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ABSTRACT Conserved across the family Herpesviridae, glycoprotein B (gB) is re-
sponsible for driving fusion of the viral envelope with the host cell membrane
for entry upon receptor binding and activation by the viral gH/gL complex. Al-
though crystal structures of the gB ectodomains of several herpesviruses have
been reported, the membrane fusion mechanism has remained elusive. Here, we
report the X-ray structure of the pseudorabies virus (PrV) gB ectodomain, reveal-
ing a typical class III postfusion trimer that binds membranes via its fusion loops
(FLs) in a cholesterol-dependent manner. Mutagenesis of FL residues allowed us
to dissect those interacting with distinct subregions of the lipid bilayer and their
roles in membrane interactions. We tested 15 gB variants for the ability to bind
to liposomes and further investigated a subset of them in functional assays. We
found that PrV gB FL residues Trp187, Tyr192, Phe275, and Tyr276, which were
essential for liposome binding and for fusion in cellular and viral contexts, form
a continuous hydrophobic patch at the gB trimer surface. Together with results
reported for other alphaherpesvirus gBs, our data suggest a model in which
Phe275 from the tip of FL2 protrudes deeper into the hydrocarbon core of the
lipid bilayer, while the side chains of Trp187, Tyr192, and Tyr276 form a rim that
inserts into the more superficial interfacial region of the membrane to catalyze
the fusion process. Comparative analysis with gBs from beta- and gamma-
herpesviruses suggests that this membrane interaction model is valid for gBs
from all herpesviruses.

IMPORTANCE Herpesviruses are common human and animal pathogens that infect
cells by entering via fusion of viral and cellular membranes. Central to the mem-
brane fusion event is glycoprotein B (gB), which is the most conserved envelope
protein across the herpesvirus family. Like other viral fusion proteins, gB anchors it-
self in the target membrane via two polypeptide segments called fusion loops (FLs).
The molecular details of how gB FLs insert into the lipid bilayer have not been de-
scribed. Here, we provide structural and functional data regarding key FL residues of
gB from pseudorabies virus, a porcine herpesvirus of veterinary concern, which al-
lows us to propose, for the first time, a molecular model to understand how the ini-
tial interactions by gBs from all herpesviruses with target membranes are estab-
lished.
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The family Herpesviridae contains a large number of enveloped, double-stranded
DNA viruses, which are classified into alpha-, beta-, and gammaherpesvirus sub-

families based on their evolutionary relationships and biological properties (1). Pseu-
dorabies virus (PrV) (suid alphaherpesvirus 1), the etiological agent of Aujeszky’s disease
in swine (2), belongs to the Alphaherpesvirinae, which also includes human pathogens,
such as herpes simplex virus 1 (HSV-1) and HSV-2 and varicella-zoster virus (VZV).
PrV has become a useful model for studying the biology of alphaherpesviruses in
general (3).

Herpesviruses enter cells by fusion of their envelope with the host cell plasma
membrane or with the membrane of an endocytic vesicle, depending on the virus and
the cell type (4, 5). While many enveloped viruses require only one or two proteins to
mediate receptor binding and entry, herpesviruses rely on the concerted actions of at
least four glycoproteins. Distinct viral proteins first engage specific cellular receptors
in an interaction that provides a trigger for membrane fusion (e.g., glycoprotein D
[gD] in HSV-1/2 and PrV, gO in the betaherpesvirus human cytomegalovirus [HCMV],
and gp42 in the gammaherpesvirus Epstein-Barr virus [EBV]) (6–9). The merger of
the viral and cellular membranes is then catalyzed by fusion machinery that is
conserved across the herpesvirus family and consists of gB and a heterodimeric
complex of membrane-bound gH, in association with the anchorless gL (gH/gL)
(reviewed in references 10 and 11).

The molecular basis of the entry mechanism has been best described for alphaher-
pesviruses. In HSV-1, the cascade begins with gD binding to cellular receptors, such as
herpesvirus entry mediator (HVEM), nectin-1, or 3-O-sulfonated heparin sulfate (re-
viewed in reference 12). This interaction leads to a conformational change in gD (13, 14)
that is believed to enable its interaction with the gH/gL complex, which in turn triggers
gB to carry out membrane fusion (15, 16). It should be noted that unlike HSV-1, PrV
does not require gD for direct viral cell-cell spread and gB-induced cell-cell fusion
(17–19). Moreover, PrV virions can acquire the ability to infect cells in the absence of gD,
gL, or the N-terminal domain of gH by compensatory mutations in other envelope
glycoproteins (20, 21).

gB was proposed to be the bona fide fusion protein of herpesviruses due to its
structural homology with the fusogenic G protein of the otherwise unrelated vesicular
stomatitis virus (VSV) (22). Together with VSV G and the baculovirus fusion protein gp64
(23), gB was classified as a class III fusion protein. Viral fusion proteins are in general
presented in a metastable prefusion state on the viral membrane. Upon an activation
signal, they undergo conformational rearrangements unmasking the initially buried
hydrophobic regions (fusion peptide [FP] or fusion loops [FLs]) for interactions with the
target membrane, resulting in simultaneous anchorage of the fusion protein in the viral
and cellular membrane at opposite ends of the protein. This extended intermediate is
unstable and rapidly folds back into a “hairpin,” an energetically more favorable
postfusion conformation (24, 25).

gB is the most conserved envelope glycoprotein of herpesviruses, although only
�5% of its residues are identical across the entire herpesvirus family. The level of
conservation is higher within each subfamily, and PrV and HSV-1 gBs share 50% amino
acid sequence identity. The X-ray structures determined for the postfusion gB ectodo-
mains from HSV-1 (26), EBV (27), and HCMV (28, 29) demonstrate conservation of the
three-dimensional structural organization. Although the crystal structure of gB in a
prefusion state has not yet been determined, a low-resolution structure of full-length
HSV-1 gB in a state different from the postfusion conformation was obtained by
cryo-electron tomography (30). VSV G protein has been crystallized in both pre- and
postfusion conformations. The former revealed a trimeric molecule with the FLs point-
ing toward the viral membrane and with a different spatial organization of domains
than the postfusion, low-pH form (31). Hypothetical models of the prefusion gB using
the VSV G conformation as a template have been proposed (27, 32), but supporting
structural data are still lacking. The high structural conservation observed for gB also
applies to the gH/gL complex, as illustrated by the X-ray structures of the gH/gL
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ectodomains from HSV-2, EBV, VZV, and a core domain of PrV gH (33–36), which
revealed a common fold despite low sequence conservation (37). gH/gL has no
structural resemblance to any known fusion protein but was shown to play a role in
regulation of the fusion activity of gB (16, 37).

Membrane-interacting regions of fusion proteins are typically well conserved within
the virus family and are rich in hydrophobic and aromatic residues that insert into the
outer leaflet of a cell membrane (38). In class I fusion proteins, they are called FPs, which
can be N-terminal peptides or an internal loop near the N terminus, as in the Ebola virus
envelope glycoprotein GP2, for example (39) (to avoid confusion, we reserve the term
FL for the loops of class II and III fusion proteins, and we refer to all class I membrane-
interacting regions as fusion peptides, even when they correspond to an internal loop).
FPs were shown to adopt a different structure upon insertion into target membranes
(reviewed in reference 40). The FLs of class II and class III fusion proteins, in contrast, are
conformationally constrained by being part of a larger structured �-barrel domain and
appear to largely maintain their structure upon membrane insertion. In class II fusion
proteins, the membrane-interacting surface can be composed of residues from one
(flaviviruses and alphaviruses [41, 42]), two (rubella virus and phleboviruses [43, 44]), or
three (hantaviruses [45]) FLs, while the known class III fusion proteins use two FLs to
interact with membranes. FLs of herpesviruses are unusual because their amino acid
sequences are poorly conserved even within subfamilies. Therefore, their identification
was impossible until structural data became available. Residues exposed at the tips of
the recombinant crystallized HSV-1 gB ectodomain (26) were proposed to form the FLs
based on structural homology with the well-defined FLs of the VSV G protein (46, 47).
A similar organization of the FLs was observed in the reported gB structures, with the
difference that the aromatic and apolar residues are predominantly presented at the
sides of the HSV-1 FLs while they protrude from the tips of the EBV and HCMV FLs.
These exposed hydrophobic residues in EBV and HCMV gBs caused the recombinant
ectodomains to aggregate, forming rosette-like structures (48, 49). Mutagenesis of the
hydrophobic residues within the FL, while abolishing their fusion function, was essen-
tial for solubility of these proteins for structure determination (49, 50). In contrast,
HSV-1 gB (51) and PrV gB (this study) exhibit less hydrophobic tips, form soluble trimers,
and can be studied and crystallized as functional wild-type (WT) proteins.

