S and gBDCTD1N735S
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(Fig. 3B). Transcomplementation studies of gB/gH-deficient PrV mutants, whose infectivity
was rescued by gBDCTD2N735S but not by WT gB (Fig. 2B), support the hypothesis that the
N735S mutation acts by stabilizing PrV gB in a fusion-competent state that can be trig-
gered in the absence of the gH/gL complex. Importantly, these data suggest that the DV
helix is directly involved in the structural signal transduction between the endo- and ecto-
domains in WT gB and thereby enables their functional cross talk for fusion activation. In
gBDCTD2N735S, this cross talk is overridden, leading to gH/gL-independent fusion.

Based on our findings, we suggest that (i) the gB CTD and/or the N735S mutation
stabilizes the gB ectodomain in a fusion-active conformation, (ii) the gB CTD renders
the molecule dependent on gH/gL for fusion, indicating that (iii) the gB CTD is not

FIG 6 The conserved asparagine residue in DV is crucial for HSV-1 gB fusogenicity, but substitution to serine does not confer gH/gL independence. (A)
Fusion activity of HSV-1 WT gB, gB-N709S, and gBDCTD2N709S in presence or absence of HSV-1 gH/gL and gD. Relative fusion activities of the HSV-1 gB
variants was determined 24 h posttransfection with the corresponding expression plasmids. Mean relative values and standard deviations are shown (n=4).
Zero (0) indicates absence of fusion activity. (B) Western blot analyses of HSV-1 gB variants 24 h after transfection of RK13 cells. HSV-1 gB was detected
using a specific rabbit antiserum and peroxidase-conjugated secondary antibody. Signals of mature gB (upper band) or precursor gB (lower band) are
marked, and the molecular masses of marker proteins are indicated. (C) Total and surface expression of HSV-1 WT gB and mutant gB were analyzed by
indirect immunofluorescence 24 h after transfection of RK13 (Leica DMi6000 TZS SP5, Leica Microsystems, Wetzlar, Germany). HSV-1 gB was detected using
HSV-1 gB-specific rabbit antiserum and Alexa Fluor 488-conjugated secondary antibodies (green). Bars, 100 nm.
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required for gB fusogenicity per se but provides a way of controlled triggering of the
fusogenic conformational change involving the DV helix as a communicator, as pro-
posed below.

N735S maps to the interface of the PrV gB postfusion trimer and is part of a short
conserved alpha-helix (Fig. 1D and 5A) (4). So far, HSV-1 gB is the only homolog for
which there is information on the prefusion conformation at a resolution that allows
placement of DV (25). The high sequence conservation between PrV and HSV-1 gB (3)
warranted the use of the HSV-1 gB prefusion structure as a template for the generation
of a theoretical model of the PrV gB ectodomain in prefusion form (Fig. 8, top). The
model shows that, as in HSV-1 gB, PrV gB DVs form a bundle at the interior of the
trimer-interface, close to the viral membrane. The side chains of N735 are predicted to
interact at the trimer interface (Fig. 8, top). We propose that rearrangement of this reg-
ulatory DV helix is key to the fusogenic refolding of gB (Fig. 7 and 8). The DV helical
bundle would need to be tight enough to prevent the spontaneous conformational
change but labile enough to allow it when the CTD is activated. DV continues into the
membrane-proximal region (MPR), transmembrane anchor (TMD), and the CTD (not
modeled), and we hypothesize that the effects of the mutations in the regulatory heli-
ces impacting their arrangement/packing could be propagated via the MPR and the
TMD to the CTD, effectively decoupling the CTD and ectodomain cross talk. The fact
that the hyperfusogenic gH/gL-independent phenotype was able to be transferred to
gB of the closely related Varicellovirus BoHV-1 and gB of the more distant Iltovirus ILTV

FIG 7 Model of the gB endo- and ectodomain cross talk involving the regulatory DV helical bundle as a
switch for the pre-to-postfusion structural transition. (A) Stable membrane interaction by the gB cytoplasmic
domain (CTD) and presence of gH/gL are required to maintain PrV WT gB in a metastable prefusion
conformation and the regulatory DV helical bundle is in a prefusion state. Fusogenic refolding of WT gB
requires release of the gB CTD clamp and rearrangement of the DV helical bundle via activated gH/gL and gD.
(B) N735S mutation provides stability of the DV helical bundle thereby allowing PrV gBDCTD2N735S to adopt a
fusion-competent state. The respective fusion-active form is decoupled from regulation by the CTD and
ectodomain cross talk and does not require gH/gL for activation. gB conformational change into the stable
postfusion state is triggered by interaction with cellular receptor(s). N735S mutation is marked by green
asterisks. (C) PrV gBDCTD2 lacking a stabilizing CTD and N735S mutation is unable to adopt a stable fusion-
competent conformation leading to a defect in membrane fusion.
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(Fig. 5C and D) suggests that this control mechanism may be common to alphaherpes-
virus gBs. Although our attempts to generate a gH/gL-independently acting HSV-1 gB
mutant failed, our data highlight a crucial role of the DV helix and, in particular, the
conserved asparagine residue for HSV-1 gB-mediated fusion. Thus, while introduction
of N709S mutation into HSV-1 gBDCTD2 did not rescue the lack of the CTD, N709S com-
pletely abolished fusion in the context of full-length HSV-1 gB (Fig. 6A) without affect-
ing protein expression (Fig. 6B and C).

Notably, gB variants from two gammaherpesviruses, Epstein-Barr virus (EBV) and
Kaposi's sarcoma-associated herpesvirus, with C-terminal truncations or point muta-
tions induce very low levels of in vitro cell-cell fusion independent of gH/gL due to
increased surface expression or elevated temperatures (39–42), highlighting potential
differences in the fusion control mechanisms between gB of the two subfamilies. While
we showed that enhanced surface expression due to inactivation of two functional

FIG 8 Conformational changes within the DV helical bundle during the pre-to-postfusion transition.
(Top left) PrV gB ectodomain prefusion model was generated using Modeller (63) with the HSV-1 gB
prefusion structure as a template (25). (Bottom left) Ribbon diagram of the PrV gB postfusion
ectodomain (6ESC). Position of the regulatory helical bundle in domain V (DV) of pre- and postfusion
gB is indicated by black boxes. Zoom in on the regulatory DV helical bundle in prefusion (top right)
and postfusion (bottom right) gB. Side chain of N735 is shown and the distances of the N and C
termini of the individual DV helices of the pre- and postfusion trimers are indicated. Structure images
were generated using PyMOL (64).
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endocytosis motifs contributes to the high fusion levels of gBDCTD2N735S and
gBDCTD3N735S (Fig. 2A and 3B), enhanced surface expression or C-terminal truncation
per se were not sufficient for gH/gL-independent fusion (Fig. 3B, 4, and 5C and D).
Thus, the alphaherpesvirus gB mutants investigated in this study clearly differ from the
previously reported gammaherpesvirus gB mutants, in that elevated surface levels or
CTD truncations of alphaherpesvirus gB are not sufficient for gH/gL-independent
fusion.

