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Human herpesvirus 6 (HHV-6) is a T-cell-tropic betaherpesvirus. A glycoprotein (g) complex that is unique
to HHV-6, gH/gL/gQ1/gQ2, is a viral ligand for its cellular receptor, human CD46. However, whether complex
formation or one component of the complex is required for CD46 binding and how the complex is transported
in cells are open questions. Furthermore, in HHV-6-infected cells the gQ1 protein modified with N-linked
glycans is expressed in two forms with different molecular masses: an 80-kDa form (gQ1-80K) and a 74-kDa
form (gQ1-74K). Only gQ1-80K, but not gQ1-74K, forms the complex with gQ2, gH, and gL, and this
four-component complex is incorporated into mature virions. Here, we characterized the molecular context
leading to the maturation of gQ1 by expressing combinations of the individual gH/gL/gQ1/gQ2 components in
293T cells. Surprisingly, only when all four molecules were expressed was a substantial amount of gQ1-80K
detected, indicating that all three of the other molecules (gQ2, gH, and gL) were necessary and sufficient for
gQ1 maturation. We also found that only the tetrameric complex, and not its subsets, binds to CD46. Finally,
a gQ2-null virus constructed in the BAC (bacterial artificial chromosome) system could not be reconstituted,
indicating that gQ2 is essential for virus growth. These results show that gH, gL, gQ1, and gQ2 are all essential
for the trafficking and proper folding of the gH/gL/gQ1/gQ2 complex and, thus, for HHV-6 infection.

Human herpesvirus 6 (HHV-6) is a T-cell-tropic betaher-
pesvirus that is related to human herpesvirus 7 (HHV-7) and
human cytomegalovirus (HCMV) (32). It was first isolated
from peripheral blood lymphocytes of patients with lym-
phoproliferative disorders and AIDS (37). Clinical isolates of
HHV-6 can be categorized into two variants, HHV-6 variant A
(HHV-6A) and HHV-6 variant B (HHV-6B), based on their
genetic, antigenic, and growth characteristics (4, 8, 37, 51).
HHV-6B causes exanthem subitum during primary infection
(52), but no diseases caused by HHV-6A have been identified.
HHV-6 infects most infants between 6 and 12 months of age
and can establish a lifelong latency; more than 90% of the
general human population is seropositive (27). The reacti-
vation of HHV-6 may contribute to diseases in immunosup-
pressed patients following bone marrow or solid-organ
transplantation and in individuals with chronic fatigue syn-
drome (9, 14).

Viruses enter their target cells by a sophisticated process
that can involve the manipulation of many viral and cellular
factors. In the case of enveloped viruses, glycoproteins and/or
their complexes on the viral surface are usually important for
cell entry. For example, human immunodeficiency virus type 1
(HIV-1) initiates entry by the binding of glycosylated protein

120 (gp120) as a homotrimeric complex to CD4 on the target
cell surface. Cell entry can be blocked by neutralizing antibod-
ies to gp120, e.g., b12 (53).

Unlike most other enveloped viruses, which use one or two
glycoproteins to effect entry, herpesviruses require at least
three conserved glycoproteins, gB, gH, and gL; some herpes-
viruses require one or more additional receptor-binding glyco-
proteins (16, 30, 33). Herpes simplex virus 1 (HSV-1) entry
begins with viral attachment to the cell surface, which is me-
diated by the binding of gC or gB to cell surface glycosamino-
glycans. The specific binding of gD to its cellular receptor then
initiates the fusion of the viral envelope with the cell mem-
brane, a process for which other viral envelope glycoproteins,
gB and the gH/gL complex, are necessary and sufficient (25, 28,
46). gB and the gH/gL complex are also important for HCMV
cell entry (10, 13, 19, 48). In addition, a pentameric complex of
gH/gL/UL128-131 is necessary for HCMV entry into endothe-
lial and epithelial cells (33, 47), whereas the pentameric com-
plex is not necessary for entry into fibroblast cells (31, 33). The
fusion of Epstein-Barr virus (EBV) with epithelial cells also
requires gB and the gH/gL complex (29, 41, 50). However,
EBV entry into B cells requires a ternary complex of gp42/
gH/gL (7, 49). Two glycoprotein complexes, gH/gL/gO and
gH/gL/gQ1/gQ2, have been reported for HHV-6 (2, 22, 24).
The gO gene is conserved only in betaherpesviruses. In HCMV
and murine cytomegalovirus (MCMV), gO also forms a com-
plex with gH and gL and functions during the entry of the
viruses into fibroblasts (18, 39). Moreover, the chaperon func-
tion of gO was also reported previously for the TR strain of
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HCMV, which promoted gH/gL incorporation into HCMV
virions (34). On the other hand, still little is known about the
function of the gH/gL/gO complex in HHV-6 infection. The
gH/gL/gO complex is incorporated into the HHV-6 virion, but
it does not bind to CD46 (24). It may bind to an unidentified
molecule(s) and function during the entry of HHV-6 into the
cells expressing the molecule(s). The gQ gene is unique to
HHV-6 and -7, and the gH/gL/gQ1/gQ2 complex in HHV-6
functions as a viral ligand for human CD46, which mediates the
viral entry process, as its cellular receptor (38).