Extensive mutagenesis studies have been performed on HSV-1 gB, demonstrating
that the hydrophobic residues Trp174, Phe175, and Tyr179 in FL1 and Ala261 in FL2, as
well as polar and charged residues, such as His263 and Arg264, presented at the sides
of FL2, play an important role in fusion (51–54). The hydrophobic residues were
proposed to form a patch that inserts into the membrane, while the His and Arg side
chains were speculated to interact with phospholipid head groups without penetrating
deeper into the membrane. In support of this model, the low-resolution structure of
HSV-1 gB ectodomains bound to liposomes and obtained by cryo-electron tomography
showed that the interactions of the HSV-1 gB ectodomains are limited to the outer
membrane leaflet. This model predicted that the FLs would insert into the bilayer at an
oblique angle, indicating that the residues from �-strands leading to the FLs may be
involved in the interactions with lipids (55). HSV-1 gB FL residues Trp174, Tyr179,
His263, and Arg264, furthermore, were shown to be the contact sites for interactions of
the ectodomain with liposomes (54).

Cholesterol (CH) is a lipid that is ubiquitously present in mammalian cell mem-
branes, where it plays an important role in the entry of many viruses (56), including PrV
and HSV-1 (reviewed in references 57 to 59). The HSV-1 gB ectodomain was shown to
bind to liposomes only in the presence of cholesterol (54), and full-length HSV-1 gB
expressed in cells was found to associate with lipid rafts (60).

While the current HSV-1 model has provided an important step forward in under-
standing how gB binds to membranes, it has been unclear whether a similar model of
insertion would hold true for other gB proteins due to the poor conservation of the FLs,
highlighting the need to study each gB individually and to perform comparative
analyses. With this in mind, we sought to enlarge the structural and functional
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repertoire available for alphaherpesviruses by carrying out studies on PrV gB. We report
here the X-ray crystal structure of the PrV gB ectodomain at 2.7-Å resolution and
demonstrate that the recombinant ectodomains bind to liposomes in a cholesterol-
dependent fashion. The association with liposomes occurs via the trimer tip that
contains the FLs, resembling the shallow insertion observed for HSV-1 gB. We designed
the PrV gB mutagenesis to complement what had already been reported for HSV-1 gB
and to target all aromatic and hydrophobic residues within the FLs, some that are
unique to PrV and some that are conserved in HSV-1 gB, as well. The resulting pattern
of active and inactive FL mutants matches in part what had been observed previously
for HSV-1 gB, but with some interesting differences that shine new light on the way the
FLs insert into membranes. Based on our results, we propose a model in which the tip
of FL2 penetrates deeper into the lipid bilayer, reaching into the hydrophobic core,
while residues on the sides of the FL1 and FL2 tips position their side chains within the
same plane, inserting into the amphipathic, interfacial region of the membrane. Com-
parative analysis with the FLs of HCMV and EBV gBs further suggests that, in spite of
considerable sequence divergence, this model could be used to describe in general the
way herpesvirus gBs interact with membranes.

RESULTS
PrV gB expression, crystallization, and structure determination. The ectodo-

main expression construct of PrV gB (suid alphaherpesvirus 1, strain Kaplan [PrV-Ka];
GenBank accession number AEM64049.1) encodes gB residues 59 to 756 (Fig. 1A). The
construct was designed to exclude the gB signal sequence (residues 1 to 58), which was
replaced by the Drosophila Bip signal peptide, present in the expression vector and
known to drive efficient expression of heterologous proteins (61). The expression
construct ends with double Strep-tag II, as described in Materials and Methods, added
just before the hydrophobic membrane-proximal region (MPR) (residues 757 to 800),
which is followed by the transmembrane region (residues 801 to 821) and the cyto-
plasmic domain (residues 822 to 916) in the intact protein.

The PrV gB ectodomain was expressed using the stably transfected Drosophila
Schneider 2 (S2) cell line, as described previously (62). After affinity and size exclusion
chromatography (SEC), we obtained 8 to 12 mg of pure protein from 1 liter of cell
culture. The protein eluted as a single peak from a SEC column and exhibited no signs
of aggregation. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis of the purified ectodomain showed a single band migrating just below the
100-kDa marker under nonreducing conditions (Fig. 1B, lane 1). PrV gB contains a furin
cleavage site, 501RRARR505, and the recombinant protein is cleaved in S2 cells, as
demonstrated by the presence of two protein bands of lower molecular mass under
reducing conditions (�60-kDa and �40-kDa fragments labeled, respectively, gBb and
gBc) (Fig. 1B, lane 3).

Compared to its 100-kDa apparent molecular mass, the polypeptide chain of the
gB ectodomain has a calculated mass of 82 kDa, corresponding to the 49-kDa
N-terminal and 33-kDa C-terminal furin cleavage products, which indicates the
presence of posttranslational modifications in the mature protein. There are six
predicted N-glycosylation sites (four in the N-terminal and two in the C-terminal
fragments), and a shift to a lower molecular mass is indeed observed for both
fragments upon treatment with a deglycosidase (Fig. 1B, lanes 2 and 4). Drosophila
S2 cells add 1- to 2-kDa simple mannose core structures to form N-linked sugars
(63), accounting for the presence of several N-linked sugars in the expressed
protein.

The purified gB ectodomains crystallized easily under numerous conditions, but the
crystals were fragile and of poor diffraction quality. Upon enzymatic deglycosylation
with endo-�-N-acetylglucosaminidase (Endo D), we obtained diffraction quality crystals
in 0.1 M Tris, pH 8.5, 7% polyethylene glycol (PEG) 4000, 0.6 M LiCl. Diffraction data were
collected and processed as described in Materials and Methods. The crystals belong to
the H3 space group (a � 99.9 Å, b � 99.9 Å, c � 272.9 Å; � � � � 90°; � � 120°), with
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one gB protomer per asymmetric unit. Crystallographic statistics of data processing and
structure refinement are given in Table 1.

PrV gB forms a typical class III postfusion trimer. The PrV gB ectodomain folds
into an �16-nm by �8-nm trimeric spike, resembling the structures reported for the
postulated postfusion conformation of the HSV-1 (26), EBV (27), and HCMV (28, 29) gB
ectodomains. Briefly, the N terminus of the protein (amino acid 113) is located at the
top end of the trimer, with the polypeptide chain running down along the entire length
of the spike, folding into domain I, which carries the FLs exposed at the base of the
molecule (Fig. 1C). Domain II is positioned laterally, adopting a fold reminiscent of the
pleckstrin homology domains. The furin cleavage site is located in the flexible linker
that connects domains II and III and could not be resolved in our structure. Domain III
contains the prominent, centrally located helix that extends to the top of the molecule,
followed by domain IV, also known as the “top” or “crown” domain. Residues 697 to 750

FIG 1 PrV gB ectodomain structure. (A) Schematic representation of the PrV gB expression construct. The PrV gB signal peptide (residues 1 to 58) was replaced
by the Drosophila BiP secretion signal, which was cleaved off and not part of the secreted protein. The secreted PrV gB ectodomain used for crystallization
contains residues 59 to 756, followed by a double Strep-tag II (DST). Regions forming the five gB domains are labeled with Roman numbers I to V below the
bar and are colored as follows: domain I, blue; domain II, green; domain III, yellow; domain IV, orange; and domain V, red. Two linker regions (residues 147 to
154 and 493 to 528) are shown in gray. The dashed lines mark the regions that were unresolved in the gB structure. The location of the furin cleavage site
(RRARR; residues 501 to 505) is indicated. (B) SDS-PAGE analysis of the recombinant PrV gB. The Coomassie blue-stained 4 to 20% SDS-PAGE gel shows the
purified PrV gB ectodomain under nonreducing (lanes 1 and 2) and reducing (lanes 3 and 4) conditions. The samples in lanes 2 and 4 were treated with Endo
D. The N-terminal and C-terminal fragments generated by furin cleavage are labeled gBb and gBc, and the uncleaved gB is marked gBa. DTT, dithiothreitol. (C)
Structure of the PrV gB monomer. The molecule is colored from blue (N terminus) to red (C terminus). The locations of the N and C termini are indicated, and
domains are labeled with Roman numbers I to V. The C terminus is followed by the 50-residue-long MPR, not present in the expression construct, leading to
the transmembrane anchor; the anticipated location of the membrane is indicated by the arrow. Fusion loops presented by domain I are marked by asterisks.
The extra N-terminal residues that were resolved for the first time in this structure form a strand labeled �1. The linker connecting domains II and III,
which is not visible in our structure, is plotted as a yellow dotted line to indicate the putative location of the furin cleavage site (orange star). The location
of the glycosylation site Asn264, to which a single NAG residue is attached, is indicated by the yellow star. (D) Structure of the PrV gB trimer. The colors
of the protomers are the same as in panel C. Ribbon and molecular-surface representations are shown. The N and C termini of the same protomer
represented in panel B are labeled. Strand �29, which runs antiparallel to strand �1, is indicated (domain IV). PyMOL (103) was used to create the
structures shown in panels C and D.
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form a stretched chain that packs tightly into the crevice formed by the other two
protomers. This so-called “domain V” has the appearance of a zipper that seals the
trimer (Fig. 1D), resulting in the C terminus of the ectodomain (amino acid 750) being
brought into close proximity to the FLs.