We found that membrane fusion by BoHV-1 gBDCTD2N742S requires activation by a
trigger specific to bovine cells (Fig. 5C and D) whose identification will await further
studies. Thus, while species-specific receptor engagement may serve as a fusion trigger
for BoHV-1 gB, it is conceivable that PrV and ILTV gB utilize a more ubiquitous receptor(s)
or signals, which, at least for PrV, reflect its broad host tropism (43). Since specific bovine
cell lines are a prerequisite for autonomous fusion by BoHV-1, it cannot be excluded that
HSV-1 gB requires specific cells for gH/gL-independent fusion which have not yet been
identified. In the current model for alphaherpesvirus entry, gD acts as the principal recep-
tor-binding protein that determines cell tropism and triggers viral entry (44, 45). In addition
to gD, receptors for alphaherpesvirus gH/gL have been described, and a direct role in acti-
vation of the fusion cascade was proposed (46, 47). The results presented here indicate
that alphaherpesvirus gB may not only catalyze fusion but itself may play a more direct
role in triggering fusion via receptor engagement, highlighting the potential of gB as tro-
pism determinant for alphaherpesvirus entry. Soluble forms of BoHV-1 and HSV-1 gB have
been shown to inhibit entry, demonstrating a relevant role for gB receptor engagement
during cell invasion (48, 49). Receptors for alphaherpesvirus gB have been identified
(50–54), but their role in triggering conformational changes in gB is unknown. For BoHV-1
gB, binding to an as-yet-unknown non-heparan sulfate receptor has been demonstrated
to be critical for entry and dependent on the presence of the CTD (48, 55). While it needs
to be investigated whether receptor binding by gB plays a role in triggering its conforma-
tional change for viral entry in the presence of gH/gL, receptor engagement by gB could
play an additional role, e.g., in entry efficiency or signal transduction to promote viral dis-
semination or persistence. It is interesting to speculate that a possible progenitor virus
might have been able to enter cells using gB as a stand-alone fusion protein. The acquisi-
tion or evolution of gH/gL to bind additional receptors and to trigger gB-mediated fusion
may then have allowed herpesviruses to infect new hosts, contributing to the success of
this large family of complex DNA viruses. Overall, the findings are also consistent with the
observation that the class III structural homologs of gB triggered by acidic pH lack a struc-
tured endodomain, as additional control is not required for entry of those viruses (see
Fig. S1 in the supplemental material).

For HCMV, it was hypothesized that gH/gL might stabilize gB in its prefusion state,
making structural studies on prefusion gB challenging (24). It will be interesting to
investigate whether further stabilization of the DV helical bundle could generate more
stable prefusion gB variants, which would be valuable as a target for vaccine or drug
design. The high structural, sequence, and functional conservation of the DV helix sug-
gests that it might be potentially vulnerable to pharmacological interventions. In addi-
tion, the autonomously acting gB mutants described here offer a novel platform allow-
ing for direct investigations of the central fusogenic conformational change of gB, now
uncoupled from the function of the other entry glycoproteins. This also opens up a
new window of opportunity to identify cellular gB receptors that can trigger gB confor-
mational change during fusion and viral entry.

Whether gB has the intrinsic ability of driving fusion on its own has been a long-
standing question, and our results reveal that it is the allosteric coupling between the
gB endo- and ectodomain that explains the control exerted by gH/gL and gD. Overall,
our study expands the understanding of the elements controlling the conformational
change of gB resulting in fusion during herpesvirus entry and resolves a fundamental
conundrum in herpesvirus biology. Thus, it is of fundamental virological interest and
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has a considerable potential to guide the development of novel prevention and treat-
ment options against herpesvirus infections.

MATERIALS ANDMETHODS
Cells. Cell lines were obtained from the Cell Culture Collection in Veterinary Medicine (CCLV) of the

FLI. Rabbit kidney (RK13; CCLV-RIE 0109), Madin-Darby bovine kidney (MDBK; CCLV-RIE 0261), bovine
esophagus (KOP-R; CCLV-RIE 0244), African green monkey kidney (Vero; CCLV-RIE 0228), embryonic por-
cine kidney (SPEV; CCLV-RIE 0008), human melanoma (MeWo), and human embryonic kidney 293T
(HEK293T; CCLV-RIE 1018) cells were grown in minimum essential medium (MEM) supplemented with
10% fetal calf serum (FCS) at 37°C in a saturated atmosphere containing 5% CO2. Primary chicken and
turkey embryo kidney (CEK and TEK) cells were prepared according to standard procedures (56). The
human neuroblastoma cell line SK-N-SH (ATCC HTB-11) was grown in Eagle’s minimum essential me-
dium supplemented with 10% FCS at 37°C in a saturated atmosphere containing 5% CO2. RK13 cell lines
stably expressing gB (RK13-gB) (13), gB and gD (RK13-gB/gD) (35), or gB and gH/gL (RK13-gB/gH/gL) (35)
of Pseudorabies virus (PrV; Suid alphaherpesvirus 1) strain Kaplan (Ka) (57) were grown in MEM supple-
mented with 10% FCS and 500mg/ml G418 (Invitrogen, Karlsruhe, Germany).

For RK13 cell lines expressing gBDCTD2N735S or PrV WT gB under the authentic promoter, the gB
open reading frame (ORF) including the core-promoter region was amplified from genomic PrV
gBDCTD2Pass and PrV Ka DNA using primer pairs PrV-gBPro_for/gBC-37_rev and PrV-gBPro_for/gB_Ass_rev (see
Table S1 in the supplemental material). PCR products were cloned into pcDNA3 (Invitrogen). Plasmids were
used to transfect RK13 cells, and positive cell clones were selected with G418 (Invitrogen) and identified by im-
munofluorescence microscopy after infection with PrV-DgB.