Relatively detailed formation and function analyses of indi-
vidual complexes have been performed for other human her-
pesviruses. All the components of the unique complex gH/gL/
UL128-131 in HCMV are required for the maturation and
function of the complex. In contrast, even in the absence of gH
and gL, EBV gp42 can bind to its cellular partner, human
leukocyte antigen (HLA) class II, and function in B-cell mem-
brane fusion. Regarding the HHV-6A gH/gL/gQ1/gQ2 com-
plex, it is still unknown whether only one of the components
could bind to the receptor.

Of the gH/gL/gQ1/gQ2 components, gQ1 appears in two
forms, gQ1-74K and gQ1-80K, in HHV-6A-infected cells.
The two gQ1 proteins are modified with different types of
N-linked glycans, the high-mannose type for gQ1-74K and
the complex type for gQ1-80K (23). Only gQ1-80K is incor-
porated into HHV-6 virions. Only gQ1-74K could be de-
tected in 293T cells transfected with a gQ1-expressing plas-
mid (2). Although both types of gQ1s shift down to 59 kDa
when digested with PNGase F, which removes both high
mannose and complex oligosaccharides (2), the origination
of gQ1-80K is unknown. One possibility for the origination
of gQ1-80K is that gQ1-80K is modified from gQ1-74K,
coexpressing with the other viral proteins.

We started this study with the intention to elucidate the
generation of gQ1-80K. However, we found that gQ1 could be
modified with complex N-linked glycans only in the presence of
the other three glycoproteins (gH, gL, and gQ2). In addition,
only in this configuration (that is, with gQ1-80K) could the
gH/gL/gQ1/gQ2 complex be transported. We also demon-
strated that all four glycoproteins were required for the com-
plex to bind CD46. Finally, we showed that gQ2 was also
essential for virus growth by using the bacterial artificial chro-
mosome (BAC) system, confirming the important role of this
glycoprotein complex in the viral infection cycle.

MATERIALS AND METHODS

Cells and virus strains. Two T-cell lines, JJhan and HSB-2, were cultured in
RPMI 1640 medium with 8% fetal bovine serum. 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 8% fetal bovine serum.
HHV-6A strains U1102 and GS were prepared as described previously (23).
Umbilical cord blood mononuclear cells (CBMCs) were prepared as described
previously (12). This study was approved by the ethical committees of all the
institutions involved.

Plasmid constructions. gH was amplified from the HHV-6A (U1102 strain)
genome using primers 5�-ACCAGCGGCCGCATGCTCCTCCGACTC-3� and
5�-ACCGAATTCTCAACACAATCTGATAAGTC-3�. The PCR product was
cloned into the NotI and EcoRI sites of pCAGGS-MCS, which was kindly
provided by J. Miyazaki, Osaka University, Osaka, Japan (26). Similarly, gL was
constructed by using primers 5�-ACCAGCGGCCGCATGGAACTTTTA-3� and
5�-ACCGAATTCTTATGTGTTTCTAATCAG-3�. The gQ1-expressing plasmid
was described previously (2). We reconstructed the gQ2-expressing plasmid

using a previously described primer pair (2). The CD46-expressing vector pM18S
was a generous gift from T. Seya, Hokkaido University, Hokkaido, Japan (17).

Antibodies. To generate anti-HHV-6 antibodies, BALB/c mice were immu-
nized by the injection of UV-inactivated HHV-6A virions subcutaneously into
the pads of the hind foot. Lymphocytes from the popliteal nodes were subse-
quently retrieved and fused with SP2 myeloma cells. Hybridomas secreting an
HHV-6 glycoprotein-specific antibody were selected. We designated the mono-
clonal antibody (MAb) for gH gH1-1 and the MAb for the gH/gL complex
gH/gLA2. To generate the anti-gQ2 antibody, the gQ2 DNA fragment was
amplified from the cDNA of U1102-infected JJhan cells by using primers 5�-A
CAGGATCCAGCACGTTACCGAAGATTAC-3� and 5�-ACCCTCGAGTCA
AGGTGAGGGCAACGTAG-3�. The fragment was cloned into the pQE30
plasmid (Qiagen) using the BamHI and SalI sites (underlined), and the recom-
binant gQ2 protein was purified from Escherichia coli cells and used to immunize
mice. MAb AgQ2B for gQ2 of the HHV-6 U1102 strain was established from the
splenocytes of immunized mice, as described previously (12).

