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The cellular site of herpesvirus tegument assembly has yet to be defined. We have previously used a recom-
binant herpes simplex virus type 1 expressing a green fluorescent protein (GFP)-tagged tegument protein,
namely VP22, to show that VP22 is localized exclusively to the cytoplasm during infection. Here we have con-
structed a similar virus expressing another fluorescent tegument protein, YFP-VP13/14, and have visualized
the intracellular localization of this second tegument protein in live infected cells. In contrast to VP22, VP13/14
is targeted predominantly to the nuclei of infected cells at both early and late times in infection. More spe-
cifically, YFP-13/14 localizes initially to the nuclear replication compartments and then progresses into intense
punctate domains that appear at around 12 h postinfection. At even later times this intranuclear punctate
fluorescence is gradually replaced by perinuclear micropunctate and membranous fluorescence. While the vast
majority of YFP-13/14 seems to be targeted to the nucleus, a minor subpopulation also appears in a vesicular
pattern in the cytoplasm that closely resembles the pattern previously observed for GFP-22. Moreover, at late
times weak fluorescence appears at the cell periphery and in extracellular virus particles, confirming that YFP-
13/14 is assembled into virions. This predominantly nuclear targeting of YFP-13/14 together with the cyto-
plasmic targeting of VP22 may imply that there are multiple sites of tegument protein incorporation along the
virus maturation pathway. Thus, our YFP-13/14-expressing virus has revealed the complexity of the intracellu-
lar targeting of VP13/14 and provides a novel insight into the mechanism of tegument, and hence virus, assembly.

The herpesvirus tegument has been described as an amor-
phous region of the virus particle located between the capsid
and the envelope. It comprises the major structural proteins
VP1/2, VP13/14, VP16, and VP22 (10, 17), along with a num-
ber of other minor constituents, such as the product of the
UL13 gene (4, 5, 15). While the precise functions of most of
the individual tegument proteins are not yet clear, it seems
likely that they perform dual roles in the virus replication cycle,
providing activities both at the onset of infection, as the capsid-
tegument enters the cell, and during virion assembly, as the
virus matures and exits the cell. Such dual functions are best
exemplified by the well-studied tegument protein VP16, which
has been shown to function both as the transactivator of im-
mediate-early (IE) gene expression (3, 14) and as an essential
protein in virus assembly (20).

The incorporation of large numbers of tegument molecules
into the herpesvirus particle means that this group of proteins
could act as cellular markers for virus assembly, thereby help-
ing to address a range of issues surrounding the herpesvirus
maturation pathway. In particular, the cellular compartments
involved in both virus envelopment and tegumentation have
not yet been precisely defined. It was initially proposed that
assembled capsids present within the nucleus acquired their
final virion envelope at the inner nuclear membrane as they
budded into the lumen of the endoplasmic reticulum (13, 16).
More recently, however, there have been several reports on the
localization and processing of virus glycoproteins that support
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an alternative model of virus maturation, whereby virions bud-
ding through the nuclear membrane proceed through a further
stage of deenvelopment at the outer nuclear membrane and
acquire their final envelope downstream in the secretory path-
way (2, 18, 21). One significant difference between these two
pathways is that while the former model absolutely requires
tegument assembly to occur in the nucleus, the latter model
allows for tegument assembly to occur either in the nucleus or
at a later stage within the cytoplasm. Thus, studies on the sub-
cellular localization of tegument proteins may contribute to
our understanding of herpesvirus morphogenesis.

We have previously investigated tegument protein localiza-
tion during infection by constructing a herpes simplex virus
type 1 (HSV-1) in which a major tegument gene, namely, the
ULA49 gene encoding VP22, was replaced with the gene for a
green fluorescent protein (GFP)-22 fusion protein (9). We
have shown that this virus incorporates GFP-tagged VP22 into
assembling virions, thereby allowing us to use fluorescent mi-
croscopy of live infected cells to analyze the intracellular traf-
ficking of VP22. This virus indicated that throughout the
course of a high-multiplicity infection, VP22 localized exclu-
sively to the cytoplasm, exhibiting a diffuse localization at early
stages of expression, followed by an increasingly vesicular pat-
tern as infection progressed. At late stages fluorescent VP22
could be seen at the cell periphery and in extracellular parti-
cles, indicative of virus release from the cell. Hence, we have
suggested that at least one of the major tegument proteins is
incorporated into the virion at a stage downstream from the
nuclear envelope.