Viruses. Viruses used in this study were derived from PrV Ka (57). PrV-gBDCTD2 used for the passaging
experiments was propagated on PrV gB-expressing cells (13). PrV deletion mutants simultaneously lack-
ing gB and gH (PrV-DgB/H) (35), gB and gD (PrV-DgB/D) (35), or only gB (PrV-DgB) (13) were propagated
on complementing RK13 PrV-gB/gH/gL (35), RK13 PrV-gB/gD (35), or RK13 PrV-gB (13) cell lines,
respectively.

Passaging of PrV-gBDCTD2 and isolation of PrV-gBDCTD2Pass. PrV-gBDCTD2 was passaged as
described previously (26). Briefly, RK13 cells were infected with phenotypically gB-complemented PrV-
gBDCTD2 at a multiplicity of infection (MOI) of 0.01 and trypsinized as soon as the monolayer reached
100% confluence. Infected cells were repeatedly coseeded with noninfected RK13 cells until infectivity
was stably detectable in the supernatant. Supernatants of all passages were cleared from cell debris by
low-speed centrifugation and titrated on RK13 cells. Precleared supernatant of the 19th passage was
used to infect RK13 cells. Infected cells from individual plaques were aspirated with a pipet tip and used
for infection of RK13 cells grown in 75-cm2

flasks for further isolation and propagation of the revertant
viruses. After a complete cytopathic effect (CPE) was observed, cells were lysed by freeze-thawing and
centrifuged for 10min at 4,000 rpm. Viral DNA was isolated from the cell pellet as previously described
(58), and supernatants were stored at 280°C. Genomic DNA was analyzed by restriction analysis (results
not shown) and used for amplification of the gD, gH, gL, and gB ORFs. The PCR products were subse-
quently sequenced.

Expression plasmids. Expression plasmids for PrV glycoproteins have been generated as described
previously using PrV Ka DNA as the template (13). PrV gB residues are numbered according to GenBank
accession number AEM64049.1. N735S mutation was introduced by site-directed mutagenesis (Agilent
Technologies; QuikChange II site-directed mutagenesis kit) using primers PrVgB-N735S-F and PrVgB-
N735S-R (Table S1). The same method and primer pairs, PrV-gB-LL890/891AA-F with PrV-gB-LL890/
891AA-R and PrV-gBY905A-F with PrV-gBY905A-R, were used to generate the PrV gB mutants with inacti-
vation of the C-terminal endocytosis motifs (Table S1). gB of avian infectious laryngotracheitis virus
(ILTV; Gallid alphaherpesvirus 1) was cloned from genomic DNA of virulent laboratory strain ILTV A489
(58), which is closely related to the fully sequenced USDA reference strain (GenBank accession
JN542534). The coding region was amplified using primers IgB-F1 and IgB-R1 and cloned into pcDNA3I
(59) (Table S1). ILTV gB mutants were generated by site-directed mutagenesis using primer pairs
IgBtrunc-F/IgBtrunc-R and/or IgBSQ-F/IgBSQ-R (Table S1).

The ORFs encoding gB (UL27), gH (UL22), gL (UL1), and gD (US6) of Bovine herpesvirus 1 (BoHV-1)
were cloned from genomic DNA of BoHV-1 strain Schönböken (kindly provided by P. König, FLI,
Greifswald-Insel Riems, Germany), which is closely related to the fully sequenced BoHV-1 reference strain
Cooper (GenBank accession number KU198480). The coding regions were amplified using primer pairs
BoHV-1-gB_for/BoHV-1-gB_rev for gB, BHV-gH_for/BHV-gH_rev for gH, BHV-gL_for/BHV-gL_rev for gL,
and BHV-gD_for/BHV-gD_rev for gD (Table S1). Purified PCR products were cloned into pcDNA3
(Invitrogen) via restriction sites introduced by the primers. The BoHV-1 gB residues are numbered
according to GenBank accession number ALR87798.1. C-terminally truncated BoHV-1 gBDCTD2 was gener-
ated by PCR using the expression plasmid for BoHV-1 WT gB as the template and primer pair BoHV-1-
gB_for/BoHV-1-gBDCTD2EcoRI (Table S1). The purified PCR product was cloned into pcDNA3 via BamHI
and EcoRI restriction sites that were introduced by the primers (Table S1). The N742S mutation was
introduced into truncated BoHV-1 gBDCTD2 by site-directed mutagenesis (QuikChange II kit; Agilent)
using primer pair BoHV-1-gBN742S_F/BoHV-1-gBN742S_R (Table S1).

Plasmids for HSV-1 gB, gL, and gD have been described previously. N709S was introduced via
QuikChange mutagenesis, and the C-terminally truncated variant was generated via PCR using primer
pair HSV-1-gB-F and HSV-1-gBK839*. The purified PCR product was cloned into pcDNA3 via BamHI and
EcoRI restriction sites that were introduced by the primers (Table S1). Correct sequences of the inserts of
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all generated plasmids were verified by DNA sequencing using T7, SP6 primers as well as primers 130 and 134
(PrV gB), BoHV-1-gB_seq_T277 (BoHV-1 gB), HSV-1-gBR481, and HSV-1-gBA317 (HSV-1 gB) (Table S1).

Sequence analyses. Sequencing was performed using the BigDye Terminator v1.1 cycle sequencing
kit and a 3130 Genetic Analyzer (Applied Biosystems). Results were evaluated using Geneious Prime soft-
ware (version 2019 2.3).

Plaque assays. Approximately 8� 105 RK13 cells were seeded into 6-well plates and incubated at
37°C. On the following day, cells were infected with approximately 150 PFU/ml of PrV mutants or WT
PrV for 1 h on ice to synchronize the infection. After 2 h at 37°C, the inoculum was replaced with semi-
solid medium containing 6 g/liter methylcellulose, and infected cells were incubated for 48 h at 37°C.
Cells were subsequently fixed with 5% formaldehyde and stained with 1% crystal violet in 50% ethanol.
Areas of 30 plaques per virus were measured using an Eclipse Ti-S fluorescence microscope and the NIS-
Elements imaging software (Nikon, version 4). Percentages of WT PrV plaque sizes were calculated from
three independent assays, and mean values and standard deviations were determined.