Although the expression construct encodes gB residues 59 to 756, the first residue
resolved in the crystal structure was Arg113, consistent with the highly flexible
N-terminal end of the protein, which is rich in glycine and proline residues. The same
applies to HSV-1, EBV, and HCMV gBs, in which the N-terminal region of the crystallized
construct also was not resolved. The other PrV gB regions that were not built into the
structure are the above-mentioned unstructured segment that contains the furin
cleavage site and connects domains II and III (residues 478 to 521) and the C-terminal
6 residues of the ectodomain (residues 750 to 756), which are followed by the double
Strep-tag II in the expression construct. The PrV gB structure, however, does reveal 3
residues at the very N terminus (residues 113 to 116), which had not been observed in
the other gB structures. This segment forms a short �-strand (�1) in domain IV that
packs against �29 in an antiparallel fashion (Fig. 1C and D).

Of six potential N-glycosylation sites, we observed densities for the sugar moieties
attached to Asn264 (domain I), Asn444 (domain II), and Asn636 (domain IV). The
electron density was of sufficient quality to allow building of one N-acetylglucosamine
(NAG) residue only to Asn264 (Fig. 1C and D).

As anticipated, PrV gB showed higher structural conservation with the HSV-1
homolog than with the more distant gBs of EBV or HCMV. The root mean square
deviation (RMSD) for the superposition of the PrV and HSV-1 structures is 1.04 Å for C-�
atoms (Table 2). The main difference between the PrV and HSV-1 ectodomains regards
the gross organization of the spike resides in the position of domain IV, which appears
slightly rotated when the structures are superimposed on domains I and II. The domain
IV disposition is even more evident compared to those of HCMV and EBV gBs (Fig. 2).

TABLE 1 X-ray diffraction data collection and refinement for PrV gB

Parameter Valuea

X-ray data processing
Beamline ESRF ID29
Space group H3
Cell constants 99.89 Å, 99.89 Å, 272.89 Å
a, b, c, �, �, � 90.00°, 90.00°, 120.00°
Resolution (Å) 46.15–2.69 (2.85–2.69)
No. of reflections 147,396 (23,196)
Multiplicity 5.3
�I/�(I)� 14.99 (2.33)
Completeness (%) 99.6 (98.3)
Rmerge (%) 7.4 (52.3)
Rpim (%) 5.5 (38.6)
CC1/2 0.98 (0.82)
Wilson B factor (Å2) 55.7

Refinement
Program BUSTER 2.10.2
Resolution (Å) 46.15–2.70 (2.80–2.70)
No. of reflections 27,695 (2,738)
Rwork/Rfree

b 0.193/0.236
No. of atomsc 4,759/92
B atomic factors (Å2)d 73/73.8/59.6

Geometry
RMSD bond lengths (Å) 0.010
RMSD bond angles (°) 1.16
Ramachandran plote (%) 95.25/4.24/0.51

aOuter-shell values are given in parentheses.
bThe Rfree test set was composed of 5% randomly chosen reflections.
cNumber of protein/water atoms.
dOverall/protein/water B factors.
ePreferred/allowed/outliers as calculated by Coot (109).
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The PrV gB ectodomain requires cholesterol in the membrane for binding. The
recombinant PrV gB ectodomain used for crystallization was tested for binding to
liposomes with different compositions in coflotation experiments in density gradients,
as described in detail in Materials and Methods. Briefly, the protein-liposome mixture,
adjusted to 36% iodixanol (OptiPrep), was loaded below the 20% iodixanol layer, which
was then overlaid with buffer and subjected to ultracentrifugation. Liposomes float and
are found at the top of the gradient, while the protein alone sediments and remains at
the bottom of the tube. Protein bound to liposomes cofloats with liposomes and in this
case partitions to the top of the gradient. All the gradient fractions were analyzed for
the presence of the protein in the control experiments, demonstrating that gB was

TABLE 2 Sequence and structural comparison of PrV and HSV-1/HCMV/EBV gB
ectodomains

Comparison Sequence identity (%)a nA/nT
b RMSD (Å)c

PrV vs HSV-1 50.1 524/568 1.04
PrV vs HCMV 25.6 508/535 3.39
PrV vs EBV 25.3 496/530 3.72
aPercent identity was calculated using the shorter sequence as the denominator.
bnA and nT, numbers of aligned and total atoms, respectively.
cThe RMSDs were calculated for C-� atoms in PyMOL (103).

FIG 2 Structural comparison of gB ectodomains. The PrV gB ectodomain structure, shown in gray cartoon
representation, was superimposed on those of HSV-1 (PDB accession number 2GUM; light blue), HCMV (PDB
accession number 5C6T; green), and EBV (PDB accession number 3FVC; purple) gBs, using the residue range that
corresponds to domains I and II of PrV, HSV-1, HCMV, and EBV gBs (residues 167 to 458, 154 to 473, 89 to 388, and
133 to 415, respectively). The alignment was done by superimposing domains I and II to highlight the disposition
of the top, domain IV, which is not as obvious when the superimposition is applied to the entire molecule. The
alignments were done in PyMOL (103). Domains are labeled with Roman numbers. Each superimposition is shown
in two orientations, looking at the monomer from the front (top) and at domain IV from the top of the spike
(bottom). The red pentagons are placed in the same loop of the PrV gBs to serve as a reference point for the
movement of the superimposed domain IV, the direction of which is indicated by the arrows.
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found either at the top or the bottom of the gradient, which is why only these two
fractions were analyzed further.

Liposomes containing 60% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
40% CH were prepared. This is the same composition used for testing HSV-1 gB
ectodomain interactions with membranes (54, 64). The top and bottom factions were
analyzed by Western blotting (WB) with a reagent that specifically binds to the Strep
affinity tag. The WT PrV gB ectodomain was found in the top fraction only when
liposomes were present and sedimented to the bottom of the tube in the absence of
liposomes (Fig. 3A). Complexes made of the WT PrV gB ectodomain and liposomes
containing DOPC and increasing molar amounts of CH (100% DOPC, 80% DOPC plus
20% CH, or 60% DOPC plus 40% CH) were prepared and tested next. gB ectodomains
bound only to the latter type of liposomes (Fig. 3B), suggesting that there is a threshold
CH concentration required for the association. To determine if the lack of binding at
lower CH concentrations was due to the requirement for another lipid rather than
insufficient CH concentration, a series of liposomes made of mixtures of DOPC, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and sphingomyelin (SM) was pre-
pared in the presence of 40% CH or without CH. DOPE alone or mixed with CH does not
form liposomes but assembles into lipid nanotubes due to its inverted hexagonal shape
(65), which is why these lipid mixtures were omitted. The results of the flotation
experiments showed that WT gB was present in the top fraction, i.e., bound to the

FIG 3 WT PrV gB ectodomain interactions with liposomes. (A) WT gB ectodomains bind to the DOPC-CH
liposomes. The presence (�) of liposomes (L) and protein is indicated. Aliquots of the top (t), i.e.,
liposome, and bottom (b), i.e., unbound protein, fractions were analyzed by SDS-PAGE, and the Strep-tag
present on gB was detected by WB using Streptactin-HRP conjugate. The WT protein is found in the top
fraction only in the presence of liposomes with 60% DOPC and 40% CH. (B) Coflotation of WT gB and
DOPC liposomes with increasing amounts of cholesterol. The liposome composition is indicated at the
top. gB is detected in the top fraction only when 40% CH is present. (C) Coflotation of WT gB and
liposomes made of combinations of lipids found in the plasma membrane. The CH concentration was
fixed at 40% or 0% (top and bottom, respectively), and one or two more lipids were added, resulting in
a total of 5 lipid compositions. The protein was detected bound to all of the CH-containing liposomes,
while it was found in the unbound fraction in the absence of CH.
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liposomes only in the presence of CH (Fig. 3C), reinforcing the conclusion that CH is
essential for PrV gB ectodomain interactions with liposomes.

A sample of gB mixed with liposomes was visualized by negative-stain electron
microscopy (EM) (Fig. 4A), revealing liposomes decorated by protein arrays, forming
honeycomb-like structures in which the individual trimers appeared to be in contact
with each other. Cryo-EM images of the same sample (Fig. 4B) showed individual gB

FIG 4 (A) Negative-stain EM image of liposomes incubated with PrV gB ectodomains. Characteristic
hexagonal structures made of gB covering the liposomes (60% DOPC, 40% CH) are observed, represent-
ing the top view on the gB spikes. Individual trimers establish an extensive network of lateral interactions,
giving rise to the array appearance of the protein coat. Liposomes showing side views of the gB trimers
projecting away from the liposome surface are marked by arrows. An enlarged view of the boxed area
is shown in the upper right corner. (B) Cryo-EM of PrV gB ectodomains bound to liposomes. The arrows
indicate individual gB trimers in which the top end of the spike is better resolved, indicating that the
molecule binds to the liposomes via the other end, i.e., the one carrying the FLs. (Inset) Shape of a gB
trimer, with “top” representing the domain IV end of the spike and “FL” marking the base of domain I
and the location of FLs.
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trimers packing tightly and inserting into the liposomes via the spike end that contains
the FLs (domain I), as was observed for the HSV-1 protein (55).