To extend our observations on tegument protein localiza-
tion, we have also initiated a study of the proteins referred to
collectively as VP13/14, the differentially modified products of
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the UL47 gene (12, 22). The function of VP13/14 in virus
infection is not known, but there is some evidence to suggest
that it may be involved in the regulation of VP16 transactiva-
tion of IE genes (11, 23). Surprisingly, in spite of being a major
component of the virion, VP13/14 has been shown to be dis-
pensable for virus growth in tissue culture (1, 22, 23). However,
viruses unable to express VP13/14 appear to be retarded in the
early stages of virus growth, supporting a potential role for the
protein in gene expression (22, 23). In a paper accompanying
the present study, we show that transient expression of VP13/
14 results in its efficient nuclear localization (7). Here, we
have further investigated the cellular compartmentalization of
'VP13/14 by constructing a virus expressing fluorescently tagged
VP13/14 in a manner similar to our GFP-tagged VP22 virus.
We show that this virus replicates and incorporates fluorescent
VP13/14 into virions as efficiently as wild-type (Wt) virus. Strik-
ingly, VP13/14 localizes predominantly to the nucleus through-
out most of the virus replication cycle, with only a small sub-
population of the protein present in the cytoplasm. However,
at late time points, fluorescent particles are observed in large
numbers in the extracellular medium, suggesting that, as for
the GFP-22 virus, virions containing fluorescent VP13/14 are
detectable by fluorescent microscopy. These results demon-
strate that in infected cells the tegument protein VP13/14 ex-
hibits a trafficking pathway very different from that for the
tegument protein VP22, and the implications for virus assem-
bly of these contrasting results will be discussed.

MATERIALS AND METHODS

Cells and virus infections. Vero cells, COS-1 cells, and BHK-1 cells were
maintained in Dulbecco’s modified minimal essential medium containing 10%
newborn calf serum. The parental virus used in this study was the HSV-1 strain
17. Virions and infectious virus DNA were purified from extracellular virus
released into the infected cell medium as described previously (9).

Construction of YFP-13/14 virus. The construction of the yellow fluorescent
protein (YFP)-13/14-expressing virus is detailed in Fig. 1. To construct a YFP-
13/14 cassette for recombination into the genome, each of the 200-bp flanking
sequences of the HSV-1 UL47 gene [Fig. 1A(3)] was amplified together by PCR
from purified genomic DNA, resulting in a single 400-bp fragment incorporating
an EcoRI site at one end, an Xbal site at the other, and a BamHI site engineered
in place of the UL47 gene [Fig. 1A(3)]. This was inserted into plasmid pSP72
(Promega) as an EcoRI/Xbal fragment to produce plasmid pGE124 [Fig. 1A(3)].
The UL47 gene from plasmid pMD10 (7) was inserted as a BamHI fragment into
the Bg/II site of pEYFPC1 (Clontech). The Ndel/Agel fragment of this plasmid
was then replaced with the equivalent fragment from pEGFPN1 (Clontech),
resulting in a plasmid that carried YFP-UL47 on a BamHI cassette. This BarmHI
fragment was then inserted into the BamHI site of pGE124 to produce plasmid
pGE179 [Fig. 1A(4)], which consisted of YFP-ULA47 surrounded by the UL47
flanking sequences, and hence driven by the UL47 promoter.

Equal amounts (2 pg) of DNA from plasmid pGE179 and the infectious
HSV-1 strain 17 were transfected into 10° COS-1 cells grown in a 60-mm dish,
using the calcium phosphate precipitation technique modified by substitution
of BES [N, N-bis(2-hydroxyl)-2-aminoethanesulfonic acid]-buffered saline for
HEPES-buffered saline. Four days later, the infected cells were harvested into
the cell medium and subjected to three rounds of freeze-thawing, and the re-
sulting virus was titrated on Vero cells. Plaques were then screened for possible
recombinants by YFP fluorescence.