Transcomplementation assay. Approximately 2� 105 RK13-gBWT or RK13-gBDCTD2N735S cells were
seeded into 24-well plates. After 24 h at 37°C, they were infected with phenotypically complemented
PrV-DgB, PrV-DgB/H, or PrV-DgB/D at an MOI of 3 for 1 h on ice and subsequently for 2 h at 37°C.
Thereafter, the inoculum was removed, and nonpenetrated virus was inactivated by low-pH treatment
for 2min. After three washing steps with phosphate-buffered saline, cells were overlaid with 1ml fresh
MEM supplemented with 5% FCS per well. After 24 h at 37°C, the cells were harvested, lysed by freeze-
thawing (280°C and 37°C), and centrifuged for 10min at 4,000 rpm. Cell pellets were used for Western
blot analyses, and virus supernatants were titrated on RK13-gBWT cells. Mean values from four inde-
pendent experiments and corresponding standard deviations were determined.

In vitro fusion assays. The fusogenic properties of the different glycoproteins were assessed using a
transient-transfection-based cell-fusion assay as described recently (34). Briefly, approximately 2� 105

cells/well were seeded into 24-well cell culture plates and transfected with 200 ng each of glycoprotein
expression plasmids in different combinations, and a plasmid encoding enhanced green fluorescent pro-
tein (pEGFP-N1; Clontech) as a marker in 50ml Opti-MEM using 1ml Lipofectamine 2000 (Thermo Fisher
Scientific). The transfection mixture was incubated for 20min at room temperature and subsequently
added to the cells. After 3 h at 37°C cells, were washed with phosphate-buffered saline (PBS), overlaid
with fresh MEM supplemented with 2% FCS, and incubated for another 18 h at 37°C. Cells were fixed
with 3% paraformaldehyde (PFA), and syncytium formation was assessed using an Eclipse Ti-S fluores-
cence microscope and the NIS-Elements imaging software (Nikon version 4). Cells with three or more
nuclei were counted as syncytia. The total fusion activity was determined by multiplication of the mean
syncytium area by the number of syncytia within 10 fields of view (5.5 mm2 each). Four independent
assays were conducted, and mean values and standard deviations were determined.

Indirect immunofluorescence analysis. For indirect immunofluorescence analyses, RK13 cells were
transfected (Lipofectamine 2000; Thermo Fisher Scientific) with the different gB expression plasmids and
fixed 18 h posttransfection with 3% PFA in PBS for 20min. Afterwards, cells were washed with PBS contain-
ing 50mM NH4Cl for 30min at room temperature. Optionally, PBS containing 0.1% Triton X-100 was used to
permeabilize the cells for 10min at room temperature before they were washed with PBS (3� 5min) and
blocked with 0.25%milk in PBS for 30min at room temperature. Subsequently, cells were incubated with pri-
mary antibodies for 1 h at 4°C. Bound antibody was detected using Alexa 488-conjugated secondary anti-
bodies (Invitrogen) at a dilution of 1:1,000 in PBS. After each step, cells were washed with PBS three times
for 5min at room temperature. Representative images were taken with a Leica DMi8 fluorescence micro-
scope (Leica Microsystems, Wetzlar, Germany) or a laser scanning confocal microscope (Leica DMi6000 TZS
SP5, Leica Microsystems, Wetzlar, Germany).

Western blot analyses. Infected or transfected cells were harvested after 18 h and lysed, and pro-
tein samples were separated by discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) under reducing conditions and transferred to a nitrocellulose membrane. Membranes
were incubated with appropriate antibodies. Peroxidase-conjugated secondary antibody (Jackson
ImmunoResearch) was detected with Clarity Western ECL substrate (Bio-Rad) and recorded with a
VersaDoc 4000 MP imager (Bio-Rad) using the Quantity One software (version 4.6.9).

Antibodies, antisera, and staining solutions. PrV gB was detected using a PrV gB-specific rabbit
antiserum (60) at a dilution of 1:50,000 for Western blot analyses and 1:1,000 for immunofluorescence analyses.
BoHV-1 gB was detected using BoHV-1 gB-specific monoclonal antibody (MAb) 42/18/7 (61) at a dilution of
1:200. Nuclei of fixed cells were stained with Hoechst (33342 staining dye solution; Abcam) at a dilution of
1:20,000 in PBS for 10min at room temperature. In Western blot analyses, PrV gH was detected using a mono-
specific rabbit antiserum (27) at a dilution of 1:10,000, while PrV gD was detected using monospecific rabbit
antiserum (16/00) (16) at a dilution of 1:20,000. Peroxidase-conjugated goat anti-mouse or goat anti-rabbit sec-
ondary antibodies (Jackson ImmunoResearch Laboratories Inc.) were used at a dilution of 1:20,000.

Statistical analysis. Statistical analyses and graphical presentations were computed with GraphPad
Prism 8 software. Two-tailed Student’s t test with Welch’s correction was used to assess significant differ-
ences. N represents the number of independent experiments. P values of #0.05 or less were considered
statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 1.6 MB.
FIG S2, TIF file, 0.9 MB.
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FIG S3, TIF file, 2.1 MB.
FIG S4, TIF file, 1.1 MB.
TABLE S1, DOCX file, 0.1 MB.

ACKNOWLEDGMENTS
These studies were supported by a grant from the Deutsche Forschungsgemeinschaft

(DFG grant Me 854/11-2). F.A.R. and M.B. acknowledge funding from Institut Pasteur,
CNRS and Labex IBEID (grant ANR-10-IHUB-0002).

We thank Kathrin Müller and Anja Landmesser for technical support. We also thank
Ola Bagato, David Scheibner, Claudia Blaurock, and El-Sayed Mohammed Abd El-Whab
for providing the primary TEK and CEK cells, Klaus Osterrieder for providing the MeWo
cell line, and Patricia König for providing BoHV-1 strain Schönböken.

REFERENCES
1. Harrison SC. 2015. Viral membrane fusion. Virology 479–480:498–507.

https://doi.org/10.1016/j.virol.2015.03.043.
2. Backovic M, Jardetzky TS. 2011. Class III viral membrane fusion proteins. Adv

ExpMed Biol 714:91–101. https://doi.org/10.1007/978-94-007-0782-5_3.
3. Vallbracht M, Backovic M, Klupp BG, Rey FA, Mettenleiter TC. 2019. Com-

mon characteristics and unique features: a comparison of the fusion ma-
chinery of the alphaherpesviruses Pseudorabies virus and Herpes simplex
virus. Adv Virus Res 104:225–281. https://doi.org/10.1016/bs.aivir.2019.05
.007.

