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ABSTRACT

Membrane fusion is indispensable for entry of enveloped viruses into host cells. The conserved core fusion machinery of the
Herpesviridae consists of glycoprotein B (gB) and the gH/gL complex. Recently, crystal structures of gH/gL of herpes simplex
virus 2 (HSV-2) and Epstein-Barr virus and of a core fragment of pseudorabies virus (PrV) gH identified four structurally con-
served gH domains. To investigate functional conservation, chimeric genes encoding combinations of individual domains of PrV
and herpes simplex virus 1 (HSV-1) gH were expressed in rabbit kidney cells, and their processing and transport to the cell sur-
face, as well as activity in fusion assays including gB, gD, and gL of PrV or HSV-1, were analyzed. Chimeric gH containing do-
main I of HSV-1 and domains II to IV of PrV exhibited limited fusion activity in the presence of PrV gB and gD and HSV-1 gL,
but not of PrV gL. More strikingly, chimeric gH consisting of PrV domains I to III and HSV-1 domain IV exhibited considerable
fusion activity together with PrV gB, gD, and gL. Replacing PrV gB with the HSV-1 protein significantly enhanced this activity. A
cell line stably expressing this chimeric gH supported replication of gH-deleted PrV. Our results confirm the specificity of do-
main I for gL binding, demonstrate functional conservation of domain IV in two alphaherpesviruses from different genera, and
indicate species-specific interactions of this domain with gB. They also suggest that gH domains II and III might form a struc-
tural and functional unit which does not tolerate major substitutions.

IMPORTANCE

Envelope glycoprotein H (gH) is essential for herpesvirus-induced membrane fusion, which is required for host cell entry and
viral spread. Although gH is structurally conserved within the Herpesviridae, its precise role and its interactions with other com-
ponents of the viral fusion machinery are not fully understood. Chimeric proteins containing domains of gH proteins from dif-
ferent herpesviruses can serve as tools to elucidate the molecular basis of gH function. The present study shows that the C-termi-
nal part of human herpesvirus 1 (herpes simplex virus 1) gH can functionally substitute for the corresponding part of suid
herpesvirus 1 (pseudorabies virus) gH, whereas other tested combinations proved to be nonfunctional. Interestingly, the ex-
changeable fragment included the membrane-proximal end of the gH ectodomain (domain IV), which is most conserved in se-
quence and structure and might be capable of transient membrane interaction during fusion.

Membrane fusion is an essential process in pro- and eukary-
otic organisms and occurs, e.g., during cell division, au-

tophagy, and endo- and exocytosis. For entry into host cells, en-
veloped viruses depend on fusion of their envelopes with cellular
membranes. Fusion can occur at the plasma membrane either
immediately after attachment or after endosomal uptake of the
enveloped virus particles. Members of the Herpesviridae have been
shown to utilize both pathways, but herpes simplex viruses 1 and
2 (HSV-1 and HSV-2, respectively) and other members of the
subfamily Alphaherpesvirinae, e.g., pseudorabies virus (PrV; suid
herpesvirus 1), predominantly enter cells by direct penetration at
the plasma membrane (1). In most alphaherpesviruses four con-
served viral envelope glycoproteins are relevant for entry: the core
fusion machinery consisting of glycoprotein B (gB), the gH/gL
heterodimer, and the receptor-binding gD (1–3). Recent publica-
tions suggest that gB represents the actual fusion protein and that
gD and gH/gL are required for activation of gB via direct gD-
gH/gL and gH/gL-gB interactions (4–8).

In many alphaherpesviruses attachment is facilitated by bind-
ing of the nonessential glycoprotein gC to heparan sulfate of cell
surface proteoglycans (9–11). In a second step, which is crucial for

virus entry, gD binds to nectin-1 or other specific virus receptors
and is then suggested to activate gH/gL by an yet unknown mech-
anism (5, 12). However, PrV gD is dispensable for induction of
membrane fusion in vitro (13), and previous studies also revealed
that gD-negative PrV mutants were still capable of plaque forma-
tion by direct cell-to-cell spread (14, 15). Moreover, after passage
of cells infected with gD-deleted PrV, compensatory mutations
were acquired in gH and gB which supported efficient gD-inde-
pendent entry (16, 17). In line with these observations, several
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alphaherpesviruses like varicella-zoster virus completely lack gD
homologs (18), and gD is not conserved in other herpesvirus sub-
families.

In contrast, gH and gL homologs are present in all known
members of the Herpesviridae, and at least gH is essential for in-
duction of membrane fusion, virus entry, and cell-to-cell spread
(19–21). Epstein-Barr virus (EBV) (22), human cytomegalovirus
(HCMV) (23), and HSV-1 gH (24, 25) bind to integrin receptors
in the host cell plasma membrane, but the general relevance of
these interactions for attachment and fusion is unclear. Whereas
in HSV-1 gL is required for maturation, virion incorporation, and
function of gH (26), gH was found in virions of gL-deleted PrV,
and the corresponding mutants also exhibited limited spread in
tissue culture (27). Moreover, as with gD-negative PrV, in vitro
passaging of gL-deleted PrV resulted in the accumulation of com-
pensatory mutations which enabled gL-independent entry and
spread (28). Interestingly, the most efficient compensatory muta-
tion was a translocation of part of the gH gene to the gD locus,
resulting in expression of a chimeric protein containing major
parts of the gD ectodomain (amino acids [aa] 1 to 271) fused to a
truncated gH lacking the N-terminal 96 residues. This chimeric
gDH was able to substitute for gD, gH, and gL in fusion assays and
virus replication (13, 28). The corresponding gH core fragment
(gHc) was crystallized, and its structure was solved (29). However,
targeted construction of similar gD-gH chimeras of HSV-1 did
not result in fully functional proteins (30).

Despite these differences, the general conservation of the
mechanism of herpesvirus entry was demonstrated by heterolo-
gous complementation studies which showed that gB of PrV or
simian alphaherpesvirus (saimiriine herpesvirus 1; SaHV-1) can
substitute for the HSV-1 protein (31–33) and that gB of bovine
herpesvirus 1 complements gB-deleted PrV (34). However, heter-
ologous complementation by gD and gH/gL homologs has not
been described, indicating that these proteins mediate species-
specific interactions which might be relevant for tropism.

