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Many steps along the herpesvirus assembly and maturation pathway remain unclear. In particular, the
acquisition of the virus tegument is a poorly understood process, and the molecular interactions involved in
tegument assembly have not yet been defined. Previously we have shown that the two major herpes simplex
virus tegument proteins VP22 and VP16 are able to interact, although the relevance of this to virus assembly
is not clear. Here we have constructed a number of recombinant viruses expressing N- and C-terminal
truncations of VP22 and have used them to identify regions of the protein involved in its assembly into the virus
structure. Analysis of the packaging of these VP22 variants into extracellular virions revealed that the C
terminus of VP22 is absolutely required for this process, with removal of the C-terminal 89 residues abrogating
its incorporation. However, while these 89 residues alone were sufficient for specific incorporation of small
amounts of VP22 into the tegument, efficient packaging of VP22 to the levels of full-length protein required an
additional 52 residues of the protein. Coimmunoprecipitation assays indicated that these 52 residues also
contained the interaction domain for VP16. Furthermore, analysis of the subcellular localization of the mutant
forms of VP22 revealed that only those truncations that were efficiently assembled formed characteristic
cytoplasmic trafficking complexes, suggesting that these complexes may represent the cellular location for
VP22 assembly into the virus. Taken together, these results suggest that there are two determinants involved
in the packaging of VP22—a C-terminal domain and an internal VP16 interaction domain, both of which are
required for the efficient recruitment of VP22 to sites of virus assembly.

Herpesviruses are large, enveloped viruses that contain a
central DNA-containing capsid surrounded by a compartment
known as the tegument (6). While herpesvirus maturation has
been the subject of various studies in recent years, there are
still many aspects of the virus assembly pathway that remain to
be elucidated. It is well established that the capsid assembles in
the nucleus of the cell, where it packages the DNA genome
(32, 33), and that the assembling virus acquires its envelope
from cytoplasmic membranes, most likely the trans-Golgi net-
work or endosomal membranes (2, 20). However, the cellular
site(s) of tegument acquisition is still to be established and
there is now increasing evidence to suggest that subsets of
tegument proteins may be added as assembly progresses along
the maturation pathway (26). Hence, the tegument is more
likely to be an organized structure than the amorphous layer it
has so often been termed.

The herpes simplex virus (HSV) tegument is composed of a
number of major and minor components, several of which,
such as VP16, VP1/2, and UL37, have been shown to be es-
sential to the virus (8, 9, 35). Other tegument proteins, such as
VP13/14 and UL13, are nonessential to the process of virus
replication in culture (5, 37), a feature that may be due in part
to either functional redundancy among tegument proteins or

cell type-specific requirements. Previous studies on the assem-
bly of the major tegument protein VP22 have shown that
overexpression of this protein in infected cells leads to an
increase in its incorporation into the virus particle (24). This
result may imply that the intracellular concentration of a par-
ticular tegument protein is the determining factor in its effi-
ciency of packaging. However, tegument proteins may also
contain specific packaging signals for assembly into the tegu-
ment, which could be involved in targeting these proteins to
the correct subcellular sites for assembly and/or protein-pro-
tein interactions with other virus components. For example, a
number of interactions have been demonstrated between teg-
ument proteins VP16 and VP22 (12) and VP16 and vhs (34),
suggesting that assembly of certain proteins may be controlled
in part by their interactions with other components of the
tegument. In addition, some tegument proteins have been
shown to interact with the cytoplasmic tails of several glyco-
proteins, which may indicate a role for the envelope in recruit-
ing the tegument (or vice versa) (18, 19).

The present study was concerned with the assembly mecha-
nism of the major HSV type 1 (HSV-1) tegument protein
VP22. We have previously shown that the fusion of green
fluorescent protein (GFP) to VP22 in the context of virus
infection has no effect on the replication properties of HSV-1
or the packaging of VP22 into the virion, and thus we have
used live-cell fluorescence to investigate the subcellular local-
ization of VP22 at different times in infection (15). Those
studies have indicated that the localization patterns of VP22 in
the infected cell are complex, consisting of diffuse cytoplasmic
material early in infection, progressing to rapidly trafficking
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fluorescent complexes in the cytoplasm and intense fluores-
cence at the cell periphery at later times. In addition, we have
shown that VP22 localizes to specific domains in the infected
cell nucleus early in infection, where it is followed by the other
tegument proteins VP13/14 and VP16 (21, 23). Although our
results indicate that VP22 is predominantly cytoplasmic
throughout infection, with small amounts present in the nu-
cleus, contrasting results from other studies have suggested
that the protein translocates to the nucleus in the middle of the
replication cycle (30). Hence, VP22 subcellular localization is a
complicated issue and it has not yet been possible to identify
the cellular site(s) of VP22 incorporation into the assembling
virions.

In a very recent study, we have demonstrated that HSV-1
lacking the VP22-encoding gene is defective for growth in
epithelial cells but not Vero cells (11). Importantly, the ab-
sence of VP22 from the infected cell had no effect on the
packaging of VP16 into the virus particle, suggesting that VP22
is not involved in VP16 recruitment. However, the �22 virus
was unable to package the immediate-early protein ICP0 into
its structure, and immunofluorescence studies indicated that
ICP0 was incorrectly localized in the cytoplasm of cells in-
fected with this virus (11). By contrast, in wild-type (WT)-
infected cells ICP0 colocalized with the same trafficking com-
plexes as VP22, providing us with the first real evidence that
these complexes (or a subset of them) may be involved in virus
assembly. In the present study, we have produced a panel of
recombinant viruses encoding a number of N- and C-terminal
truncations of VP22 fused to GFP and have used these viruses
to analyze the requirement for specific regions of VP22 in its
assembly into the virus particle. Our data provide a correlation
between the abilities of VP22 to be efficiently packaged into
the virion and to localize to cytoplasmic complexes. Further-
more, we show that VP16 interaction also correlates with as-
sembly of VP22, suggesting that although VP22 is not involved
in recruiting VP16, VP16 may play a role in recruiting VP22.
Thus, by using VP22 as a marker for tegument assembly we
have provided the first detailed description of the determinants
required for the assembly of a major tegument protein into the
HSV-1 virion.

