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ABSTRACT

UL36p (VP1/2) is the largest protein encoded by herpes simplex virus 1 (HSV-1) and resides in the innermost layer of tegument,
the complex protein layer between the capsid and envelope. UL36p performs multiple functions in the HSV life cycle, including a
critical but unknown role in capsid cytoplasmic envelopment. We tested whether UL36p is essential for envelopment because it
is required to engage capsids with the cellular ESCRT/Vps4 apparatus. A green fluorescent protein (GFP)-fused form of the dom-
inant negative ATPase Vps4-EQ was used to irreversibly tag ESCRT envelopment sites during infection by UL36p-expressing and
UL36-null HSV strains. Using fluorescence microscopy and scanning electron microscopy, we quantitated capsid/Vps4-EQ colo-
calization and examined the ultrastructure of the corresponding viral assembly intermediates. We found that loss of UL36p re-
sulted in a two-thirds reduction in the efficiency of capsid/Vps4-EQ association but that the remaining UL36p-null capsids were
still able to engage the ESCRT envelopment apparatus. It appears that although UL36p helps to couple HSV capsids to the
ESCRT pathway, this is likely not the sole reason for its absolute requirement for envelopment.

IMPORTANCE

Envelopment of the HSV capsid is essential for the assembly of an infectious virion and requires the complex interplay of a large
number of viral and cellular proteins. Critical to envelope assembly is the virally encoded protein UL36p, whose function is un-
known. Here we test the hypothesis that UL36p is essential for the recruitment of cellular ESCRT complexes, which are also
known to be required for envelopment.

Herpesviruses replicate their genomes and assemble DNA-
packaged capsids in the cell nucleus. It is generally accepted

that capsids then bud into the inner nuclear membrane to gener-
ate primary enveloped perinuclear virions that subsequently fuse
with the outer nuclear membrane, releasing mature nucleocapsids
(“naked” capsids) into the cytoplasm (1–3). These capsids subse-
quently undergo secondary envelopment at a cytoplasmic organ-
elle to assemble the mature, infectious virion (4–10).

Herpesvirus cytoplasmic envelopment is extremely complex,
requiring the coordinated interaction of multiple viral and cellular
polypeptides (8, 9, 11–16). An essential component of the envel-
opment apparatus is the conserved multifunctional protein
UL36p (VP1/2) (17–21). UL36p is the largest structural polypep-
tide encoded by the members of the Herpesviridae (22, 23), and it
forms the innermost layer (18, 24–32) of tegument, the complex
protein scaffold between the capsid and envelope (8, 16, 33).
UL36p attaches the capsid (18, 31, 32, 34) to multiple outer tegu-
ment components (24–30, 35, 36) that in turn bind integral mem-
brane envelope proteins (1, 9, 37–40) and the lipid envelope (41–
43). One important function of UL36p is to recruit UL37p (19, 20,
25, 29, 44, 45), a putative mimic of cellular multisubunit tethering
complexes (28) that mediates capsid docking to organelles, in-
cluding the trans-Golgi network (TGN) (27), perhaps via mem-
brane anchors, such as the heterodimer gK/UL20p (46). In the
absence of UL36p/UL37p, capsid/membrane docking can still oc-
cur, but the fidelity of capsid-organelle targeting appears to be
impaired (47, 48). Stable and precise capsid/membrane associa-
tion prior to envelopment may require cooperation between
UL36p/UL37p and complexes containing the UL16p protein (21,
39, 49, 50).

UL36p appears to be critical for envelopment, since herpes

simplex virus (HSV) and pseudorabies virus (PRV) strains lacking
the UL36 gene are severely replication defective and accumulate
nonenveloped cytoplasmic capsids, often in large paracrystalline
arrays (17–20). A recent study identified two centrally positioned,
conserved tryptophan-acidic motifs in HSV UL36p that are essen-
tial for secondary envelopment and plaque formation (51); a cor-
responding central region of PRV UL36p is also known to be es-
sential for replication (52). Given the central role of UL36p in
multiple protein-protein and protein-lipid interactions between
capsid and envelope, it is reasonable to hypothesize that UL36p
drives the budding process, or at least gathers essential structural
components together at the site of envelopment; however, its spe-
cific function at this stage in assembly remains unknown.