As a prerequisite for a more detailed understanding of gH/gL
function, the structures of the corresponding heterodimeric pro-
tein complexes of HSV-2 and EBV, as well as of the core fragment
of PrV gH, were determined by crystallography and compared
(29, 35, 36). Despite a low level of overall amino acid sequence
conservation (e.g., 27% conservation between PrV and HSV-2 gH
proteins), the three gH homologs were found to share similar
three-dimensional (3D) structures (Fig. 1). Four distinct domains
were identified in EBV gH (36), and PrV gHc, which lacked the
first domain due to the N-terminal truncation, was composed of
corresponding domains II, III, and IV (29). HSV-2 gH (35) was
divided into three domains, with the last, C-terminal domain
(H3) corresponding to domain IV in the PrV and EBV gH pro-
teins. The remaining domains were grouped differently. For clar-
ity reasons, in this paper we will apply the four-domain subdivi-
sion established for EBV and PrV gH also to the HSV-2 and HSV-1
gH ectodomains. Domain I of HSV-2 (Fig. 1A) and EBV gH in-
teracts with gL to form the functionally active heterodimeric com-
plex. Domain II contains a �-sheet (“fence”), which separates the
gL-binding domain I from the rest of the molecule, and a syn-
taxin-like bundle (SLB) formed by three �-helices (Fig. 1C and
D). The SLB is similar to structures found in eukaryotic fusion
proteins and is relevant for PrV gH function since disruption or
immobilization of this element impaired or abolished gH activity
in fusion assays and in complementation studies of gH-deleted

PrV (37, 38). Domain III consists of eight consecutive �-helices
and contains a strictly conserved and functionally important di-
sulfide bond (39). The membrane-proximal domain IV, which is
followed by the transmembrane domain, encompasses an ex-
tended “flap” region (Fig. 1E and F) which masks an underlying
patch of hydrophobic amino acids. Mutational analyses indicated
that flap movement might be required to expose the hydrophobic
patch for membrane interaction during fusion (40).

Although these structural features are preserved in the three
gH homologs, it is unclear whether they are also functionally
equivalent. Thus, we attempted to investigate the functional con-
servation of gH domains by generation of chimeric proteins con-
taining domains of the PrV and HSV-1 homologs. Expression,
maturation, and transport of the gH chimeras in the presence or
absence of gL were determined by Western blotting and immuno-
fluorescence tests of plasmid-transfected cells. Function of the
chimeric proteins was analyzed by in vitro fusion assays including
gB, gD, and gL of PrV or HSV-1. Functional gH chimeras were
further investigated for trans-complementation of virus mutants
with deletions of gH after establishment of stably expressing cell

FIG 1 Structures of HSV-2 gH/gL (PDB accession number 3M1C) (A, C, and
E), and of PrV gHc (PDB accession number 2XQY) (B, D, and F). Amino and
carboxyl termini of gH are indicated (N and C, respectively). gL is shown in
pink in the HSV-2 structure, and gH domains are labeled with roman numer-
als and highlighted in gray (I), blue (II), yellow (III), and green (IV). Domain
I is absent from the PrV gHc fragment. The complete structures (A and B) and
enlargements of domain II (C and D) are shown in the same orientation,
whereas the enlargements of domains III and IV (E and F) were rotated �90°
counterclockwise. The conserved syntaxin-like bundle of �-helices (SLB) and
the �-sheet fence in domain II, as well as the flap in domain IV, are marked by
gray arrows. The strands of the fence are numbered to serve as landmarks.
Conserved disulfide bonds (SS) in domain IV and at the end of domain II are
labeled. Red spheres marked by black arrows and numbers represent individ-
ual atoms of the indicated junction residues used for generation of the chime-
ric proteins (Fig. 2).
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lines. A similar approach has recently been used to construct and
analyze chimeric proteins composed of gH fragments of the
closely related simplexviruses HSV-1 and SaHV-1 (41).

MATERIALS AND METHODS
Viruses and cells. The gH-deleted, green fluorescent protein (GFP)-ex-
pressing PrV recombinant pPrV-�gHABF has been described previously
(37). A similar GFP-expressing gH-deleted HSV-1 mutant was prepared
from the infectious plasmid clone pHSV-1�gJ (42) after the replacement
of genomic BstEII/EcoRV fragments containing gH codons 95 to 712 by a
kanamycin resistance gene according to standard protocols (43). Viruses
were propagated in rabbit kidney (RK13) cell lines stably expressing au-
thentic or chimeric gH of PrV and/or HSV-1 (see below) or gH and gL of
PrV (44). Cells were grown at 37°C in minimum essential medium sup-
plemented with 10% fetal bovine serum (FBS). For plaque assays the cells
were inoculated for 2 h with serial virus dilutions and subsequently incu-
bated under semisolid medium containing 6 g/liter methyl cellulose for 2
to 3 days.

Expression plasmids. The open reading frames (ORFs) encoding gly-
coproteins gB, gD, gH, and gL of HSV-1 strain F (kindly provided by
David C. Johnson) were amplified from genomic DNA by PCR using Pfx
DNA polymerase (Life Technologies) and specific primers which con-
tained 5=-terminal extensions providing unique restriction sites (Table 1).
These sites were used for cloning into correspondingly digested plasmid
pcDNA3 (Life Technologies), which allows expression in eukaryotic cells
under the control of the human cytomegalovirus immediate early pro-
moter. Correct insertion in pcDNA-H1FgB, -H1FgD, -H1FgH, and
-H1FgL was confirmed by DNA sequencing. To enhance surface expres-
sion and fusion activity of HSV-1 gB, pcDNA-H1FgB was doubly digested
with BstEII and XbaI, treated with Klenow polymerase, and religated. The
resulting plasmid pcDNA-H1FgBBX encoded a truncated gB lacking the
C-terminal amino acids (aa) 878 to 904.

For prokaryotic expression of HSV-1 gH, a 2,258-bp AfeI/XhoI frag-
ment containing codons 89 to 839 of pcDNA-H1FgH was recloned into
SmaI/XhoI-digested pGEX-4T-3 (GE Healthcare). Subsequent double di-
gestions of pGEX-H1FgH with NheI/XhoI and EcoRI/NruI, each fol-
lowed by Klenow treatment and religation, led to pGEX-H1FgHC con-
taining gH codons 388 to 792 3=-terminally fused to the glutathione
S-transferase (GST) open reading frame (ORF). In a similar approach
pGEX-H1FgH was shortened by subsequent double digestions with NruI/
XhoI and BamHI/BsrGI, resulting in pGEX-H1FgHN which contained
gH codons 147 to 386 fused to the GST ORF.