MATERIALS AND METHODS

Cells, plasmids, and viruses. Vero and BHK cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% newborn calf serum. Viruses
were routinely grown in BHK cells or Vero cells and titrated on Vero cells.
Extracellular virions were purified on Ficoll gradients from the infected cell
medium of 5 � 108 BHK cells as described previously (15). Infectious virus DNA
was also produced from extracellular virus as described previously (15).

The recombinant HSV-1 expressing GFP-tagged VP22 (166v) has been de-
scribed previously (15). The VP22 deletion mutant (169v) that expresses GFP in
place of VP22 has also been described recently (11). In the course of studying
this virus, we isolated a mutant that expressed a nonfluorescing version of GFP,
due to a single point mutation in the GFP open reading frame. This new virus,
called 169vc, was utilized in the isolation of the recombinant viruses described
below.

All other recombinant viruses used in this study were produced using plasmids
based on the original plasmid pGE166 (15), which consists of GFP-VP22 in the
flanking sequences of the UL49 gene. Plasmid pGE193, expressing GFP fused to
residues 1 to 212 of VP22, was constructed by inserting a stop codon at the NsiI
site in pGE166. Plasmid pGE195, expressing GFP fused to residues 160 to 301
of VP22, was constructed by replacing the BsrGI-NsiI fragment of pGE166 with
that from plasmid pGFP160-301 (25). The plasmid expressing GFP fused to
residues 108 to 301 of VP22, pGE187, was constructed by digesting pGE166 with

BspEI and religating the vector. To construct GFP fused to residues 1 to 165 of
VP22 (pWH1), this region of the gene was amplified, a stop codon was incor-
porated, and the resulting product was used to replace the pPUM1/KpnI frag-
ment of pGE166. pWH5 and pWH4 were constructing by replacing the AgeI-
NsiI fragment of pGE166 with those from plasmids pGE192 and pGE191,
respectively (25).

To obtain recombinant virus, the appropriate plasmid was cotransfected into
Vero cells with infectious virus DNA from the VP22 deletion mutant, 169vc.
Virus plaques were screened for GFP fluorescence using live-cell microscopy,
and the resulting fluorescent viruses were plaque purified three times prior to
production of master and working stocks.

Reagents and antibodies. Monoclonal antibodies to �-tubulin and HSV-1
major capsid protein VP5 were obtained from Sigma and Autogen Bioclear,
respectively. Monoclonal and polyclonal anti-GFP antibodies were obtained
from BD Biosciences Clontech. Anti-VP22 polyclonal antibody AGV031 was
raised against glutathione S-transferase–VP22 expressed in Escherichia coli and
has been shown previously to cross-react with only the N-terminal 60 residues of
the protein. Anti-VP22 polyclonal antibody AGV600 was raised against His-
tagged 257-301 of VP22 expressed in E. coli and thus is specific to the C terminus
of the protein. Monoclonal anti-VP16 antibody (LP1) and monoclonal anti-gD
antibody (LP14) were kindly provided by Helena Browne, Department of Pa-
thology, Cambridge, United Kingdom. Polyclonal anti-VP13/14 antibody was
kindly provided by David Meredith, University of Leeds.

One-step growth curves. Vero cells grown in a six-well plate (106 per well)
were infected at a multiplicity of 10 in 1 ml medium per well. After 1 h (taken as
1 h postinfection), the inoculum was removed, the cells washed with phosphate-
buffered saline (PBS), and 2 ml fresh medium added to each well. At a range of
times after infection, one well of infected cells was harvested for total virus yield.
Each virus sample was then titrated on Vero cells. All plaque assays were carried
out in Dulbecco’s modified Eagle’s medium supplemented with 2% newborn calf
serum and 1% human serum (Harlan Sera-Lab).

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
and Western blotting. Protein samples were analyzed on 10% polyacrylamide
gels and electrophoresed in SDS-Tris-glycine buffer. Following electrophoresis,
gels were either stained with Coomassie blue or transferred to nitrocellulose for
analysis by Western blotting. Western blot assays were developed using enhanced
chemiluminescence (Pierce).

Virion stripping experiments. Equivalent amounts of virions were pelleted at
2,300 � g for 5 min at 4°C and resuspended in 50 �l of 10 mM Tris-HCl (pH
7.5)–1 mM EDTA–100 mM NaCl–1% NP-40. The virions were then incubated
for 15 min at room temperature and pelleted again to separate the envelope
fraction in the supernatant and the capsid-teguments in the pellet.

Immunoprecipitation assays. Vero cells grown in 6-cm dishes were infected
with the relevant viruses at a multiplicity of 10. After 16 h, the cells were washed
twice with PBS, solubilized in 1 ml RIPA buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% SDS, 1% Na deoxycholate, 1% NP-40), and incubated on ice for 30
min. The cells were then centrifuged at 15,800 � g for 30 min at 4°C and the
supernatant collected. Half of each supernatant was made up to 1 ml with RIPA
buffer and precleared on 40 �l protein A-Sepharose beads (50% slurry). Poly-
clonal anti-GFP antibody was added to the cleared lysates at a 1:200 dilution, and
the mixture was incubated overnight at 4°C with rotation. A further 40 �l of
protein A-Sepharose beads was added, the mixture was incubated for 4 h at 4°C
with rotation, and the resulting protein A-antibody complexes were washed five
times with wash buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40). The
immunoprecipitated proteins were then analyzed by Western blotting.

Live-cell fluorescence studies. Vero cells for fluorescence studies were grown
in two-well Lab-Tek coverslip chambers (Quadrachem Laboratories). Infections
of all GFP-tagged viruses were carried out at a multiplicity of 10, and images
were subsequently acquired at various times using a Zeiss LSM400 confocal
microscope. Resulting images were processed using Adobe Photoshop software.