The MAbs for HHV-6A gQ1 (AgQ1-119), gQ2 (AgQ-182), gL (AgL3), and
gO (AgO-N-1) were described previously (2, 24). The MAb for HHV-6A gH,
1D3 (20), was generously provided by G. Campadelli-Fiume, University of Bo-
logna, Bologna, Italy. The anti-CD46 MAb was purchased from Immunotech.

Transfections. Optimal transfection conditions were achieved by using Lipo-
fectamine 2000 (Invitrogen). On the second day posttransfection, the cells were
harvested and lysed with TNE buffer (10 mM Tris-HCl [pH 7.8], 0.15 M NaCl,
1 mM EDTA, 1% NP-40 [Nacalai Tesque]) mixed with a cocktail of protease
inhibitors (Roche). The lysates were spun at 200,000 � g for 1 h at 4°C. The
supernatants were resolved on SDS-PAGE gels or used for immunoprecipita-
tion.

Glycosidase digestion. Endoglycosidase H (Endo H) and peptide N-glyco-
sidase (PNGase F) were purchased from New England BioLabs. Cell lysates or
eluted immunoprecipitates were digested as described previously (2).

Flow cytometry. Cell surface glycoprotein expression was measured as de-
scribed previously (42).

Immunoprecipitation assay and immunoblotting. To investigate the interac-
tions among proteins, transfected cells were lysed in TNE buffer. Antibodies
were bound to protein G-Sepharose (GE Healthcare) by incubation at 4°C for
8 h and then cross-linked with protein G-Sepharose with dimethyl pimelimidate
(DMP; Thermo Scientific) according to the manufacturer’s instructions. Whole-
cell extracts were then immunoprecipitated with the appropriate protein G-
Sepharose-bound antibody by incubation at 4°C for 8 h. The bound proteins were
eluted with 0.1 M glycine (pH 2.8) at 4°C, collected, and neutralized with 1 M
Tris-HCl (pH 9.0) to pH 7.0 to 7.4. The samples were prepared for SDS-PAGE
or glycosidase digestion. Immunoblotting was performed as described previously
(2). For the immunoprecipitation of gQ2/gQ2L, we used an irrelevant antibody,
AgO-N-1, as the control for the experiments.

CD46-binding assay. The anti-CD46 antibody was incubated with protein
G-Sepharose at 4°C for 8 h and then cross-linked with Sepharose as described
above. The Sepharose-bound antibody was mixed with lysates from CD46-ex-
pressing 293T cell transfectants, and the mixture was incubated for another 8 h.
The resin was washed, lysates from protein-expressing 293T transfectants were
applied, and the mixture was incubated for another 8 h. After a final wash, the
resin was eluted with 0.1 M glycine (pH 2.8) at 4°C. The eluates were collected
and neutralized with 1 M Tris-HCl (pH 9.0) to pH 7.0 to 7.4. The samples were
prepared for SDS-PAGE or glycosidase digestion.

Construction of the gQ2 mutant and its revertant. Clone G-1 of HHV-
6ABAC was used as the parental clone to produce wild-type HHV-6A. A gQ2
mutant and revertant BACs were constructed by using two-step Red-mediated
mutagenesis as described previously (1, 43, 45). Briefly, the kanamycin resistance
gene was amplified from pEP-KanS using primers containing a mutation site at
the gQ2 start codon (in uppercase type), 5�-gatatgcatggaaatgtattaaaatatacacaac
caagaaatgTGATaattatctagcagcaatatagaggatgacgacgataagtaggg-3� and 5�-gaatcatt
gtttgaataacaaactatattgctgctagataattATCAcatttcttggttgtgtatatcaaccaattaaccaattct
gattag-3�. The PCR product was transformed into GS1783-competent cells, and
positive clones harboring the kanamycin resistance gene from the first recombi-
nation were selected on kanamycin-chloramphenicol plates. Next, the kanamycin
resistance gene was excised by digesting the BAC clones with I-Sce1, the expres-
sion of which was induced by the addition of arabinose to the culture medium,
followed by the second Red recombination. The mutation in gQ2 was confirmed
by sequencing of the isolated BAC DNA (see Fig. 7A). The gQ2 revertant was
constructed similarly, by two-step Red-mediated mutagenesis. The kanamycin
resistance gene was amplified from pEP-KanS using primers containing the
wild-type gQ2 start codon (shown in uppercase type), 5�-atatgcatggaaatgtattaaa
atatacacaaccaagaaatgCATaattatctagcagcaatatagaggatgacgacgataagtaggg-3� and
5�-gaatcattgtttgaataacaaactatattgctgctagataattATGcatttcttggttgtgtatattttcaaccaa
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ttaaccaattctgattag-3�. The PCR product was then transformed into GS1783-
competent cells harboring the gQ2 mutant BAC. After the first recombination,
the positive clones were selected on kanamycin-chloramphenicol plates. The
second recombination was then carried out after the expression of the I-Sce1
restriction enzyme by the addition of arabinose to the culture medium, thus
excising the kanamycin resistance gene. The gQ2 revertant BAC DNA was also
isolated and sequenced to confirm the reversion (Fig. 7A).