In addition to requiring numerous virally encoded polypep-
tides, herpesvirus envelopment is dependent on the cellular
ESCRT (endosomal sorting complex required for transport) ap-
paratus (53–57), in common with retroviruses and many other
virus families (15, 58). This is clearly the case for HSV (59, 60),
PRV (61, 62), and Epstein-Barr virus (63), though conflicting re-
sults have been reported for cytomegalovirus (64, 65). The inter-
play between the ESCRT machinery and virally encoded structural
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proteins during capsid/membrane association and envelopment
(8, 11, 21, 46, 66) is not understood, but it is an attractive hypoth-
esis that UL36p recruits ESCRT components to the budding site,
which is analogous to the function of retroviral Gag proteins (58,
67, 68). Consistent with this possibility, the amino terminus of
HSV UL36p has been reported to interact with the ESCRT I com-
ponent TSG101 (69); however, TSG101 expression is dispensable
for the production of infectious virions (60).

In both normal and infected cells, the final step in the ESCRT
pathway is ATP hydrolysis by the AAA ATPase Vps4 at the bud
neck; this drives ESCRT III dissociation and membrane scission
(70–73). Replacement of a glutamate by a glutamine in the Vps4
ATPase active site generates Vps4-EQ, an ATP-locked dominant
negative allele (74, 75) that can block ESCRT III release and arrest
viral envelopment (15, 59, 72, 76). We previously imaged green
fluorescent protein (GFP)-tagged forms of Vps4 and Vps4-EQ in
close association with fluorescently labeled HSV and PRV capsids
by using fluorescence microscopy and infected-cell cytoplasmic
extracts, and we postulated that these structures correspond to
alphaherpesvirus capsids undergoing envelopment (62). Interest-
ingly, these assembly intermediates could bind microtubules but
were incapable of trafficking along them in an in vitro system,
suggesting that envelopment must be completed before egress can
occur (62).

If UL36p is essential for coupling of membrane-bound HSV
capsids to the ESCRT apparatus, then deletion of the UL36 gene
should result in a loss of capsid association with ESCRT compo-
nents. Binding of the dominant negative Vps4-EQ-GFP protein
provides a fluorescent marker that irreversibly tags sites of ESCRT
recruitment and membrane budding; we therefore tested whether
HSV capsids failed to colocalize with Vps4-EQ-labeled sites in
the absence of UL36p. We found that loss of UL36p resulted in
a two-thirds reduction in the efficiency of capsid/Vps4-EQ as-
sociation. Nevertheless, the remaining �30% of UL36-null
capsids were able to engage with the ESCRT apparatus and
generate partially assembled envelopment intermediates re-
sembling those seen in a UL36-expressing virus. We concluded
that UL36p helps to couple HSV capsids to the ESCRT pathway
but that this is not the sole reason for its absolute requirement
for envelopment.

MATERIALS AND METHODS
Cells and viruses. Vero cells were maintained in Dulbecco modified Ea-
gle’s medium (DMEM) supplemented with 10% newborn calf serum
(NCS) and 1% penicillin-streptomycin (PS) (Gibco Laboratories). HS30
cells (17) were grown in DMEM supplemented with 1% PS, 10% fetal calf
serum (FCS) (Gibco Laboratories), and 100 �g/ml Geneticin (Life Tech-
nologies). Cell lines expressing tetracycline-inducible GFP-tagged forms
of Vps4 and Vps4-EQ were derived from T-REx HEK293 cells (Invitro-
gen) and have been described previously (62, 76). These cells were cul-
tured in DMEM supplemented with 10% tetracycline-free FCS (Gemini-
Bioproducts), 1% penicillin-streptomycin, and 100 �g/ml Zeocin (Gibco
Laboratories) at 37°C. HSV-1 GS2822 expresses a monomeric red fluo-
rescent protein (mRFP1)-tagged allele of the small capsid subunit (VP26)
UL35 gene and was described previously (77–79). HSV-1 GS3494 was
derived directly from the HSV-1 GS2822 parental bacterial artificial chro-
mosome (BAC) by deletion of all UL36 sequences other than the start and
stop codons (Gregory A. Smith, personal communication). All viruses
were grown and titers determined by plaque assay on Vero or HS30 cell
monolayers as previously described (80).