Immunofluorescence. Vero cell grown on 16-mm coverslips were infected with
the GFP-VP22-expressing virus (166v) at a multiplicity of 10 and fixed 8 h later
with 4% paraformaldehyde. The cells were permeabilized by incubation for 15
min in PBS containing 0.5% Triton X-100, followed by washing with PBS. The
cells were then blocked for 20 min in PBS containing 10% calf serum and
incubated in the same solution containing VP16 monoclonal antibody LP1 at a
dilution of 1 in 400 for a further 30 min. After extensive washing in PBS, the
Texas Red-conjugated goat anti-mouse secondary antibody was added and the
mixture was incubated for a further 20 min. After extensive washing with PBS,
the coverslips were mounted in Vectashield (Vector Laboratories) and examined
using a Zeiss LSM410 confocal microscope.
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RESULTS

Construction of recombinant HSV-1 expressing truncation
mutant forms of VP22 tagged with GFP. To construct recom-
binant viruses expressing a range of VP22 truncation mutant
proteins, we transferred a number of GFP-tagged, truncated
VP22 molecules from expression vectors used previously for
transient-expression studies (25) into a plasmid containing the
HSV-1 UL49 gene flanking sequences (15). Each of these
plasmids (Fig. 1) was cotransfected into Vero cells with infec-
tious DNA from the HSV-1 VP22 deletion mutant (�22).
Plaques were isolated and purified three times before the re-
sulting viruses were grown and characterized by PCR analysis
and sequencing of the mutated region of the genome. This
resulted in a panel of viruses expressing N- and C-terminal
truncations of VP22 that could be analyzed next to the virus
expressing GFP-tagged full-length VP22 (166v) in the follow-
ing series of experiments.

To assess the levels of VP22 expression from these viruses,
monolayers of Vero cells were infected at a multiplicity of 10
with each virus and harvested 14 h after infection. Equal sam-
ples of each (as judged by the antitubulin loading control in
Fig. 2A) were then analyzed by Western blotting with a num-
ber of antibodies specific for the GFP-VP22 proteins. Blotting
with an anti-GFP antibody detected the VP22 variants from all
the viruses (Fig. 2A, GFP) and showed that, with the exception
of the virus expressing 1-212 of VP22, all the VP22 variants
were expressed at approximately similar levels. In addition, a
blot for major capsid protein VP5 indicated that this viral
protein was expressed at equivalent levels in all the infections
(Fig. 2A, VP5). We then confirmed the VP22 contents of the
GFP fusion proteins using antibodies specific for both the N
terminus and C terminus of VP22. As can be seen, the N-
terminal antibody detected only the 1-212 and 1-165 variants
(Fig. 2A, VP22 N-term) while the C-terminal antibody de-
tected all the other VP22 variants (Fig. 2A, VP22 C-term).
These blots also confirmed that, for an unknown reason, the
1-212 truncation of VP22 was expressed relatively poorly com-
pared to the others, a result that is comparable to that obtained
by others previously (29). Nonetheless, this variant of VP22

was easily detectable on slightly longer exposures of these
Western blots.

To assess the replication efficiency of each of these viruses,
one-step growth curves were determined with Vero cells. As
we have previously shown that HSV-1 expressing GFP-VP22 in
place of VP22 replicates as efficiently as the WT virus (15), we
used this virus (166v) as our reference virus in this experiment.
The replication rate for the �22 virus in Vero cells was shown
to be similar to virus expressing full-length VP22 (Fig. 2B), a
result that confirms our recent observation (11). Likewise, the
replication rates for most of the other viruses expressing VP22
truncations were similar to virus expressing full-length VP22
(Fig. 2B). However, the viruses expressing residues 1 to 165 of
VP22 (residues 1-165) or residues 192 to 301 of VP22 (residues
192-301) exhibited somewhat reduced replication efficiencies,
resulting in an up to 10-fold reduction in virus yield (Fig. 2B).
While the explanation for the growth defects exhibited by these
two viruses is not clear, the fact that there is no defect in a
VP22 knockout virus makes it likely that these variants of
VP22 exert a dominant negative activity on virus replication.
Nonetheless, all the viruses were shown to replicate to suffi-
cient levels to enable purification of extracellular virus and
analysis of virion protein content, as described below.

The N terminus of VP22 is dispensable for assembly into
virions. We next addressed the question of which regions of
VP22 are involved in packaging into the virus particle using
our range of VP22 truncation mutant proteins. Our previous
studies have indicated that full-length VP22 protein tagged
with GFP is assembled into the tegument as efficiently as un-
tagged VP22 (15), and therefore we postulated that our GFP-
tagged VP22 variants would behave in a manner specific to the
VP22 sequences present in these variants. To determine the
requirement for the N-terminal region of VP22 in assembly of
the protein into the virion, we first purified extracellular virions
from the viruses expressing full-length GFP-tagged VP22 and
the truncation mutant forms expressing 108-301 and 160-301 of
VP22. Equal amounts of virions were analyzed by SDS-PAGE,
and the gel was subsequently stained with Coomassie blue.
Novel protein bands were clearly visible in the protein profiles
of the mutant viruses at the approximately correct sizes of 48
and 42 kDa, respectively, and in amounts apparently similar to
that present in virions containing full-length VP22 tagged with
GFP (Fig. 3A, asterisks). To confirm that these proteins were
the GFP-tagged, truncated VP22 molecules, we carried out
Western blotting with an anti-VP22 antibody specific for the C
terminus of VP22. These new components of the virions cross-
reacted with the VP22 antibody, confirming their identity (Fig.
3B). Furthermore, the anti-VP16 blot indicated that the virions
were equally loaded, and therefore these VP22 truncations
were clearly assembled with an efficiency equal to that of full-
length VP22 (Fig. 3B). Thus, we conclude that the N-terminal
160 residues of the VP22 molecule are entirely dispensable for
its assembly into the virus.