Reconstitution of infectious virus using HHV-6A BACs. The detailed method
used for reconstitution was described previously (43). Briefly, 5 �g of BAC DNA
was transfected into 3 � 106 JJhan cells using an Amaxa Nucleofection unit. On
the second day after the transfection, the cells were cocultured with CBMCs that
had been stimulated with phytohemagglutinin (PHA) and interleukin-2 (IL-2)
for 3 days. The level of green fluorescent protein (GFP) expression from the
BAC cassette increased dramatically when the HHV-6A BAC was used for the
reconstitution of infectious virus.

RESULTS

gQ2, gH, and gL are required for gQ1 maturation. Previously,
we reported that at least two products of gQ1 with different
molecular masses, 80 kDa (gQ1-80K) and 74 kDa (gQ1-74K),
are recognized by MAb AgQ1-119 and expressed in HHV-6A-
infected cells (2). Only gQ1-80K is incorporated into mature
virions isolated from the culture medium of infected cells, and
only gQ1-80K is part of the gH/gL/gQ1/gQ2 complex, which
acts as a viral ligand for the cellular receptor CD46 (2). To
date, however, gQ1-74K but not gQ1-80K has been detected in
mammalian cells transfected with the plasmid for gQ1 (2).

Therefore, we checked the possibility that gQ1’s maturation
depended on the expression of other viral glycoproteins. We
transfected 293T cells with several combinations of plasmids
for the individual molecules gH, gL, gQ1, and gQ2 and then
examined the modifications of gQ1. Interestingly, only when all
four molecules were expressed was a substantial amount of
gQ1 clearly detectable as an 80-kDa band on Western blots
(Fig. 1A).

We previously reported that gQ1 is modified with N-linked
oligosaccharides and that only gQ1-80K is modified with com-
plex N-linked oligosaccharides, which can be removed by
PNGase F but not by Endo H (2). To confirm this finding, we
used these two enzymes to treat the lysates from 293T cells
transfected with all four plasmids. We found that gQ1-80K
from these 293T transfectants was resistant to Endo H glyco-
sidase but sensitive to PNGase F (Fig. 1B), indicating that this
form of gQ1 was modified with complex N-linked oligosaccha-
rides, which occurs in the Golgi apparatus. In contrast, a com-
plex N-linked glycan modification on gQ1 could not be de-
tected when gQ1 was expressed alone, with gH and gL (Fig.
1B), or with other gH, gL, and gQ2 combinations (data not
shown).

The gQ2 region of the HHV-6 (U1102 strain) genome is
polymorphic. To elucidate the gQ1 maturation process in de-
tail (Fig. 1), we constructed a gQ2 expression plasmid and
learned that the gQ2 region in the HHV-6 U1102 genome was
polymorphic. We amplified a gQ2 fragment from the cDNA
isolated from U1102-infected JJhan cells, sequenced the am-
plified products, and found that 7 of the 8 sequenced clones
were mutated at 588 bp of gQ2 (numbered from the start
codon), compared to the previously reported gQ2 sequence
(Fig. 2A). The 588-bp mutation introduces a stop codon. To
confirm this finding at the protein level, we performed Western
blot analyses using two anti-gQ2 MAbs, AgQ-182 and AgQ2B,

to analyze the molecular mass of gQ2. MAb AgQ-182 did not
detect gQ2 in U1102-infected JJhan cells or in U1102 virions
(Fig. 2B), indicating that the gQ2 epitope recognized by it was
missing from most of the gQ2s in the U1102 clones; in contrast,
the same MAb readily recognized gQ2 of the HHV-6 GS strain
(Fig. 2B) (2).

MAb AgQ2B, in contrast, detected gQ2 in U1102 virion
lysates but not in U1102-infected JJhan cell lysates (Fig. 2B),
consistent with the low expression level of gQ2 in U1102-
infected cells. The molecular mass of gQ2 detected in the 293T
cells was slightly lower than that of the U1102 virions (ca. 28
kDa) (Fig. 2B), which was lower than that of the HHV-6 GS
strain (Fig. 2B). Recently, we successfully cloned the U1102
genome into a BAC (43) and reconstituted the infectious virus.
We analyzed the gQ2 sequence of the reconstituted clone (G-1
clone) and found that it had the same mutation as that in the
U1102 virus (data not shown). These data show that the miss-
ing part of gQ2 is not required for U1102 virion propagation,
at least in vitro. Since most of the gQ2 in the U1102 strain
was of the short form, we mainly used it in our experiments,
naming the long form gQ2L to distinguish it from the
shorter one, gQ2.

