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Cells infected with wild-type herpes simplex virus type 1 (HSV-1) show disruption of the organization of the
nuclear lamina that underlies the nuclear envelope. This disruption is reflected in changes in the localization
and phosphorylation of lamin proteins. Here, we show that HSV-1 infection causes relocalization of the LEM
domain protein emerin. In cells infected with wild-type virus, emerin becomes more mobile in the nuclear
membrane, and in cells infected with viruses that fail to express UL34 protein (pUL34) and US3 protein
(pUS3), emerin no longer colocalizes with lamins, suggesting that infection causes a loss of connection between
emerin and the lamina. Infection causes hyperphosphorylation of emerin in a manner dependent upon both
pUL34 and pUS3. Some emerin hyperphosphorylation can be inhibited by the protein kinase C� (PKC�)
inhibitor rottlerin. Emerin and pUL34 interact physically, as shown by pull-down and coimmunoprecipitation
assays. Emerin expression is not, however, necessary for infection, since virus growth is not impaired in cells
derived from emerin-null transgenic mice. The results suggest a model in which pUS3 and PKC� that has been
recruited by pUL34 hyperphosphorylate emerin, leading to disruption of its connections with lamin proteins
and contributing to the disruption of the nuclear lamina. Changes in emerin localization, nuclear shape, and
lamin organization characteristic of cells infected with wild-type HSV-1 also occur in cells infected with
recombinant virus that does not make viral capsids, suggesting that these changes occur independently of
capsid envelopment.

During primary envelopment, herpes simplex virus type 1
(HSV-1) nucleocapsids translocate from the nucleus to the
cytoplasm by budding into the inner nuclear membrane and
then fusing with the outer nuclear membrane. The capsid does
not, however, have unimpeded access to the inner nuclear
membrane. Lining the inside of the inner nuclear membrane is
the nuclear lamina, which is composed of a meshwork of pro-
teins with spaces too small for the capsid to move through
without some disruption (2, 19, 65). The lamina meshwork is
made up of intermediate filament family proteins called lamins
that are linked to the inner nuclear membrane and to intranu-
clear proteins by association with lamin-associated proteins
(LAPs) (reviewed in reference 65). Connection of the network
of lamin proteins to the inner nuclear membrane is mediated
by integral membrane LAPs, including emerin, lamin B recep-
tor, LAP2-�, and MAN-1 (26).

Emerin is a member of a family of nuclear envelope proteins
that share a common sequence called the LEM domain that
mediates association with BAF (barrier to autointegration fac-
tor) and is important for the assembly of LEM domain proteins
into the re-forming nuclear envelope following mitosis (21, 37,

39). Emerin also contains a lamin-binding domain that helps
retain it in the interphase nuclear envelope (6, 14, 25, 37).
Emerin is ubiquitously expressed but is not essential for the
viability of cells in culture (36). Failure to express or properly
localize emerin in humans, however, is one cause of Emery-
Dreifuss muscular dystrophy (EDMD) (3, 14). The relation-
ship between abnormalities in emerin and the pathogenesis of
EDMD is not clear. Mice with deletions in the gene encoding
emerin develop apparently normally but show defects in mus-
cle regeneration and subtle defects in motor coordination
(40, 47).

HSV-1 UL34 protein (pUL34) forms part of an envelop-
ment complex that also includes pUL31 and pUS3. All three
proteins colocalize at the nuclear membrane, and each is nec-
essary for normal localization of the others in infected cells
(51, 54). pUL34 and pUL31 can colocalize at the nuclear
membrane in the absence of other viral proteins (52, 66).
pUL34 also interacts with and forms a complex with pUL31 in
vitro, and the interaction between the proteins is a conserved
feature of herpesviruses (35, 52, 59). pUL34, pUL31, and their
homologs in other herpesviruses are necessary for efficient
envelopment at the inner nuclear membrane (15, 18, 33, 46, 52,
54). pUS3 is not necessary for envelopment but plays a role in
de-envelopment of capsids in the perinuclear space into the
cytoplasm (53, 63).

One function of the envelopment complex is to mediate
reorganization of the nuclear lamina. pUL34, pUL31, and
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their murine cytomegalovirus (MCMV) homologs have been
shown to be required for changes in nuclear shape and size and
for changes in the distribution of nuclear lamin A/C and lamin
B proteins in infected and transfected cells (4, 45, 48, 51, 62).
HSV-1 pUS3 negatively regulates disruption of the nuclear
lamina. In its absence, large perforations form in the network
of lamin proteins (4). Overexpression of pUL34 in transient
transfection results in disruption of lamin A/C and lamin B
organization (51, 61), and the morphology of the nuclear mem-
brane is altered so that the inner and outer membranes are
separated (67). These effects are similar to those seen in HSV-
1-infected cells. In addition, the location of pUL34 in infected
cells at the nuclear membrane places it in an excellent position
to interact with and modulate the actions of lamin proteins and
LAPs.

It seems likely that in order to achieve its effects on nuclear
architecture, HSV must accomplish two things. It must disrupt
interactions between the lamin A/C and lamin B proteins that
form the lamina meshwork, and it must disrupt interactions
between the lamin meshwork and the LAPs that connect it to
the inner nuclear membrane. HSV infection has been shown to
alter the localization of the integral membrane LAP lamin B
receptor and to increase its mobility in the nuclear membrane,
suggesting that its connection to the lamin network is disrupted
(60).

Disassembly of the nuclear lamina at mitosis is associated
with phosphorylation of lamins and of LAPs, including emerin
(7, 9, 12, 13, 16, 22, 49). HSV has been shown to induce
phosphorylation of the lamin proteins during infection, and
this may play a role in the infection-dependent disruptions of
the lamin proteins (48). HSV-1 UL34 and MCMV U50 pro-
teins recruit protein kinase C (PKC) isoforms to the nuclear
membrane, and these recruited enzymes are responsible for at
least some of the phosphorylation of lamins seen in infection
(45, 48). It is not known what enzymes are responsible for
phosphorylation of LAPs during mitosis.

The observation that herpesviruses recruit cellular kinases
that participate in mitotic breakdown of the nuclear lamina
suggests a model in which HSV-mediated disruption of the
lamina relies largely or exclusively on recruited cellular mech-
anisms. One prediction of this is that LAPs may also be hy-
perphosphorylated during infection and that this hyperphos-
phorylation may be required for dissociation of lamina
components. In this study, we tested the hypothesis that
emerin is hyperphosphorylated in the HSV-infected cell, that
association of emerin with the nuclear lamina is disrupted in
infection, and that hyperphosphorylation depends upon com-
ponents of the nuclear envelopment apparatus.