The C terminus of VP22 is required for assembly into viri-
ons. We next examined the VP22 contents of virions produced
by the two viruses expressing the C-terminal truncations of
VP22, consisting of residues 1-212 and 1-165. The virion pro-
files from these viruses indicate that, unlike the full-length
GFP-VP22 fusion that is easily detectable in the stained gel
(asterisks in Fig. 4A and B), there are no protein bands ap-

FIG. 1. Construction of viruses expressing GFP-tagged truncation
mutant forms of VP22. The genes encoding the delineated fusion
proteins were inserted into the flanking sequences of the VP22-encod-
ing gene (UL49) and cotransfected into Vero cells with infectious
DNA from the HSV-1 �VP22 virus expressing a nonfluorescing ver-
sion of GFP (169vc). The resulting plaques were screened for GFP
fluorescence and plaque purified three times prior to further analysis.
Residues of VP22 encoded in the fusion proteins are indicated on the
left. Virus names are shown on the right.
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parent in the other two virion preparations of the sizes ex-
pected (50 and 44 kDa, respectively) for the two truncations.
To determine if these molecules were packaged at levels not
obvious above the background protein concentration in the
stained gel, we next carried out a Western blot assay of the
virions with an antibody specific for the N terminus of VP22
(Fig. 4C). While blotting with an antibody specific for tegu-
ment protein VP16 indicated that the virions were equally
loaded on the gel, the anti-VP22 blot showed that there was no
detectable amount of VP22 incorporated into the virions pre-
pared from either of the mutant viruses (Fig. 4C). Although we
have shown above that the 1-212 variant is expressed in in-
fected cells at lower levels than full-length VP22, overexposure
of the virion Western blot showed no evidence of this protein
in the virion preparation, confirming that residues 1-212 of
VP22 were not packaged into the virus. Thus, the C-terminal
89 residues of VP22 seem to be required for assembly of this
protein into the virus particle.

Optimal packaging of VP22 requires the C-terminal 140
residues. To determine if the C-terminal 89 residues of VP22
are necessary and sufficient for packaging into the virion, we
next analyzed virus that expressed only residues 212-301 of the
C terminus. Once again, extracellular virions were analyzed by
SDS-PAGE alongside virions containing full-length VP22, fol-
lowed by either Coomassie blue staining or Western blotting of
the protein gels. In this case, the Coomassie-stained gel
showed that this virus did not package detectable amounts of
VP22 into its virions (Fig. 5A, 212-301). However, Western
blotting of the virions demonstrated that although the levels of

FIG. 2. Replication of viruses expressing truncation mutant forms of
VP22. (A) Vero cells were infected with viruses expressing GFP-tagged
truncation mutant forms of VP22 at a multiplicity of 10. Sixteen hours
later, total cell extracts were analyzed by SDS-PAGE, followed by West-
ern blotting with monoclonal anti-GFP antibody, polyclonal anti-VP22
antibodies specific for the N terminus or C terminus of the protein, and
monoclonal anti-VP5 and -�-tubulin antibodies. The values on the left are
molecular sizes in kilodaltons. (B) One-step growth curves of viruses
expressing full-length VP22 or the truncation mutant forms of VP22 were
determined by infecting monolayers of Vero cells with the viruses at a
multiplicity of 10. At various times after infection, total virus was har-
vested by combining the cells and medium and titrated on Vero cells. The
growth of the �22 virus was also analyzed in the same experiment.

FIG. 3. The N terminus of VP22 is dispensable for assembly into
the virion. Extracellular virions were prepared from cells infected with
HSV-1 expressing GFP-tagged VP22 consisting of the full-length pro-
tein (residues 1-301), residues 108-301, or residues 160-301. Equivalent
numbers of virions were analyzed by SDS-PAGE, followed by
(A) Coomassie blue staining or (B) Western blotting with anti-VP22 or
anti-VP16 antibodies. Asterisks denote the VP22-specific bands
present in the virion profiles. The values on the left of each panel are
molecular sizes in kilodaltons.
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VP22 were greatly reduced in these virus particles, the levels
were detectable with the anti-VP22 antibody when the blot was
slightly overexposed (Fig. 5B). Taken together with our previ-
ous finding that the C-terminal 140 residues of VP22 are pack-
aged as efficiently as full-length VP22 (160-301 in Fig. 3), these
results seem to indicate that the region between residues 160
and 212 is essential for efficient packaging of VP22 into the
virus particle. To determine if we could refine this region
further, we next investigated the packaging levels of an inter-
mediate truncation, encoding residues 192-301. As for the 212-
301 variant, the Coomassie-stained virions of the 192-301 vari-
ant did not show any evidence of a packaged VP22 molecule
(Fig. 5A, 192-301). In addition, the Western blot showed re-
duced but detectable levels of this protein in the virion prep-
aration (Fig. 5C), similar to the levels seen for the 212-301
variant.

These results show that the C-terminal 89-residue region of
VP22 has the ability to be packaged into the virus, albeit at
much lower levels than the full-length protein. To ensure that
this C-terminal peptide was specifically assembled into the
tegument, we used detergent treatment to fractionate extracel-
lular virions from virus expressing full-length VP22, the C-
terminal 89 residues of VP22, or the C-terminal 109 residues of
VP22 into envelope and tegument-capsid fractions. Western
blot assays were then carried out on these fractions and reacted
with antibodies specific for the envelope protein gD and the
tegument protein VP13/14. The blots with the gD and VP13/14
antibodies demonstrated that in all cases, the fractionation had
successfully produced an envelope fraction containing gD and
a tegument-capsid fraction containing VP13/14 (Fig. 5D). Fur-
thermore, blotting for GFP showed that, as expected, the full-

length GFP-VP22 fusion protein fractionated in the tegument-
capsid fraction of the virions (Fig. 5D, 1-301). GFP blotting of
the virions containing the C-terminal regions of VP22 also
showed that this region of VP22 was packaged into the tegu-
ment of the virus, confirming that GFP fused to the C terminus
of VP22 contained enough information for assembly into the
tegument (Fig. 5D, 192-301 and 212-301).