BAC transfection and PCR analysis. A subconfluent monolayer of
HS30 cells was cotransfected by use of Lipofectamine 2000 (Invitrogen)

with GS3494 BAC DNA and a 16-fold molar excess of a Cre recombinase
expression plasmid to catalyze excision of plasmid backbone sequences
(79). At full cytopathic effect, at 72 h posttransfection, cells were har-
vested, subjected to 2 cycles of freeze-thawing, and sonicated, and virus
yields were determined on HS30 cell monolayers. Individual plaques were
picked from HS30 cell monolayers and amplified on HS30 cells to prepare
stocks.

HS30 cells were mock infected or infected with a stock of plaque-
purified HSV GS3494 (�UL36) or the UL36� GS2822 parental control
strain at a multiplicity of infection (MOI) of 5, and total infected-cell
DNA was prepared after 18 h of infection. The DNA preparations were
used as templates for PCRs as follows. A 403-bp region of the HSV strain
F (79) UL19 gene was amplified using the forward primer 5=AGGACCG
CTTTGTGACTGAG3= and the reverse primer 5=GCGATAAACTCACA
CACGGC3=. A 177-bp region of the bacterial chloramphenicol acetyl-
transferase (CAT) gene (81) was amplified using the forward primer 5=G
CCAATCCCTGGGTGAGTTT3= and the reverse primer 5=AAGCATTC
TGCCGACATGG3=.

Isolation of PNS. Vero, HS30, or T-REx HEK293 cells expressing
GFP-tagged Vps4 or Vps4-EQ were infected with GS3494 (�UL36) or
GS2822 (UL36�) at an MOI of 20 for 1 h at 37°C. Cells were induced with
1 �M tetracycline at the time of infection. Infected cells were then overlaid
with fresh prewarmed medium and incubated at 37°C for 16 h. Cells were
then washed once with ice-cold MEPS buffer [5 mM MgSO4, 5 mM
EGTA, 0.25 M sucrose, 35 mM piperazine-N,N=-bis(2-ethanesulfonic
acid) (PIPES), pH 7.1], scraped from the plate, and resuspended in MEPS
buffer containing 2 mM phenylmethylsulfonyl fluoride (PMSF), 2% (vol/
vol) protease inhibitor cocktail (Sigma), and 4 mM dithiothreitol (DTT).
The postnuclear supernatant (PNS) was isolated following needle break-
age of cells as previously described (47, 82).

Western blotting and antibodies. Western blotting was performed as
previously described (47). Primary antibodies were anti-VP5 (HA018-
100; Virusys), anti-gD (sc-69802; Santa Cruz Biotechnologies), and
anti-gB (sc-69798; Santa Cruz Biotechnologies). Anti-UL36p rabbit anti-
serum was a kind gift from Richard Courtney and John Wills. Secondary
antibodies were alkaline phosphatase-conjugated goat anti-rabbit
(Chemicon, Pittsburgh, PA) and alkaline phosphatase-conjugated goat
anti-mouse (Antibodies Incorporated, Davis, CA) antibodies, as used pre-
viously (42).

Fluorescence microscopy. Direct fluorescence microscopy studies
were performed as previously described (48, 62) in the Analytical Imaging
Facility of the Albert Einstein College of Medicine. PNS samples were
attached to 35-mm glass-bottomed MatTek dishes (MatTek Corporation)
precoated with 100 �g/ml poly-L-lysine (Sigma). Samples were fixed with
4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at
room temperature and then washed with PBS. Images were taken using a
Zeiss Axio Observer correlative light and electron microscope (CLEM)
with a 63� oil immersion objective. Images were processed using Volocity
software V 2.3 (PerkinElmer).