The eukaryotic expression plasmids for PrV glycoproteins gB, gD, gH,
and gL used in this study have been described previously: pgB-008 (45),
gDgI-CMV (46), pcDNA-gH, and pRc/CMV-gL (13).

Construction and expression of chimeric gH genes. A fusion PCR
was used to generate gH genes encoding domains I to III of PrV and IV of
HSV-1 (PI–III/HIV gH), domains I and II of PrV and III and IV of HSV-1,
or domain I of PrV and domains II to IV of HSV-1 (Fig. 2). The 5=-

terminal parts of the PrV gH ORF were amplified from pcDNA-gH (13)
using the vector-specific T7 primer and the desired reverse domain fusion
primers (Table 2). The 3=-terminal parts of the HSV-1 gH ORF were
amplified from pcDNA-H1FgH with the forward domain fusion primers
and the vector-specific SP6-25 primer (Table 2). The PCR products were
purified, and 10 ng of each of the matching products, which overlapped by
�15 bp, was mixed and amplified in a final PCR using the T7 and SP6-25
primers. The chimeric products were doubly digested at terminal HindIII
and XhoI sites and inserted into the correspondingly digested expression
vector pcDNA3. The two parts of the complementary chimeric gH genes
containing domains I to III of HSV-1 and IV of PrV, domains I and II of
HSV-1 and III and IV of PrV, or domain I of HSV-1 and domains II to IV
of PrV (HI/PII–IV) were also amplified from pcDNA-H1FgH or pcDNA-
gH, respectively. However, the domain fusion primers used contained
silent mutations introducing NheI or XhoI restriction sites (Table 2).
Thus, the HindIII/NheI- and NheI/XhoI-digested or HindIII/XhoI- and
XhoI-digested fragments could be inserted into HindIII/XhoI-digested
pcDNA3 by three fragment ligations. All obtained expression plasmids
were characterized by DNA sequencing of the complete chimeric gH
ORFs. Geneious software, version 8.1.3 (Biomatters), was used for analy-
sis and comparison of DNA and protein sequences.

Complementing cell lines. Cell lines stably expressing PrV, HSV-1, or
chimeric gH were generated by transfection (X-tremeGENE HP reagent;
Roche) of RK13 cells with the corresponding pcDNA3 expression plas-
mids. Two days after transfection the cells were trypsinized, and various
dilutions in medium supplemented with 500 �g/ml G418 were seeded
into 96-well plates. Resistant clones were tested for gH expression by
Western blotting and indirect immunofluorescence (IIF) analyses with
monospecific antibodies. Homogeneously gH-expressing cell clones were
further propagated.

Antiserum preparation and IIF analyses. GST fusion proteins con-
taining the N-terminal or C-terminal parts of the HSV-1 gH gene were
expressed in Escherichia coli XL1 Blue MRF (Agilent Technologies) after
transformation with pGEX-H1FgHN or pGEX-H1FgHC, isolated, and
used for immunization of two rabbits as described previously (47). In IIF
analyses the obtained antisera (anti-HSV-1 gHN and anti-HSV-1 gHC)
and a similarly prepared PrV gH-specific rabbit serum (28) were used at
dilutions of 1:200.

RK13 cells grown in 12-well plates were cotransfected (X-tremeGENE
HP; Roche) with expression plasmids for native or chimeric gH and PrV
gL, HSV-1 gL, or an irrelevant viral membrane protein (pORF25 of cy-
prinid herpesvirus 3). After 2 days the cells were fixed with 3% parafor-
maldehyde (PFA) in phosphate-buffered saline (PBS) for 30 min at room
temperature and subsequently permeabilized for 15 min with 0.5% Triton
X-100 in PBS. For detection of surface-exposed gH the permeabilization
step was omitted. After the cells were washed, they were blocked with 10%
FBS in PBS and incubated with the rabbit antiserum diluted in blocking
buffer for 1 h. Bound antibodies were detected by incubation for an ad-
ditional hour with Alexa Fluor 488-conjugated goat anti-rabbit IgG (Life

TABLE 1 Primers for cloning of HSV-1 glycoprotein genes

Primera Site Sequenceb Nucleotide positionc

HHV1gB-F BamHI 5=-CACAGGATCCGTCCCGCCATGCGCCAG-3= 55702–55718 (R)
HHV1gB-R EcoRI 5=-CACAGAATTCCCCCCCGTCACAGGTCGTCC-3= 52989–53008
HHV1gD-F EcoRI 5=-CACAGAATTCCGGTATGGGGGGG-3= 138274–138289
HHV1gD-R XhoI 5=-CACACTCGAGCTAGTAAAACAAGGGCTGG-3= 139447–139465 (R)
HHV1gH-F HindIII 5=-CACAAGCTTCCACCATGGGGAATGG-3= 46289–46301 (R)
HHV1gH-R XhoI 5=-CACACTCGAGTTATTCGCGTCTCC-3= 43783–43796
HHV1gL-F EcoRI 5=-CACAGAATTCCGCTATGGGGATTTTGGGTTG-3= 9268–9288
HHV1gL-R NotI 5=-CACAGCGGCCGCATCATTAGATGCGCCG-3= 9935–9952 (R)
a F, forward; R, reverse.
b Extensions are shown in italics, and restriction sites are underlined. Start codons and reverse stop codons are shown in bold letters.
c Nucleotide positions refer to the genome sequence of HSV-1 strain F (GenBank accession number GU734771). R, primers correspond to the reverse strand.
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Technologies) diluted 1:1,000 in PBS. After each incubation step the cells
were washed repeatedly with PBS.

For semiquantitative analyses nonpermeabilized and permeabilized
cells cotransfected with equal amounts of the same plasmid sets were
incubated with a mixture of the three gH-specific antisera, and mean
fluorescence intensities were measured by microscopy (Eclipse Ti-S with
the software NIS-Elements, version 4.0; Nikon) at low magnification (4�
objective) in six fields of view. Cells transfected with an irrelevant expres-
sion plasmid (see above) served as background controls. After back-
ground subtraction, the percentages of gH-specific surface fluorescence
were determined for all tested protein combinations, and mean values as
well as standard deviations were calculated from at least three indepen-
dent experiments.