To ensure that GFP alone was not capable of being pack-
aged into the tegument, we carried out the same analysis on
virions purified from our �22 virus that expresses GFP in place
of VP22. In this case we found, somewhat surprisingly, that
GFP was present in the �22 virion preparation (Fig. 5D, �22,
lane T). However, while GFP fused to the C terminus of VP22
was specifically assembled into the tegument of the virion (Fig.
5D, 212-301), all unfused GFP associated with the �22 virions
was readily released in the envelope fraction (Fig. 5D, �22). To
investigate this further, �22 and GFP-VP22-containing virions
were fractionated on a Ficoll gradient and 10 individual frac-
tions collected across each gradient. Each fraction was then
titrated to determine the presence of infectious virus across the
gradient and assessed by Western blotting for the presence of
capsids (VP5 blot) and GFP to correlate protein content with
infectivity. These results revealed that in a Ficoll gradient used
to prepare GFP-VP22-containing virions, the level of GFP in
the fractions correlated directly with the presence of capsids
and infectivity in the gradient, and hence the GFP-VP22 co-
purified with GFP-VP22 virions (Fig. 5E, GFP-VP22). By con-
trast, GFP levels were consistently high in all fractions of a
Ficoll gradient used in the preparation of the �22 virions and
did not correlate with either the capsid content or the relative
infectivity across the gradient (Fig. 5E, �22). Thus, we believe
the presence of GFP in the �22 virion preparation is purely a
reflection of the well-established soluble nature of this protein
in the cell, which probably results in the protein being released
at high levels into the medium of infected cells once they have
been lysed.

In summary, we interpret these results to mean that there
are two regions of VP22 involved in its packaging into the
virus—residues 212-301 can be assembled into the tegument in
small amounts, while residues 160-192 are required to enhance
this level of assembly to that observed for the full-length pro-
tein. Although we cannot rule out the possibility that residues
212-301 are packaged into the virion in an undirected random
manner, we believe the specific incorporation of this region
into the tegument indicates that a specific interaction is in-
volved in its assembly.

Interaction of truncation mutant forms of VP22 with VP16.
We have previously shown that VP22 can interact with a sec-
ond major tegument protein, VP16 (12), but that the absence
of VP22 from the virus has no effect on the packaging of VP16
into the virion (11). To investigate a potential role for VP16 in
the assembly of VP22, we first determined the localization of
VP16 in relation to GFP-VP22 in the infected cell. Vero cells
were infected at a multiplicity of 10 with HSV-1 expressing
full-length VP22 fused to GFP and fixed 8 h after infection,
and an immunofluorescence assay was carried out for VP16.
While there was a much higher level of VP16 in the nucleus of
the infected cell compared to GFP-VP22, the cytoplasmic lo-
calizations of the two tegument proteins were very similar (Fig.
6A, compare GFP-VP22 with VP16). Overlaying the images

FIG. 4. The C terminus of VP22 is essential for assembly into the
virion. Extracellular virions were prepared from cells infected with
HSV-1 expressing GFP-tagged VP22 consisting of the full-length pro-
tein (residues 1-301), residues 1-212, or residues 1-165. Equivalent
numbers of virions were analyzed by SDS-PAGE, followed by (A and
B) Coomassie blue staining or (C) Western blotting with anti-VP22 or
anti-VP16 antibodies. Asterisks denote the full-length GFP-VP22
band present in the virion profile. The values on the left of each panel
are molecular sizes in kilodaltons.
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FIG. 5. Assembly properties of the extreme C terminus of VP22. Extracellular virions were prepared from cells infected with HSV-1 expressing
GFP-tagged VP22 consisting of the full-length protein (residues 1-301), residues 212-301, or residues 192-301. Equivalent numbers of virions were
analyzed by SDS-PAGE, followed by (A) Coomassie blue staining or (B and C) Western blotting with anti-VP22 or anti-VP16 antibodies. The
asterisk denotes the full-length GFP-VP22 band present in the virion profile. (D) Extracellular virions from HSV-1 expressing GFP fused to
residues 1-301, 192-301, or 212-301 of VP22 or expressing GFP in place of VP22 (�22) were subjected to fractionation into envelope and
tegument-capsid fractions by detergent treatment of intact virus particles. Following separation of detergent-soluble (envelope) and detergent-
insoluble (tegument-capsid) fractions, the samples were analyzed by SDS-PAGE, followed by Western blotting with antibodies specific for
envelope (anti-gD), tegument (anti-VP13/14), and GFP. T, total; E, envelope fraction; Te/C, tegument-capsid fraction. (E) Extracellular virions
from BHK21 cells infected with either the �22 virus or the GFP-VP22-expressing virus were fractionated on a 5 to 15% Ficoll gradient. Ten
fractions across the entire gradient were collected and analyzed by titration on Vero cells or by Western blotting using antibodies for GFP and VP5.
Fraction 1 represents the top of the gradient, fraction 10 the bottom. The values on the left of panels A, B, and C are molecular sizes in kilodaltons.
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indicated that a large population of VP16 colocalized with the
characteristic cytoplasmic complexes observed for GFP-VP22,
suggesting that the two proteins were in the same complexes
within the infected cell (Fig. 6A, merge).

We next wished to establish if there was a correlation be-
tween VP22 packaging and its ability to interact with VP16 by
conducting coimmunoprecipitation assays on infected cell ex-
tracts. Vero cells infected with viruses expressing either full-
length VP22 tagged with GFP (1-301), the truncation mutant
forms of VP22 tagged with GFP, or GFP in place of VP22
(�22) were harvested 16 h after infection and total cell extracts
prepared in RIPA buffer. All GFP-containing proteins were
then immunoprecipitated with a polyclonal anti-GFP antibody
and analyzed by Western blotting with both a monoclonal
anti-GFP antibody to determine the efficiency of immunopre-
cipitation and a monoclonal anti-VP16 antibody to determine
the level of VP16 interacting with each mutant form of VP22.