MATERIALS AND METHODS

Cells and viruses. HEp-2 and Vero cells were maintained as previously de-
scribed (54). Mouse embryonic fibroblasts (MEF) from male mice with a dele-
tion in the emerin gene on the X chromosome (Em�/y) and fibroblasts from a
wild-type parental strain male (Em �/y) were kindly provided by Colin Stewart
(36) and maintained in Dulbecco’s modified Eagles’ medium supplemented with
10% fetal calf serum. The properties of HSV-1(F), vRR1072 (thymidine kinase-
positive UL34-null virus), vRR1202 (US3-null virus), vRR1204 (US3 kinase-
dead mutant virus), and repair viruses for vRR1072 and vRR1202 were previ-
ously described and characterized (52, 54, 55). The VP5-null virus and
complementing cells were the kind gift of Prashant Desai (10).

Plasmids and cell lines. The enhanced green fluorescent protein (EGFP)-
emerin fusion plasmid was the kind gift of Yasushi Hiraoka. In order to construct
stable clonal cell lines expressing EGFP-emerin, Vero cells were transfected with
the EGFP-emerin plasmid and subjected to selection with 100 mg/ml G418 for 2
weeks. Colonies showing nuclear green fluorescence were scraped from the
plate, transferred to individual cultures, and amplified.

FRAP. Cells from clonal, stable cell lines expressing EGFP-emerin were im-
aged on a Zeiss 510 confocal microscope, and fluorescence recovery after pho-
tobleaching (FRAP) analysis was conducted using the same settings for each cell.
The pinhole was set at 2.48 Airy units, and the 488-nm argon laser was set at
1.5% intensity for imaging. A defined region (referred to as the bleaching area)
on the top of each nucleus was bleached with a single scan at 100% laser
intensity. Imaging scans were then performed at 10-second intervals. A separate
region outside of the area used for bleaching (referred to as the control area) was
defined and monitored for photobleaching caused by the imaging scans. The
percentage recovery in the bleaching area was corrected for overall bleaching
caused by the imaging scans, and a ratio representing the residual fluorescence
following bleaching was subtracted so that the percentage recovery for the time
point at which bleaching occurred was zero. The following equation was used for
each cell at each time point: percentage recovery � {[(Xo/Xi)/(Co/Ci)] � [(Xo/
Xb)/(Cb/Ci)]} � 100, where Xo is the intensity of the bleaching area before being
bleached, Xi is the intensity of the bleaching area at time point i, Co is the
intensity of the control area before being bleached, Ci is the intensity of the
control area at time point i, Xb is the intensity of the bleaching region immedi-
ately following the bleaching scan, and Cb is the intensity of the control region
immediately following bleaching. Ten cells were analyzed for each condition, and
the mean recovery of fluorescence at each time point was plotted.

IF. Indirect immunofluorescence (IF) was performed as previously described,
with some variations (4, 52). Cells stained for lamin A/C were fixed with 4%
formaldehyde for 20 min and then washed with phosphate-buffered saline (PBS).
The cells were permeabilized and blocked in the same step by incubating them
in 10% Blokhen (Aves Labs) in IF buffer. Primary antibodies were diluted as
follows in IF buffer: chicken anti-UL34, 1:1,000; mouse monoclonal immuno-
globulin G (IgG) anti-lamin A/C, 1:1,000 (Santa Cruz Biotechnology); mouse
monoclonal anti-emerin, 1:500 (LabVision Corporation). Secondary antibodies
were also diluted in IF buffer as follows: Alexa Fluor 594 goat anti-chicken IgG
(1:1,000) was used to detect PUL34, Alexa Fluor 488 goat anti-mouse IgG
(1:400) was used to detect lamin A/C and emerin, and Alexa Fluor 660 goat
anti-rabbit IgG conjugate (1:400) was used to detect emerin. Slo-fade II (Mo-
lecular Probes) was used to mount coverslips on glass slides. All confocal mi-
croscopy work was done with a Zeiss 510 confocal microscope. All images shown
are representative of experiments performed a minimum of three times.

Preparation of nuclear fractions and calf intestinal alkaline phosphatase
(CIAP) treatment. Nuclear-lamina fractions were prepared by a modification of
the procedure described by Krohne (34). Confluent 150-cm2 cultures of Vero or
HEp-2 cells were infected with 5 PFU/cell of virus for 16 h. The infected cells
were washed once with PBS, scraped into 8 ml PBS, and pelleted by centrifuga-
tion at 600 rpm for 10 min in a clinical centrifuge. The cells were resuspended in
5 ml 10 mM Tris, pH 7.5, containing protease inhibitors and allowed to swell for
5 minutes at 0°C. The cells were lysed with 10 strokes of a Dounce homogenizer.
Nuclei were pelleted at 3,000 � g for 10 min, resuspended in 2 ml digestion buffer
I (10 mM Tris, pH 8.5, 2 mM MgCl2, 50 U/ml DNase I, 50 mg/ml RNase, and
protease inhibitors), and allowed to react at room temperature for 20 min. The
digested nuclei were pelleted at 3,000 � g for 10 min and then washed by
resuspension in 2 ml 10 mM Tris, pH 7.5, and recentrifugation. The washed
nuclei were resuspended in 2 ml digestion buffer II (10 mM Tris, pH 7.5, 2 mM
MgCl2, 50 U/ml DNase I, 50 mg/ml RNase, and protease inhibitors) and allowed
to react at room temperature for 20 min. Soluble proteins were extracted from
the digested nuclei by resuspending the nuclei in high-salt extraction buffer (10
mM Tris, pH 7.5, 500 mM NaCl, 1 mM dithiothreitol) and incubating them on
ice for 10 min. The extracted nuclei were pelleted at 10,000 � g for 10 min and
then washed by resuspension and recentrifugation in 10 mM Tris, pH 7.5.

Nuclear-lamina fractions were either solubilized directly in SDS-PAGE sam-
ple buffer or first extracted with detergent extraction buffer (10 mM Tris, pH 7.5,
1% Triton X-100, 1 mM dithiothreitol, protease inhibitors) containing various
amounts of NaCl.

For CIAP treatment, nuclear-lamina fractions from T25 cultures were ex-
tracted with 300 mM NaCl, split into two equal fractions, and then incubated for
1 h at 37°C in the presence or absence of 40 U CIAP (Roche). After digestion,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer was added, and samples were fractionated on SDS-PAGE gels.

