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Glycoprotein E (gE) of HSV plays a key role in cell-to-cell spread and
virus-induced cell fusion. Here, we report that this function of gE
requires the cooperation of tegument proteins UL11, UL16, and
UL21.We found that the four proteins come togetherwith very high
efficiency to forma complex in transfected cells and in amanner that
is regulated and coordinated. In particular, the inefficient interaction
of UL16 with each membrane protein (UL11 and gE) observed in
pairwise transfections becameefficientwhenother bindingpartners
were present. The significance of these interactions was revealed in
studies of viral mutants, which showed that each of these tegument
proteins is critical for processing, transport, and biological activity of
gE. These findings provide insights into the mechanisms of how gE
executes its function and also have implications in understanding
HSV assembly and budding.

HSV uses direct cell-to-cell transmission to spread laterally
across cell junctions, and this is critical for efficient estab-

lishment of latent infections in neuronal cells (reviewed in refs. 1,
2). The molecular mechanism of this mode of transmission is
poorly understood, but it is known to share some mechanistic
details with the entry of extracellular virions (1), namely the use
of the essential core fusion machinery, consisting of glyco-
proteins B, D, H, and L (gB, gD, gH, and gL, respectively).
Moreover, it requires glycoproteins E and I (gE and gI, re-
spectively) (1), which are not necessary for “cell-free” trans-
mission (3). Consequently, HSV mutants lacking gE/gI are
severely restricted for spread to neuronal cells (3–11). Re-
markably, along with the core entry proteins, the gE/gI hetero-
dimer is also required for HSV-induced cell fusion to produce
syncytia (3, 12, 13). In cell cultures, WT HSV-1 rarely induces
syncytia; however, mutations in genes encoding gB, gK, UL20, or
UL24 can give rise to this property (14). In addition to a single
syn mutation, syncytia formation requires the core fusion ma-
chinery, gE/gI, and membrane proteins gM and UL45 (13, 15).
As a key mediator in cell-to-cell spread and cell fusion, the
mechanism of how gE executes its function remains elusive.
Here we show that tegument proteins UL11, UL16, and UL21
are also required.
Tegument proteins are those viral proteins that are located

between the capsid and the viral envelope, and many are known
to interact with the cytoplasmic tails of envelope glycoproteins
(2, 16). There are three tegument proteins known to bind to gE:
UL11, UL16, and VP22 (17–20). UL11 and UL16 were in-
vestigated here because they bind each other as well.
UL11 is a small (96 aa), peripherally bound membrane protein

(21–23) (Fig. 1A) that is a critical player in the cytoplasmic en-
velopment of capsids (24). Its interaction with the gE tail is direct
and efficient in vitro and in vivo. Moreover, these proteins depend
on each other for their incorporation into virion particles (19).
UL16 is found in the cytoplasm and nucleus of infected cells,

as well as on the cytoplasmic capsids (25). This protein was the
first to be identified as a binding partner of UL11 (26) (Fig. 1A).
Although the interaction is robust in vitro (e.g., in pull-down
assays with GST-UL11), UL16 poorly recognizes UL11 in
cotransfected cells (26). Specifically, most of the UL16 molecules

continue to be distributed throughout the cytoplasm and nucleus
with only a small population relocalized to the site of UL11
accumulation. Like UL11, UL16 also interacts with the gE tail
but at a different binding site (18). The UL16–gE interaction is
also highly inefficient in vivo, and there is negligible colocaliza-
tion when these two proteins are coexpressed, although inter-
actions can be detected by in vitro binding assays (18).
We hypothesize that the disruption of cells triggers UL16 to

undergo conformational changes that enable binding to UL11 or
gE in vitro, but these interactions are normally subject to regu-
lation in vivo. Indeed, the interactions of UL16 with gE and
UL11 are dramatically enhanced upon removal of a large C-
terminal segment of UL16 that appears to negatively regulate
binding (18, 27). Thus, it seemed likely that other viral proteins
might serve as the normal activator to enable these interactions.
One such candidate is tegument protein UL21 (Fig. 1A), another
binding partner of UL16 that is also distributed throughout the
infected cells and found to be associated with capsids (28, 29).
The experiments described here show that the assembly of UL11,
UL16, and UL21 onto the tail of gE is an orderly process that is
essential for syncytia formation.