All the mutants of GFP-VP22 were present in each extract at
equivalent levels (data not shown) and were precipitated by the
GFP antibody (Fig. 6B, C, and D, GFP). VP16 was also present
in all the infected cell extracts at similar levels (data not
shown) and was coimmunoprecipitated efficiently with full-
length VP22 (Fig. 6B, C, and D, 1-301). By contrast, precipi-
tation of GFP alone from the �22 virus-infected cells did not
coprecipitate VP16, confirming that the result obtained with
full-length VP22 was due to a specific interaction with VP16
(Fig. 6B, C, and D, �22). Interestingly, VP16 was efficiently
coprecipitated from cells infected with the viruses expressing
the N-terminal truncations 108-301 and 160-301 (Fig. 6B).
However, VP16 was not precipitated from extracts of cells
infected with the two viruses that express the C-terminal re-
gions of VP22, 212-301 (Fig. 6B) and 192-301 (Fig. 6C), sug-
gesting that the region between residues 160 and 192 is re-
quired for interaction with VP16. Furthermore, while VP16

FIG. 6. Correlation between VP16 interaction and assembly of VP22 into the virion. (A) VP16 colocalizes with GFP-VP22 in infected cells.
Vero cells infected with 166v at a multiplicity of 10 were fixed 8 h after infection and processed for immunofluorescence with anti-VP16 monoclonal
antibody LP1. (B, C, and D) Vero cells infected with viruses expressing the indicated GFP-VP22 fusion proteins were solubilized with RIPA buffer
and immunoprecipitated with a polyclonal anti-GFP antibody. The resulting immunocomplexes were analyzed by SDS-PAGE and Western blotting
with a monoclonal anti-GFP antibody to detect precipitated GFP fusion proteins and a monoclonal anti-VP16 antibody to detect coimmunopre-
cipitated VP16. �22 denotes HSV-1 that expresses GFP in place of the entire VP22-encoding gene. Because of its poor expression level, the 1-212
variant of VP22 was immunoprecipitated from fivefold more cells. The values on the left of panels B, C, and D are molecular sizes in kilodaltons.
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coprecipitated efficiently with 1-212 of VP22 (Fig. 6D) we
could not detect any VP16 present in the complexes precipi-
tated from cells infected with virus expressing 1-165 of VP22
(Fig. 6B). Hence, taken together these results imply that the
VP16 interaction domain of VP22 is contained in the internal
region between residues 160 and 212. In addition, while the
two truncations of VP22 that are packaged in the structure of
the virus to WT levels were able to interact with VP16 (108-301
and 160-301), one variant (1-212) interacted efficiently with
VP16 but was not packaged, implying that VP16 interaction
may be necessary but not sufficient for incorporation of VP22
into the virion.

Localization of truncation mutant forms of VP22 in virus-
infected cells. The requirement for a specific region of VP22
for assembly into the virus may reflect any of a number of
aspects of VP22 biology, including the need for specific sub-
cellular targeting of the protein during the virus assembly pro-
cess. As we have described previously, the localization of full-
length GFP-22 in live infected cells is complex, with it
localizing to a number of characteristic subcellular sites includ-
ing trafficking complexes in the cytoplasm and specific punc-
tate sites in the nucleus (15, 21). It has not been possible to
distinguish which of these sites is the location of VP22 assem-
bly into the virus. In an attempt to correlate subcellular local-
ization with packaging into the virus, we next investigated the
cellular localization patterns of the various truncation mutant
forms of VP22 in live, virus-infected cells. When we examined
the localization of the two N-terminal truncations, we noted
that the mutant form of VP22 expressing residues 108-301 had
an appearance similar to that of full-length VP22, with both
proteins being concentrated mainly in the cytoplasm of the cell
(Fig. 7, compare 1-301 and 108-301). In addition, both the

full-length protein and the 108-301 mutant form localized to
punctate nuclear domains in small amounts (Fig. 8, compare
1-301 and 108-301). It is noteworthy that this truncation mu-
tant form is small enough to passively diffuse through the
nuclear pore complex into the nucleus (48 kDa) but, like full-
length GFP-VP22, is in fact predominantly cytoplasmic, con-
firming our previous findings on the relative targeting of VP22
to the cytoplasm or nucleus (25). By contrast, the mutant form
of VP22 expressing residues 160-301 was clearly present at
much higher levels in the nucleus of the cell, where it localized
to the nucleoplasm, replication compartments, and punctate
domains (Fig. 7 and 8, 160-301). However, there was also a
high level of fluorescence in the cytoplasm of cells infected
with this virus which was specifically localized in trafficking
complexes similar to those observed in cells infected with virus
expressing full-length and residues 108-301 of VP22 (Fig. 7,
160-301).