For subsequent photography, transfected cells incubated with the match-
ing anti-gH serum were overlaid with 2.5% 1,4-diazabicyclo[2.2.2]octane in
90% glycerol containing 1 �g/ml propidium iodide for DNA staining.

Western blot analyses. Transfected RK13 cells were harvested after 48
h, and proteins were separated by discontinuous sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Transfer to nitrocellu-

lose membranes and subsequent incubation of the blots were done as
described previously (48). The monospecific rabbit antiserum against PrV
gH (28) was used at a dilution of 1:10,000, and the anti-HSV-1 gHN and
anti-HSV-1 gHC sera were diluted at 1:20,000. Binding of peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch) was de-
tected (SuperSignal West Pico chemiluminescent substrate; Thermo Sci-
entific) and recorded (VersaDoc 4000 MP; Bio-Rad).

In vitro fusion assays. Monolayers of RK13 cells grown in 12-well
plates were cotransfected (X-tremeGENE HP reagent; Roche) with equal
amounts (300 ng each) of eukaryotic expression plasmids for C-termi-
nally truncated gB, gD, and gL proteins of PrV or HSV-1, authentic or
chimeric gH, and GFP (pEGFP-N1; Clontech). If single expression plas-
mids were omitted, the empty vector pcDNA3 (Life Technologies) was
used instead. After 24 h or 48 h, the cells were fixed for 30 min with 3%
PFA and repeatedly washed with PBS. Formation of polykaryocytes was
analyzed by fluorescence microscopy (Eclipse Ti-S; Nikon). For each
tested combination of plasmids, the areas of 50 syncytia from five random
fields of sight were measured in three independent experiments. If no or

FIG 2 Diagram of the generated gH chimeras. The ectodomains of PrV and HSV-1 gH are shown in different shades of green and red, respectively. SP, signal
peptide; C-tail, cytoplasmic tail; TM, transmembrane domain. Structurally conserved subdomains are indicated by roman numerals (I to IV). The last amino
acids of the determined or predicted (Geneious) structural elements of PrV gH (GenBank accession number AAA47466) and HSV-1 gH (GenBank accession
number AJE60179), as well as the last and first amino acids of the two components of chimeric proteins, are given above the respective bars. For clarity, the
proteins were not drawn to scale.

TABLE 2 Primers for construction of gH chimeras

Primer (site)a Sequenceb Nucleotide positions or regionc

PgHD3HgHD4-F 5=-TCGCGCGCGCCGCGCCCGAGGCCTCACATCGGTGC-3= PrV 62232–622451, HSV-1 44344–44361 (R)
PgHD2HgHD3-F 5=-GGCCGGCTGCCCCGCGGATTCTGTGTTTTTTAATG-3= PrV 61705–61717, HSV-1 44988–45011 (R)
PgHD1HgHD2-F 5=-CGGCGGCGGTGTGGCCCGTGGGCATCTG-3= PrV 6118261195, HSV-1 45554–45571 (R)
HgHD1PgHD2-F (NheI) 5=-CCCCGTCGGCtagcACGTGGCCCGCGGAGGTGGC-3= HSV-1 45564–45587 (R), PrV 61196–61209
HgHD2PgHD3-F (XhoI) 5=-GCCGCtCGaGGGGCCGCGGGCTGTGCCGCGGGCTTCGCCGGGC-3= HSV-1 45006–45036 (R), PrV 61718–61733
HgHD3PgHD4-F (NheI) 5=-GCGCCTTCGTCCCTGAGATCCCCGCCGAGGCGCTGCTaGCCCTG-3= HSV-1 44359–44375 (R), PrV 62249–62278
T7 5=-TAATACGACTCACTATAGGG-3= pcDNA3 (upstream of gH)
SP6-25 5=-CTCTAGCATTTAGGTGACACTATAG-3= pcDNA3 (downstream of gH)
a Designations of the domain fusion primers indicate the virus specificities of their 5= and 3= parts and the encoded gH domain ends or beginnings (where D3 indicates, e.g., domain
III). P, PrV; H, HSV-1; F, forward.
b PrV sequences are shown in italics, HSV-1 sequences are shown in bold, and bold italics indicate identical sequence overlaps. Artificially introduced restriction sites are
underlined, and nucleotides altered by silent mutations are shown in lowercase letters. Reverse domain fusion primers were complementary to the forward primers shown.
c Nucleotide positions refer to the genome sequences of PrV strain Ka (GenBank accession number JQ809328) and of HSV-1 strain F (GenBank accession number GU734771). R,
sequences correspond to the reverse strand.
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only very few syncytia were detectable, single cells were also measured to
reach a value of 50. Mean sizes and standard deviations were calculated.

In vitro virus replication studies. For plaque assays, nontransfected
RK13 cells, RK13 cells expressing authentic or chimeric gH, or RK13-
gH/gL cells were grown to monolayers and inoculated at a low multiplicity
of infection (MOI) with phenotypically complemented gH-negative and
parental gH-positive PrV or HSV-1 and further incubated under semi-
solid medium for 2 to 3 days at 37°C. Cells infected with the GFP-express-
ing viruses were visualized by fluorescence microscopy (Eclipse Ti;
Nikon), and mean areas of 50 plaques per virus as well as standard devi-
ations were calculated. For determination of final progeny virus titers,
monolayers were infected at an MOI of 0.01, and after 2 h at 37°C non-
penetrated virus was inactivated by low-pH treatment (49). Incubation
was continued under normal medium. After 4 days at 37°C the cells were
scraped into the medium and lysed by freeze-thawing, and total progeny
virus titers were determined by plaque assays on RK13-gH/gL (44) cells.
The average of three experiments and standard deviations were calculated.

Statistical analyses. The significance of differences in gH surface ex-
pression, in vitro cell fusion activities, and virus replication properties was
evaluated by Student’s t tests.