Results
UL11, UL16, UL21 and gE Form a Quadruple Complex in Transfected
Vero Cells. To test whether UL11, UL16, UL21, and gE form
a complex in vivo, plasmids encoding these proteins were
transfected into Vero cells individually or all together (Fig. 1B).
Individually, UL16-GFP and UL21 were distributed throughout
the cell but mostly in the nucleus. In contrast, gE was associated
with the nuclear membrane and speckles in the cytoplasm that
resemble the Golgi and ER compartments, whereas UL11 ac-
cumulated at the TGN, as expected. In contrast, when all four
were coexpressed, they colocalized. UL16 and UL21 underwent
massive redistribution. They were completely absent from the
nucleus and were relocalized to a juxtanuclear position. Dra-
matic redistribution was also observed for gE, which moved away
from the nuclear membrane and accumulated at the same jux-
tanuclear location as the other three proteins. Quadruple
staining of individual cells was not possible because of the lack of
suitable reagents. The affinity of UL11, UL16, UL21, and gE for
one another was also emphasized by the high efficiency with
which UL16 was associated with membranes as measured by
membrane flotation experiments (Fig. 1 C and D). These data
suggest that the four proteins have a remarkable capacity to
assemble in vivo.
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UL21 Activates UL11–UL16 Interaction. In stark contrast to the
quadruple transfection, UL11 only partially colocalized with
UL16-GFP in doubly transfected Vero cells (26) (Fig. 2 A and
B), suggesting that UL21, gE, or both is necessary for activation
of this interaction. UL21 seemed to be a good candidate because
it has been shown to interact with UL16 but not UL11 in im-
munoprecipitation and GST pull-down assays (29). Indeed, in
the triple transfection, UL16 and UL21 were efficiently relo-
calized to the cytoplasmic location of UL11 (Fig. 2C). Neither
protein was found in the nucleus, and membrane-associated
UL16 was greatly enhanced (Fig. 1 C and D).
The recruitment of UL16 to membranes was further measured

by a relocalization assay with sUL11.HA, a chimera of UL11 that
has the 12-aa membrane anchor from the Src oncoprotein at its N
terminus. This peptide targets UL11 to the plasma membrane
(22) (Fig. 2A). Accumulation is more evident when the endocy-
tosis signal of UL11, namely the acidic cluster (AC), which also is
the site for UL16 binding (26), is removed [sUL11(AC−).HA;
Fig. 2A]. As expected, sUL11.HA did not relocalize UL16-GFP
to the plasma membrane (Fig. 2D); however, in the presence of
UL21, UL16 was completely colocalized with sUL11.HA (Fig. 2E).
Moreover, UL16 and UL21 were no longer found in the nucleus.
In contrast, UL16-GFP failed to respond to sUL11(AC-).HA (Fig.
2F), demonstrating that relocalization is dependent on its specific
recognition of UL11 and not the Src peptide.

UL21 Activates UL11–UL16 Interaction Through Binding to UL16. We
presumed that activation of UL16 requires binding to UL21
rather than UL11 based on the results from in vitro assays (29),
but these interactions have never been tested in vivo. Cotrans-
fections confirmed that neither UL11 nor sUL11.HA could
relocalize UL21 (Fig. 2G). Unfortunately, coexpression of UL16
and UL21 gave little insight into how well they find each other

because the two proteins are normally localized to the same
compartments, but in a small portion (10–20%) of cells, UL16-
GFP and UL21 were found to aggregate in the nucleus and cy-
toplasm to form puncta containing both proteins (Fig. 2H). To
better visualize the interaction, UL21 was tagged at its N ter-
minus with the Src membrane anchor. This prevented UL21
from accumulating in the nucleus, and it was instead found in the
cytoplasm (Fig. 2A). When UL16-GFP was coexpressed, it was
completely relocalized to the sites where sUL21 accumulated
(Fig. 2I), indicating a very efficient interaction between the two
proteins. Thus, it appears that binding to UL21 induces the
change in UL16 that reveals its UL11-binding site.