We next examined the localization patterns of the two C-
terminal truncations that we have shown above are not assem-
bled into the virus. Like the variant 160-301, both the C-
terminal truncations of VP22 (residues 1-212 and residues
1-165) were concentrated in the nucleus of the cell. However,
unlike 160-301, the two C-terminal truncations exhibited only
a diffuse localization in the cytoplasm of the infected cell (Fig.
7, compare 1-212 and 1-165 with 1-301), suggesting that neither
of them was capable of specific targeting to the characteristic
cytoplasmic complexes observed above. Interestingly, while
residues 1-212 localized to the characteristic punctate domains
in the nucleus, residues 1-165 exhibited only diffuse nuclear
fluorescence, suggesting an involvement of sequences between
165 and 212 in targeting to these nuclear domains (Fig. 8,
compare 1-212 and 1-165). The requirement for nuclear do-

FIG. 7. Assembly into the virion correlates with localization to cytoplasmic complexes. Confluent Vero cells grown in coverslip chambers were
infected with each of the indicated viruses at a multiplicity of 10. Around 8 to 10 h after infection, representative images of the GFP fluorescence
present in each monolayer of live infected cells were acquired using a Zeiss LSM-410 confocal microscope. �22 denotes HSV-1 that expresses GFP
in place of the VP22-encoding gene (UL49). The image for 1-212 was acquired using threefold higher laser power.
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main targeting was refined even further by the results obtained
with the last two VP22 variants, namely, residues 192-301 and
212-301. Live-cell imaging of Vero cells infected with these two
viruses revealed that 192-301 localized very efficiently to nu-
clear domains, while 212-301 exhibited no such specific target-
ing in the nucleus (Fig. 7 and 8, compare 192-301 and 212-301).
Furthermore, these proteins, which are only assembled into
the virus at low levels, exhibited no specific targeting in the
cytoplasm of the cell (Fig. 7, compare 192-301 and 212-301). In
summary, the only variants of VP22 to be assembled efficiently
into the virus were those that have the ability to interact with
VP16 and localize to cytoplasmic complexes in the same man-
ner as full-length VP22 (see Fig. 9A). Hence, we suggest that
these sites represent the cellular location of VP22 incorpora-
tion into the virus particle and that VP16 may be involved in its
recruitment.

DISCUSSION

The pathway of herpesvirus tegument assembly is poorly
defined, and it is not clear in which compartment(s) of the cell
the virus acquires its tegument proteins. In recent years, it has
become obvious that many tegument proteins are likely to be
multifunctional, with roles to play in early and late stages of
virus replication. Hence, unlike the simple requirement for
nuclear targeting by capsid proteins or membrane targeting by
envelope proteins, the intracellular targeting of tegument pro-
teins is complex and likely to be indicative of subcellular func-
tional sites, as well as tegumentation sites. Indeed, the major
tegument proteins VP16, VP22, and VP13/14 have all been
shown to exist in both nuclear and cytoplasmic populations in
the infected cell and furthermore in specific subpopulations

within these compartments (10, 13, 15, 21, 23, 30). Because of
the complex localization patterns of tegument proteins, it has
not been possible to discern the subcellular population that
represents assembling virus rather than protein trafficking
through the cell for other purposes.

A number of approaches have been used previously to
broadly address the mechanism and location of tegument pro-
tein incorporation into the assembling virus. These have in-
cluded the biochemical fractionation of cellular compartments
and membranes to measure the presence of tegument proteins
and infectious virus, leading to the suggestion that mature virus
assembles in the membranes of the trans-Golgi network or
endosomal compartments (20). In addition, a number of ele-
gant electron microscopy studies of pseudorabies viruses
(PRVs) with their tegument proteins deleted have established
a compelling model for the sequential addition of tegument
proteins as the assembling virion is transported from the nu-
clear envelope to the cytoplasmic membranes involved in en-
velopment (16-18, 22). Interestingly, another recent study on
PRV virions has demonstrated heterogeneity in the content of
GFP-VP22 between individual particles (7). These authors
have suggested that rather than being acquired by the assem-
bling virion as individual molecules, GFP-VP22 may be re-
cruited onto capsids in aggregates or patches.

Apart from one study on a large truncation mutant form of
the UL41-encoded vhs protein that has identified a region
within this protein required for its packaging (31), few studies
have addressed the specific regions of individual tegument
proteins required for their interaction with other virion pro-
teins and assembly into the maturing virus. Here we provide
the first detailed mutational analysis of a major HSV-1 tegu-
ment protein, the UL49-encoded VP22 protein, in the context

FIG. 8. Assembly into the virion does not correlate with localization to nuclear dots. Confluent Vero cells grown in coverslip chambers were
infected with each of the indicated viruses at a multiplicity of 10. Around 8 to 10 h after infection, representative images of the GFP fluorescence
present in the nuclei of live infected cells were acquired using a Zeiss LSM-410 confocal microscope. �22 denotes HSV-1 that expresses GFP in
place of the VP22-encoding gene (UL49). The image for 1-212 was acquired using threefold higher laser power.
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of virus infection. In this study, the genes encoding the trun-
cation mutant forms of VP22 were all recombined into the
virus genome in place of the parental gene at its natural locus.
Furthermore, all the truncations were tagged with GFP so that
the trafficking of the individual variants could be compared to
that of GFP-tagged full-length VP22 (15). In this way, we have
been able to correlate the ability of the VP22 variants to be
assembled into the virus with their subcellular localization pat-
terns (Fig. 9A). Our results indicate that only those variants
that localized to specific cytoplasmic complexes were incorpo-
rated into the virus tegument at levels equivalent to the full-
length protein, suggesting that assembly and cytoplasmic com-
plex targeting are closely linked. Furthermore, our results
suggest that VP22 must also be able to interact with VP16 to be
targeted to these cytoplasmic complexes (Fig. 9A).