Selection of PrV gB FL residues and design of mutagenesis studies. The side
chains of Trp and Phe, as well as smaller hydrophobic residues, such as Leu or Ile, have
favorable energies for penetration into the hydrophobic membrane core, made exclu-
sively of lipid tails (66), while amphipathic Tyr and His side chains preferentially
partition in the interfacial membrane region, localized between the hydrocarbon core
and the aqueous phase (66, 67). Trp is also often found in this region (68). The interfacial
membrane region is amphipathic itself due to the presence of carbons from the
beginnings of the apolar lipid tails and of polar phosphate and glycerol groups (69). A
Phe side chain can penetrate into the membrane core and could thus be emulated by
Trp, but not by Tyr, due to the presence of a polar hydroxyl group at the distal tip of
the side chain. The interfacial region, on the other hand, would be expected to
accommodate aromatic residues, such as Tyr, Trp, Phe, or His (the last in its unproto-
nated form).

To shed light on how the side chains of individual FL residues interact with
membranes, several changes were introduced. Each of the aromatic or hydrophobic
residues found in PrV gB FLs (Trp187, Tyr192, Tyr267, Ile270, Phe275, Tyr276, and
His277) (Fig. 5) was individually mutated to Ala, a change that resulted in the replace-
ment of the bulky hydrophobic side chain with a methyl group, or to a different

FIG 5 (A) Sequence alignment of PrV and HSV-1 gB fusion loop regions. Identical residues are shown as
white letters on a red background and residues with similar physicochemical properties in red on a white
background. Residues mutated in this study (Trp187, Tyr192, Tyr267, Ile270, Phe275, Tyr276, and His277)
are boxed in green. The numbers 1 to 14 above the alignment indicate the position of each residue in
FL1 or FL2. The residues found to be important for binding to liposomes are indicated by vertical arrows,
and their corresponding numbers (3 and 8 in FL1 and 9 and 10 in FL2) are colored according to the
scheme used in panel B. (B) Structural representation of the mutated PrV gB FL residues. The aromatic
residues in FL1 and FL2 are indicated with their side chains in stick representation. These residues were
individually mutated as shown in Table 3. For clarity, two views of the FLs are presented, and the
remainder of the protein is omitted. The residues shown to be required for binding to liposomes are also
indicated, with their corresponding positions within FL1 and FL2.
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aromatic residue with similar chemical structure: Trp was changed to Phe or His,
Phe to Trp or Tyr, His to Trp, and Tyr to Phe (Table 3). This was done to probe if the
residue was more likely to insert more deeply into the hydrocarbon core or to
remain in the polar region of the membrane. Three of the mutagenized residues are
unique to PrV gB (Ile270, Tyr276, and His277), Tyr267 is conserved but has not been
mutated, and the changes introduced at the conserved positions were not analyzed
previously in HSV-1 gB.

Side chains of PrV gB FL residues Trp187, Tyr192, Phe275, and Tyr276 mediate
binding to liposomes and form a hydrophobic patch. To facilitate generation of
mutant proteins, recombinant PrV gB ectodomains were expressed after transient
transfection of Expi293F mammalian cells, and the same type of liposomes (60% DOPC
and 40% CH) as reported for the HSV-1 gB ectodomain variants were used in the
liposome flotation assay (54). The variants did not differ from the WT protein in terms
of expression yields, behavior during affinity and size exclusion chromatography, and
cleavage by cellular furin (Fig. 6).

Replacement of the selected residues with alanine had three consequences (Table
3 and Fig. 7A). The W187A, Y192A, F275A, and Y276A variants completely lost the ability
to bind to liposomes and were present exclusively in the bottom fraction. I270A and
H277A floated like the WT protein, indicating that the mutation exerted no effect on
liposome binding. Y267A showed intermediate behavior, with very low binding to
liposomes, at the limit of WB detection.

Mutation to other aromatic residues also had different outcomes. Trp187 was
essential for association of the ectodomain with liposomes, and changes to Phe or His
yielded a protein that did not cofloat with liposomes. Y192F was only weakly detected
in the liposome fraction, similar to what was observed for Y267A, while Y267F and
F275W bound to liposomes comparably to WT gB. Interestingly, in contrast to F275W,
F275Y did not associate with liposomes, indicating that the presence of the hydroxyl
group in F275Y may impair the ability of the protein to interact with lipids. Y276F
showed very weak binding, resembling that of Y192F and Y267A. The amino acid at

TABLE 3 PrV gB mutants with single mutations in fusion loops in liposome binding and
functional assays

PrV gB varianta

Binding to 2Lb

liposomes
Cell-cell
fusion

trans-
complemente

Binding to 4Lc

liposomes
Ectodomain yield/
protein purityd

FL1
W187A � � � � NC
W187H � NTf NT � NC
W187F � NT NT � NC
Y192A � � � � NC
Y192F � � � � NC
Y267A � � � � NC
Y267F � NT NT � NC
I270A � � � � NC
F275A � � � � NC

FL2
F275W � � � � NC
F275Y � � � � NC
Y276A � � � � NC
Y276F � � � � NC
H277A � � � � NC
H277W � NT NT � NC

aSingle point mutations introduced in FL1 and FL2 of PrV gB are indicated. The variants containing
mutations to alanine are shaded.

b2L indicates that liposomes were made of 2 lipids: 60% DOPC and 40% CH. � indicates the presence of a
faint band in the liposome fraction (Fig. 7A), indicating weak binding of the protein to liposomes.

c4L indicates that liposomes were made of 4 lipids: 20% DOPC, 20% DOPE, 20% SM, and 40% CH.
dThe expression yield and purity of the recombinant ectodomains are indicated relative to those of the WT
protein; NC, no change.

e� indicates marginal complementation of PrV-ΔgB virus (Fig. 9A).
fNT, not tested.
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position 277 does not seem to be important for liposome binding, since the substitu-
tions H277A and H277W had no effect (Fig. 7A).

The four residues Trp187, Tyr192, Phe275, and Tyr276, which did not tolerate
substitutions to alanine and must have a bulky aromatic side chain in order to bind to
liposomes, form a continuous hydrophobic and electrostatically neutral patch at the
surface of the trimeric postfusion spike, as shown in Fig. 7B. The phenyl group of
Phe275 appears protrude the most, while Trp187, Tyr192, and Tyr276 form a rim above
(Fig. 5B).

PrV gB FL variant binding to liposomes correlates with fusion activity. The
fusogenic potentials of a subset of PrV gB FL mutants, including all the Ala variants,
were assessed in eukaryotic cells using the corresponding full-length gB constructs,
generated by site-directed mutagenesis of pcDNA-gB. Correct mutagenesis was verified
by sequencing, and protein expression and processing were analyzed, respectively, by
indirect immunofluorescence of permeabilized gB-expressing cells (Fig. 8A) and WB of
whole-cell lysates (Fig. 8B). The PrV gB FL variants revealed WT-like behavior in both
subcellular localization and processing by furin, with the exception of W187A and

FIG 6 SDS-PAGE analysis of purified PrV gB ectodomain variants. Shown is SDS-PAGE analysis of the PrV gB
recombinant ectodomains under nonreducing (top) and reducing (bottom) conditions. Two micrograms of each
purified protein was loaded on a 4 to 20% gradient gel. The proteins were stained with Coomassie blue. The three
bands resolved under reducing conditions correspond to the uncleaved protein and the N-terminal and C-terminal
fragments produced by furin cleavage. There were no observable differences in purity and cleavage patterns
between the FL variants and the WT PrV gB.
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Y192A gBs. These two variants accumulated in larger structures in the cytoplasm and
showed impaired furin cleavage, as indicated by lower levels of the furin-cleaved
subunit (gBb) and more abundant uncleaved gB (gBa) (Fig. 8B).

To test the fusogenic potential of the mutated gB proteins, RK13 cells were cotrans-
fected with plasmids encoding WT gB (Ka) or the mutated gB and gH/gL, as described
previously (70, 71). In addition, an enhanced green fluorescent protein (EGFP) expres-
sion plasmid was cotransfected to facilitate evaluation of the assays by fluorescence
microscopy (72). Transfection with plasmids encoding the WT proteins served as a
positive control, and the results were set as 100%, while the empty expression vector
pcDNA3 was used as a negative control.