RESULTS
Expression of gH chimeras. Based on the conserved domains
identified by structural analysis of PrV gH (29), we constructed
eukaryotic expression plasmids for chimeric proteins composed
of individual domains of the gH homologs of PrV and HSV-1,
which is closely related (79% identical amino acids) to the struc-
turally characterized HSV-2 gH (35). In contrast, sequence iden-
tity between PrV and HSV-1 gH proteins amounts to only 27%.
Figure 2 schematically shows the six chimeric gH constructs gen-
erated in this study and indicates the last and first amino acids of
the PrV strain Kaplan (GenBank accession number AAA47466)
(50) or HSV-1 strain F (GenBank accession number AJE60179)
(51) proteins present at the junction sites. The N-terminal signal
peptides (SP), the transmembrane (TM) domain, and the cyto-
plasmic (C-tail) domain always originated from the gH homolog
providing domain I or domain IV. The transition sites (red
spheres in Fig. 1) were chosen based on structure and sequence
alignments of the two proteins and within stretches of identical or
similar amino acid residues in HSV-1, HSV-2, and PrV gH (Fig.
2). Preservation of disulfide bonds (Fig. 1, SS) close to the domain
boundaries was also taken into account.

Expression and transport of the chimeric proteins was tested
by Western blotting and IIF analyses of transfected RK13 cells
using rabbit antiserum raised against bacterial fusion proteins
containing aa 88 to 632 of PrV gH (28) and aa 147 to 386 (anti-
HSV-1 gHN) or aa 388 to 792 (anti-HSV-1 gHC) of HSV-1 gH. In
Western blot analyses each of the chimeric proteins was abun-
dantly detected by at least one of these antisera, and apparent
protein masses were in the expected ranges (Fig. 3). Interestingly,
the PrV gH-specific antiserum showed unambiguous reactions
only with proteins containing domain III of PrV gH although a
large fusion protein including major parts of the ectodomain had
been used for immunization. The two HSV-1-specific antisera
reacted as expected; i.e., the anti-gHN serum detected only chime-
ric proteins containing domain I and/or II, whereas the anti-gHC
serum detected proteins containing domain III and/or IV of
HSV-1 gH (Fig. 3).

Due to the considerable differences between PrV and HSV-1 in
the sizes of the gH proteins as well as of individual domains
(Fig. 2), the apparent molecular masses of the detected proteins
were also different. Whereas the predominant glycosylated form

of PrV gH (686 aa; calculated mass of the primary translation
product, 72 kDa) migrated at approximately 80 kDa, the HSV-1
protein (838 aa, 90.5 kDa) exhibited an apparent mass of 120 kDa,
and most chimeric proteins were in between (Fig. 3, black arrows).
The apparent mass of only the chimeric protein containing do-
mains I to III of PrV gH and domain IV of HSV-1 gH (PI–III/HIV

gH; 685 aa, 72 kDa) was reduced compared to that of PrV gH
although the calculated sizes of the two proteins were almost iden-
tical. In contrast, the “reciprocal” protein, HI–III/PIV gH (839 aa,
90.5 kDa), appeared larger than the authentic HSV-1 protein.
Whereas various amounts of nonglycosylated gH precursors (Fig.
3, asterisks) and probable degradation products were found in all
transfected cell lysates, presumably mature, fully glycosylated
�90-kDa forms were detected of only the authentic PrV gH and
the PI–III/HIV chimeric protein (Fig. 3, gray arrows). Thus, in line
with previous results (27, 37, 38), presence of the complex partner
gL proved to be dispensable for maturation of PrV gH. In contrast,
HSV-1 gL has been reported to be required for transport and final
processing of gH (52), and an additional larger form of wild-type
HSV-1 gH became visible after cotransfection of cells with gH and
gL expression plasmids. However, coexpression of HSV-1 or PrV
gL did not influence processing of any of the chimeric proteins
(results not shown).

Transport of the gH variants to the plasma membrane was
investigated by IIF analyses of RK13 cells fixed 48 h after plasmid
transfection. In the absence of gL, only PrV gH and PI–III/HIV gH
were exposed at similar, readily detectable levels at the surface of
nonpermeabilized cells, whereas all other chimeras as well as
HSV-1 gH were barely observed at the cell surface (Fig. 4). How-
ever, in line with our Western blot results, abundant expression of
all gH constructs was found in permeabilized cells. As described
previously (52), cotransfection of cells with HSV-1 gH and gL
expression plasmids substantially enhanced surface localization of
gH (Fig. 4). Moderately increased amounts of PrV gH and PI–III/
HIV gH were also detected at the surface of cells after coexpression
of PrV gL (Fig. 4). In contrast, coexpression of neither the gL
matching the binding domain at the N terminus of gH (Fig. 4) nor

FIG 3 Western blot analyses of transfected RK13 cells. At 48 h after transfec-
tion with expression plasmids for the indicated gH variants, cell lysates were
prepared and separated by SDS-PAGE. Blots were incubated with monospe-
cific rabbit antiserum against PrV gH or the N-terminal and C-terminal parts
of HSV-1 gH. The probable primary translation products (asterisks), as well as
immature (black arrows) and mature (gray arrows) glycosylated forms of na-
tive or chimeric gH, are labeled. Molecular masses of marker proteins are
indicated on the left.
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heterologous gL (data not shown) supported transport of any of
the other gH chimeras.

In vitro fusion activity of chimeric gH proteins. It has been
demonstrated in previous studies that transient coexpression of
HSV-1 or PrV gB, gH/gL, and gD induces the formation of syncy-

tia in cell culture (13, 53). In contrast to the HSV-1 system, gD of
PrV and, under certain conditions, also gL are not essential for in
vitro cell fusion (13). However, in both systems deletion of C-ter-
minal internalization signals of gB led to increased cell surface
expression and enhanced in vitro cell fusion activity (13, 54, 55).