4. Vallbracht M, Brun D, Tassinari M, Vaney MC, Pehau-Arnaudet G,
Guardado-Calvo P, Haouz A, Klupp BG, Mettenleiter TC, Rey FA, Backovic
M. 2017. Structure-function dissection of the Pseudorabies virus glyco-
protein B fusion loops. J Virol 92:e01203-17. https://doi.org/10.1128/JVI
.01203-17.

5. Li X, Yang F, Hu X, Tan F, Qi J, Peng R, Wang M, Chai Y, Hao L, Deng J, Bai
C, Wang J, Song H, Tan S, Lu G, Gao GF, Shi Y, Tian K. 2017. Two classes of
protective antibodies against Pseudorabies virus variant glycoprotein B:
implications for vaccine design. PLoS Pathog 13:e1006777. https://doi
.org/10.1371/journal.ppat.1006777.

6. Heldwein EE, Lou H, Bender FC, Cohen GH, Eisenberg RJ, Harrison SC.
2006. Crystal structure of glycoprotein B from herpes simplex virus 1. Sci-
ence 313:217–220. https://doi.org/10.1126/science.1126548.

7. Oliver SL, Xing Y, Chen DH, Roh SH, Pintilie GD, Bushnell DA, Sommer MH,
Yang E, Carfi A, Chiu W, Arvin AM. 2020. A glycoprotein B-neutralizing
antibody structure at 2.8 Å uncovers a critical domain for herpesvirus
fusion initiation. Nat Commun 11:4141. https://doi.org/10.1038/s41467
-020-17911-0.

8. Stampfer SD, Lou H, Cohen GH, Eisenberg RJ, Heldwein EE. 2010. Struc-
tural basis of local, pH-dependent conformational changes in glycopro-
tein B from herpes simplex virus type 1. J Virol 84:12924–12933. https://
doi.org/10.1128/JVI.01750-10.

9. Atanasiu D, Saw WT, Cohen GH, Eisenberg RJ. 2010. Cascade of events
governing cell-cell fusion induced by herpes simplex virus glycoproteins
gD, gH/gL, and gB. J Virol 84:12292–12299. https://doi.org/10.1128/JVI
.01700-10.

10. Eisenberg RJ, Atanasiu D, Cairns TM, Gallagher JR, Krummenacher C,
Cohen GH. 2012. Herpes virus fusion and entry: a story with many charac-
ters. Viruses 4:800–832. https://doi.org/10.3390/v4050800.

11. Stampfer SD, Heldwein EE. 2013. Stuck in the middle: structural insights
into the role of the gH/gL heterodimer in herpesvirus entry. Curr Opin
Virol 3:13–19. https://doi.org/10.1016/j.coviro.2012.10.005.

12. Cooper RS, Georgieva ER, Borbat PP, Freed JH, Heldwein EE. 2018. Struc-
tural basis for membrane anchoring and fusion regulation of the herpes
simplex virus fusogen gB. Nat Struct Mol Biol 25:416–424. https://doi.org/
10.1038/s41594-018-0060-6.

13. Nixdorf R, Klupp BG, Karger A, Mettenleiter TC. 2000. Effects of truncation of
the carboxy terminus of pseudorabies virus glycoprotein B on infectivity. J
Virol 74:7137–7145. https://doi.org/10.1128/jvi.74.15.7137-7145.2000.

14. Rogalin HB, Heldwein EE. 2015. Interplay between the herpes simplex vi-
rus 1 gB cytodomain and the gH cytotail during cell-cell fusion. J Virol
89:12262–12272. https://doi.org/10.1128/JVI.02391-15.

15. Klupp BG, Nixdorf R, Mettenleiter TC. 2000. Pseudorabies virus glycopro-
tein M inhibits membrane fusion. J Virol 74:6760–6768. https://doi.org/10
.1128/jvi.74.15.6760-6768.2000.

16. Nixdorf R, Klupp BG, Mettenleiter TC. 2001. Role of the cytoplasmic tails of
pseudorabies virus glycoproteins B, E and M in intracellular localization
and virion incorporation. J Gen Virol 82:215–226. https://doi.org/10.1099/
0022-1317-82-1-215.

17. Fan Z, Grantham ML, Smith MS, Anderson ES, Cardelli JA, Muggeridge MI.
2002. Truncation of herpes simplex virus type 2 glycoprotein B increases
its cell surface expression and activity in cell-cell fusion, but these proper-
ties are unrelated. J Virol 76:9271–9283. https://doi.org/10.1128/jvi.76.18
.9271-9283.2002.

18. Heineman TC, Hall SL. 2002. Role of the varicella-zoster virus gB cytoplas-
mic domain in gB transport and viral egress. J Virol 76:591–599. https://
doi.org/10.1128/jvi.76.2.591-599.2002.

19. Silverman JL, Heldwein EE. 2013. Mutations in the cytoplasmic tail of her-
pes simplex virus 1 gH reduce the fusogenicity of gB in transfected cells. J
Virol 87:10139–10147. https://doi.org/10.1128/JVI.01760-13.

20. Chowdary TK, Heldwein EE. 2010. Syncytial phenotype of C-terminally
truncated herpes simplex virus type 1 gB is associated with diminished
membrane interactions. J Virol 84:4923–4935. https://doi.org/10.1128/JVI
.00206-10.

21. Backovic M, Longnecker R, Jardetzky TS. 2009. Structure of a trimeric vari-
ant of the Epstein-Barr virus glycoprotein B. Proc Natl Acad Sci U S A
106:2880–2885. https://doi.org/10.1073/pnas.0810530106.

22. Vitu E, Sharma S, Stampfer SD, Heldwein EE. 2013. Extensive mutagenesis
of the HSV-1 gB ectodomain reveals remarkable stability of its postfusion
form. J Mol Biol 425:2056–2071. https://doi.org/10.1016/j.jmb.2013.03
.001.

23. Zeev-Ben-Mordehai T, Vasishtan D, Hernandez Duran A, Vollmer B, White
P, Prasad Pandurangan A, Siebert CA, Topf M, Grunewald K. 2016. Two
distinct trimeric conformations of natively membrane-anchored full-
length herpes simplex virus 1 glycoprotein B. Proc Natl Acad Sci U S A
113:4176–4181. https://doi.org/10.1073/pnas.1523234113.