Virus genomic DNA screening. Virus DNA for restriction digestion was puri-
fied from 5 X 107 infected BHK cells as described previously (9) and was digested
for 8 h with either BamHI or EcoRV in the presence of RNase A. Electrophore-
sis was carried out overnight in 0.8% agarose, and the gel was transferred to a
nylon membrane by standard procedures. The Southern blots were then hybrid-
ized with a 3’P-labeled DNA probe synthesized by the random priming of
fragments specific for either UL47 or YFP.

One-step growth curves. Vero cells grown in a six-well plate (10 cells per well)
were infected at a multiplicity of 10 in 1 ml of medium per well. After 1 h (taken
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as 1 h postinfection), the inoculum was removed, the cells were washed with
phosphate-buffered saline (PBS), and 2 ml of fresh medium was added to each
well. At 1, 5, 10, 15, and 25 h postinfection, both extracellular virus from the cell
medium and intracellular virus from the cells were harvested from one well of
infected cells and scraped into 1 ml of PBS. Each virus sample was then titrated
on Vero cells.

SDS-PAGE and Western blot analysis. Solubilized proteins were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
the gels were either stained with Coomassie blue or transferred to nitrocellulose
filters and reacted with the appropriate primary antibody. A horseradish perox-
idase-linked secondary conjugate was utilized, and reactive bands were visualized
using enhanced chemiluminescence (ECL) detection reagents (Amersham).

Antibodies. The polyclonal anti-VP13/14 antibody R220 was kindly provided
by David Meredith. The polyclonal anti-VP22 antibody AGV30 has been de-
scribed previously (8). Antibodies against IE110 (11060) and VP16 (LP1) were
kindly provided by Roger Everett and Tony Minson, respectively. The polyclonal
anti-GFP antibody and the monoclonal anti- ICP5 antibody were obtained from
RDI and Autogen Bioclear, respectively.

Live-cell microscopy and time-lapse analysis. Cells for short-term live analysis
of YFP expression were plated into coverslip chambers and examined using the
488 laser on a Zeiss LSM 410 inverted confocal microscope. Images were ob-
tained by collecting Z sections of each field and merging these to produce a
single image. Resulting images were processed using Adobe Photoshop software.

Cells for long-term time lapse analysis were plated onto 42-mm coverslips
contained in 60-mm dishes. Prior to analysis, the coverslip was transferred to a
Bachhoffer POC chamber (obtained from Carl Zeiss) in open cultivation mode.
This chamber was placed on a Saur heated frame (obtained from Carl Zeiss)
seated on the microscope and was covered with a Perspex lid through which a
constant supply of 5% CO, was fed. “XYZT” software from Zeiss was used to
collect a Z series of images for each time point in the time series; these were then
merged to produce an individual Z image for each time point. Animation of the
time series was carried out using NIH Image software and saved as a Quicktime
video.

RESULTS

Construction of an HSV-1 recombinant expressing fluores-
cently tagged VP13/14. The gene expressing VP13/14, gene
ULA47, is located on the Bam F restriction fragment in the
unique long region of the HSV-1 genome [Fig. 1A(1) and (2)].
To construct a virus expressing fluorescent VP13/14, the UL47
gene was initially fused in frame with the C terminus of the
gene expressing the YFP version of GFP. This entire fusion
gene was then inserted as a BamHI fragment into plasmid
pGE124, containing the UL47 flanking sequences joined by a
BamHI site [Fig. 1A(3)]. The resulting plasmid, pGE179 [Fig.
1A(4)] was cotransfected into COS-1 cells together with puri-
fied HSV-1 strain 17 genomic DNA and incubated for 4 days
until cytopathic effect was seen in all the cells. Virus was
harvested and plaques were screened for YFP fluorescence to
identify potential recombinants. The final virus, designated
179v [Fig. 1A(5)], was plaque purified a total of four times
before production of a master stock.