FIG 4 IIF analyses of transfected RK13 cells. At 48 h after transfection with expression plasmids for the indicated native or chimeric gH and, optionally, gL of PrV
(P) or HSV-1 (H), the cells were fixed with 3% paraformaldehyde for detection of surface proteins or permeabilized with 0.5% Triton X-100 for determination
of total protein. In panel A surface-located gH was detected using a monospecific antiserum against the PrV protein (left panels) or the N-terminal part of HSV-1
gH (right panels) and Alexa Fluor 488-conjugated secondary antibodies. Chromatin was counterstained with propidium iodide. Scale bar, 100 �m. In panel B
gH-specific fluorescence intensities were compared between nonpermeabilized and permeabilized cells to evaluate the proportions of surface-exposed gH.
Shown are the mean percentages and negative standard deviations from at least three independent experiments. Statistically significant (P 	 0.05) differences to
surface detection of PrV gH in the presence (a) and HSV-1 gH in the absence (b) of matching gL are indicated.
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Therefore, C-terminally truncated forms of PrV gB (gB008 [45])
and HSV-1 gB (expressed from pcDNA-H1FgBBX) were used in
this study to allow detection of even minimal in vitro fusion activ-
ity in the presence of the gH chimeras. The six gH chimeras, as well
as the two native proteins, were tested in all possible combinations
with gD, gL, and truncated gB originating from PrV and HSV-1
(Fig. 5A). In addition, single proteins were sometimes omitted.
Because of considerably different fusion activities, several assays
were evaluated after 24 h (examples are shown in Fig. 5B) to avoid
early detachment of large syncytia, whereas most assays were in-
cubated for 48 h (examples in Fig. 5C) after cotransfection of
RK13 cells with expression plasmids. For clarity, only protein
combinations yielding significant fusion activity are quantita-
tively displayed in the diagrams and compared to background
fusion observed in the absence of gH.

In assays including gB008, gL, and gD from PrV, only wild-type
PrV gH and the chimeric protein PI–III/HIV gH induced significant

cell fusion (Fig. 5C), whereas HSV-1 gH as well as all other gH
chimeras showed no activity (Fig. 5A). The HSV-1 glycoproteins
induced significantly more pronounced cell fusion than the ho-
mologous PrV proteins (Fig. 5B), which, however, was completely
abolished after replacement of HSV-1 gH by the PrV homolog or
any of the chimeras, including PI–III/HIV gH or the reciprocal HI–III/
PIV gH (Fig. 5A).

Using PrV glycoproteins, replacement of authentic gH by
PI–III/HIV gH led to a reduction of syncytium size by approxi-
mately 50% but additional replacement of PrV gB008 by HSV-1
gBBX led to an increase to more than 150% of the size of syncytia
induced by the original PrV proteins (Fig. 5B). In contrast, after
single substitution of gB, only low fusion activity (approximately
25%) was retained, indicating that HSV-1 gB can only partly com-
pensate for PrV gB in the presence of native gH (Fig. 5B). How-
ever, obviously the functional interaction of HSV-1 gB with chi-
meric gH PI–III/HIV was much improved and almost comparable

FIG 5 In vitro fusion assays. RK13 cells were cotransfected with different combinations of expression plasmids for GFP, C-terminally truncated gB, gD and gL
of PrV (P) or HSV-1 (H), and native or chimeric gH as indicated. If expression plasmids for individual glycoproteins were omitted (X), they were replaced by the
same DNA amount of the empty expression vector. After different times syncytia were detected and measured by fluorescence microscopy. (A) For all tested
protein combinations, statistical significance (P 	 0.01) of size differences to a negative control (PrV glycoprotein set without gB) was determined, and positive
results were roughly quantified (
 to 



). (B and C) Mean areas of syncytia induced by the fusogenic protein combinations or in the absence of gH were
compared after 24 h (B) or 48 h (C) to the value obtained with the complete PrV set of proteins, which was set to 100%. All shown combinations formed
significantly (P 	 0.001) larger (a) or smaller (b) syncytia than the PrV positive control. Negative standard deviation is also indicated.
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to that obtained with authentic HSV-1 gH, gL, and gD proteins,
which led to syncytia more than 200% of the PrV glycoprotein-
induced size (Fig. 5B).

In reciprocal fusion assays including HSV-1 gD, gH, and gL,
PrV gB008 could also partly compensate for HSV-1 gB, resulting
in approximately 60% of the activity of the PrV glycoproteins (Fig.
5B). This was in line with previous results demonstrating that
gB-deleted HSV-1 can be propagated in cell lines expressing PrV
gB, but not vice versa (31).

In the HSV-1 system, substitution for or omission of gL led to
a complete loss of fusion activity, whereas approximately 30% of
activity was retained after omission of gL in the PrV glycoprotein
set (Fig. 5C). However, replacing PrV gL with HSV-1 gL abolished
this residual induction of syncytia by PrV gB008, gD, and gH (Fig.
5A). Interestingly, the gH chimera HI/PII–IV, together with gB008
and gD from PrV, exhibited an in vitro fusion activity of approx-
imately 20% of the authentic PrV glycoproteins in the presence
only of HSV-1 gL but not of PrV gL (Fig. 5A and C). This finding
indicates that this gH chimera, although mainly containing PrV
sequences, is strictly dependent on HSV-1 gL for function similar
to wild-type HSV-1 gH.

In contrast to HSV-1, gD of PrV is dispensable for membrane
fusion (13), and in vitro fusion activity of approximately 40% of
that of the complete PrV glycoprotein set was retained when gD
was omitted (Fig. 5C). Interestingly, activity of PI–III/HIV gH in
fusion assays was strictly dependent on the presence of PrV gD
(Fig. 5A) while inclusion of HSV-1 gD abolished function of the
PrV set of fusion proteins, and neither PI–III/HIV gH nor any other
gH chimeras supported cell fusion in the presence of HSV-1 gD
(Fig. 5A), indicating that HSV-1 gD, like HSV-1 gL, impairs fusion
induced by the core fusion proteins of PrV. Nevertheless, together
with HSV-1 gD and gL, PrV gB008 and gH exhibited a minor, but
statistically significant fusion activity (Fig. 5A and B).

trans-Complementation of gH-deleted PrV and HSV-1.
Since our in vitro fusion assays revealed that the gH chimeras
HI/PII–IV and PI–III/HIV are at least partially functional, RK13-de-
rived cell lines were prepared which stably expressed these pro-
teins or authentic gH of PrV or HSV-1. Previous studies have
shown that gH is essential for formation of infectious virus parti-
cles as well as for direct cell-to-cell spread in both PrV and HSV-1
(19–21). Therefore, it was attempted to propagate a phenotypi-
cally complemented, gH-negative PrV mutant (pPrV-�gHABF)
(37) and a corresponding HSV-1 mutant (pHSV-1�gH) in the
novel cell lines. Evaluation of these studies was facilitated by GFP
expression of both virus mutants.