Fusion assays revealed good correlation between the ability of the protein to bind
to liposomes in vitro and its activity in fusion (Table 3 and Fig. 9A). Most of the variants

FIG 7 (A) Liposome binding of PrV gB FL variants. Shown is the WB analysis of gradient fractions. t, top
fraction (liposomes and bound gB); b, bottom fraction (unbound protein). The liposomes were made of 60%
DOPC and 40% CH. The arrows indicate the presence of very weak signals in the top fractions observed for
Y192F, Y267A, and Y276F. Streptactin-HRP conjugate was used for gB detection. (B) Solvent-accessible
surface representation of the bottom tip of the PrV gB spike carrying fusion loops. (Left) The FL residues
mutated in this study are shown in the same colors as in Fig. 5B. The stars indicate the positions of the
conserved Gly274. The black contour indicates the edges of the continuous hydrophobic surface formed by
the side chains of Trp187, Tyr192, Gly274, Phe275, and Tyr276. (Middle) Solvent-accessible surface colored
according to hydrophobicity. The same PrV gB surface is shown, with the colors corresponding to the
hydrophobicity of the individual side chains calculated using the Eisenberg hydrophobicity scale (104), with
white corresponding to the most hydrophobic and dark yellow to the most hydrophilic/charged side
chains. (Right) Electrostatic solvent-accessible surface. The same surface is shown, colored according to the
electrostatic potential calculated with the ABPS tool (105), with blue and red corresponding to negative and
positive potentials, respectively. All the images were generated in PyMOL (103).
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that did not show association with liposomes were unable to induce cell-cell fusion,
and all the variants with liposome binding properties supported efficient cell-cell
fusion. Surprisingly, the three variants that showed only weak binding to liposomes,
Y192F, Y267A, and Y276F, mediated fusion to an extent similar to that of WT gB.

To test whether this discrepancy was due to the liposome composition used in the
in vitro experiments (60% DOPC and 40% CH, referred to as “2L,” for two lipids present),
the coflotation experiments were repeated with liposomes whose composition more
closely resembled the composition of the plasma membrane (20% DOPC, 20% DOPE,
20% SM, and 40% cholesterol, referred to as “4L,” for four lipids present) (73–75). The
three variants Y192F, Y267A, and Y276 indeed floated with 4L liposomes, like the WT
protein (Fig. 9B), demonstrating that the previously observed weak association was due
to the inadequate liposome composition and not the mutated protein. The association
of the other FL variants did not change as a function of liposome composition (Fig. 9C).
These data demonstrate for the first time significant differences in the capabilities of gB
mutants to bind to liposomes as a function of lipid composition, underlining the
importance of testing different liposome compositions and cross-checking biochemical
data with functional data.

Since W187A and Y192A variants were inactive and showed impaired furin cleavage,
we wanted to establish whether furin processing was important for the function of PrV
gB in the particular functional assays used in this study. A gB variant with a 5-residue
(RRARR) deletion in the furin site (gB-Δfurin) was created. WB analysis of gB-Δfurin
expressed in RK13 cells confirmed that the protein was not cleaved, as indicated by a
prominent band for uncleaved gB (gBa) and absence of bands corresponding to the
furin-cleaved subunits (Fig. 10). gB-Δfurin was functional in cell-cell fusion assays and
was able to complement gB-negative PrV to levels comparable to those of WT-gB (Fig.
10C). These data demonstrate that furin cleavage of PrV gB is not necessary for its

FIG 8 Expression of full-length PrV gB variants in RK13 cells. (A) Subcellular localization. RK13 cells were transfected
with expression plasmids for wild-type gB (gB Ka) or the PrV gB FL mutants and analyzed by indirect immuno-
fluorescence. One day after transfection, the cells were fixed with 3% paraformaldehyde and permeabilized with
0.1% Triton X-100. gB was detected using a gB-specific rabbit antiserum and Alexa Fluor 488-conjugated secondary
antibodies. Green fluorescence was excited at 488 nm and recorded with a laser scanning confocal microscope
(SP5; Leica, Mannheim, Germany). (B) Western blot analyses. Lysates of RK13 cells transfected with expression
plasmids for gB Ka or gB variants containing FL single mutations were separated by SDS-PAGE under reducing
conditions. Cells transfected with the empty vector pcDNA3 served as a negative control (Mock). The blots were
incubated with the gB-specific monoclonal antibody C15-b1. Signals of uncleaved gB (gBa) or a furin-cleaved gB
subunit (gBb) are labeled by arrows, and the molecular masses of marker proteins are indicated. As a loading
control, the blot was incubated with an anti-alpha-tubulin monoclonal antibody.
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function in cell-cell fusion and complementation. The observed fusion deficiency of the
W187A and Y192A variants thus cannot be attributed to the reduced furin cleavage
alone but could still be caused by impaired trafficking and low surface expression.
Unlike HSV-1 gB, which is highly abundant at the cell surface, WT PrV gB exhibits rather
low surface expression. Only around 4% of WT PrV gB is targeted to the plasma

FIG 9 (A) Functional data obtained for the PrV gB FL variants. The results of the cell-cell fusion assay are
plotted as black bars and expressed as percentages of the activity of the WT gB in combination with
gH/gL, which was set to 100% (left y axis). Viral titers obtained in the trans-complementation assay are
shown as gray bars (right y axis). Ka, PrV strain Kaplan, the WT protein, was used as a positive control.
The inverted triangles mark the three variants that showed poor binding to liposomes while being
functional in fusion and complementation assays. The triangle labels Y276A, which had a fusion-null
phenotype in the cell-cell assay but was partially functional in the virus complementation assay. The error
bars indicate standard deviations from three independent experiments. (B) Effect of liposome compo-
sition on binding of the WT and the Y192F, Y267A, and Y276F PrV gB variants. Two types of liposomes
were used, 2L (60% DOPC and 40% CH) (left) and 4L (20% DOPC, 20% DOPE, 20% SM, and 40% CH)
(right), and the top and bottom fractions were analyzed by WB, showing larger amounts of all the
variants bound to the more complex 4L liposomes. (C) Flotation of PrV gB variants whose binding to
liposomes is not affected by lipid composition. These variants showed the same pattern of binding to 4L
liposomes as to 2L liposomes (Fig. 7A). Aliquots from the top and bottom fractions were analyzed by WB.
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FIG 10 Functional characterization of gB-Δfurin. (A) Western blot analysis. Lysates of RK13 cells transfected
with expression plasmids for wild-type gB (gB Ka) or the gB furin deletion mutant (gB-Δfurin) were
separated by SDS-PAGE under reducing conditions. Cells transfected with the empty vector pcDNA3 served
as a negative control (Mock). The blots were incubated with the gB-specific monoclonal antibody C15-b1.
Signals of uncleaved gB (gBa) or a furin-cleaved gB subunit (gBb) are labeled by arrows, and the molecular
masses of marker proteins are indicated. Signals of �-tubulin served as a loading control. (B) Subcellular
localization. RK13 cells were transfected with expression plasmids for gB Ka or gB-Δfurin mutants and
analyzed by indirect immunofluorescence. gB was detected using a gB-specific rabbit antiserum and Alexa
Fluor 488-conjugated secondary antibodies. Green fluorescence was excited at 488 nm and recorded with
a laser scanning confocal microscope (SP5; Leica, Mannheim, Germany). (C) Functional data. Results from
the cell-cell fusion assay are plotted as black bars and expressed as the percentage of the signal measured
for the WT protein, set to 100% (left y axis). The viral titers obtained in the trans-complementation assay
are shown as gray bars (right y axis). PrV strain Kaplan (Ka) was used as a control. pcDNA-3-transfected cells
were used as a negative control (Mock). The error bars indicate standard deviations from three independent
experiments.
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membrane, as determined by fluorescence-activated cell sorting (FACS) analysis (data
not shown), making robust quantification complicated.

Next, the functions of the mutated proteins during virus entry were tested in a
trans-complementation assay. RK13 cells were transfected with the different gB expres-
sion plasmids and infected 1 day later with a PrV mutant lacking the gB gene (PrV-ΔgB)
(76). Cells and supernatant were harvested 24 h postinfection (p.i.), and progeny virus
titers were determined on RK13-gB cells (Fig. 9A). Cells transfected with expression
plasmids for gBs that efficiently mediated cell-cell fusion also complemented the defect
of PrV-ΔgB during entry comparably to WT gB. In contrast, no infectious progeny was
derived from cells transfected with the empty vector. Infectious progeny was also not
produced after infection of cells transfected with the expression plasmid for W187A,
indicating that this gB mutant is not functional. Surprisingly, Y192A, F275A, and F275Y
gB mutants, which were unable to mediate cell-cell fusion, supported production of a
low titer of infectious virions (102 PFU/ml), while expression of Y276A resulted in titers
of 104 PFU/ml, indicating that the presence of other viral proteins might have partially
compensated for the impairment in membrane binding and fusion.