UL11, but Not UL21, Is Required to Activate gE-UL16 Interaction. We
hypothesized that the structural change induced by UL21 would
also enable the interaction of UL16 with gE, which is otherwise
highly inefficient in vivo (Fig. 3B). Surprisingly, this was not the
case. In the triple transfection, only a very small fraction of
UL16-GFP was relocalized to gE, with the majority remaining in
the nucleus (Fig. 3C). Having previously shown that UL11
interacts efficiently with gE (19), we tested the hypothesis that
this would enable UL16 to be recruited. Indeed, UL16-GFP was
relocalized to a juxtanuclear location (Fig. 3D), even though it
poorly interacts with UL11 or gE in pairwise transfections (Fig.
3B). Colocalization was not as robust as that seen for the in-
duction of UL11-binding by UL21, as some UL16 was still visible
in the nucleus. The membrane-association efficiency of UL16
was only a slightly higher than that in UL11–UL16 double
transfections (Fig. 1 C and D), suggesting that the complex may
not be very stable during centrifugation. In any case, it is clear
that UL11 is needed to activate the UL16-gE interaction.

Fig. 1. UL11, UL16, UL21 and gE form a complex in transfected cells. (A) Summary of the known interactions among UL11, UL16, UL21, and gE that have been
identified by in vitro assays (Left). The dotted lines represent weak or inefficient interactions whereas the solid lines represent efficient interactions in pairwise
transfection assays. The four proteins are proposed to assemble into a complex inmammalian cells (Right). (B) Top row: subcellular distribution of UL16-GFP, gE, UL21,
orUL11wheneach is expressedalone. The lower three rows showthe locationsofproteins inquadruple cotransfections. (C)MembraneflotationanalysisofUL16.Vero
cells expressing UL16-GFP alone or in different combinations with UL11, UL21, and gEwere osmotically disrupted, and the ability of the proteins tofloat to the upper
fractions of sucrose stepgradients during centrifugationwasexamined. Representative immunoblots are shown. The tops andbottomsof the gradients are indicated,
alongwith the direction of flotation (arrows). (D) Densitometry was used to quantitate immunoblots from three different experiments, and the results are shown as
the percentage of floating proteins (top three fractions) relative to the total proteins (all fractions).
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Tegument Protein Mutants Fail to Induce Syncytia in Vero Cells. Be-
cause gE is required for virus-induced cell fusion (3, 12, 13), we
hypothesized that this function would be inhibited in the absence
of UL11, UL16, or UL21. To test this, we first converted the
HSV KOS strain into a syncytial mutant by introducing a sub-
stitution (A855V) in the cytoplasmic tail of gB to generate virus
gBsyn (13, 30) and then constructed gE-null and gE tail-deletion
mutants (ΔgE/gBsyn and gEΔCT/gBsyn) on this genetic back-
ground. Consistent with previous reports (13), virus gBsyn in-
duced extensive cell fusion in Vero cells, and this phenotype was
abolished by deletion of gE (ΔgE/gBsyn; Fig. 4A). Furthermore,
the cytoplasmic tail of gE was also essential as its removal
resulted in a block to syncytia formation. When the tail was re-
stored, the syncytia phenotype was rescued.
To test the importance of the three tegument proteins in cell

fusion, we individually removed each coding sequence from the
gBsyn virus to create mutants ΔUL11/gBsyn, ΔUL16/gBsyn, and
ΔUL21/gBsyn. On Vero cells, these mutants behaved like the gE
tail mutant (gEΔCT/gBsyn), inducing lytic infections rather than
syncytia (Fig. 4A). Based on the analysis of more than 200 sites of
infection for eachmutant, we found that all were essentially unable
to make syncytia (reduced 99.9% for ΔUL16/gBsyn, 99.7% for
ΔUL11/gBsyn, and 99.0% for ΔUL21/gBsyn). When the missing
coding sequences were inserted back into thesemutants (ΔUL11.R/
gBsyn, ΔUL16.R/gBsyn, and ΔUL21.R/gBsyn), the Syn phenotype
was fully restored (Fig. 4A). Interestingly, the phenotypes exhibited
by these mutant viruses were also reflected in an altered processing

pattern of gE in infectedVero cells (Fig. 4B). TheUL11,UL16, and
UL21 deletion mutants, all of which produced lytic infections,
behaved like WT HSV in exhibiting an abundance of slower
migrating, mature forms of gE, whereas the revertants behaved like
the gBsyn parent (Fig. 4B).