The genomic structure of the recombinant virus was as-
sessed by Southern blotting of BamHI- and EcoRV-digested
samples of both Wt S17 and the 179v virus DNA. Hybridiza-
tion was carried out with both a UL47- and a YFP-specific
probe, and indicated that the EcoRV fragment on which UL47
is located had increased in size from 7.5 to 8.3 kb and con-
tained the YFP sequence (Fig. 1B, EcoRV digests). Moreover,
the BamHI fragment on which UL47 is located had decreased
in size from 8 to 4.9 kb, confirming the introduction of one new
BamHI site during the recombination process (Fig. 1B, BamHI
digests).

Growth characteristics of the 179v virus. To assess the rep-
lication of 179v in comparison to that of Wt virus, one-step
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FIG. 1. Construction and analysis of HSV-1 expressing YFP-13/14.
(A) The ULA47 gene (shaded) is located on the Bam F fragment of the
HSV-1 genome [(1) and (2)]. The UL47 flanking sequences were
amplified by PCR and inserted into plasmid pSP72 as an EcoRI/Xbal
fragment to form pGE124, containing a BamHI site in place of the
ULA7 gene [(3)]. YFP-ULA47 on a BamHI cassette was then inserted
into the BamHI site of pGE124 to form plasmid pGE179 [(4)], which
was introduced back into the virus genome by homologous recombi-
nation [(5)]. Note that the downstream BamHI site in pGE179 has
been lost in the recombinant virus, because recombination took place
within the UL47 gene. (B) Virus DNAs from both the recombinant
YFP-13/14-expressing virus (179v) and the parental virus (s17) were
digested with either BamHI or EcoRV before analysis by Southern
blotting. Hybridization with probes specific for UL47 or YFP indicated
that the YFP-ULA47 cassette had recombined in the correct location.
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FIG. 2. The YFP-13/14-expressing virus replicates as efficiently as
Wt virus. Vero cells infected with either strain 17 (Wt) or the YFP-
13/14-expressing virus (179v) at 10 PFU per cell were harvested every
5 h after infection up to 25 h. The resulting virus was then titrated on
Vero cells, and one-step growth curves were plotted. Both intracellular
virus (cell associated) and extracellular virus (released) yields were
measured.

growth curves were carried out. Vero cells were infected at a
multiplicity of 10, and both cell-associated virus and extracel-
lular secreted virus were harvested every 5 h for 25 h. These
virus stocks were then titrated on Vero cells, and the resulting
growth curves were plotted (Fig. 2). The results indicate that
both the cell-associated virus yield (Fig. 2, cell-associated
plots) and the extracellular virus yield (Fig. 2, released plots)
from the two viruses were very similar, suggesting that virus
assembly and egress are not affected by the tagging of VP13/14
with YFP.

To examine 179v growth in more detail, we analyzed the
kinetics of expression of several viral proteins. Vero cells were
infected with either Wt or 179v virus at a multiplicity of 10, and
total cell lysates were harvested every 5 h for 25 h. Following
SDS-PAGE these samples were analyzed by Western blotting
using a number of antibodies (Fig. 3). Analysis with the anti-
VP13/14 antibody R220 indicated that 179v produced a YFP-
13/14 fusion protein of the correct size, approximately 110 kDa
(Fig. 3, 179v, anti-VP13/14). Moreover, comparison of the Wt
time course with that of 179v indicated that the overall kinetics
of VP13/14 synthesis was similar in both viruses, with the pro-
tein first detectable by Western blotting at 10 h postinfection
(Fig. 3, anti-VP13/14, compare Wt and 179v). In addition,
analysis of the 179v time course with both the anti-VP13/14
and anti-GFP antibodies clearly showed that the fusion protein
remained intact throughout infection, with no breakdown
products detectable (Fig. 3, 179v, anti-VP13/14 and anti-GFP).
The kinetics of synthesis of two other viral proteins, namely,
the late gene product VP22 and the IE gene product IE110,
were also shown to be very similar for 179v and Wt viruses
(Fig. 3, anti-VP22 and anti-IE110), confirming that the fusion
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FIG. 3. YFP-13/14 is synthesized with the same kinetics as VP13/
14. Vero cells infected with either strain 17 (Wt) or the YFP-13/14-
expressing virus (179v) at 10 PFU per cell were harvested every 5 h
after infection, up to 25 h. Equal amounts of total cell lysates were
analyzed by SDS-PAGE followed by Western blotting with antibodies
R220 (anti-VP13/14), «GFP (anti-GFP), AGV30 (anti-VP22), and
11060 (anti-IE110). M, mock.