GST pull-down assays. Approximately 5 � 108 HEp-2 cells were harvested,
resuspended in 60 ml ice-cold lysis buffer (50 mM Tris-Cl, pH 8.0, 200 mM NaCl,
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1% NP-40, 4 �g/ml aprotinin, 4 �g/ml leupeptin, 4 �g/ml pepstatin, 1 mM
phenylmethylsulfonyl fluoride), and passaged several times through an 18-gauge
needle. The lysate was centrifuged at 10,000 � g for 30 min at 4°C, and the
supernatant was aliquoted in 5-ml volumes and stored at �20°C. Glutathione
S-transferase (GST)-pUL34 fusion protein was prepared as described previously
(51). Fifteen ml of HEp-2 cell lysate was incubated for 3 h at 4°C with 800 �g of
GST-pUL34 fusion protein or 800 �g GST bound to glutathione-Sepharose
beads (Amersham; catalog no. 17-0756). The bound protein and beads were
washed three times with ice-cold NP-40 buffer (50 mM Tris-Cl [pH 8.0], 200 mM
NaCl, 1% NP-40, 4 �g/ml aprotinin, 4 �g/ml leupeptin, 4 �g/ml pepstatin, 1 mM
phenylmethylsulfonyl fluoride). GST proteins were eluted from glutathione-
Sepharose beads by incubation in 20 mM reduced glutathione solution contain-
ing 50 mM Tris, pH 8.0, for 5 min on ice. The beads were pelleted, and the
supernatant was transferred to an equal volume of 2� Laemmli buffer and
heated to 100°C for 5 min. The proteins were electrophoretically resolved on a
10% SDS-polyacrylamide gel. The gel was then incubated for 1 h in fixing
solution (50% methanol [vol/vol], 10% glacial acetic acid [vol/vol]). Protein
bands were visualized by colloidal Coomassie staining or Spyro Ruby. Relevant
bands were excised from the gel and submitted to a core facility maintained at
the Biotechnology Resource Center, Cornell University, where the incorporated
protein was digested with trypsin, followed by matrix-assisted laser desorption
ionization–time of flight (MALDI-TOF) mass spectrometry to determine the
masses of the tryptic peptides.

Coimmunoprecipitation. Approximately 107 HEp-2 cells were infected with 5
PFU per cell of either wild-type HSV-1(F) or vRR1204. Sixteen hours later, the
cells were lysed by gentle rocking for 1 h in 1 ml cold RIPA buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM
EDTA) containing 1� Complete Protease Inhibitor Cocktail (Roche) and phos-
phatase inhibitor (10 mM NaF, 10 mM Na3VO4). All the following steps were
performed at 4°C or on ice. Insoluble material was removed by centrifugation at
18,000 � g. The supernatant was then precleared by incubation with nonimmune
rabbit serum and 20 �l of a slurry (approximately 50%) of Protein A/G Plus-
Agarose beads (Santa Cruz Biotechnology) for 2 h. The beads were removed by
centrifugation at 18,000 � g for 15 min. Two micrograms rabbit anti-emerin
antibody (Santa Cruz Biotechnology; sc-15378) or nonimmune rabbit serum was
then added to the precleared supernatants. After overnight incubation, the
reaction mixture was further clarified by centrifugation for 15 min at 18,000 � g,
and 20 �l of a slurry of Protein A/G Plus-Agarose beads was added to the
supernatants for another 2-h incubation. The beads were washed three times
with PBS plus 0.5% Tween 20, boiled in SDS-PAGE sample buffer (10 mM
Tris-HCl, pH 8.0, 10 mM �-mercaptoethanol, 20% glycerol, 5% SDS, and trace
amounts of bromophenol blue), and subjected to electrophoresis through a 12%
polyacrylamide gel in the presence of 0.1% SDS. The resolved protein samples
were transferred electrically to nitrocellulose sheets for immunoblotting.

Immunoblotting. Nitrocellulose sheets bearing proteins of interest were
blocked in 5% nonfat milk plus 0.2% Tween 20 for at least 2 h. The membrane
was probed with anti-emerin goat polyclonal antibody (Santa Cruz Biotechnol-
ogy; sc-8084). Primary antibody was detected by horseradish peroxidase-conju-
gated bovine anti-goat secondary antibody (Santa Cruz Biotechnology). Alter-
natively, immunoprecipitated proteins transferred to nitrocellulose were probed
with a previously described chicken polyclonal antibody directed against pUL34
(52), followed by reaction with peroxidase-conjugated bovine anti-chicken sec-
ondary antibody (Santa Cruz Biotechnology). In both cases, bound immunoglob-
ulin was visualized by enhanced chemiluminescence (Pierce), followed by expo-
sure to X-ray film. After the immunoprecipitated material was probed for
pUL34, the blot was stripped according to the manufacturer’s protocols (Pierce)
and reprobed with emerin-specific rabbit polyclonal antibody (Santa Cruz bio-
technology; sc-15378), followed by reaction with peroxidase-conjugated goat
anti-rabbit secondary antibody (Santa Cruz Biotechnology) and detection of
chemiluminescence on X-ray film.

RESULTS

Emerin and EGFP-emerin relocalize in HSV-1-infected
cells. To determine whether the localization of emerin changes
in response to HSV infection, Vero cells were infected for 16 h
with HSV-1(F), with recombinant mutants that failed to ex-
press pUL34 and pUS3, or with corresponding homologous
repair viruses. The infected cells were fixed, stained for emerin
by IF, and visualized by confocal microscopy (Fig. 1). As ex-
pected, in uninfected cells, emerin localized at the nuclear rim

with a roughly uniform distribution on the membrane (Fig.
1A). Infection with wild-type virus altered this localization.
Although still concentrated at the nuclear rim, the distribution
of emerin was patchier, and emerin could sometimes be seen
on blebs apparently on the outer nuclear membrane (Fig. 1B).
The emerin labeling of the nuclear membrane in infected cells
also revealed the alterations of nuclear shape that are typical of
HSV-infected cells (4, 61). Failure to express either pUL34 or
pUS3 altered the localization of emerin in infected cells. In the
absence of pUL34 expression, emerin no longer concentrated
at the nuclear membrane and was found on both nuclear and
cytoplasmic membranes (Fig. 1C). In the absence of US3 ex-
pression, emerin localized at the nuclear membrane in a punc-
tate distribution (Fig. 1E). The local aggregates of emerin are
very similar to those seen when US3-null-infected cells are
stained for pUL34 (52, 53, 55). Homologous repairs of the
UL34 and US3 deletions showed emerin localizations identical
to that seen in cells infected with wild-type virus (Fig. 1D and F).