UL11–UL16–UL21 Complex Is Critical for Accumulation of gE on Plasma
Membrane of Infected Vero Cells. Syncytia formation and cell-to-
cell spread have been suggested to require expression of gE at cell
junctions, which occurs at the later stages of HSV infection (31)
(Fig. 5A). Moreover, this occurs even when virion production is
blocked (31) (Fig. S1). In Vero cells, surface accumulation was
found to require the cytoplasmic tail, and, in its absence (i.e.,
mutant gEΔCT), gE was instead found on the nuclear membrane
(Fig. 5A). Replacement of the tail (i.e., gEΔCT.R) confirmed that
a mutation elsewhere in the genome was not responsible.
To test whether the triplex of binding partners is required for

gE accumulation on the cell surface, individual null mutants
(ΔUL11,ΔUL21,ΔUL16), and the corresponding revertant viruses
(ΔUL11.R,ΔUL21.R,ΔUL16.R) were constructed. Thesemutants
all express WT gB. In contrast to the dramatic differences in gE
processing observed in the context of the gBsyn background (Fig.
4B), those observed in the context with WT gB were much less
obvious in Vero cells infected by mutants lacking UL11, UL16, or
UL21 (Fig. 5B). However, the mutants exhibited a dramatic
failure to accumulate gE on the cell surface as determined by
immunofluorescence analysis (Fig. 5A) and flow cytometry analyses

Fig. 2. UL21 activates the UL11–UL16 interaction. Vero cells were transfected to express the indicated proteins, either alone (A), pairwise (B, D, G, H, and I), or
in combinations of three (C, E, and F). At 16 to 18 h after transfection, the cells were fixed, stained with the appropriate antibodies, and examined by confocal
microscopy. For double transfections, the merged images are shown in the right panels. For triple transfections, the right panels indicate which proteins were
coexpressed and show the images for the two being analyzed.
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(Fig. S2). This was most striking for ΔUL11 and ΔUL16, but the
ΔUL21 mutant also exhibited greatly reduced cell surface ex-
pression of gE. Cell surface accumulation of gE was also examined
for the above mutants in the context of the gBsyn background, and
the results were the same (Fig. S3A).
We also examined the subcellular localization of each of the

three tegument proteins. In strong support for their active role in
cell fusion, UL11, UL16, andUL21 (like gE) were all found on the
WTHSV-infected Vero cell surface or at cell junctions (Fig. S4A).
Moreover, these tegument proteins were responsive to the absence
of the gE tail and to each other in a manner leading to dramatically
reduced cell surface expression of UL11 and increased nuclear
retention of UL16 and UL21. We conclude that the four proteins
work together, and the reduced accumulation of gE on the surface
of Vero cells might explain the absence of syncytia.

Tegument Binding Partners Are Needed for Cell Fusion Even When gE
Is Surface-Expressed. In HaCaT cells, gE accumulates at cell
junctions even when its cytoplasmic tail is absent (32). This was
also found to be true for viruses gEΔCT (Fig. 6A) and gEΔCT/
gBsyn (Fig. S3B), as described here. However, gEΔCT/gBsyn still
failed to induce cell–cell fusion of HaCaT cells (Fig. 6C), sug-
gesting that the tail is required for gE function and not merely
for trafficking. Therefore, we predicted that the triplex of tegu-
ment proteins would also be needed.
UL11, UL16, and UL21 were not required for accumulation of

gE on the surface ofHaCaT cells (Fig. 6A). The substitution in gB to
create gBsyn had no effect either (Fig. S3B). Similar to what was
observed in Vero cells, these tegument proteins required each other
and gE for correct and efficient localization (Fig. S4B). However,
despite having gE at cell junctions (Fig. 6A), all the mutants still

failed to induce syncytia but instead produced a small plaque phe-
notype of cell rounding and clumping (Fig. 6C) at >99% of the sites
of infection. Concurrently, the gE processing pattern was also af-
fected in the absence of each tegument protein (Fig. 6B). These
results suggest that the interactions with the tegument protein
partners are necessary for the function of gE.