Interactions among gQ1, gQ2, gH, and gL. We next exam-
ined the interactions between pairs of these four proteins.
Previous studies indicated that gH and gL use disulfide bridges
to form a heterodimeric glycoprotein complex (3). We con-
firmed the interaction between gH and gL by immunoprecipi-

FIG. 1. Maturation of gQ1-80K in the presence of gQ2, gH, and
gL. (A) 293T cells were transfected with a gQ1 expression plasmid and
different combinations of expression plasmids for gQ2, gH, and gL.
The combinations are indicated at the top. The cells were harvested
and lysed on day 2 posttransfection. The extracts were analyzed by
Western blotting (WB) using an anti-gQ1 MAb (AgQ1-119). The
positions of gQ1-80K and gQ-74K are indicated by arrows. The density
of the gQ1-80K band from each sample was analyzed by ImageJ soft-
ware (NIH) relative to the value when all four components of the
complex were expressed together, and the results are given at the
bottom. (B) The cell lysates from panel A were digested with Endo H
(H) and PNGase F (F) and analyzed by Western blotting using MAb
AgQ1-119. �, no digestion.
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tating these molecules from 293T cells transfected with the
plasmids for gH and gL with MAbs 1D3 (anti-gH) and AgL3
(anti-gL). gH coprecipitated with gL brought down by the
anti-gL MAb, and gL coprecipitated with gH brought down by
the anti-gH MAb (Fig. 3A).

A similar approach was used to study the other possible
interactions: between gQ1 and gQ2 (or gQ2L) using MAbs
AgQ1-119 (anti-gQ1) and AgQ2B (anti-gQ2) (Fig. 3B), be-
tween gQ1 and gH (AgQ1-119 and 1D3) (Fig. 3C), and be-
tween gQ1 and gL (AgQ1-119 and AgL3) (Fig. 3E). Coimmu-
noprecipitation was confirmed for all these pairs of proteins,
although the interactions between gQ2 (or gQ2L) and gH and
between gQ2 (or gQ2L) and gL were weak. MAb AgQ2B
(anti-gQ2 MAb) coprecipitated gH or gL, indicating that gQ2
(or gQ2L) interacts with gH and gL. However, neither the
anti-gH nor the anti-gL MAb brought down gQ2 (or gQ2L)

(Fig. 3D and F), indicating that only a very small quantity of
gQ2 (gQ2L) may interact with gH or gL.

gH/gL/gQ1/gQ2 complex formation in cells expressing gQ1,
gQ2, gH, and gL. Although we could detect interactions be-
tween all the paired components of the gH/gL/gQ1/gQ2 com-
plex, we had not yet learned if these four proteins would form
a complex in 293T cells transfected with plasmids for all four of
them. To address this question, we performed an immunopre-
cipitation assay with the anti-gH MAb using gH-, gL-, gQ1-,
and gQ2-transfected 293T cells, followed by Western blotting
with antibodies against the individual glycoproteins. As shown
in Fig. 4A, gQ1, gQ2, and gL were coimmunoprecipitated by
the anti-gH MAb (1D3). Furthermore, digestion with Endo H
and PNGase F showed that gQ2 and most of the gQ1 in the
immunoprecipitates were resistant to Endo H digestion, but
not to PNGase F, as seen for the same proteins isolated from

FIG. 2. The gQ2 region of U1102 is polymorphic. (A) The HHV-6A genome (at the top of the figure) consists of three major internal repeat
elements (R1 to R3), the origin of replication (oriLyt), and two direct repeats (DRL and DRR). Exons (thick lines) and introns (thin lines) of gQ2
are depicted below the genome illustration. The coding lengths of the gQ2L and gQ2 transcripts are drawn to scale; numbers are from the start
to the stop codon. The sequence difference between the transcripts of gQ2L and gQ2 is shown at the bottom (gray shading). (B) Western blots
of lysates from HHV-6A virions, mock- or HHV-6A (U1102 and GS strains)-infected HSB-2 or JJhan cells, and mock-transfected or gQ2L
(AgQ2L)- or gQ2 (AgQ2)-expressing 293 T cells (indicated at the top) probed with MAb AgQ-182 or AgQ2B. Arrowheads indicate specific bands.
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U1102 virions (Fig. 4B). These results indicated that the ma-
ture forms of gQ1 and gQ2 interacted with the other proteins
in 293T cells expressing all four gH/gL/gQ1/gQ2 complex com-
ponents.