In US3-null infections, pUL34 adopts a punctate distribu-
tion in the nuclear membrane, and the sites of pUL34 accu-
mulation correspond to areas of the membrane not associated
with lamin proteins. The similarity of emerin aggregates and
pUL34 aggregates seen in US3-null-infected cells led us to ask
whether pUL34 and emerin colocalize in cells infected with
wild-type virus and whether the sites of aggregation of pUL34
and of emerin in cells infected with US3-null virus might be the
same. Uninfected Vero cells or cells infected for 16 h with
wild-type HSV-1(F) or US3-null virus vRR1202 were stained
for emerin, pUL34, and lamin A/C and visualized by confocal
microscopy (Fig. 2). In cells infected with wild-type virus (Fig.
2E to H), lamin A/C, emerin, and pUL34 all colocalized ex-

FIG. 1. Disruption of normal emerin localization in Vero cells
infected with HSV-1. Shown are digital confocal images of optical
sections taken near the middle of the nuclei of Vero cells fixed and
stained with antibody directed against emerin. The cells were un-
infected (A) or infected for 16 h with wild-type HSV-1 (B), the
UL34-null recombinant vRR1072(tk�) (C), the homologous repair
of vRR1072(tk�) (D), the US3-null virus vRRR1202 (E), or the
homologous repair of vRR1202 (F).
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tensively, though areas that stained for each of the proteins
individually could be seen. In cells infected with US3-null virus
(Fig. 2I to L), UL34 and emerin colocalized in punctate ag-
gregates in the nuclear membrane and the sites of costaining
corresponded to areas devoid of lamin staining.

EGFP-emerin is more mobile in HSV-1-infected cells. Since
emerin and lamin localizations do not separate in cells infected
with wild-type HSV, connection between these proteins cannot
be assessed simply by immunofluorescence. Loss of connection
between the lamina and emerin would be predicted to result in
greater mobility of emerin within the nuclear membrane. To
test this prediction, we constructed and isolated clonal Vero
cell lines that stably express EGFP-emerin fusion protein.
More than 40 clonal cell lines were isolated. Proper localiza-
tion of EGFP-emerin depended on the expression level of the
fusion protein. Low levels of EGFP fluorescence were corre-
lated with the tight localization to the nuclear envelope that is
characteristic of endogenous emerin. Cell lines that showed
intense EGFP fluorescence showed localization on cytoplasmic
membranes, in addition to the nuclear envelope. Cell lines
showing low-intensity EGFP fluorescence and proper emerin
localization in uninfected cells were chosen for further analy-
sis. EGFP-emerin-expressing cells were infected with wild-
type, US3-null mutant, and US3 homologous repair viruses for
16 h, and the localization of the fusion protein was visualized
by confocal microscopy (Fig. 3). The localization of EGFP-
emerin was not distinguishable from the localization of endog-
enous emerin determined by immunofluorescence (compare
corresponding panels of Fig. 1 and 3), demonstrating that

EGFP-emerin faithfully reproduces the behavior of endoge-
nous emerin. The behavior of EGFP-emerin in cells infected
with UL34-null virus could not be assessed, since the UL34-
null virus vRR1072(tk�) expresses EGFP in place of the UL34
gene.

To determine whether the mobility of EGFP-emerin
changes upon infection, uninfected cells or cells infected with
HSV-1(F) for 8 or 16 h were subjected to FRAP analysis, as
described in Materials and Methods (Fig. 4). There was vari-
ability in fluorescence recovery among individual cells within
single experiments and in recovery times between experiments,
but in all experiments at both time points, data points on the
early parts of the curves were significantly different (P � 0.05
using Student’s t test), and at 16 h postinfection (p.i.), the mean
recovery of fluorescence was roughly twice as fast in HSV-1-
infected cells (half-life [t1/2] of recovery, 39 s) as in uninfected
cells. In the experiments shown, t1/2 of recovery was 39 s for
infected cells and t1/2 of recovery was 75 s for uninfected cells.

Emerin is hyperphosphorylated in HSV-1-infected cells in a
manner dependent upon UL34, US3, and PKC. To test the
hypothesis that emerin is hyperphosphorylated in HSV-in-
fected cells, HEp-2 and Vero cells were infected with HSV-
1(F) for 16 h, and nuclear-lamina fractions were prepared and
then reacted at 37°C in the presence or absence of CIAP.
Treated samples were fractionated by SDS-PAGE, blotted to
nitrocellulose, and probed for emerin (Fig. 5A). In both HEp-2
and Vero cells, emerin in uninfected cells (lanes 1 and 5)
commonly appears as either a single band (as seen in this
experiment) or as a doublet. Infection resulted in the appear-
ance of slower-migrating species of emerin (lanes 3 and 7). In
HEp-2 cells (lane 3), the change in migration was modest and
resulted in the appearance of one or two additional species. In
Vero cells (lane 7), many slower-migrating species routinely
appeared. These slower-migrating species were hyperphosphor-
ylated forms of emerin, as shown by their conversion to the
single most rapidly migrating form by digestion with CIAP
(lanes 4 and 8). To determine when in infection emerin be-
comes hyperphosphorylated, Vero cells were infected with
HSV-1(F) for 4, 8, and 12 h, and lamina fractions were pre-

FIG. 2. Colocalization of pUL34 and emerin in cells infected with
wild-type and mutant HSV-1. Shown are digital confocal images of
uninfected Vero cells (A to D) or Vero cells infected with HSV-
1(F) (E to H) or the US3-null virus vRR1204 (I to L) and probed for
lamin A/C (green), pUL34 (red), or emerin (blue). Panels A to H show
optical sections taken near the center of the cell. Panels I to L show
optical sections taken at the top of the nucleus in order to visualize the
perforations in the lamin network.

FIG. 3. EGFP-emerin localization in uninfected and infected cells.
Digital confocal images of cells derived from a single clonal Vero cell
line (Vero EmA) that stably expresses EGFP-emerin that were mock
infected (A) or infected with wild-type HSV-1(F) (B), the US3-null
virus vRR1204 (C), or the corresponding homologous repair (D) are
shown. The optical sections are from the center of the nucleus.
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pared, fractionated by SDS-PAGE, blotted to nitrocellulose,
and probed for emerin (Fig. 5B). Hyperphosphorylation of
emerin appears to occur in two phases. Limited hyperphos-
phorylation of emerin is detectable as early as 4 p.i. (lane 2)

and is maintained to at least 8 h p.i. (lane 4), and extensive
hyperphosphorylation is evident by 12 h p.i. (lane 6).