Discussion
Because UL11 and UL16 (and perhaps UL21) have homologues
in all the herpesviruses (33), studies of this interaction network are
highly relevant to our understanding of these important patho-
gens. The experiments described here have revealed two salient
findings: (i) these three tegument proteins and gE come together
to form a highly efficient complex in vivo through coordinated
interactions and (ii) the function of gE requires assembly of UL11,
UL16, and UL21 on its cytoplasmic tail. The relevant implications
are discussed in the subsequent sections.

Insights into the Regulation of Cell Fusion and Cell-to-Cell Spread.
HSV-induced cell fusion is a complex process. It also is highly

Fig. 3. UL11 is required to activate the gE–UL16 interaction. Vero cells were
transfected to express the indicated proteins alone (A), pairwise (B), or in
combinations of three (C and D). At 16 to 18 h after transfection, the cells
were fixed, stained with the appropriate antibodies, and examined by
confocal microscopy. For triple transfections, the panels show the images of
individual proteins being analyzed in the same cell.

Fig. 4. UL11, UL16, and UL21 are needed for fusion of Vero cells by a gBsyn
mutant. (A) Vero cells were infected at a multiplicity of infection (MOI) of 0.01
with WT HSV or Syn mutants. Virus-induced cytopathic effect was monitored
daily and recorded by an invertedmicroscope. (B) Vero cells were infectedwith
WT HSV or mutants at anMOI of 5. At 18 to 24 h after infection, the cells were
harvested, lysed in sample buffer, subjected to electrophoresis in denaturing
gels, and immunoblottedwith indicated antibodies. Capsid protein VP5 served
as a loading control. The presence (+) and absence (−) of syncytia is indicated.
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related to cell-to-cell spread in that both require strikingly sim-
ilar viral components and occur at cell interfaces. Themechanisms
of these two processes are undoubtedly far more complicated than

currently appreciated. In particular, the core fusion machinery
provided by gB, gD, and gH/gL is fully capable of fusing cells to
produce syncytia when expressed alone via transfection (34), but
not within the context of virus infection, suggesting the existence of
a regulatory network. All previously identified viral proteins re-
quired for the Syn phenotype aremembrane proteins (13, 14). This
report shows that non–membrane-bound tegument proteins (e.g.,
UL16 and UL21) are also required. Furthermore, these tegument
proteins appear to modulate the function of gE.
The regulation of gE was seen at multiple levels. Beginning with

synthesis, we observed that the oligosaccharide processing of gE
was affected by disruption of the UL11–UL16–UL21 triplex. This
was particularly evident in the context of the Syn background. The
mechanism and significance of this are unclear, but the effects on
glycosylation suggest that the four proteins travel together as
a complex along the secretory pathway. The tegument proteins
were also found to be needed for the accumulation of gE on the
plasma membrane, although in a cell type-dependent manner. It is
not clear how these binding partners promote surface expression in
Vero cells because gEwas found only on internalmembranes in the
quadruple transfections. Whether the triplex plays an active role in
transporting gE to the cell surface or in blocking endocytosis, it is
clear that yet other viral proteinsmust also be involved. In any case,
UL11, UL16, and UL21 seem to play an active role in the cell
fusion mechanism. When any of these was absent, the production
of syncytia was blocked in HaCaT cells, where gE still accumulated
at cell junctions. However, we cannot rule out the possibility that
the triplex of tegument proteins works independently of gE by
forming complexes on the tails of other viral membrane proteins.
For example, there is an unconfirmed report thatUL11 binds to the
tail of gD (17). If so, these three tegument proteins might directly
regulate the core fusion machinery.
Whether the triplex of tegument proteins triggers a change in the

external domain of gE or provides an additional function in the
cytoplasm is unclear. Previous studies have shown that antibodies
against gE can block cell fusion induced by syncytial strains (12).
Also, changes in the external domain of gE have been found that
block cell-to-cell spread (8). On the contrary, in the prevailing
model for HSV cell-to-cell spread (1, 2), vesicles carrying mature
virions are specifically transported to lateral cell junctions. The
limiting membranes of these vesicles are thought to contain gE,
with its tail extended into the cytoplasm.Alterations in the tail of gE
reduce the numbers of virions at cell junctions, and they instead
accumulate on apical surfaces (2, 6, 17, 35). This misrouting results
in smaller plaques and reduces epithelial cell-to-cell spread in vivo
and in vitro. UL11, UL16, and UL21 may play a role in trafficking
of vesicles by binding the gE tail. Consistent with this idea, mutants
lacking UL11, UL16, or UL21 form small plaques similar to