24. Si Z, Zhang J, Shivakoti S, Atanasov I, Tao CL, Hui WH, Zhou K, Yu X, Li W,
Luo M, Bi GQ, Zhou ZH. 2018. Different functional states of fusion protein
gB revealed on human cytomegalovirus by cryo electron tomography
with Volta phase plate. PLoS Pathog 14:e1007452. https://doi.org/10
.1371/journal.ppat.1007452.

25. Vollmer B, Prazak V, Vasishtan D, Jefferys EE, Hernandez-Duran A,
Vallbracht M, Klupp BG, Mettenleiter TC, Backovic M, Rey FA, Topf M,
Grunewald K. 2020. The prefusion structure of herpes simplex virus glyco-
protein B. Sci Adv 6:eabc1726. https://doi.org/10.1126/sciadv.abc1726.

26. Nixdorf R, Klupp BG, Mettenleiter TC. 2001. Restoration of function of car-
boxy-terminally truncated pseudorabies virus glycoprotein B by point
mutations in the ectodomain. J Virol 75:11526–11533. https://doi.org/10
.1128/JVI.75.23.11526-11533.2001.

27. Klupp BG, Mettenleiter TC. 1999. Glycoprotein gL-independent infectivity
of pseudorabies virus is mediated by a gD-gH fusion protein. J Virol
73:3014–3022. https://doi.org/10.1128/JVI.73.4.3014-3022.1999.

28. Schmidt J, Gerdts V, Beyer J, Klupp BG, Mettenleiter TC. 2001. Glycopro-
tein D-independent infectivity of pseudorabies virus results in an altera-
tion of in vivo host range and correlates with mutations in glycoproteins
B and H. J Virol 75:10054–10064. https://doi.org/10.1128/JVI.75.21.10054
-10064.2001.

Conserved gB Residue Controls gH/gL-Independent Entry ®

May/June 2021 Volume 12 Issue 3 e00557-21 mbio.asm.org 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

4 
Ju

ne
 2

02
1 

by
 1

57
.9

9.
27

.1
21

.

https://doi.org/10.1016/j.virol.2015.03.043
https://doi.org/10.1007/978-94-007-0782-5_3
https://doi.org/10.1016/bs.aivir.2019.05.007
https://doi.org/10.1016/bs.aivir.2019.05.007
https://doi.org/10.1128/JVI.01203-17
https://doi.org/10.1128/JVI.01203-17
https://doi.org/10.1371/journal.ppat.1006777
https://doi.org/10.1371/journal.ppat.1006777
https://doi.org/10.1126/science.1126548
https://doi.org/10.1038/s41467-020-17911-0
https://doi.org/10.1038/s41467-020-17911-0
https://doi.org/10.1128/JVI.01750-10
https://doi.org/10.1128/JVI.01750-10
https://doi.org/10.1128/JVI.01700-10
https://doi.org/10.1128/JVI.01700-10
https://doi.org/10.3390/v4050800
https://doi.org/10.1016/j.coviro.2012.10.005
https://doi.org/10.1038/s41594-018-0060-6
https://doi.org/10.1038/s41594-018-0060-6
https://doi.org/10.1128/jvi.74.15.7137-7145.2000
https://doi.org/10.1128/JVI.02391-15
https://doi.org/10.1128/jvi.74.15.6760-6768.2000
https://doi.org/10.1128/jvi.74.15.6760-6768.2000
https://doi.org/10.1099/0022-1317-82-1-215
https://doi.org/10.1099/0022-1317-82-1-215
https://doi.org/10.1128/jvi.76.18.9271-9283.2002
https://doi.org/10.1128/jvi.76.18.9271-9283.2002
https://doi.org/10.1128/jvi.76.2.591-599.2002
https://doi.org/10.1128/jvi.76.2.591-599.2002
https://doi.org/10.1128/JVI.01760-13
https://doi.org/10.1128/JVI.00206-10
https://doi.org/10.1128/JVI.00206-10
https://doi.org/10.1073/pnas.0810530106
https://doi.org/10.1016/j.jmb.2013.03.001
https://doi.org/10.1016/j.jmb.2013.03.001
https://doi.org/10.1073/pnas.1523234113
https://doi.org/10.1371/journal.ppat.1007452
https://doi.org/10.1371/journal.ppat.1007452
https://doi.org/10.1126/sciadv.abc1726
https://doi.org/10.1128/JVI.75.23.11526-11533.2001
https://doi.org/10.1128/JVI.75.23.11526-11533.2001
https://doi.org/10.1128/JVI.73.4.3014-3022.1999
https://doi.org/10.1128/JVI.75.21.10054-10064.2001
https://doi.org/10.1128/JVI.75.21.10054-10064.2001
https://mbio.asm.org


29. Schmidt J, Klupp BG, Karger A, Mettenleiter TC. 1997. Adaptability in her-
pesviruses: glycoprotein D-independent infectivity of pseudorabies virus.
J Virol 71:17–24. https://doi.org/10.1128/JVI.71.1.17-24.1997.

30. Schröter C, Vallbracht M, Altenschmidt J, Kargoll S, Fuchs W, Klupp BG,
Mettenleiter TC. 2015. Mutations in pseudorabies virus glycoproteins gB,
gD, and gH functionally compensate for the absence of gL. J Virol
90:2264–2272. https://doi.org/10.1128/JVI.02739-15.

31. Vallbracht M, Rehwaldt S, Klupp BG, Mettenleiter TC, Fuchs W. 2017. Func-
tional relevance of the N-terminal domain of pseudorabies virus envelope
glycoprotein H and its interaction with glycoprotein L. J Virol 91:e00061-
17. https://doi.org/10.1128/JVI.00061-17.

32. Fan Q, Kopp SJ, Byskosh NC, Connolly SA, Longnecker R. 2018. Natural
selection of glycoprotein B mutations that rescue the small-plaque phe-
notype of a fusion-impaired herpes simplex virus mutant. mBio 9:e01948-
18. https://doi.org/10.1128/mBio.01948-18.

33. Cairns TM, Milne RS, Ponce-de-Leon M, Tobin DK, Cohen GH, Eisenberg
RJ. 2003. Structure-function analysis of herpes simplex virus type 1 gD
and gH-gL: clues from gDgH chimeras. J Virol 77:6731–6742. https://doi
.org/10.1128/jvi.77.12.6731-6742.2003.

34. Vallbracht M, Schröter C, Klupp BG, Mettenleiter TC. 2017. Transient trans-
fection-based fusion assay for viral proteins. Bio-protocol 7:e2162.
https://doi.org/10.21769/BioProtoc.2162.