Two of the components of the envelopment machinery bring
kinase activity to the nuclear membrane that might be respon-
sible for emerin hyperphosphorylation. US3 has an intrinsic
kinase activity, and pUL34 has been shown to recruit PKC�
and PKC� isoforms to the nuclear membrane (48). To deter-
mine whether pUL34 and pUS3 are necessary for emerin hy-
perphosphorylation, Vero and HEp-2 cells were infected with
wild-type HSV-1(F), recombinant mutant viruses that fail to
express pUS3 (vRR1202) or pUL34 (vRR1072), a virus that
expresses catalytically inactive pUS3 (vRR1204), and corre-
sponding homologous repair viruses. Nuclear-lamina fractions
were prepared, separated on SDS-PAGE gels, and probed for
emerin (Fig. 6). In both Vero cells (Fig. 6A) and HEp-2 cells
(Fig. 6B), failure to express either pUL34 (Fig. 6A, lane 8, and
B, lane 6) or pUS3 (Fig. 6A and B, lanes 3) or expression of
catalytically inactive pUS3 (Fig. 6A and B, lanes 5) resulted in
a change in the migration pattern of emerin such that faster-
migrating species appeared. In the case of Vero cells infected
with US3-null and catalytically inactive US3 viruses (Fig. 6A,
lanes 3 and 5), some of the emerin migrates at the same
position as emerin in uninfected cells (lane 1). In HEp-2 cells
infected with either UL34-null (Fig. 6B, lane 6) or US3-null
(Fig. 6B lane 3) virus or catalytically inactive US3 virus (Fig.
6B, lane 5), the migration of emerin failed to return to that in
mock-infected cells, and the patterns of emerin species differed
between UL34-null-infected cells and cells infected with either
of the US3 mutant viruses. These results show that the hyper-
phosphorylation of emerin has both US3-dependent and
UL34-dependent components and that either of these compo-

FIG. 4. FRAP analysis of EGFP-emerin in uninfected and infected
cells. Live cells from clonal cell lines expressing EGFP-emerin were
analyzed by FRAP as described in Materials and Methods. Optical
sections at the top of the nucleus (A) were bleached by intense laser
exposure (B), and recovery of fluorescence due to diffusion of un-
bleached molecules into the bleached region was measured (C). The
arrowheads indicate the positions of the bleached areas. (D) Graph of
recovery of emerin fluorescence after photobleaching at 16 h p.i. Each
point represents the mean of 10 cells from one representative exper-
iment. Statistically significant differences between points on the curves
are indicated by the bracket above the curves. Three independent
experiments were performed for the cell line shown (Vero EmA), and
the results were reproduced with an independent clonal cell line (Vero
EmAJ). (E) The same as D, except FRAP analysis was performed at
8 h p.i.

FIG. 5. Hyperphosphorylation of emerin in HSV-1-infected cells.
Shown is a digital image of a Western blot of lamina fractions of
HEp-2 or Vero cells that were mock infected or infected with 5 PFU/
cell of HSV-1(F). (A) Cells were mock infected or infected for 16 h
with 5 PFU/cell of HSV-1(F). Lamina fractions were then left un-
treated or treated with CIAP. The blot was probed with monoclonal
antibody specific for emerin. Hyperphosphorylated species of emerin
are indicated with dots to the left of the lane. (B) Vero cells were mock
infected or infected for 4, 8, and 12 h with 5 PFU/cell of HSV-1(F).
Lamina fractions were separated by SDS-PAGE, blotted, and probed
for emerin.
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nents can modify infected-cell emerin to some degree. This
result suggests the hypothesis that the UL34- and US3-depen-
dent components combined might account for the total emerin
hyperphosphorylation.

Since UL34 recruits PKC� and PKC� isoforms to the nu-
clear membrane, we hypothesized that these kinases might be
responsible for the US3-independent, UL34-dependent com-
ponent of emerin hyperphosphorylation. To test this hypothe-
sis, HEp-2 and Vero cells were infected with wild-type HSV-
1(F) or recombinant US3-null virus and treated with the PKC�-
specific inhibitor rottlerin, the PKC�-specific inhibitor RO-31-
7549, or both inhibitors. Nuclear-lamina fractions were analyzed
by Western blotting (Fig. 7). Treatment of wild-type-infected
Vero (Fig. 7A) or HEp-2 (Fig. 7B) cells with rottlerin alone
(lanes 4 to 6) resulted in some loss of hyperphosphorylation, as
indicated by a shift to more rapidly migrating emerin species,
but did not return emerin migration to the level in mock-
infected cells. This result suggests that PKC� is responsible for
some, but not all, emerin hyperphosphorylation. Treatment of
either cell line with RO-31-7549 alone (Fig. 7A and B, lanes 13
to 15) did not produce any apparent shift in emerin migration
compared to cells treated with vehicle alone (Fig. 7A and B,
lanes 10 to 12), suggesting that PKC� does not contribute
significantly to emerin phosphorylation. Treatment of US3-
null-infected cells with rottlerin (Fig. 7A and B, lane 6) con-
verted all of the emerin to the uninfected-cell form, suggesting
that emerin hyperphosphorylation is the result of the com-
bined actions of US3 and PKC�. To test the hypothesis that the
UL34-dependent and PKC�-dependent components of emerin
hyperphosphorylation are the same, Vero cells were infected
with wild-type, UL34-null, and homologous repair virus with or
without rottlerin treatment, and nuclear-lamina fractions were
analyzed by Western blotting (Fig. 7C). While treatment with
rottlerin dramatically decreased emerin hyperphosphorylation
in cells infected with wild-type or repair virus (Fig. 7, compare
lanes 3 and 4 with lanes 7 and 8), we observed no significant
difference in the degree of hyperphosphorylation seen in cells
infected with UL34-null virus (compare lanes 2 and 6). This
result suggests that the UL34-dependent component of emerin
phosphorylation is mediated by PKC�.

pUL34 and emerin interact in vitro and in the infected cell.
In order to identify proteins that interact with pUL34, the
UL34 open reading frame was fused to the C terminus of the
gene encoding GST, and the resulting fusion protein was pu-
rified from lysates of Escherichia coli by affinity chromatogra-
phy on glutathione-Sepharose beads. As a control, GST was
purified similarly. The beads bearing GST or the GST-pUL34
fusion protein were reacted with uninfected cell lysates, and
proteins bound to the beads after extensive washing were
eluted in reduced glutathione and electrophoretically sepa-
rated on denaturing polyacrylamide gels (Fig. 8A).

After being stained, a band containing protein with an
apparent Mr of around 35,000 was readily visible in lanes cor-
responding to the GST-pUL34 pull-down reaction but was
absent from the control GST pull down. This band was not a
breakdown product of GST-pUL34, inasmuch as it was not
present in the purified fusion protein preparation that was
reacted with PBS (Fig. 8A, lane 3). The band was therefore
excised and subjected to digestion with trypsin and analysis by
MALDI-TOF mass spectrometry. The masses of the resultant
peptides were subjected to a homology search against the hu-
man, viral, and E. coli databases using Mascot software. Of the
tryptic peptides with masses different from those predicted
from digestion of GST or pUL34, six matched predicted tryptic
peptides from four separate regions of human emerin. The
masses of these peptides and the predicted masses of corre-
sponding peptides of emerin are shown in Table 1. We con-
clude that emerin interacts with the GST-pUL34 fusion pro-
tein but not with GST alone.