Localization of any gH/gL/gQ1/gQ2 complex component at
the cell surface requires the expression of the other three
components. To examine the transport of the gH/gL/gQ1/gQ2
complex in cells, we measured the expression of each protein

on the surface of cells expressing several combinations of the
four proteins. The cell surface expression of gH and gL was
detected by MAb gH/gLA2, which recognizes the gH/gL com-
plex but not gH or gL alone (data not shown). The cell surface
expression level of gQ1 or the gH/gL complex was higher when
the other proteins were expressed (Fig. 5A and C). MAb
AgQ2B did not detect the cell surface expression of gQ2, even
when it was coexpressed with gQ1, gH, and gL (Fig. 5B).

FIG. 3. Interactions between gQ1, gQ2, gH, and gL protein pairs. HHV-6 gH, gL, gQ1, and gQ2 were expressed in pairs in 293T cells and
immunoprecipitated with the antibodies indicated at the top of each blot. (A) Interaction between gH and gL. (B) Interaction between gQ1 and
gQ2 or between gQ1 and gQ2L. (C) Interaction between gQ1 and gH. (D) Interaction between gQ2 and gH or between gQ2L and gH.
(E) Interaction between gQ1 and gL. (F) Interaction between gQ2 and gL or between gQ2L and gL. An anti-gO antibody (AgO-N-1) was used
as a control for the immunoprecipitation (IP) assay (D and F). The expression of each protein (indicated as “Input”) was confirmed by Western
blotting. C, control. Arrowheads indicate specific bands.
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However, when another MAb for gQ2, AgQ-182, was used, the
cell surface expression of gQ2L was seen when gQ1, gH, and
gL were coexpressed (Fig. 5D), showing that gQ2 was trans-
ported to the cell surface only when the other three proteins
were coexpressed. These results led us to speculate that MAb
AgQ2B may not recognize the gQ2 epitope when the gH/gL/
gQ1/gQ2 (or the gH/gL/gQ1/gQ2L) complex is formed.

Formation of the gH/gL/gQ1/gQ2 complex is required for
binding to the cellular receptor CD46. To explore whether the
entire gH/gL/gQ1/gQ2 complex was required for HHV-6 to
bind CD46 (38), we performed a CD46-binding assay. CD46
was purified from CD46-transfected 293T cell lysates using
anti-CD46-antibody-bound protein G-Sepharose. The lysates
of 293T cells coexpressing gQ1, gQ2 (or gQ2L), gH, and/or gL
were added to the protein G-Sepharose. The expression of
each protein was confirmed by Western blotting (Fig. 6A and
B). All the proteins bound to Sepharose, as described above,
were eluted by using a low-pH buffer, separated by SDS-
PAGE, and analyzed by Western blotting. CD46 was detected
in each of the precipitates (data not shown). The binding of
gQ1 to CD46 was easily detected on Western blots only when
all four proteins were coexpressed, and the gH and gL proteins
were detected in the same sample; gQ2 and gQ2L were barely
detectable in the eluates by Western blotting (Fig. 6A and B).

To confirm that only the complex containing gQ1-80K bound
to CD46, the eluates were digested with the endoglycosidases
Endo H and PNGase F. Both of the gQ1s in the eluates from
Sepharose incubated with gQ1-, gQ2-, gH-, and gL-containing
lysates (Fig. 6C) and with gQ1-, gQ2L-, and gH- and gL-
containing lysates (data not shown) shifted from 80 kDa to
nearly 59 kDa after PNGase F digestion, but Endo H digestion
had no effect. These results indicated that all components of
the gH/gL/gQ1/gQ2 (or gH/gL/gQ1/gQ2L) complex are re-
quired for it to bind CD46.

gQ2 is also essential for HHV-6A growth. Among the com-
ponents of the gH/gL/gQ1/gQ2 complex, gH and gL are con-
served in all herpesviruses and form a complex that plays a
critical role during the fusion process of these viruses’ entry,
indicating that gH and gL are essential for virus growth. As
described above, HHV-6A gQ1 is essential for virus propaga-
tion (43). Although we showed here that gQ2 is essential for
complex formation and receptor binding, it was unknown
whether it is essential for HHV-6 growth in infected cells.
Therefore, we constructed a gQ2 mutant, HHV-6ABACgQ2m
(mutated at the start codon of gQ2), and its revertant, HHV-
6ABACgQ2r, and confirmed the mutation by sequence analy-
sis (Fig. 7A). We used these BACs to attempt to reconstitute
infectious virus.