35. Klupp B, Altenschmidt J, Granzow H, Fuchs W, Mettenleiter TC. 2008. Gly-
coproteins required for entry are not necessary for egress of pseudora-
bies virus. J Virol 82:6299–6309. https://doi.org/10.1128/JVI.00386-08.

36. Drozdetskiy A, Cole C, Procter J, Barton GJ. 2015. JPred4: a protein sec-
ondary structure prediction server. Nucleic Acids Res 43:W389–W394.
https://doi.org/10.1093/nar/gkv332.

37. Cooper RS, Heldwein EE. 2015. Herpesvirus gB: a finely tuned fusion
machine. Viruses 7:6552–6569. https://doi.org/10.3390/v7122957.

38. Silverman JL, Greene NG, King DS, Heldwein EE. 2012. Membrane require-
ment for folding of the herpes simplex virus 1 gB cytodomain suggests a
unique mechanism of fusion regulation. J Virol 86:8171–8184. https://doi
.org/10.1128/JVI.00932-12.

39. McShane MP, Longnecker R. 2005. Analysis of fusion using a virus-free
cell fusion assay. Methods Mol Biol 292:187–196. https://doi.org/10.1385/
1-59259-848-x:187.

40. McShane MP, Longnecker R. 2004. Cell-surface expression of a mutated
Epstein-Barr virus glycoprotein B allows fusion independent of other viral
proteins. Proc Natl Acad Sci U S A 101:17474–17479. https://doi.org/10
.1073/pnas.0404535101.

41. Pertel PE. 2002. Human herpesvirus 8 glycoprotein B (gB), gH, and gL can
mediate cell fusion. J Virol 76:4390–4400. https://doi.org/10.1128/jvi.76.9
.4390-4400.2002.

42. Chesnokova LS, Ahuja MK, Hutt-Fletcher LM. 2014. Epstein-Barr virus glyco-
protein gB and gHgL can mediate fusion and entry in trans, and heat can
act as a partial surrogate for gHgL and trigger a conformational change in
gB. J Virol 88:12193–12201. https://doi.org/10.1128/JVI.01597-14.

43. Mettenleiter TC. 2008. Pseudorabies Virus, p 341–351. In Mahy BWJ, Van
Regenmortel MHV (ed), Encyclopedia of virology, vol 5. Elsevier, Oxford,
United Kingdom.

44. Spear PG, Longnecker R. 2003. Herpesvirus entry: an update. J Virol
77:10179–10185. https://doi.org/10.1128/jvi.77.19.10179-10185.2003.

45. Krummenacher C, Carfi A, Eisenberg RJ, Cohen GH. 2013. Entry of herpes-
viruses into cells: the enigma variations. Adv Exp Med Biol 790:178–195.
https://doi.org/10.1007/978-1-4614-7651-1_10.

46. Gianni T, Salvioli S, Chesnokova LS, Hutt-Fletcher LM, Campadelli-Fiume
G. 2013. alphavbeta6- and alphavbeta8-integrins serve as interchange-
able receptors for HSV gH/gL to promote endocytosis and activation of
membrane fusion. PLoS Pathog 9:e1003806. https://doi.org/10.1371/
journal.ppat.1003806.

47. Gianni T, Massaro R, Campadelli-Fiume G. 2015. Dissociation of HSV gL
from gH by alphavbeta6- or alphavbeta8-integrin promotes gH activation
and virus entry. Proc Natl Acad Sci U S A 112:E3901–E3910. https://doi
.org/10.1073/pnas.1506846112.

48. Li Y, van Drunen Littel-van den Hurk S, Babiuk LA, Liang X. 1995. Characteri-
zation of cell-binding properties of bovine herpesvirus 1 glycoproteins B, C,
and D: identification of a dual cell-binding function of gB. J Virol
69:4758–4768. https://doi.org/10.1128/JVI.69.8.4758-4768.1995.

49. Bender FC, Whitbeck JC, Lou H, Cohen GH, Eisenberg RJ. 2005. Herpes
simplex virus glycoprotein B binds to cell surfaces independently of hepa-
ran sulfate and blocks virus entry. J Virol 79:11588–11597. https://doi.org/
10.1128/JVI.79.18.11588-11597.2005.

50. Arii J, Uema M, Morimoto T, Sagara H, Akashi H, Ono E, Arase H,
Kawaguchi Y. 2009. Entry of herpes simplex virus 1 and other alphaher-
pesviruses via the paired immunoglobulin-like type 2 receptor alpha. J
Virol 83:4520–4527. https://doi.org/10.1128/JVI.02601-08.

51. Satoh T, Arii J, Suenaga T, Wang J, Kogure A, Uehori J, Arase N, Shiratori I,
Tanaka S, Kawaguchi Y, Spear PG, Lanier LL, Arase H. 2008. PILRalpha is a
herpes simplex virus-1 entry coreceptor that associates with glycoprotein
B. Cell 132:935–944. https://doi.org/10.1016/j.cell.2008.01.043.

52. De Pelsmaeker S, Dierick E, Klupp B, Mettenleiter TC, Cantoni C, Vitale M,
Favoreel HW. 2019. Expression of the pseudorabies virus gB glycoprotein
triggers NK cell cytotoxicity and increases binding of the activating NK
cell receptor PILRbeta. J Virol 93:e02107-18. https://doi.org/10.1128/JVI
.02107-18.

53. Arii J, Goto H, Suenaga T, Oyama M, Kozuka-Hata H, Imai T, Minowa A,
Akashi H, Arase H, Kawaoka Y, Kawaguchi Y. 2010. Non-muscle myosin IIA
is a functional entry receptor for herpes simplex virus-1. Nature
467:859–862. https://doi.org/10.1038/nature09420.

54. Suenaga T, Satoh T, Somboonthum P, Kawaguchi Y, Mori Y, Arase H.
2010. Myelin-associated glycoprotein mediates membrane fusion and
entry of neurotropic herpesviruses. Proc Natl Acad Sci U S A 107:866–871.
https://doi.org/10.1073/pnas.0913351107.

55. Li Y, van Drunen Littel-van den Hurk S, Liang X, Babiuk LA. 1996. The cyto-
plasmic domain of bovine herpesvirus 1 glycoprotein B is important for
maintaining conformation and the high-affinity binding site of gB. Virol-
ogy 222:262–268. https://doi.org/10.1006/viro.1996.0418.