To confirm the possibility that emerin interacted with
pUL34, the pull down as described above was repeated. As a
control, Hep2 cell lysates that had not been subjected to the
pull-down reaction were separated on a separate lane. Proteins
bound to GST and GST-pUL34 were electrophoretically sep-
arated, transferred to nitrocellulose, and probed with antibody
directed against emerin, as indicated in Materials and Meth-
ods. As shown in Fig. 8B, the lysate contained ample amounts
of emerin (lane 1). More importantly, emerin was detected in
the GST-pUL34 pull-down reaction, but not in the GST pull-
down reaction.

FIG. 6. Alterations in modifications of emerin in cells infected with HSV-1 mutants. Shown are digital images of Western blots of lamina
fractions of Vero (A) or HEp-2 (B) cells that had been infected at 5 PFU/cell for 16 h with wild-type HSV-1(F) (panel A, lanes 2 and 7; panel
B, lane 2), US3-null virus vRR1202 (panel A, lane 3, and panel B, lane 3), homologous repair of vRR1202 (panel A, lane 4; panel B, lane 4),
recombinant virus expressing catalytically inactive US3 vRR1204 (panel A, lane 5; panel B, lane 5), UL34-null virus vRR1072(tk�) (panel A, lane
8; panel B, lane 6), and homologous repair of vRR1072(tk�) (panel A, lane 9; panel B, lane 7). The blots were probed with monoclonal antibody
to emerin.
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To further confirm the emerin-pUL34 interaction, docu-
ment the reciprocal interaction, and show that the interaction
occurs in HSV-infected cells, cells were infected with HSV-
1(F) and the catalytically inactive US3 (K220A) virus
vRR1204. Lysates of these cells were subjected to immunopre-
cipitation with nonimmune antibody or an emerin-specific an-
tibody. Purified antigen-antibody complexes were eluted in
SDS, and immunoblots of the reaction components were
probed with antibodies directed against pUL34 and emerin. As
shown in Fig. 8C, while there was some background immuno-
reactivity that was immunoprecipitated with nonimmune se-
rum, the emerin-specific antibody greatly enhanced the
amount of coimmunoprecipitated emerin and pUL34. More-
over, pUL34 and emerin were coimmunoprecipitated from
lysates of cells infected with either HSV-1(F) or vRR1204.
These data confirm the GST pull-down reactions described
above using uninfected cell lysates and, consistent with the
above data, indicate that the emerin-pUL34 interaction can
occur in the presence or absence of US3 kinase activity.

Emerin expression is not necessary for productive infection.
To test the hypothesis that emerin is required for viral growth,
parallel cultures of MEFs derived from wild-type (MEF�/y)
and emerin-null (EM�/y) mice were infected with 5 PFU/cell
of HSV-1(F) and production of virus infectivity was measured
at various times after infection (Fig. 9). Similar levels of infec-
tivity were produced by MEF�/y and EM�/y fibroblasts at all
times after infection, indicating that the expression of emerin is
not essential for viral growth.

Capsids are not required for infection-dependent changes in
nuclear shape and emerin localization. The infection-depen-
dent changes seen in nuclear shape, lamin organization, and
emerin localization could be explained in two ways. These
changes might reflect disruptions of the lamina that are carried
out prior to and are necessary for nuclear-capsid envelopment.
It is also possible that these changes are secondary to capsid
envelopment (i.e., the act of budding of large numbers of
capsids through the nuclear envelope results in substantial
changes in the organization of envelope components). In order

FIG. 7. Role of PKC in emerin modification. (A and B) Digital images of Western blots of lamina fractions of mock-infected, HSV-1(F)-
infected, or US3-null (vRR1202)-infected Vero (A) or HEp-2 (B) cells probed for emerin. The cells were treated with the PKC� isoform inhibitor
rottlerin beginning at 5 h p.i. (lanes 4 to 9), the PKC� isoform inhibitor Ro-31-7549 beginning at 13 h p.i. (lanes 7 to 9 and 13 to 15), or vehicle
(dimethyl sulfoxide) (lanes 1 to 3 and 10 to 12). The cells were maintained in the presence of inhibitors until 16 h after infection, when the cells
were harvested and nuclear-lamina fractions were prepared. The times chosen for exposure to inhibitor were determined in pilot experiments to
give maximal effect. In panel B, all samples are from the same experiment, but lanes 1 to 8 and lanes 9 to 15 are from separate gels. (C) Digital
image of a Western blot of lamina fractions of mock-infected, HSV-1(F)-infected, or UL34-null-infected Vero cells probed for emerin. The cells
were treated with rottlerin as described for panels A and B.
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to distinguish between these possibilities, Vero cells were in-
fected for 16 h with either HSV-1(F) or recombinant virus that
failed to express the major capsid protein VP5, fixed, and
processed for confocal immunofluorescence microscopy using
antibodies directed against UL34, lamin A/C, or emerin (Fig.
10). Nuclei of cells infected with both wild-type and VP5-null

FIG. 8. Interaction between emerin and pUL34. (A) Spyro Ruby-stained SDS-polyacrylamide gel of pUL34-GST pull down. GST (lane
2) or a fusion protein containing full-length pUL34 fused to GST was purified by affinity chromatography on glutathione-Sepharose beads
and, while on the beads, was reacted with PBS (lane 3) or a clarified lysate of HEp-2 cells (lanes 1 and 2). The arrow indicates a protein
band specifically pulled down by GST-pUL34 but not by GST. This band was excised and determined to contain emerin by MALDI-TOF
mass spectrometry of the tryptic peptides (Table 1). The masses of the standards (in thousands) are indicated on the left. (B) Immunoblot
probed with antibody to emerin. HEp-2 cell lysates (lane 1) or proteins bound to glutathione-conjugated Sepharose beads bearing GST (lane
2) or a GST-UL34 fusion protein (lane 3) were eluted in SDS, electrophoretically separated on a denaturing gel, transferred to nitrocellulose,
and probed with goat anti-emerin antibody, followed by reaction with horseradish peroxidase-conjugated anti-goat antibody, addition of
enhanced-chemiluminescence fluorogenic substrate (Amerhsham), and exposure to X-ray film. (C) Immunoprecipitation of emerin, followed
by immunoblotting with pUL34 and emerin-specific antibodies. Lysates of HEp-2 cells infected with HSV-1(F) (lanes 1 and 2) or an
HSV-1(F) mutant bearing a mutation that precludes US3 kinase activity (lane 3) were subjected to immunoprecipitation with rabbit
anti-emerin antibody (lanes 1 and 3) or nonimmune serum (lane 1). Immunoprecipitated proteins were electrophoretically separated and
subjected to immunoblotting with emerin-specific (top) or pUL34-specific (bottom) antibody. Bound IgG was identified as in panel B, except
that the secondary antibodies were horseradish peroxidase-conjugated goat anti-rabbit and anti-chicken for the upper and lower blots,
respectively.