Correlative light and electron microscopy. PNS samples were pre-
pared and attached to MatTek dishes exactly as detailed above and then
imaged using a Zeiss Axio Observer microscope and Axiovision Shuttle &
Find software to mark regions of interest (ROIs). After fluorescence im-
aging, samples were fixed with 2.5% glutaraldehyde, dehydrated in etha-
nol, critical point dried using a Tousimis Samdri 790 apparatus, and then
coated with chromium by use of an EMS 150T-ES sputter coater. The
previously identified ROIs were automatically located in a Zeiss Supra 40
field emission scanning electron microscope (SEM) and imaged with a
secondary electron detector. Fluorescence and SEM images were corre-
lated by use of Zeiss AxioVision software (V 4.8).

Transmission electron microscopy. Thin-section electron micros-
copy of intact infected cells was performed as described earlier (80).
Dishes of infected cells were incubated with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, postfixed with 1% osmium tetroxide followed
by 2% uranyl acetate, dehydrated through a graded series of ethanol, and
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embedded in LX112 resin (LADD Research Industries, Burlington, VT).
Ultrathin sections were cut on a Reichert Ultracut UCT instrument,
stained with uranyl acetate followed by lead citrate, and viewed on a JEOL
1200EX transmission electron microscope at 80 kV.

RESULTS
Preparation and properties of a UL36-null VP26-mRFP1 HSV
strain. The HSV-1 BAC GS3494 was a kind gift from Gregory A.
Smith. This BAC encodes an in-frame fusion of monomeric red
fluorescent protein (mRFP1) to the small capsid subunit VP26
and has all UL36 coding sequences deleted, other than the start
and stop codons. Except for the UL36 deletion, GS3494 is identical
to and directly derived from HSV-1 strain GS2822, which was
described previously (77–79). In an earlier study, we used HSV-1
GS2822 to demonstrate colocalization of red fluorescent HSV
capsids with Vps4-GFP- and Vps4-EQ-GFP-decorated organelles
in infected-cell cytoplasmic extracts (62).

BAC DNA containing the UL36-null GS3494 genome was
transfected into the UL36p-expressing Vero cell-derived line
HS30 (17) in the presence of a 16-fold molar excess of a Cre re-
combinase-expressing plasmid. Infectious virus was recovered
and propagated on HS30 cells, and individual plaques were picked
and amplified. One plaque-purified isolate of GS3494 is charac-
terized in Fig. 1. PCR analysis confirmed that this strain lacked the
BAC-derived bacterial sequences expected to be excised by Cre-
driven recombination; total DNA from GS3494-infected HS30
cells supported amplification of a region of the UL19 (VP5) gene
but not a portion of the BAC vector-borne CAT gene (Fig. 1A).
When replicating in Vero cells, GS3494 expressed the viral struc-
tural proteins VP5, gB, and gD at levels similar to those in the
UL36� parental strain, but it failed to express detectable levels of
the UL36p protein (Fig. 1B). Loss of the UL36 gene correlated with

an inability of the virus to replicate on Vero cells, but the replica-
tion defect was complemented by UL36p expression in the HS30
cell line (Fig. 1C).

UL36p-null HSV-1 GS3494 capsids associate with cytoplas-
mic organelles in intact cells. We showed earlier, by using infect-
ed-cell extracts and organelles prepared in vitro, that HSV capsids
dock to cytoplasmic organelles in the absence of UL36p (48). To
test whether capsid/membrane docking occurred in vivo in intact
cells in the absence of UL36p, we infected Vero or UL36p-express-
ing HS30 cells with the UL36-null GS3494 strain and then fixed
and sectioned cells for transmission electron microscopy (Fig. 2).
As expected, in complementing HS30 cells, mature, enveloped
GS3494 virions were assembled in the cytoplasm (Fig. 2A and B).
In contrast, in Vero cells, loss of UL36p resulted in the character-
istic accumulation of large paracrystalline arrays of cytoplasmic
capsids (Fig. 2C), as others have previously observed (17, 19).
Nevertheless, capsids were also frequently seen in intimate associ-
ation with membranes (Fig. 2E to H), sometimes on the periphery
of capsid aggregates (Fig. 2D, white arrows). Often, electron-
dense material was visible as fibers reaching between the capsid
shell and the lipid bilayer (Fig. 2F and H, black arrows) or lying
along membranes adjacent to capsids, resembling sites of tegu-
ment deposition (Fig. 2E and G, black arrows). In some cases,
capsids were partially enclosed by a membrane (Fig. 2D, right
white arrow), but fully enveloped virions were never seen. We
concluded that capsid/membrane docking can occur in the ab-
sence of UL36p in vivo, consistent with our earlier in vitro frac-
tionation studies.