FIG. 4. Detection of the gH/gL/gQ1-80K/gQ2 complex. Blots were probed with the antibody indicated at the bottom of each blot. Arrowheads
indicate specific bands. (A) Immunoprecipitation with anti-gH MAb (ID3) from lysates of gQ1-, gQ2-, and gL-transfected 293T cells or from lysates
of gQ1-, gQ2-, gH-, and gL-transfected 293T cells. The expression of each protein was confirmed by Western blotting (indicated as “lysate”).
(B) Eluates from panel A and U1102 virions were digested with Endo H (H) and PNGase F (F) and analyzed by Western blotting using MAbs
AgQ1-119 (anti-gQ1) and AgQ2B (anti-gQ2). �, no digestion.
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Infectious viruses were reconstituted from HHV-6ABAC
and HHV-6ABACgQ2r but not HHV-6ABACgQ2m. We then
confirmed viral gene expression by Western blot analysis using
the anti-gQ1 antibody. As shown in Fig. 7B, gQ1 was detected
in HHV-6ABAC- and HHV-6ABACgQ2r-reconstituted sam-
ples. gQ2 was not detected in either lysate because of its low
expression level (data not shown). These data indicate that
gQ2, as well as gQ1, is essential for HHV-6 growth, at least in
vitro.

DISCUSSION

Ligand-receptor binding is a critical part of the cell entry
process for virus infection. Thorough studies of several viruses
(5, 21, 40) have elucidated the details of their entry process and
enabled the design of antiviral drugs that block virus entry at
the early infection stage. An understanding of the receptor-
ligand interaction and the subsequent viral replication cycles
requires that the viral ligand be identified.

Human CD46 has been reported to be a cellular receptor for
HHV-6 (38), and its viral ligand is the gH/gL/gQ1/gQ2 com-
plex (2, 44). However, the trafficking and maturation of the
complex were not elucidated in previous studies, and it was
unknown whether receptor binding could be carried out by
only one or two components of the complex or whether the
formation of the entire glycoprotein complex was required.
Here, we demonstrated that HHV-6A gH/gL/gQ1/gQ2 com-
plex formation is required for binding to the CD46 receptor in

our transfection system. Furthermore, since the coexpression
of all four proteins was required for the maturation of gQ1
from gQ1-74K to gQ1-80K, the formation of the complex was
also critical for the trafficking and maturation of gQ1.

At least two polymorphic regions have been reported for the
U1102 strain of HHV-6A. A TT insertion upstream of U83
results in the extension of this gene’s open reading frame
(ORF) (11), and a deletion in the direct repeat (DR) region
has been reported, which may enhance the growth of the virus
in vitro (6). Here, we identified another polymorphic site in the
U1102 strain, which resulted in a shortened gQ2. However, we
could not identify the different functions (or bioactivities) be-
tween these two gQ2s. Both of them interacted with gQ1, gH,
and gL (Fig. 3) and formed a receptor-binding complex with
the other proteins, gQ1, gH, and gL (Fig. 6). Recently, we
succeeded in reconstituting infectious virus using an HHV-6A
(U1102 strain) BAC (43) and found this shortened gQ2 mu-
tation (data not shown). Interestingly, the same mutation in
the gQ2 region was not seen in another HHV-6A strain, GS
(data not shown). In summary, these findings indicate that this
deleted part of gQ2 is nonessential for virus propagation. Al-
though we do not yet know the biological effects of the dele-
tion, it may be benefit the viral growth of strain U1102 by an
undefined mechanism, because the majority of viruses of the
U1102 strain in our stocks had the deleted form of the gQ2
gene (data not shown).

In our experiments assessing the cell surface expression of
individual glycoproteins, we detected the cell surface expres-
sion of gQ2L using MAb AgQ-182, but not of gQ2 using MAb
AgQ2B, and only when gQ2L was expressed with the other
three glycoproteins, gH, gL, and gQ1 (Fig. 5D). On the other
hand, we detected gQ2 by Western blot analysis using MAb
AgQ2B in the immunoprecipitates brought down by the
anti-gH MAb when it was coexpressed with gQ1, gH, and gL.
The precipitated gQ2 was modified with complex N-linked
glycans, as in U1102 virions (Fig. 4B), thus indicating that gQ2
had been transported from the endoplasmic reticulum (ER) to
the trans-Golgi apparatus and maturates when coexpressed
with gH, gL, and gQ1. This discrepancy may be explained by
the different characteristics of the two MAbs for gQ2, AgQ-182
and AgQ2B. AgQ-182, but not AgQ2B, can be used for flow
cytometry. Because the epitope recognized by AgQ-182 in
gQ2L is missing in gQ2 (Fig. 2), only gQ2L could have been
detected on the cell surface, and since we have no MAb for
gQ2 that can be used for flow cytometry, we can only speculate
that gQ2, like gQ2L, is also transported to the cell surface
when coexpressed with gQ1, gH, and gL.