TABLE 1. Parameters of experimental and emerin-specific
tryptic peptides

Observed
ratioa

Mr
Peptided

Experimentalb Calculatedc

471.37 940.72 940.47 APGAGLGQDR
543.37 1,084.73 1,084.52 IFEYETQR
414.79 1,241.35 1,240.62 IFEYETQRR
625.86 1,249.71 1,249.56 TYGEPESAGPSR
625.88 1,249.74 1,249.56 TYGEPESAGPSR
466.38 1,396.11 1,395.73 YNIPHGPVVGSTR
518.42 1,552.22 1,551.83 RYNIPHGPVVGSTR

a Mass-to-charge ratio (m/z) of experimental peptide.
b Calculated Mr of experimental tryptic peptide.
c Calculated Mr of emerin peptide from database.
d Amino acid sequence of matching peptide in single-letter code.

FIG. 9. Emerin is not required for HSV-1(F) replication. Replicate
cultures of wild-type MEFs (MEF�/y) and emerin-null MEFs (EM�/y)
were infected at a multiplicity of infection of 5 with HSV-1(F). Resid-
ual virus was removed or inactivated with a low-pH wash, and at the
indicated times, total-culture virus was titrated on Vero cells. Virus
yields are expressed as PFU per milliliter. Each data point represents
the mean of three independent experiments. The error bars indicate
simple standard deviations.
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viruses are irregularly shaped to similar degrees (compare Fig.
10A, B, and C), show uneven distribution of lamin A/C (Fig.
10E and F), and show similar changes in the localization of
emerin (Fig. 10B and C). These results suggest that envelop-
ment of capsids is not responsible for the observed changes in
the organization of nuclear-lamina components.

DISCUSSION

Emerin is mobilized from the inner nuclear membrane dur-
ing HSV-1 infection. The localization of emerin changes so
that, rather than evenly lining the nuclear membrane, it shows
an uneven distribution with concentrations on blebs that ap-
pear to be on the outer surface of the nuclear membrane. In
cells infected with US3-null virus, emerin no longer localizes
with lamins at all, and in cells infected with UL34-null virus,
much of it is no longer associated with the nuclear membrane,
suggesting that under these conditions it has lost any binding
connections to the lamin proteins. It is more difficult to assess
connection between the lamins and emerin in cells infected
with wild-type virus, since both proteins are still colocalized
and associated with the nuclear membrane. FRAP analysis,
which can assess the mobility and consequently the “connect-
edness” of proteins, suggests that emerin is less tightly coupled
to an immobile nuclear lamina.

That phosphorylation of emerin is tied to its function is
shown by several lines of evidence. Emerin is phosphorylated
in a cell cycle-dependent manner. Emerin may be phosphory-
lated at all phases of the cell cycle, but the greatest degree of
phosphorylation is observed in M phase (13), leading to the

suggestion that phosphorylation of emerin is responsible for its
dissociation from the lamina during disassembly of the nucleus
in preparation for mitosis. Emerin is aberrantly hyperphosphor-
ylated in cells from some EDMD patients, suggesting that such
aberrant phosphorylation of emerin can contribute to EDMD
pathogenesis (13).

Emerin is hyperphosphorylated in HSV-1-infected cells, as
shown by decreased mobility of emerin and greater heteroge-
neity of mobility in SDS-PAGE gels and the complete revers-
ibility of the changes in mobility by treatment with phos-
phatase. Interestingly, in both Vero and HEp-2 cells, all
emerin detected by Western blotting runs more slowly in SDS-
PAGE than emerin from uninfected cells, suggesting that the
entire emerin population is hyperphosphorylated to at least
some degree in infected cells. Changes in lamin B and lamin
A/C localization in infected cells are consistent with limited
and localized disruption of the integrity of the lamina. Global
hyperphosphorylation of emerin and the increased mobility of
emerin in the nuclear envelope, on the other hand, suggest that
the loss of emerin-lamin connections may occur all over the
inner nuclear membrane. The difference in the degree of
emerin hyperphosphorylation between Vero and HEp-2 cells is
quite dramatic, but its functional consequences are not clear.
Although we have measured emerin mobility using FRAP only
in Vero cell lines, observation of emerin relocalization in
HEp-2 cells infected with wild-type and UL34 and US3 mutant
viruses shows no difference from Vero cells (not shown). These
observations do not, however, address changes in functions of
emerin other than its localization, and these functions may be
regulated differently in HEp-2 and Vero cells.

Failure of HSV-1 to express either pUS3 or pUL34 results in
failure to normally hyperphosphorylate emerin (Fig. 6). The
migration of hyperphosphorylated species differs depending on
whether pUL34 or pUS3 is missing, suggesting that each viral
protein makes an independent contribution to emerin hyper-
phosphorylation. Studies in a Xenopus oocyte cell-free system
show M-phase phosphorylation of emerin on five residues (23).
The phosphorylated serine nearest the LEM domain (S49) is in
a perfect US3 phosphorylation consensus, raising the possibil-
ity that pUS3 contributes to emerin hyperphosphorylation and
disconnection from the lamina by direct phosphorylation of
this site.

HSV-1 pUL34 has been shown to mediate recruitment of
PKC isoforms to the nuclear membrane in infected cells (48).
Both PKC� and PKC� were relocalized to the nuclear mem-
brane in a manner dependent upon both pUL34 and pUL31
and in a manner independent of pUS3. The dependence of
emerin hyperphosphorylation upon pUL34 and its sensitivity
to rottlerin suggest that the UL34-dependent component of
emerin hyperphosphorylation may reflect pUL34/pUL31-de-
pendent recruitment of PKC� to the nuclear membrane.