Whereas pHSV-1�gH exhibited almost wild-type-like virus ti-
ters and plaque sizes on cells expressing HSV-1 gH, it remained
restricted to singly infected HI/PII–IV gH- or PI–III/HIV gH-express-
ing cells, and no infectious progeny virus was obtained even after
4 days at 37°C (data not shown). These results reflected the re-
quirement for coexpression of PrV gD for in vitro function of both
gH chimeras (see above).

The HSV-1 gL-dependent chimera HI/PII–IV gH also failed to
complement gH-deleted PrV in trans (results not shown). How-
ever, on RK13 cells expressing PI–III/HIV gH, plaque formation of
pPrV-�gHABF was restored (Fig. 6A). On RK13-PI–III/HIV gH
cells, mean plaque areas of gH-negative PrV reached approxi-
mately 21% of those of the parental virus pPrV-�gGG (40),
whereas on cells expressing wild-type PrV gH (RK13-PgH),
plaque areas of pPrV-�gHABF were restored to more than 50% of

the wild-type size (Fig. 6B). Maximum infectious virus titers of
pPrV-�gHABF on PI–III/HIV gH-expressing cells were reduced
only approximately 5-fold compared to titers for the same virus
propagated on RK13-PgH cells or to pPrV-�gGG on cells express-
ing the chimeric gH (Fig. 6C). In contrast, neither productive
replication nor spread of pPrV-�gHABF was observed on normal
RK13 cells (Fig. 6A to C), demonstrating that PI–III/HIV gH is
functional in the viral context.

Remarkably, plaque sizes and titers of wild-type-like pPrV-
�gGG were significantly larger on nontransfected RK13 cells than
on cell lines expressing native or chimeric PrV-gH (Fig. 6A and C).
Therefore, it is conceivable that the incomplete trans-complemen-
tation of gH-deleted PrV on these cells is also partly due to inter-
ference effects, as previously described for cells expressing HSV-1
gH (56).

DISCUSSION

The crystal structures of the gH homologs of HSV-2, EBV, and
PrV revealed a conserved subdomain organization of the gH
ectodomain (29, 35, 36). However, despite these structural simi-
larities and an essential function of gH during herpesvirus entry
and spread, no functional complementation between gH ho-
mologs of different virus species has been observed until now. This
indicates highly specific interactions of gH with other viral pro-
teins involved in membrane fusion. In contrast, functional trans-
complementation between the gB homologs of several alphaher-
pesviruses has been described previously (31, 32, 34) and
confirmed for gB proteins of PrV and HSV-1 in the present study.

Our main objective was to analyze whether individual domains
of gH can be functionally exchanged between the alphaherpesvi-
ruses PrV (genus Varicellovirus) and HSV-1 (genus Simplexvirus).
Therefore, we created six gH chimeras in which contiguous do-
mains of PrV and HSV-1 gH were fused at homologous amino
acid residues within structurally conserved stretches in order to
avoid severe alterations, which might affect protein folding and
stability.

While all tested gH chimeras were expressed and glycosylated
after transient expression, final maturation and translocation to
the cell surface were impaired in most cases. These defects could
not be corrected by coexpression of the matching gL and, thus,
were presumably due to improper folding of the chimeric pro-
teins. Our previous studies revealed that introduction of artificial
cysteine residues leading to the formation of disulfide bonds
within a syntaxin-like bundle of �-helices in domain II and also
between domains II and III severely affected maturation and func-
tion of PrV gH, indicating that flexibility and defined intramolec-
ular interactions within and between these parts are critical (37).
In contrast, the chimera containing PrV gH domains I to III and
HSV-1 gH domain IV (PI–III/HIV gH) showed maturation and
surface expression similar to levels of wild-type PrV gH, even in
the absence of gL (Fig. 3 and 4).

In in vitro fusion assays C-terminally truncated forms of PrV
and HSV-1 gB (gB008 and gBBX, respectively) were used since
they possess higher fusion activity due to deletion of conserved
internalization signals from the cytoplasmic tail and/or altered
membrane interactions (13, 45, 54, 55). Thus, even low cofuso-
genic activities of the gH variants should be detectable. However,
only two out of six gH chimeras, PI–III/HIV gH and HI/PII–IV gH,
induced membrane fusion in any of the tested protein combina-
tions.
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In line with its wild-type-like maturation and cell surface lo-
calization PI–III/HIV gH, together with PrV gB008, gD, and gL,
induced syncytia reaching approximately 50% of the size found
with authentic PrV gH (Fig. 5). Surprisingly, activity of this gH
chimera in fusion assays with HSV-1 gBBX and PrV gD and gL was
substantially higher than that of even the wild-type PrV gH. This
suggests that domain IV or the C terminus of gH specifically in-
teracts with homologous gB to promote fusion although HSV-1
gBBX also exhibited moderate fusion activity together with wild-
type gH, gL, and gD of PrV. Paralleling heterologous complemen-
tation of gB-deleted HSV-1 by PrV gB (31), in vitro fusion activity
was also observed when PrV gB008 was combined with HSV-1 gH,
gL, and gD. Fusion activity of PI–III/HIV gH was abolished by omis-
sion or replacement of PrV gL or gD by the homologous HSV-1

proteins (Fig. 5). Recent studies on gH chimeras between HSV-1
and SaHV-1 also revealed that domains HI and HII (correspond-
ing to domains I to III in the PrV and EBV nomenclature) are
crucial for essential species-specific interactions with gD and gL
(41). In the presence of wild-type PrV gH, gD and gL are beneficial
but not essential for membrane fusion (13). Thus, it remains to be
elucidated whether the loss of function of PI–III/HIV gH in the
absence of PrV gD and gL is due to additive defects or whether
domain IV of PrV gH mediates gD and gL independence.