DISCUSSION
Comparison with available gB structures from other herpesviruses. The struc-

tural alignment of PrV gB with the homologous HSV-1, EBV, and HCMV proteins
demonstrated that the postfusion conformation is well preserved, with the main
difference residing in the positioning of domain IV relative to the rest of the protein
(Fig. 2). The low-resolution structure obtained for the full-length HSV-1 gB in a confor-
mation distinct from the postfusion conformation localizes domain IV to the interior of
the spike (30), implying that a large movement occurs during the conformational
change. Insertion of a foot-and-mouth disease virus (FMDV) epitope in PrV gB domain
IV, right after the residue Arg685, resulted in high titers of neutralizing antibodies
against FMDV (77), suggesting that at least some of the antigenic determinants on PrV
gB domain IV are presented at the surface when the protein is expressed in its prefusion
form. It is also possible, however, that the epitope is available because a fraction of gB
at the virion surface may have adopted the postfusion conformation.

Cholesterol dependence. HSV-1 gB binding to membranes was previously con-
cluded to be cholesterol dependent based on experiments using binary liposomes
made of DOPC and CH (54). As we show in this study, the ability of PrV gB to bind to
liposomes is influenced not only by its FL residues, but also by the lipid membrane
composition. The WT PrV gB ectodomains, as well as Y192F, Y267A, and Y276F variants,
showed increased binding to 4L compared to 2L liposomes (Fig. 9B), whose composi-
tion does not emulate a real biological membrane well. We show here that liposomes,
either 2L or 4L, need to contain at least 40% CH for gB to bind (Fig. 3C), which is in
agreement with 30 to 40% CH being present in the plasma membrane and secretory
vesicles (75) and with PrV entering cells via fusion with the plasma membrane. In the
case of herpesviruses that enter cells by endocytosis, the requirement for a high CH
concentration might also indicate that the fusion would occur within the internal
compartments enriched in CH. A possible role for CH could be to fill the voids in the
leaflet introduced by displacement of the bulkier head groups of the other lipids upon
insertion of the FLs.

Cholesterol has been shown previously to induce lipid curvature and to promote
formation of lipid stalks in fusion intermediates (25). While CH depletion was reported
not to affect PrV attachment to cells, the virus was observed to be stalled at the plasma
membrane, and entry was significantly reduced (58). It was speculated that the particles
might have been blocked due to an inability to resolve the hemifusion intermediate in
the absence of cholesterol, which is contrary to our observation that CH is required for
the initial insertion of FLs into the membrane, i.e., for an early event that must take
place prior to reaching the hemifusion state.

HSV-1 gB full-length protein expressed on cells was shown to associate specifically
with CH- and SM-enriched lipid rafts (60), in which the two lipids are organized in the
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so-called ordered lipid domains (Lo) (78). The borders between these Lo and the more
fluid, disordered membrane domains (Ld) were identified as the preferred sites for
insertion of the HIV Env class I fusion protein FP (79), presumably because they impose
the smallest energy penalty for insertion due to the line tension caused by the
discontinuity between the domains. Desplanques et al. had previously observed a
significant fraction of PrV virions juxtaposed with the lipid raft marker GM1 (58), which
could, in the light of the Env insertion mode, indicate that PrV may use Lo-Ld
boundaries as sites of attachment, as well. Although the FP of HIV Env is a short
hydrophobic sequence that has a free N terminus, in contrast to the bipartite internal
FLs of gB, it is tempting to speculate that despite the different natures of the inserted
segments, similar energetic constraints might apply to membrane insertion of these
divergent proteins. Further experimental studies on herpesvirus gB are needed to test
these hypotheses and to establish if CH is required for binding of herpesviruses to
membranes, for membrane fusion, or for both. It is worth noting that our EM data show
an even distribution of the PrV gB ectodomains bound to liposomes, opposing the idea
of gB having preferred membrane insertion sites. This could be due to the properties
of the liposomes used for EM, which were made of 60% DOPC and 40% CH, a binary
mixture that would be expected to form the Lo phase only (80).

Furin processing. Proteolytic cleavage by cellular furin had been previously re-
ported to be dispensable for gB function in herpesviruses encoding cleavable gBs, as
its absence did not have an effect on viral replication or penetration kinetics, although
smaller syncytia were detected (81–85). A similar observation was made when gB was
expressed in LoVo cells, which are naturally deficient in furin, suggesting that PrV gB
cleavage may play a role in cell-cell fusion (83). Our data demonstrate that furin
cleavage of PrV gB was not required for its activity in cell-cell fusion and the virus
transcomplementation assays used in this study (Fig. 10). The discrepancy between our
results regarding the gB-Δfurin variant function in cell-cell fusion and those reported by
Okazaki (83) could be due to the different cell types used for fusion.

PrV gB FL variants in liposome binding and functional assays. The liposome
binding experiments performed with the 15 recombinant gB ectodomain variants
studied here allowed the selection of a subset of variants to be followed up by studies
in the context of the full-length protein, both in cell-cell fusion and after incorporation
into virus particles. The gB ectodomains in interaction with liposomes provided snap-
shots of the protein already in the postfusion form (Fig. 7A and 9B and C). The
functional assays, on the other hand, illuminated the functions of full-length protein
mutants expressed at the cell surface or incorporated into virus particles in their
prefusion state (Fig. 9A). This may explain certain discrepancies, for instance, with
variants that were expressed well as recombinant ectodomains but that failed to be
folded and transported to the cell surface in cells. The selected variants of full-length
gB were assessed for the ability to mediate fusion in two functional assays: a virus-free
cell-cell fusion assay and trans-complementation of gB-negative PrV (18, 19, 21, 71).

To simplify comparisons with gBs from other herpesviruses, we numbered the FL
residues from 1 to 14 (Fig. 5A). Our mutagenesis data are consistent with a model in
which the residues Trp187 (FL1-3), Tyr192 (FL1-8), and Tyr276 (FL2-10) form an aromatic
surface compatible with insertion into the polar region of the membrane, establishing
an interfacial rim structure that would provide multiple interactions with the lipid head
groups, while Phe275 (FL2-9) would reach deeper into the hydrocarbon core (Fig. 11A).
gB sequence conservation in alphaherpesviruses shows that residues with similar
membrane-partitioning preferences are found at these four positions (see Fig. S1 in the
supplemental material). Hydrophobic residues compatible with insertion into the mem-
brane core (Phe, Val, Leu, and Trp) are present at FL2-9, while amphipathic side chains
that would favor the interfacial region (Tyr, His, and Trp) are found at positions FL1-3,
FL1-8, and FL2-10. This suggests that a common mode of gB insertion into membranes
may have evolved within the alphaherpesvirus subfamily, although the residues inter-
acting with lipids may not be identical. Charged residues, such as Arg and Glu, are
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FIG 11 (A) Model of PrV gB ectodomain interactions with membranes. The model displays the base of the PrV gB trimer, illustrating
putative locations of the FL residues investigated in this study, shown with their side chains as sticks and colored as in Fig. 5B. The
arrows and numbers are used to indicate the deeper insertion of Phe275 (FL2-9) into the apolar region containing the lipid tails (1)
and the interfacial rim made of Tyr192, Trp187, Tyr276 (2) (FL1-8, FL1-3, and FL2-10) that would be located within the more polar part
of the membrane. A single molecule of DOPC and its putative localization in the membrane are shown in stick representation on the
right. Carbon, oxygen, phosphorus, and nitrogen atoms are colored white, red, orange, and blue, respectively. (B) Model of HCMV and
EBV gB interactions with membranes. HCMV (PDB accession number 5CXF), and EBV (PDB accession number 3FVC) gB structures were
superimposed on the PrV structure using the Dali pairwise alignment algorithm (106). The last two structures contain WT residues
(YIY155–157 and WLY240 –242 in HCMV gB; WY112–113 and WLIW193–196 in EBV gB) that were modeled back onto the FL residues that had
been mutated in the crystallized constructs (GHR155–157 and ATH240 –242 in HCMV and HR112–113 and RVEA193–196 in EBV). The residues
at positions FL1-8, FL1-3, FL2-10, and FL2-9 are indicated and colored as in Fig. 5B, with their side chains shown as sticks. Trp residues
found at FL2-8 in HCMV and EBV gB are colored salmon, and Tyr side chains at positions FL1-10 and FL1-7 in HCMV and EBV gBs are
colored light blue. The gray shading highlights the putative interfacial rim in each structure. The side chain of Trp193 inserted between
residues FL2-5 and FL2-6 in EBV gB is labeled FL2-5*6 and colored magenta. Other hydrophobic residues are not shown as sticks for
clarity. (C) Sequence alignment of the FL regions. Residues with similar physicochemical properties that are 75% or more conserved
are colored red. Secondary-structure elements corresponding to the PrV gB ectodomain structure are displayed at the top, and
residues identified as membrane contact sites in PrV gB (FL1-3, FL1-8, FL2-9, and FL2-10) are indicated with black arrows. The
numbering at the top corresponds to that of the PrV gB protein. The alignment was generated in Clustal Omega (107) and displayed
using ESPript (108).
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present in the FLs of HSV-1 but not of PrV gB (Fig. 5A), highlighting intrinsic differences
that exist despite potentially shared principles for insertion of aromatic and hydropho-
bic residues.