56. Moresco KA, Stallknecht DE, Swayne DE. 2010. Evaluation and attempted
optimization of avian embryos and cell culture methods for efficient isola-
tion and propagation of low pathogenicity avian influenza viruses. Avian
Dis 54:622–626. https://doi.org/10.1637/8837-040309-Reg.1.

57. Kaplan AS, Vatter AE. 1959. A comparison of herpes simplex and pseu-
dorabies viruses. Virology 7:394–407. https://doi.org/10.1016/0042
-6822(59)90068-6.

58. Fuchs W, Mettenleiter TC. 1996. DNA sequence and transcriptional analy-
sis of the UL1 to UL5 gene cluster of infectious laryngotracheitis virus. J
Gen Virol 77:2221–2229. https://doi.org/10.1099/0022-1317-77-9-2221.

59. Klingbeil K, Lange E, Teifke JP, Mettenleiter TC, Fuchs W. 2014. Immuniza-
tion of pigs with an attenuated pseudorabies virus recombinant express-
ing the haemagglutinin of pandemic swine origin H1N1 influenza A virus.
J Gen Virol 95:948–959. https://doi.org/10.1099/vir.0.059253-0.

60. Kopp M, Granzow H, Fuchs W, Klupp BG, Mundt E, Karger A, Mettenleiter
TC. 2003. The pseudorabies virus UL11 protein is a virion component
involved in secondary envelopment in the cytoplasm. J Virol
77:5339–5351. https://doi.org/10.1128/jvi.77.9.5339-5351.2003.

61. Fehler F, Herrmann JM, Saalmuller A, Mettenleiter TC, Keil GM. 1992. Gly-
coprotein IV of bovine herpesvirus 1-expressing cell line complements
and rescues a conditionally lethal viral mutant. J Virol 66:831–839. https://
doi.org/10.1128/JVI.66.2.831-839.1992.

62. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng
EC, Ferrin TE. 2004. UCSF Chimera–a visualization system for exploratory
research and analysis. J Comput Chem 25:1605–1612. https://doi.org/10
.1002/jcc.20084.

63. Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, Shen
MY, Pieper U, Sali A. 2006. Comparative protein structure modeling using
Modeller. Curr Protoc Bioinformatics Chapter 5:Unit-5.6.

64. DeLano WL. 2002. The PyMOL molecular graphics system, DeLano Scien-
tific, San Carlos, CA, USA.

Vallbracht et al. ®

May/June 2021 Volume 12 Issue 3 e00557-21 mbio.asm.org 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

4 
Ju

ne
 2

02
1 

by
 1

57
.9

9.
27

.1
21

.

https://doi.org/10.1128/JVI.71.1.17-24.1997
https://doi.org/10.1128/JVI.02739-15
https://doi.org/10.1128/JVI.00061-17
https://doi.org/10.1128/mBio.01948-18
https://doi.org/10.1128/jvi.77.12.6731-6742.2003
https://doi.org/10.1128/jvi.77.12.6731-6742.2003
https://doi.org/10.21769/BioProtoc.2162
https://doi.org/10.1128/JVI.00386-08
https://doi.org/10.1093/nar/gkv332
https://doi.org/10.3390/v7122957
https://doi.org/10.1128/JVI.00932-12
https://doi.org/10.1128/JVI.00932-12
https://doi.org/10.1385/1-59259-848-x:187
https://doi.org/10.1385/1-59259-848-x:187
https://doi.org/10.1073/pnas.0404535101
https://doi.org/10.1073/pnas.0404535101
https://doi.org/10.1128/jvi.76.9.4390-4400.2002
https://doi.org/10.1128/jvi.76.9.4390-4400.2002
https://doi.org/10.1128/JVI.01597-14
https://doi.org/10.1128/jvi.77.19.10179-10185.2003
https://doi.org/10.1007/978-1-4614-7651-1_10
https://doi.org/10.1371/journal.ppat.1003806
https://doi.org/10.1371/journal.ppat.1003806
https://doi.org/10.1073/pnas.1506846112
https://doi.org/10.1073/pnas.1506846112
https://doi.org/10.1128/JVI.69.8.4758-4768.1995
https://doi.org/10.1128/JVI.79.18.11588-11597.2005
https://doi.org/10.1128/JVI.79.18.11588-11597.2005
https://doi.org/10.1128/JVI.02601-08
https://doi.org/10.1016/j.cell.2008.01.043
https://doi.org/10.1128/JVI.02107-18
https://doi.org/10.1128/JVI.02107-18
https://doi.org/10.1038/nature09420
https://doi.org/10.1073/pnas.0913351107
https://doi.org/10.1006/viro.1996.0418
https://doi.org/10.1637/8837-040309-Reg.1
https://doi.org/10.1016/0042-6822(59)90068-6
https://doi.org/10.1016/0042-6822(59)90068-6
https://doi.org/10.1099/0022-1317-77-9-2221
https://doi.org/10.1099/vir.0.059253-0
https://doi.org/10.1128/jvi.77.9.5339-5351.2003
https://doi.org/10.1128/JVI.66.2.831-839.1992
https://doi.org/10.1128/JVI.66.2.831-839.1992
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://mbio.asm.org

	RESULTS
	Isolation of infectious PrV-gBΔCTD2Pass.
	PrV-gBΔCTD2Pass had acquired a single compensatory N735S mutation in the gB ectodomain.
	N735S imparts hyperfusogenic gH/gL-independent cell-cell fusion.
	gBΔCTD2N735S supports gH/gL-independent viral entry.
	N735S and the physical length of the gB CTD dictate gH/gL dependence.
	Loss of two endocytosis motifs in gBΔCTD2N735S is responsible for the hyperfusogenic phenotype but not for gH/gL independence.
	A common mechanism of fusion activation of different alphaherpesvirus gBs.
	Fusion regulation of HSV-1 gB differs from that of other alphaherpesvirus gBs.

	DISCUSSION
	MATERIALS AND METHODS
	Cells.
	Viruses.
	Passaging of PrV-gBΔCTD2 and isolation of PrV-gBΔCTD2Pass.
	Expression plasmids.
	Sequence analyses.
	Plaque assays.
	Transcomplementation assay.
	In vitro fusion assays.
	Indirect immunofluorescence analysis.
	Western blot analyses.
	Antibodies, antisera, and staining solutions.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