Akkapaiboon et al. reported previously that gQ1-80K forms
a complex with gQ2-37K (GS strain), gH, and gL on the en-
velope of HHV-6 virions (2). In contrast, we detected very
little mature gQ2 on Western blots of whole-cell lysates from
293T transfectants or in eluates from the CD46-binding assay.
This discrepancy can be explained by the low expression level
of gQ2. Furthermore, we did detect the mature form of gQ2 in
immunoprecipitates brought down by the anti-gH MAb when
gQ2 was expressed with gH, gL, and gQ1 but not in the whole-
cell lysates (Fig. 4A). Similarly, we detected gQ2 in U1102
virion lysates, but not in U1102-infected JJhan cell lysates,
using MAb AgQ2B. On the basis of all these observations, we
conclude that gQ2 interacts with gQ1, gH, and gL to form a

FIG. 5. Expression of glycoprotein(s) on the cell surface in a tran-
sient-expression system. 293T cells were transfected with the glycopro-
tein expression plasmid(s) indicated under the individual histograms.
The cells were stained with anti-gQ1 MAb (AgQ1-119) (A), anti-gQ2
MAb (AgQ2B) (B), gH/gLA-2 (anti-gHgL) (C), or anti-gQ2 MAb
(AgQ-182) (D). Histograms show fluorescence intensities measured in
arbitrary units on a log scale (x axis) and relative cell numbers on a
linear scale (y axis).
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FIG. 6. Coexpression of all four glycoproteins gQ1, gQ2 (A) or gQ2L (B), gH, and gL is necessary for receptor binding. (A) Western blot of
lysates from 293T cells transfected with all possible combinations of gQ1-, gQ2-, gH-, and gL-expressing plasmids (indicated at the top of the blot).
(Left) Western blots were probed with antibodies against gQ1, gQ2, gH, and gL, as indicated. CD46 protein from transfected 293T cells was
isolated by using an anti-CD46 MAb cross-linked to protein G-Sepharose. The Sepharose was then incubated with the cell extracts shown in the left
column. (Right) Western blots were probed with MAbs against gQ1, gQ2, gH, and gL, as indicated. (B, left) Western blot of lysates from 293T cells
transfected with a gQ2L expression plasmid and different combinations of expression plasmids for gQ1, gH, and gL. (Right) Western blot of eluates from
the CD46-binding assay. (C) Eluates from the CD46-bound Sepharose incubated with lysates of 293T cells coexpressing gQ1-, gQ2-, gH-, and gL were
digested with Endo H (H) and PNGase F (F) and probed with anti-gQ1 MAb AgQ1-119. �, no digestion. Arrowheads indicate specific bands.
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complex, and the complex was transported to the cell surface in
our transient-expression system.

In HCMV, the level of export of gH/gL complexes from the
ER to the Golgi apparatus and cell surface is dramatically
increased when UL128, UL130, and UL131 are all coexpressed
with gH/gL (36). In addition, the gH/gL/UL128-131 complex is
required for the entry of HCMV into epithelial and endothelial
cells, which may be mediated by the binding of the complex to
an undefined cellular receptor. Here, we showed that the trans-
port of any component of the gH/gL/gQ1/gQ2 complex in
HHV-6 to the cell surface was enhanced by the coexpression of
the other three glycoproteins, indicating that the coexpression
of all the components is essential for the trafficking and proper
folding of the gH/gL/gQ1/gQ2 complex.

The gH/gL/UL128-131 complex in HCMV is important for
virus entry into epithelial and endothelial cells (33). A mutant
of a clinical strain of HCMV, TR�4, which lacks the UL128 to
UL150 genes, fails to enter these cells (35). Similarly, the
deletion of UL131 or UL130-131 prevents virus entry into
these cells (15, 33). For HHV-6, we reported that the partial
deletion of the gQ1 gene from HHV-6 BAC DNA prevents the
reconstitution of infectious virus, indicating that gQ1 is essen-
tial for virus growth. Here, we mutated another specific com-
ponent of the gH/gL/gQ1/gQ2 complex, gQ2, which also pre-
vented the reconstitution of the infectious virus. Since gH and
gL are conserved in all herpesviruses, and these two glycopro-
teins play a critical role in the herpesvirus fusion process, all
four components of the gH/gL/gQ1/gQ2 complex are essential
for virus-receptor binding and subsequent virus growth.

Virus entry is a sophisticated process. Although many details
have been elucidated for HHV-6 entry in recent years, much
more about this process is still unknown. It is still necessary to
elucidate whether human CD46 is the only entry receptor for
HHV-6. The gH/gL/gQ1/gQ2 complex expressed in HHV-6B
(strain HST) does not bind CD46 (22), which may suggest the
existence of a novel cellular receptor. In addition, we still do
not know the function of the gH/gL/gO complex in HHV-6,
which is expressed in both HHV-6A and HHV-6B, while its

homologous complex has been reported to function for the
viruses’ entry into fibroblasts (18, 34). Further investigations
are needed for the elucidation of this field.
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