The FL2-9 position is always occupied by a hydrophobic side chain, such as Phe275
in PrV gB. Mutation of the corresponding residue in HSV-1 gB (Phe262) to Asp or Leu
resulted, respectively, in a poorly expressed protein and a protein that could mediate
fusion at 70% of the level measured for the WT protein (51, 54). The tolerance for Leu
(but not for Asp) in HSV-1 gB and for Trp (but not for Tyr) in PrV gB indicates that FL2-9
has the potential to insert into the membrane core, i.e., deeper than the interfacial
region.

Positions FL1-3 (Trp187), FL1-5 (Gly189), and FL1-8 (Tyr192) are occupied by the
best-conserved residues in FL1 of alphaherpesviruses (Fig. 12; see Fig. S1 in the
supplemental material). FL1-5 Gly has already been shown to be important for
the function of HSV-1 gB (54) and was not tested here. Mutation of HSV-1 gB FL1-3 (Trp)
to Tyr resulted in a protein that was 50% active in fusion (51). When the same residue
was changed to Phe in PrV gB, the resulting ectodomain did not cofloat with liposomes.
It is possible that the FL1-3 position requires Trp because its indole ring may be
involved in interactions with a specific lipid and/or because its central location between
FL1-8 and FL2-10 might be important for the structural integrity and docking of the trio
of rim residues into the membrane interface. HSV-1 gB variants containing Ser and Arg
at positions FL1-3 and FL1-8, respectively, were shown to be defective in fusion and in
liposome binding (54). These variants were subsequently crystallized, demonstrating
that the mutations did not introduce any structural changes in FL1 and that the loss of
binding to liposomes was solely due to the elimination of the hydrophobic side chains
(86). While we anticipate that the same is true for the PrV gB ectodomains with
mutations in FL1-3 and FL1-8, it is important to note that when expressed in cells as
full-length proteins, W187A and Y192A accumulated in intracellular compartments and
showed impaired processing (Fig. 8). We speculate that the furin sites in the misfolded
gB variants may not be accessible for cleavage, giving rise to the observed decrease in

FIG 12 Conservation of gB in alphaherpesviruses plotted on the PrV gB ectodomain structure. (A)
Solvent-accessible surface of PrV gB in multiple orientations. Residues showing identity lower than 75% are
colored white, while the residues that are strictly conserved in more than 75% of the analyzed sequences
are colored in an increasing purple gradient. The alignment shown in Fig. S1 in the supplemental material
was used. (B) PrV gB FLs. Fusion loop residues investigated in this study are shown with the side chains in
stick representation. Two orientations are presented for clarity.
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the amount of cleaved protein. The possibility therefore remains that these two FL1
variants were not active in functional assays due to the altered cellular localization,
even though production of ectodomains with the same mutations in insect cells led to
efficient protein secretion into the medium, suggesting that these residues are at least
not important for correct folding of the postfusion ectodomain.

The FL2-10 residue is predicted to insert into the interfacial region, and while PrV gB
Y276F was functional, Y276A did not associate with liposomes and failed to mediate
cell-cell fusion, although it unexpectedly partially rescued gB-null virus in the comple-
mentation assay. This result emphasizes distinct functional requirements for cell-cell
fusion and viral entry processes and that the two do not follow identical mechanisms.
This is highlighted by the requirement for gD in PrV entry but not for cell-cell spread
(18, 87). The presence of other viral proteins during infection may compensate for the
reduced membrane binding activity, and/or the protein may be present at higher
density in the virion envelope than at the cell surface, favoring the fusion function.

FL2-1 is the most conserved FL2 residue in alphaherpesviruses, being Tyr in 75% of
the sequences (Fig. 12; see Fig. S1 in the supplemental material). This residue was not
mutagenized in HSV-1 gB but was analyzed here for PrV gB, revealing, to our surprise,
that changes to Ala or Phe had no effect. This suggests that Tyr267 is not directly
involved in interactions with liposomes and is not essential for the protein function in
fusion. Interestingly, Y267F bound indiscriminately to 2L and 4L liposomes, while Y267A
was sensitive to the lipid composition and associated better with the 4L liposomes.
Membrane composition has been shown to also influence binding of fusion proteins of
flaviviruses (88, 89), bunyaviruses (90), influenza virus (91), and HIV (92). In the last case,
the FP of gp41 was shown to adopt an �-helical or �-strand structure, depending on
the CH concentration, indicating alternative modes of insertion into membranes of the
same protein.

Position FL2-11 is occupied by Arg in most alphaherpesviruses and by His in PrV gB.
The substitution of this residue for Ala or the larger Trp in PrV gB resulted in a functional
protein that associated with liposomes, indicating that the aromatic side chain is not
important for interactions with lipids. In contrast, Arg present at the same position in
HSV-1 gB and in 26 other analyzed sequences (see Fig. S1 in the supplemental material)
was implicated in binding to liposomes, possibly by interacting with the negatively
charged phosphate head groups of membrane lipids (54). The His and Arg side chains
present at position FL2-11 obviously play different roles in binding to lipids.

Model of PrV gB interactions with lipids. We show here that PrV gB residues
Trp187, Tyr192, Gly274, Phe275, and Tyr276 form a continuous, electrostatically neutral
hydrophobic surface (Fig. 7B) reminiscent of the hydrophobic patch reported for HSV-1
gB (54). EBV and HCMV gB ectodomains used for crystallization had polar and charged
residues inserted in place of the hydrophobic WT FL residues, but similar hydrophobic
patches at the base of the trimers were observed when the WT residues were modeled
back on the structure (data not shown). This strongly suggests functional conservation
of the areas involved in membrane interactions. Closer inspection of the HCMV and EBV
gB FL residues found at the positions identified as the membrane contact sites in PrV
gB revealed that two of the three rim positions, FL1-3 and FL2-10, are occupied by Tyr,
similar to gBs of alphaherpesviruses, while Thr and Ala are found at FL1-8 in HCMV and
EBV gBs, respectively (Fig. 11B and C). The Tyr residues at FL1-3 and FL2-10 are highly
conserved in beta- and gammaherpesviruses (data not shown), while FL1-8 is not. In
addition, the side chain of Tyr, found at the neighboring FL1-10 in HCMV and at FL1-7
in HCMV and EBV gBs, could reach the plane in which FL1-3 and FL2-10 side chains
insert, contributing to formation of the interfacial rim. FL2-9, which according to our
model inserts more deeply, is Leu in HCMV gB and Thr in EBV gB, while Trp is found at
FL2-8 in both proteins. This Trp is strictly conserved within betaherpesviruses and
partially within gammaherpesviruses, while the latter have in addition a well-conserved
Trp inserted between FL2-5 and FL2-6 (designated FL2-5*6 in Fig. 11B). There are also
other hydrophobic residues in the FLs on HCMV and EBV gBs whose side chains could
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insert into the lipid bilayer (FL1-4, FL1-5, and FL1-6 in HCMV and FL1-6, FL2-6, and FL2-7
in EBV gB) (not shown in Fig. 11B for clarity). Thus, although they have more hydro-
phobic residues at the tips of the FLs, our model suggests that beta- and gammaher-
pesvirus gBs interact with the membranes similarly to alphaherpesvirus gB, with
exposed hydrophobic residues in FL2 penetrating into the hydrocarbon core (FL2-9
and/or FL2-8 and/or FL2-5*6), while the rim formed by residues from both FLs (FL1-3,
FL1-7, and FL2-10) would secure protein insertion into the interface. The exact molec-
ular mechanisms through which this is achieved may vary, pointing to differences
between the herpesvirus subfamilies that might be related to the different host cells
and the specific compositions of the target membranes.

MATERIALS AND METHODS
Expression and purification of the PrV gB ectodomain in insect cells for crystallization studies.

The synthetic gene encoding gB of suid herpesvirus 1 strain Kaplan (GenBank accession number
AEM64049.1) was codon optimized for protein expression in Drosophila S2 cells and was purchased from
GenScript. The gene segment encoding the ectodomain (PrV gB residues 59 to 756) was cloned into the
expression vector pT350 (61) so that the ectodomain was flanked by the Drosophila Bip secretion signal,
driving efficient protein secretion (93) at the N terminus, and the enterokinase-cleavable double
Strep-tag II (sequence SRFESDDDDKAGWSHPQFEKGGGSGGGSGGGSWSHPQFEK) at the C terminus. Pro-
tein expression was induced by the addition of 0.5 mM CuSO4, and the protein was harvested from the
culture supernatant 7 days postinduction (the detailed protocol is available in reference 62). Standard
protocols were applied to purify the protein by affinity (Streptactin resin; IBA Technologies) and then by
size exclusion chromatography using 10 mM Tris, 50 mM NaCl, pH 8, buffer and a Superdex S200 column.
An extinction coefficient of 1.2 ml/mg for protein absorbance at 280 nm was used for calculation of the
protein concentration.