Fig. 5. gE fails to accumulate on the surface of
infected Vero cells in the absence of its binding
partners. (A) Vero cells were infected at an MOI of
0.01 with WT or the indicated mutant and revertant
viruses. At 18 to 24 h after infection, the cells were
fixed and reacted with a mouse monoclonal anti-
body (clone 3114) to gE before microscopy. (B) Vero
cells were infected with WT or mutants at an MOI of
5. At 18 to 24 h after infection, the cells were har-
vested, lysed in sample buffer, subjected to electro-
phoresis in denaturing gels, and immunoblotted
with indicated antibodies. Capsid protein VP5 was
used as the loading control.

Fig. 6. The Syn phenotype is lost in HaCaT cells even though gE accumulates
on the cell surface when its binding partners are absent. (A) HaCaT cells
grown on coverslips were infected with WT or the indicated mutant viruses at
an MOI of 0.01. At 24 h after infection, the cells were fixed and reacted with
a mouse monoclonal antibody (clone 3114) to gE before microscopy. (B)
HaCaT cells were infected withWT or mutants viruses at an MOI of 5. At 18 to
24 h after infection, the cells were harvested, lysed in sample buffer, sub-
jected to electrophoresis in denaturing gels, and reacted with the indicated
antibodies. VP5 was used as a loading control. (C) HaCaT cells grown in six-
well plates were infected with WT or Syn mutant viruses at low MOI. Virus-
induced cytopathic effect was monitored daily and recorded by an inverted
microscope. The presence (+) and absence (−) of syncytia is indicated.
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gEΔCT inVero andHaCaT Cells. Moreover, Rich1, a host protein
that has been proposed to be part of a sorting mechanism that
enables transport of vesicles from recycling endosomes to tight
junctions (36), has been found to be associated with native UL16
complexes (18).

Implications for HSV Assembly and Budding. This report reveals
a striking example of the highly efficient and coordinated as-
sembly of tegument proteins (UL11, UL16, and UL21) on the tail
of a single glycoprotein (gE). Moreover, previous studies have
extended this interaction network to the capsid (25, 28). Notably,
all four proteins have been shown to be involved in secondary en-
velopment (2, 16) and are interdependent for their incorporation
into virion particles (19, 28). Our results suggest a model for how
these proteins might contribute to virus assembly and egress. UL16
and UL21 have been found to be associated with cytoplasmic
capsids (25, 28), and we propose that their interaction induces
a conformational change of UL16 to expose the UL11-binding site
located within its N-terminal sequence. Consistent with this, de-
letion of C-terminal residues 156 to 373 enables the remaining N-
terminal fragment of UL16 to bind toUL11 in the absence ofUL21
(27). An interaction of UL21 with microtubules has been proposed
to aid transport of capsids to cytoplasmic membranes for budding

(37). As capsids approach the membrane, the activated UL16
molecules are ready to bind to UL11. In this model, UL11 binds to
the tail of gE to expose its distinct UL16-binding site. Thus, capsid-
bound UL16 becomes linked to two different membrane proteins.
Alternatively, the four proteins may assemble as a complex on
membranes before capsids arrive. In either case, the data suggest
an orchestrated mechanism of assembly that warrants vigorous
investigation.

Materials and Methods
Recombinant HSV mutants were generated by using a bacterial artificial
chromosome (BAC) containing the HSV-1 KOS strain genome. The detailed
procedures have been reported previously (19). Details on the construction of
specific viruses and plasmids, transfections, antibodies, FACS analysis, im-
munofluorescence, and membrane flotation assay are provided in SI Mate-
rials and Methods.
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