PKC is a family of serine/threonine kinases that are involved
in regulation of cellular processes, including growth, migration,
and inflammatory responses. PKC� is a calcium-independent,
or novel, PKC isoform whose activity is regulated by a variety
of different factors, including oxidative stress, UV exposure,
and inflammatory cytokines. PKC� has been implicated as a
regulator of cell proliferation and as a critical mediator of
apoptosis in some cell types (5, 27). No role has been proposed
for PKC� in nuclear-envelope breakdown or assembly, and it is

FIG. 10. Localization of emerin, lamin A/C, and pUL34 in cells
infected with VP5-null virus. Digital confocal images of Vero cells that
were uninfected (A, D, and G) or infected with wild-type HSV-
1(F) (B, E, and H) or a VP5-null recombinant virus (C, F, and I) are
shown. Fixed cells were reacted with antibody to emerin (A to C),
lamin A/C (D to F), or pUL34 (G to H). The optical sections were
taken near the center of the nucleus.
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clearly not uniquely required for nuclear-lamina disassembly in
cell division, since PKC��/� mice are viable. PKC� can, how-
ever, be recruited for phosphorylation of lamin B during apop-
tosis. PKC� knockout mice are impaired in their ability to
control B-cell proliferation and B-cell-mediated autoimmu-
nity, and they show enhanced development of arteriosclerosis
in vein grafts and impaired ability to undergo apoptosis in
response to a variety of stimuli (38, 41). Substrate specificity of
PKC isoforms is thought to be conferred in large part by
recruitment of active enzyme to the site of the substrate. In
uninfected cells, recruitment of PKC isoforms to specific sub-
cellular locations is accomplished by RACKs and other PKC-
interacting proteins that bind specifically to activated forms of
PKC (42, 50). It may be that pUL34 or pUL31, or the complex
of these two proteins, functions as a RACK for PKC�.

Interestingly, neither the pUL34-dependent nor the pUS3-
dependent components of emerin hyperphosphorylation are
uniquely required in order to disrupt the connection between
emerin and lamins. The complete loss of colocalization of
emerin and lamins in cells infected with US3-null virus shows
that loss of connection can occur in the absence of US3 ex-
pression. The relocalization of a large fraction of cellular
emerin to cytoplasmic membranes in cells infected with UL34-
null virus suggests that loss of emerin-lamin connections can
also occur in the absence of pUL34 expression.

The physical interaction between pUL34 and emerin pro-
vides an explanation for colocalization of pUL34 and emerin in
cells infected with wild-type and US3-null viruses. In the ab-
sence of pUL34, emerin is mobilized to cytoplasmic mem-
branes, suggesting that in a cell infected with wild-type virus,
emerin is retained in the nuclear envelope, despite its loss of
connection to the lamina, by its interaction with pUL34.

Our results are consistent with a model in which increased
emerin mobility and relocalization in infected cells results from
hyperphosphorylation of emerin. This hyperphosphorylation
has UL34- and US3-dependent components. The UL34-de-
pendent component is mediated by UL34-recruited PKC� and
-� isoforms, and perhaps to some degree by US3 recruited to
the nuclear envelope. There is also a UL34-independent com-
ponent of emerin hyperphosphorylation that may result wholly,
or in part, from US3-mediated phosphorylation of emerin that
occurs even in the absence of UL34. Either pUL34- or pUS3-
dependent hyperphosphorylation is sufficient to loosen
emerin-lamin connections. Emerin is nonetheless retained in
the nuclear envelope by virtue of its physical interaction with
pUL34.

The changes in emerin localization shown in this paper, and
the changes in the nuclear shape and distribution of lamin
proteins, are not dependent on ongoing capsid envelopment,
since they occur in cells infected with a virus that cannot make
capsids due to a deletion of the gene encoding the major capsid
protein (Fig. 10). This suggests that infection-dependent alter-
ations of the nuclear envelope may occur in preparation for
capsid envelopment, rather than as a result of it. Klupp et al.
have recently demonstrated formation of UL31- and UL34-
containing vesicles from the inner nuclear membranes of cells
that coexpress these proteins in the absence of other viral
factors (31). These results suggest that, in addition to disrup-
tion of the nuclear lamina, other facets of the envelopment

reaction may occur in the absence of capsids under appropriate
conditions.

Alphaherpesvirus US3 homologs have been implicated in
diverse processes in infected cells, including inhibition of apop-
tosis, de-envelopment of capsids at the outer nuclear mem-
brane, and rearrangement of the actin cytoskeleton. Although
pUL34 was the first identified substrate of the US3 protein
kinase activity, it is now clear that there are probably many
others. For example, the viral UL31, US9, and ICP22 proteins
can be directly phosphorylated by US3 (29), and lamin A/C is
a cellular substrate for US3 activity (44). It is not yet clear
whether and to what degree phosphorylation of these sub-
strates affects replication of HSV in culture or in vivo. The US3
envelopment function is reflected in two related phenotypes of
a US3-null virus: (i) change in distribution of pUL34 and
pUL31 in the nuclear membrane from the roughly continuous
distribution seen in wild-type-infected cells to distribution in
discrete aggregates, as seen in Fig. 2A; (ii) accumulation of
enveloped virus particles in distensions of the perinuclear
space due to inhibition of de-envelopment. These accumula-
tions of virus particles correspond to the sites of pUL34 and
pUL31 localization, apparently because pUL34 and pUL31 are
structural components of the enveloped perinuclear virions.
pUS3 is a substrate for the protein kinase encoded by the
UL13 gene, and this phosphorylation is necessary for the pUS3
envelopment function (30). If emerin hyperphosphorylation is
a critical element of that function, then it, too, should require
expression of pUL13.

We began these studies guided by the hypothesis that
emerin, as a component of the nuclear lamina, represented a
problem for HSV-1 replication. Our results, however, are con-
sistent with other interesting possibilities. The concentrations
of pUL34 in US3-null-infected cells correspond to accumula-
tions of perinuclear virions that are labeled heavily with UL34
antibody in immunogold localization experiments (32, 53). The
interaction of emerin with pUL34 and the colocalization of
emerin with pUL34 in US3-null-infected cells suggests the
hypothesis that emerin, like pUL34, may also be a structural
component of the perinuclear virion. However, unlike pUL34,
emerin is clearly not an essential cofactor for virus assembly,
since HSV can replicate efficiently in cells that do not express
emerin. In addition to its role in assembly and maintenance of
nuclear-lamina structure, roles have been proposed for emerin
in the organization of nuclear actin and in regulation of gene
expression (17, 20, 24, 25, 64). It is possible that HSV-mediated
hyperphosphorylation of emerin regulates one or more of
these functions of emerin to enhance virus replication and
spread in the human host.

Hyperphosphorylation of emerin in HSV-infected cells has
recently been reported by Morris et al. (43). These authors
observe that hyperphosphorylation is correlated with greater
extractability of emerin, which is consistent with our finding
that emerin mobility in the nuclear membrane is increased.
These authors found that emerin hyperphosphorylation de-
pended upon US3 in HSV-2-infected cells and that it could be
inhibited by an inhibitor of the cyclin-dependent kinase CDK1.
The dependence on CDK1 activity is interesting, since inhibi-
tors of CDKs, including CDK1, inhibit multiple steps in the
virus life cycle (8, 11, 28, 56–58), and a dominant-negative
CDK1 inhibits viral-DNA replication and late-gene expression
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(1). CDK1 inhibition may depress expression of late genes, and
the CDK1 dependence of emerin phosphorylation may reflect
lower UL34 expression and recruitment of PKC�.
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