of the YFP open reading frame to the N terminus of VP13/14
has no apparent deleterious effect on virus growth.
YFP-13/14 is efficiently incorporated into 179v virions. Al-
though VP13/14 is a major structural protein of HSV-1, it has
previously been shown to be dispensable for growth in tissue
culture (1, 23), and hence virus particles can assemble without
incorporating VP13/14. Therefore, to determine if YFP-13/14
was incorporated into the HSV-1 virions produced by 179v
infection, we prepared extracellular virions from both Wt- and
179v-infected cells. These virions were purified on a 5 to 15%
Ficoll gradient, and approximately equivalent numbers of par-
ticles were analyzed by SDS-PAGE followed by either Coo-
massie blue staining or Western blotting (Fig. 4). Western
blotting of the virions with antibody against the major capsid
protein ICP5 (Fig. 4, ICPS panel) indicated that both prepa-
rations of virions were loaded in approximately equivalent
amounts. The total protein profiles of the purified virions
showed that the VP13/14 doublet present in the S17 virions was
absent from the 179v virions (Fig. 4, c.b.). Furthermore, a
novel doublet band of the correct size for YFP-13/14 was
present in the 179v virions (Fig. 4, c.b.). Western blotting of the
virions with antibodies against both VP13/14 and GFP con-
firmed that this additional species in the 179v profile was YFP-
13/14 (Fig. 4, VP13/14 and GFP panels) and indicated that
there was a slightly lower level of VP13/14 in 179v virions than
in s17 virions (Fig. 4, VP13/14 panel). Moreover, Western
blotting with an antibody against the tegument protein VP16
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implied that the levels of this second tegument protein in the
179v virions may be slightly reduced in the presence of the
much larger YFP-13/14 fusion protein (Fig. 4, VP16 panel), a
result that is supported by the total protein profiles of the two
viruses. There were also a number of other differences between
the viruses, most notably a species of around 45 kDa which
appears to be much more abundant in the 179v virions. This
protein has yet to be identified.

Cellular localization of fluorescent VP13/14 through HSV-1
infection. The gene encoding VP13/14, gene ULA47, is known to
be regulated as a true late gene and therefore is dependent on
DNA replication for high levels of expression (12). Thus, we
wished to investigate the time in the virus replication cycle at
which YFP-13/14 was first detectable within the cell. Vero cells
grown in a coverslip chamber were infected with the 179v virus
at a multipicity of 10, and representative images of YFP fluo-
rescence within the cells were then collected by confocal mi-
croscopy between the times of 4 and 20 h after infection (Fig.
5). Surprisingly, YFP-13/14 fluorescence was detectable within
infected cells as early as 4 h postinfection and was clearly
visible by 6 h (Fig. 5, 6 h.p.i.). Moreover, at these early stages
of infection, YFP-13/14 was localized predominantly in the
nucleus, with a low level of cytoplasmic fluorescence (Fig. 5, 6
and 8 h.p.i.). The nuclear pattern was initially diffuse (Fig. 5,
6 h.p.i.), but progressed quickly into a pattern reminiscent of
replication compartments (Fig. 5, 8 h.p.i.). By 10 to 12 h, the
intensity of YFP-13/14 fluorescence in the nucleus had greatly
increased, and over the next 6 h several new patterns of YFP-
13/14 localization became apparent. These included large nu-
clear punctate domains (Fig. 5, thin arrows in 12 and 14 h.p.i.);
smaller, more numerous punctate domains at the edge of the
nucleus (Fig. 5, thick arrows in 12 to 16 h.p.i.); and perinuclear
membrane localization (Fig 5, arrowheads in 16 and 18 h.p.i.).
Furthermore, the weak cytoplasmic fluorescence present as a
diffuse pattern from 6 to 10 h began to evolve into a more
locally concentrated vesicular-type pattern at later times (Fig.
5, 14 and 16 h.p.i.), and by 18 to 20 h there was weak fluores-
cence at the cell periphery (Fig. 5, 18 h.p.i.), and large numbers
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FIG. 4. YFP-13/14 is efficiently incorporated into the virus particle.
Purified extracellular virions from Wt virus (s17) and the YFP-13/14-
expressing virus (179v) were solubilized and analyzed by SDS-PAGE
followed by either Coomassie blue staining (c.b.) or Western blotting
with antibodies against ICP5, VP16, VP13/14, and GFP. *, an uniden-
tified protein which is present in 179v virions in greater abundance
than in Wt virions.