The results presented here complement a previous study we
carried out on the same truncation mutant forms of VP22
expressed in transfected cells rather than during infection (25).
This previous study demonstrated the complexity of VP22 sub-
cellular localization expressed in isolation, and we identified a
number of specific domains within the protein that seem to
dictate its steady-state localization pattern. Our transfection
studies indicated that the same region that we have shown here
to be important for assembly, which incorporates the con-
served core domain of the protein (Fig. 9B), was also involved

in the activities of VP22 within transfected cells. In addition,
the localization of the mutant forms of VP22, with respect to
their relative cytoplasmic or nuclear compartmentalization,
were the same in infected and transfected cells, suggesting that
this is an intrinsic property of the protein. The assembly char-
acteristics of the various VP22 truncations have enabled us to
define regions within VP22 that are involved in its packaging
into the tegument. While the N-terminal 160 residues (domain
1) are entirely dispensable for both incorporation into the virus
and interaction with VP16, the C-terminal half of VP22 is
required for assembly of VP22 to WT levels and interaction
with VP16 (domain 2 and optimal packaging domain in Fig.
9B). Based on our coimmunoprecipitation studies of VP16
with VP22, we believe that domain 2 can be further divided
into two subregions—domain 2A (residues 160-212) contains
the VP16 binding region, while domain 2B, encompassing the
C-terminal 89 residues, is not required for VP16 interaction
but is absolutely essential for assembly of VP22 into the tegu-
ment. Both domains 2A and 2B are required for localization of
VP22 to cytoplasmic trafficking complexes and efficient assem-
bly into the tegument, but domain 2B alone is sufficient for
packaging small amounts of VP22 specifically into the tegu-
ment. It should be noted that a previous study on a single
truncation mutant form of VP22 lacking the C-terminal 89
residues (our domain 2B) has concluded, in contrast to our

FIG. 9. Domains in VP22. (A) Summary of the behavior of the VP22 truncations used in this study. (B) Line drawing of VP22 indicating the
regions of the protein involved in intracellular targeting, VP16 interaction, and packaging into the virus particle.
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results, that the N-terminal 212 residues of VP22 are packaged
into virions (29). The reason for the discrepancy between the
two studies is not clear, but the level of the truncated protein
detected in the virions preparation in that study was so low that
it may simply represent cellular contamination of the virions.

It is possible that the packaging of C-terminal residues 212-
301) occurs by a random undirected mechanism. However,
because of the apparent differential requirement for the two
C-terminal regions of VP22, we would postulate that the tar-
geting and assembly of VP22 require an interaction with at
least two partners (viral and/or cellular) through the two do-
mains in VP22. The first of these partners (interacting with
domain 2A) is likely to be the major tegument protein VP16,
as we have shown that VP22 and VP16 colocalize in the cyto-
plasm of the infected cell and coprecipitate from infected cell
extracts. In addition, we have not yet found a mutant form of
VP22 that is packaged to WT levels but does not interact with
VP16. However, confirmation of the involvement of VP16 in
VP22 assembly will require the exact determination of the
VP16 binding site in VP22 (or vice versa), followed by the
generation of a virus expressing VP22 specifically mutated in
this region. The second partner of VP22 would interact with
domain 2B, which is not required for or involved in the VP16
interaction. This interaction alone would be sufficient to bring
small amounts of VP22 into the virus, potentially by a chance
interaction between the C terminus of VP22 present in the
cytosol and its partner. However, efficient assembly of VP22
would require the VP16 interaction in domain 2A in addition
to the domain 2B interaction. Interestingly, the C terminus of
the PRV homologue of VP22 has been shown to interact with
the cytoplasmic tails of glycoproteins gE and gM (18), raising
the possibility that a C-terminal partner of VP22 is an envelope
protein. In support of this, it has recently been demonstrated
that HSV-1 VP22 interacts with the cytoplasmic tail of glyco-
protein gD (4), and our own recent studies on an HSV-1
knockout for VP22 have shown that the level of gD in the
virion is reduced in the absence of VP22 (11).

While interactions between virus structural proteins are
likely to be important for virus assembly, the targeting of VP22
to the correct cellular location for virus assembly may also
involve an interaction with a cellular protein. We have previ-
ously shown that VP22 interacts with the cellular microtubule
network when expressed in isolation (14, 25), and while the
significance of such an interaction for virus replication is not
clear, there is some evidence to suggest an involvement of
microtubules in virus maturation, particularly in neurons (27,
28). In addition, transiently expressed VP22 has also been
shown to associate with cellular membranes, and most proba-
bly the trans-Golgi network, a property that could also be
important for assembly of this protein into the virus (1).

In the course of these studies, we have also assessed the
ability of the truncation mutant forms of VP22 to localize to
characteristic nuclear sites that we have previously identified as
specific domains that lie adjacent to ND10 bodies (21). While
the function of these nuclear sites is not yet clear, it has re-
cently been reported that similar domains within the nucleus
contain cellular chaperone proteins and components of the
proteasomal machinery (3), and the authors of that report have
suggested that such sites may facilitate protein quality control
in the nucleus. The results presented here identify the 20

amino acids between residues 192 and 212 of VP22 as being
critical for targeting of VP22 to these sites (Fig. 9B), and hence
it seems that this protein might be specifically recruited to
these domains. Furthermore, VP22 localizes to these sites even
when it is present in the nucleus at very low levels (as in the
case of 1-301 and 108-301 in Fig. 8), suggesting that concen-
tration levels in the nucleus are not a factor in targeting to
these domains.

In a very recent report, we have described the characteriza-
tion of a recombinant HSV-1 that lacks the VP22-encoding
gene (11). The major effects that we observed in this virus were
an alteration in the localization and virion packaging of ICP0,
suggesting that VP22 is involved in the subcellular targeting
and incorporation of ICP0 into the virus particle. Hence, we
are now beginning to build a detailed picture of the relative
interactions involved in the assembly of the tegument, with
VP16 involved in recruiting VP22, and VP22 subsequently
involved in recruiting ICP0. Furthermore, we have shown that
the localization of two tegument proteins (VP22 and ICP0) to
the same trafficking complexes correlates with their assembly
into the virion, strongly suggesting that these complexes rep-
resent a subcellular site of tegument protein assembly. We
have also shown here that VP16 colocalizes in these com-
plexes, and similar complexes were previously observed with a
virus expressing the tegument protein UL46 fused to GFP (36).
Given our current understanding of virus assembly, it is likely
that these sites represent vesicles in the trans-Golgi network or
endosomal compartments of the secretory pathway, but further
studies must be carried out to confirm this. Nonetheless, using
mutational analysis studies such as the ones described here we
hope to reach a definition of where in the cell and through
which protein-protein interactions at least one major tegument
protein is packaged into the virion.
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