Crystallization and structure determination of the PrV gB ectodomain. Purified PrV gB ectodo-
mains were deglycosylated with Endo D from Streptococcus pneumoniae (94) by overnight incubation of
gB and Endo D in a 10:1 (wt/wt) ratio in 50 mM sodium-phosphate buffer, pH 7.5, at 25°C. The reaction
mixture was then loaded onto a Superdex S200 column to separate deglycosylated gB from Endo D,
using 10 mM Tris, 50 mM NaCl, pH 8, buffer. Fractions corresponding to gB were pooled, and the protein
was concentrated to 9.2 mg/ml in a 50-kDa-cutoff Vivaspin concentrator.

Crystals were grown by vapor diffusion in hanging drops in 0.1 M Tris, pH 8.5, 7% PEG 4000, 0.6 M
LiCl and then flash frozen in liquid nitrogen using 20% glycerol as the cryoprotectant. Data were
collected at the European Synchrotron Radiation Facility (ESRF) synchrotron source ID29 beamline and
processed using XDS (95). Molecular replacement was done with Phaser (96) using HSV-1 gB structure
(Protein Data Bank [PDB] accession number 2GUM) as a search model. The structure was refined using
BUSTER (97).

Electron microscopy. Samples for negative-stain EM were prepared by mixing 0.5 �M protein and
1 mM liposomes as described in more detail under “Liposome Flotation Assay” below. Liposomes were
made of 60% DOPC and 40% CH. Staining was done with 2% uranyl acetate, and images were collected
on a Tecnai G2 Spirit Biotwin microscope 5 (FEI) operating at an accelerating voltage of 120 kV. Samples
for cryo-EM analysis were made by incubating 4 �M protein and 2 mM liposomes. Cryofixation was done
using Lacey grids (Leica EMGP, Austria). Data were recorded on a Tecnai F20 operating at 200 kV,
equipped with a Falcon II direct detector (FEI) under low-dose conditions.

Generation of expression constructs and production of PrV gB recombinant ectodomains in
mammalian cells. The gene encoding PrV gB ectodomain residues 59 to 756, followed by a double
Strep-tag II, was cloned into the pcDNA4 (Invitrogen) expression vector using Gibson Assembly master
mix (New England BioLabs). QuikChange mutagenesis was applied to introduce single point mutations
in the FLs, following the standard protocols (Agilent Technologies; QuikChange II site-directed mutagen-
esis kit). The presence of desired mutations was confirmed by DNA sequencing. The expression
constructs were transfected into Expi293F mammalian cells (Thermo Fisher Scientific) using Expi-
fectamine transfection agent as described in the manufacturer’s manual (Thermo Fisher Scientific). Cell
supernatants were collected 5 days posttransfection, and the protein was purified by affinity chroma-
tography on Streptactin resin (IBA Technologies), followed by SEC.

Liposome flotation assay. Lipids, DOPC, DOPE, SM (from bovine brain), and CH (from ovine wool)
were purchased from Avanti Polar Lipids. Liposomes were prepared by the freeze-thaw and extrusion
method (98), using 200-nm membranes for extrusion. 2L liposomes were made of 60 mol% DOPC and
40 mol% CH, and 4L liposomes were 20 mol% DOPC, 20 mol% DOPE, 20 mol% SM, and 40 mol% CH.
Recombinant 0.5 �M gB ectodomains were mixed with 1 mM liposomes in phosphate-buffered saline
(PBS) in a 100-�l volume, incubated overnight (12 to 15 h) at 4°C and then at 37°C for 15 min (the
overnight incubation can be omitted and was done for convenience). OptiPrep medium (Axis-Shield PoC
AS, Oslo, Norway) was used for density gradient preparation. Protein-liposome samples were adjusted to
a volume of 300 �l by addition of 30 �l of PBS and 170 �l of 60% OptiPrep (final OptiPrep concetration,
36%) and deposited with a syringe on the bottom of the ultracentrifuge tube already containing 4.5 ml
of 20% OptiPrep solution in PBS. Two hundred microliters of PBS was added to the top, and the samples
were centrifuged for 1 h at 40,000 	 g and 4°C in an SWTi 55 swinging-bucket rotor in a Beckman Coulter
ultracentrifuge. The 5-ml gradients were fractionated into two 400-�l fractions (the first one representing
the top fraction), three 1.2-ml fractions, and one 600-�l (bottom) fraction. Thirty-microliter aliquots of the

Vallbracht et al. Journal of Virology

January 2018 Volume 92 Issue 1 e01203-17 jvi.asm.org 22

https://www.ncbi.nlm.nih.gov/protein/AEM64049.1
http://www.rcsb.org/pdb/explore/explore.do?structureId=2GUM
http://jvi.asm.org


top and bottom fractions were analyzed on SDS-PAGE 4 to 20% gradient gels (GenScript), and Western
blotting to detect the Strep-tag II on gB was done with a Streptactin-horseradish peroxidase (HRP)
conjugate (IBA Technologies) following the manufacturer’s instructions.

Viruses and cells. Rabbit kidney (RK13) and RK13-gB cells were grown in Dulbecco’s modified Eagle’s
minimum essential medium (MEM) supplemented with 10% fetal calf serum (FCS) at 37°C and 5% CO2.
A PrV mutant lacking gB (PrV-ΔgB) (76), which was derived from PrV strain Kaplan (PrV-Ka), was
propagated in RK13-gB cells.

Expression plasmids for cell-cell fusion assays. Generation of expression plasmids for PrV-Ka gB,
gH, and gL has been described previously (70). The expression plasmid pcDNA-gBKa containing the
gB open reading frame (ORF UL27) was used for site-directed mutagenesis (QuikChange II XL kit;
Agilent) with the complementary pair of oligonucleotide primers. Correct mutagenesis was verified
by sequencing.

In vitro cell-cell fusion assays. Fusion activities of the different gB mutants were analyzed after
transient transfection of RK13 cells as described recently (72). Briefly, approximately 1.8 	 105 RK13 cells
per well were seeded onto 24-well cell culture plates. On the following day, the cells were transfected
with 200 ng each of expression plasmids for EGFP (pEGFP-N1; Clontech) and for PrV glycoprotein gBKa

or mutant gB, gLKa, and gHKa (21, 70, 99) in 100 �l Opti-MEM using 1 �l Lipofectamine 2000 (Thermo
Fisher Scientific). An empty vector (pcDNA3) served as a negative control. The mixture was incubated for
20 min at room temperature and added to the cells. After 3 h, the cells were washed with PBS and
incubated in MEM supplemented with 2% FCS for another 24 h at 37°C. Thereafter, the cells were fixed
with 3% paraformaldehyde (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 mm2 each). The experiment was repeated three times, and average percent values of
positive-control transfections, as well as standard deviations, were calculated.

trans-complementation assay. The functions of the different gB mutants in virus entry were
determined by trans-complementation of PrV-ΔgB (76). Approximately 1.8 	 105 RK13 cells per well
were seeded onto 24-well cell culture plates. On the following day, the cells were transfected with
200 ng of the corresponding gB expression plasmid as described above. One day posttransfection,
the cells were infected with phenotypically gB-complemented PrV-ΔgB 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 (100), and 1 ml fresh
medium was added. After 24 h at 37°C, the cells were harvested together with the supernatants and
lysed by freeze-thawing (�80°C and 37°C). Progeny virus titers were determined on PrV gB-
expressing cells (RK13-gB) (76). The mean values of three independent experiments with the
corresponding standard deviations are shown.

Indirect immunofluorescence tests. To test for subcellular localization of the mutated proteins,
RK13 cells were transfected with the gB expression plasmids as described above. After 24 h, the cells
were fixed with 3% PFA for 20 min and permeabilized in PBS containing 0,1% Triton X-100 for 10 min
at room temperature. Subsequently, the cells were incubated with a rabbit antiserum specific for PrV gB
(101), which was diluted 1:1,000 in PBS. After 1 h at room temperature, bound antibody was detected
with Alexa 488-conjugated goat anti-rabbit antibodies (1:1,000 in PBS; Invitrogen). After each step, the
cells were washed repeatedly with PBS. Green fluorescence was excited at 488 nm and recorded with a
laser scanning confocal microscope (SP5; Leica, Mannheim, Germany).

Western blot analyses. RK13 cells were harvested 24 h after transfection with the different gB
expression plasmids, as described above. The cells were lysed, and protein samples were separated by
SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was incubated with a mono-
clonal gB antibody (C15-b1 at 1:500 dilution) (101, 102). Binding of 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).

Accession number(s). The PrV gB coordinates have been deposited in the RCSB Protein Data Bank
(PDB) under accession code 6ESC.

SUPPLEMENTAL MATERIAL
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