FIG. 5. Live-cell analysis of YFP-13/14 localization during a high-multiplicity 179v infection. Vero cells grown in a coverslip chamber were
infected with the YFP-13/14-expressing virus at 10 PFU per cell and were examined for YFP-13/14 fluorescence every 2 h up to 20 h postinfection
(h.p.i.). Images were collected by confocal microscopy, and in each case 10 Z slices have been merged to produce the individual images. Patterns
representing large punctate nuclear domains (thin arrows), micropunctate nuclear domains (thick arrows), and perinuclear membrane fluorescence
(arrowheads) are indicated.
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of fluorescent particles were clearly visible outside the infected
cells (Fig. 5, 20 h.p.i.).

To obtain a more precise indication of YFP-13/14 progres-
sion in a single field of infected cells, we carried out time lapse
confocal microscopy. Vero cells on a coverslip were infected
with the YFP-13/14-expressing virus at a multiplicity of 10, and
5 h after infection the coverslip was transferred to our heated
chamber. A single field of cells was chosen for time lapse
analysis, and images were collected every 5 min for a further
11 h to form the time series represented both as a gallery of
images (Fig. 6) and as an animation (http://www.mcri.ac.uk
/VirusAssembly/figure6.mov). Over this period, the YFP-13/14
fluorescence increased greatly in intensity (Fig. 6, compare
5 h.p.i. with 16 h.p.i.), emphasizing the late expression from the
ULA47 promoter. Moreover, while the vast majority of fluores-
cence was concentrated from an early stage in the nuclei of
infected cells, particularly in replication compartments, it was
also possible to discern a weak subpopulation of YFP-13/14
localized in a Golgi-like compartment in several of the infected
cells (Fig. 6, arrowed in 8 h.p.i.). Although the relative intensity
of this cytoplasmic fluorescence was low in comparison to that
of the nuclear fluorescence, the pattern closely resembles that
previously observed for VP22 in the GFP-22-expressing virus
(9). Moreover, the cytoplasmic fluorescence is particularly ob-
vious in the time lapse animation, where YFP-13/14 can be
seen to accumulate at the side of the nucleus and at later times
at the periphery of the cell (Fig. 6, arrowed in 15 h.p.i.).

Nuclear localization of YFP-13/14 during virus infection. As
the most striking aspect of YFP-13/14 localization at the later
times shown in Fig. 5 was the range of nuclear and perinuclear
locations exhibited by the protein, rather than the weak cyto-
plasmic fluorescence described above, we looked more closely
at cells displaying these patterns. Vero cells grown in a cover-
slip chamber were infected with the 179v virus at a multipicity
of 10, and representative high-magnification images were col-
lected at 14 to 18 h after infection (Fig. 7). As noted above,
cells with large nuclear punctate domains became apparent
between 10 and 14 h (Fig. 7A). Interestingly, a large number of
these intense domains appeared to be localized around the
edges of the replication compartments. However, at slightly
later time points, cells exhibiting smaller multiple punctate
domains in the nucleus became more obvious (Fig. 7B). Fur-
thermore, analysis of individual Z sections of cells exhibiting
these two patterns revealed that while the large punctate do-
mains were present in an intranuclear location (Fig. 7E), the
small punctate domains were clearly located at the periphery
of the nucleus, possibly on the nuclear membrane (Fig. 7F). In
addition, the third specific pattern of localization identified in
Fig. 5, where YFP-13/14 appears in membrane-like structures
around the nucleus, was also evident in this experiment be-
tween 16 and 18 h after infection (Fig. 7C and D). Such struc-
tures were present either as small projections from the nuclear
membrane (Fig. 7C) or as much larger whorls wrapped around
part of the nucleus (Fig. 7D, shown as a single Z section for
clarity). Taken together, these results reveal a complexity to
the intracellular targeting of VP13/14, suggesting that analysis
of the YFP-13/14-expressing virus may contribute greatly to
our understanding of herpesvirus tegument assembly.
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DISCUSSION