The chimeric protein containing domain I from HSV-1 gH and
domains II to IV from PrV gH (HI/PII–IV) also exhibited limited in
vitro fusion activity in the presence of HSV-1 gL and PrV gB008
and gD (Fig. 5). The requirement for HSV-1 gL is consistent with
the structural information obtained for the EBV and HSV-2

FIG 6 trans-Complementation of gH-deleted PrV. RK13, RK13-PgH, and RK13-PI–III/HIVgH cells were infected with phenotypically complemented gH-
negative pPrV-�gHABF (�gH) or the parental gH-positive virus pPrV-�gGG (wild type, WT). (A) After 2 days (pPrV-�gGG on RK13) or 3 days (others) at 37°C
under plaque assay conditions, autofluorescence of virus-expressed GFP was analyzed. Scale bar, 500 �m. (B) Mean areas of 50 plaques per virus and cell were
calculated. To facilitate comparison, plaque sizes of pPrV-�gGG were set to 100% on each cell line. Negative standard deviations are indicated. (C) Mean progeny
virus titers and standard deviations were determined 4 days after infection at an MOI of 0.01 in three independent experiments. Replication properties
significantly (P 	 0.05) different from those of pPrV-�gHABF on RK13 cells (a), pPrV-�gHABF on RK13-PgH cells (b), or wild-type PrV on the same cell line
(c) are indicated.
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gH/gL complexes (35, 36), in which an intimate network of con-
tacts was observed between gH domain I and gL (Fig. 1A). The
least conserved domain I varies significantly in length and se-
quence between different herpesviruses, and the landscape of
gH-gL interactions is unique for each gH-gL pair. Authentic PrV
gH did not require gL for in vitro function, but replacing PrV gL
with the HSV-1 protein led to lower fusion activity than observed
in the absence of any gL. It is unclear whether the heterologous gL
impairs function of the PrV fusion machinery, e.g., by aberrant gH
interactions, or whether abundant coexpression of a useless pro-
tein simply leads to reduced amounts of the active components in
the same cells. Interestingly, a spontaneous recombination event
during passage of a gL-negative PrV mutant led to the replacement
of major parts of gH domain I by the gD ectodomain (28), and the
resulting chimeric gDH exhibited enhanced and completely gL-
independent in vitro fusion activity (13). In contrast, replacement
of the gH domain I of PrV gH by the corresponding part of HSV-1
gH (HI/PII–IV gH) abolished gL-independent as well as gL-depen-
dent maturation. However, syncytium formation was restored to
approximately 20% of the wild-type level in the presence of
HSV-1 gL. Thus, although domain I of PrV gH is obviously not
directly involved in triggering membrane fusion and is separated
from the active part by the fence (Fig. 1), a properly formed N-ter-
minal domain or the heterodimeric complex seems to be required
for correct maturation and/or functional activation of gH.

To test whether the two in vitro fusion-active gH chimeras were
also functional in the viral context, stably expressing cell lines were
prepared and used for trans-complementation studies with gH-
deleted PrV or HSV-1 mutants. In agreement with earlier obser-
vations, cell lines expressing wild-type gH of PrV or HSV-1 com-
plemented only the homologous virus mutants. In a cell line
expressing HI/PII–IV gH, neither of the gH-deleted viruses exhib-
ited any cell-to-cell spread or productive replication. This was
anticipated since this gH chimera required the presence of HSV-1
gL and PrV gB and gD for in vitro function, which were never
present together in the given settings.

Despite considerable in vitro fusion activity of PI–III/HIV gH
with HSV-1 gBBX, it did not complement gH-deleted HSV-1.
Most likely, this was due to the absence of PrV gD and gL. How-
ever, despite decreased in vitro fusion activity with PrV gB008, cell
lines expressing PI–III/HIV gH supported replication and spread of
gH-deleted PrV (Fig. 6). Although maximum virus titers were
reduced approximately 5-fold and plaque sizes reached little more
than 20% of the wild-type PrV size, these defects were less pro-
nounced than those observed on noncomplementing cells for sev-
eral PrV mutants possessing single amino acid substitutions
within domain II, III, or IV of gH (37, 38, 40). Moreover, even cell
lines abundantly expressing authentic PrV gH only partly trans-
complemented gH-deleted PrV, and even wild-type PrV exhibited
smaller plaques and lower titers on these transgenic cells. Thus, an
excess of gH seems to affect PrV replication in general. Remark-
ably, a cell line which coexpresses PrV gH and gL at moderate
levels supports almost wild-type-like replication of gH-negative
PrV (44).

In summary, the present study confirms that gH, despite a high
degree of structural and functional conservation (5, 29, 35, 36),
exhibits multiple species-specific interactions with other proteins
of the viral fusion machinery which impede functional substitu-
tion of the entire protein, or even of parts of it, between different
herpesvirus species. However, in line with a recent publication

showing that function was retained when only the membrane-
proximal part of the gH ectodomain, including the membrane
anchor and cytoplasmic tail, was exchanged between two closely
related alphaherpesviruses of the genus Simplexvirus (HSV-1 and
SaHV-1) (41), we demonstrate here that a similar fragment of
HSV-1 gH can also substitute for the corresponding part of the
phylogenetically more distant PrV, which is a member of the ge-
nus Varicellovirus (57). Moreover, we show that this chimeric gH
not only is functional in transient in vitro assays but also comple-
ments gH-deleted PrV in trans. Interestingly, the exchangeable
part of gH represents the most highly conserved domain IV, and it
has been speculated that structural changes within this domain
during initiation of membrane fusion may lead to movement of a
conserved basic flap to unmask an underlying hydrophobic region
for membrane interaction to distort the viral envelope and prime
it for fusion (29). Our previous experiments supported this hy-
pothesis for PrV gH (40), and apparently the function of domain
IV is similar in other herpesviruses and partly independent from
the preceding part of the protein. The present study also provides
additional evidence for the relevance of the N-terminal gH do-
main I for species-specific interactions with gL and shows that a
certain degree of gH function is retained when domain I is
swapped together with the matching gL. In contrast, separate sub-
stitutions for gH domains II and III between HSV-1 and PrV
always led to a complete loss of function, indicating that these
mainly �-helical domains may form a highly interdependent
functional unit. This was also suggested by our previous studies
which showed that artificial disulfide bonds connecting domains
II and III of PrV gH severely affected function in transient fusion
assays, as well as during virus entry and spread (37). On the other
hand, the interfaces between domains II and III are structurally
different in the three characterized gH homologs (29) and might
represent adaptations that allow optimal interactions with the ho-
mologous core fusion protein gB and other accessory fusion-pro-
moting proteins like gD.
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