We have previously described the use of a fluorescently
tagged tegument protein in a study of a recombinant herpes
simplex virus expressing GFP-tagged VP22 (9). In the present
report we have extended these studies to include the tegument
proteins VP13/14, the gene products of the true late gene
ULA7 (12). Here, the UL47 gene was fused in frame to the
YFP version of GFP in order to produce a virus that synthe-
sizes YFP-13/14 in place of Wt VP13/14. As with the GFP-22
virus, we have shown that the YFP-13/14 virus replicates as
efficiently as Wt virus, confirming that the addition of YFP
onto VP13/14 has no effect on virus kinetics. Moreover, YFP-
13/14 was efficiently incorporated into virions that were ob-
served as fluorescent particles outside the cell. Thus, the her-
pesvirus tegument has the capacity to package large fusion
proteins into its structure without any detectable effect on the
infectivity of the virus.

Our major purpose for developing such fluorescent viruses is
to examine the intracellular trafficking of virus structural pro-
teins in live cells and hence to investigate the subcellular com-
partments involved in virus assembly. We have previously used
time lapse confocal microscopy of infected live cells to show
that the tegument protein VP22 localizes exclusively to the
cytoplasm through the course of a high-multiplicity infection,
with little if any protein detectable in the nucleus (9). Such
studies revealed a reproducible trafficking pathway of VP22
through the replication cycle, beginning with diffuse cytoplas-
mic GFP-22 and progressing into particulate VP22 detectable
in a perinuclear location that we believe to be the Golgi ap-
paratus. GFP-22 then moves to the cell surface in vesicle-like
structures, culminating in the release of fluorescent GFP-22-
containing virions into the extracellular space. By contrast, we
show here that YFP-13/14 is clearly targeted to the nucleus
during the early stages of its expression. Moreover, as infection
progresses, the concentration of YFP-13/14 in the nucleus in-
creases greatly, suggesting that even at later times in infection
VP13/14 subcellular targeting remains largely unaltered. While
a subpopulation of VP13/14 does appear in the cytoplasm in
the latter half of infection, the behavior of this low-level cyto-
plasmic fluorescence is difficult to discern, and it is most obvi-
ous in the time lapse experiment from which images are shown
in Fig. 6. However, fluorescent YFP-13/14-containing particles,
similar to those observed in the GFP-22 virus infection, do
appear in the extracellular space, confirming that at some stage
along the YFP-13/14 trafficking pathway, the protein is pack-
aged into assembling virions.

The exclusive cytoplasmic location of GFP-22 had previously
led us to propose that tegument proteins are incorporated into
the virion at a nonnuclear location, probably within the secre-
tory pathway of the cell. The fact that only a small proportion
of infected-cell VP13/14 is located within the cytoplasm may
imply that there are two populations of VP13/14 in the infected
cell, one which is targeted to the nucleus for a specific, non-
structural purpose and one which is targeted to the cytoplasm
at a later stage of infection for virus assembly. It is noteworthy
that in a paper accompanying this report we have demon-
strated that the nuclear localization of VP13/14 is an intrinsic
property of the protein determined by a 14-residue nuclear
localization signal present at its N terminus (7). Thus, if
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FIG. 6. Time lapse analysis of YFP-13/14 trafficking in a high-multiplicity infection. Vero cells were infected with the YFP-13/14-expressing
virus at 10 PFU per cell and were transferred to a heated chamber at 5 h postinfection (h.p.i.). A single field was chosen for analysis, and images
were collected every 5 min for a further 11 h. A time point representing each hour is shown, and the corresponding animation can be found at
http://www.mcri.ac.uk/VirusAssembly/figure6.mov.
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FIG. 7. YFP-13/14 exhibits novel patterns in and around the nucleus. Vero cells grown in a coverslip chamber were infected with the
YFP-13/14-expressing virus at 10 PFU per cell and were examined at around 14 h after infection for YFP-13/14 fluorescence present in either large
punctate domains (A and E), micropunctate domains (B and F), or perinuclear membranes (C and D). Images were collected at high magnification
and are presented either as a single merged image of 10 Z sections (A, B, and C), as a single Z section (D) or as Z sections from the top, middle,

or bottom of the cell (E and F).

VP13/14 is differentially targeted to the cytoplasm for the pur-
pose of virus assembly, it would have to be retained there by a
dominant interaction with another virus protein or by a differ-
ential modification causing an alteration in its subcellular tar-
geting. Alternatively, the nuclear targeting of VP13/14 may
imply that a subset of tegument proteins (represented by
VP13/14) is acquired by the capsid in the nucleus, while the
remaining tegument proteins (represented by VP22) are ac-
quired within the cytoplasm. In this case the cytoplasmic pop-
ulation of YFP-13/14 fluorescence would truly represent virus
particles in the process of assembly. Hence, our YFP-13/14-
expressing virus has further revealed the complexity of herpes-
virus assembly and maturation, and provides us with a new tool
for investigating the mechanisms involved in these processes.

It is clear that newly synthesized VP13/14 in the infected cell
is immediately targeted to the nucleus, where it appears ini-
tially diffuse, but rapidly localizes to replication compartments.
Furthermore, at later times in infection, between 12 and 16 h,
fluorescent VP13/14 appears in large punctate domains within
the nucleus, a pattern that is also observed during transient
expression (7). While these domains may represent one of

several previously identified intranuclear sites in the infected
cell, their location at the periphery of the replication compart-
ments, together with the timing of their appearance, suggests
that they resemble the structures previously described by Ward
and coworkers, which they termed assemblons (19). Immuno-
fluorescence has been used to show that these structures con-
tain several capsid proteins, and thus they have been desig-
nated sites of capsid assembly (19). Moreover, Desai and
Person have also reported the localization of GFP-tagged cap-
sid protein, VP26c, to similar compartments in the infected cell
nucleus (6). The presence of VP13/14 in these structures may
imply that it plays a role in capsid assembly within the nucleus
and/or that VP13/14 is assembled into the virus particle at
these sites. At even later times in infection, VP13/14 becomes
predominantly present in small punctate domains localized
around the outside of the nucleus, and these are gradually
replaced by a pattern of fluorescent cytoplasmic membranous
structures encircling the nucleus. While we do not yet under-
stand the relationship between these various nuclear and mem-
brane-like patterns of VP13/14 localization, it is tempting to
speculate that one or more of them may represent sites of
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incorporation of this particular tegument protein into the virus
particle.

It is now apparent that the two tegument proteins VP22 and
VP13/14 traffic quite differently within the infected cell. More-
over, analysis of a recently constructed virus expressing GFP-
tagged VP16 may add to this complexity of tegument assembly.
Preliminary results indicate that GFP-VP16 exhibits localiza-
tion properties combining those of GFP-22 and YFP-13/14,
whereby GFP-VP16 is nuclear at early stages of infection but
becomes increasingly cytoplasmic, in what appears to be a
Golgi-like location, at later time points (P. O’Hare, personal
communication). At some stage in the infected cell, these in-
dividual tegument proteins must converge to form the full
tegument of the newly assembling virion, and it is not until this
point is reached that viral envelopment can occur. With the
knowledge that many of these tegument proteins can be tagged
with a fluorescent protein without any detrimental effect on
virus growth, it may now be possible to investigate herpesvirus
tegumentation in more detail by constructing viruses labeled
with two or more fluorescent proteins.
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