Testing the colocalization of HSV capsids with Vps4-EQ-
GFP in the presence and absence of UL36p. We prepared a post-
nuclear supernatant (PNS; cytoplasmic fraction) from GS2822- or
GS3494-infected HEK293 cells expressing the dominant negative
Vps4-EQ allele fused to GFP. The PNS was attached to polylysine-
coated MatTek dishes, fixed, and imaged by fluorescence microscopy
in the red (VP26-mRFP1 capsid subunit) or green (Vps4-EQ-GFP)
channel, as we described earlier (48). Typical fluorescence fields and
galleries of individual particles are shown for the parental strain
GS2822 (Fig. 3A and B) and the UL36-null strain GS3494 (Fig. 3C
and D). In the red (capsid) channel, microscopic fields of GS2822 and
GS3494 extracts contained large numbers of discrete fluorescent par-
ticles of approximately uniform size. In a similar analysis of a GFP-
VP26-expressing HSV strain, we used correlative light and electron
microscopy to demonstrate that such puncta arise predominantly
from individual capsids (48). In addition, larger structures were oc-
casionally visible in the capsid-fluorescing channel of the GS3494
UL36-null strain (Fig. 3C). These were larger than 600 nm in (appar-
ent) fluorescent length or diameter and not visible in extracts pre-
pared from cells infected by UL36p-expressing GS2822 (Fig. 3A). We
made similar observations using a VP26-GFP-expressing UL36-null
HSV strain (48) and hypothesized that these structures might corre-
spond to the large cytoplasmic capsid aggregates seen in the absence
of UL36p; we tested this possibility as described below (see Fig. 5). We
also observed a population of large green-fluorescing puncta in fields
derived from GS3494-infected (Fig. 3C) but not GS2822-infected
(Fig. 3A) cells. This implies greater heterogeneity in Vps4-EQ-GFP
membrane/organelle association in the presence of the UL36-null
virus, but we do not know the reasons for this at this time.

For both GS2822 and GS3494, we counted numbers of small
and large (�600 nm) red fluorescent structures and scored how
many colocalized with Vps4-EQ-GFP; we defined red (R) fluores-

FIG 1 Preliminary characterization of UL36-null HSV strain GS3494. (A)
PCR primers were used to amplify a 177-bp region of the bacterial chloram-
phenicol acetyltransferase (CAT) gene or a 403-bp region of the HSV UL19
gene, as indicated on the right. Lengths of DNA size markers (lane M), in base
pairs, are shown on the left. Template DNA in each PCR was as follows: lane 1,
total DNA from HS30 cells infected by UL36-null GS3494; lane 2, total DNA
from HS30 cells infected by parental strain GS2822; lane 3, GS3494 BAC con-
struct; lane 4, total DNA from uninfected HS30 cells. (B) Extracts of Vero cells
infected by GS3494 (lanes 1) or the parental virus GS2822 (lanes 2) were
subjected to SDS-PAGE and immunoblotted for UL36p, the major capsid
protein VP5, and envelope proteins gB and gD, as indicated. (C) Vero (black
bars) or HS30 (gray bars) cells were infected by GS2822 or GS3494 at an MOI
of 0.01 and harvested after 72 h, and extracts were titrated on HS30 cell mono-
layers. Plaques formed by the UL36-null strain following replication on Vero
cells likely correspond to residual input virus (propagated on HS30 cells).
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cent particles as R� G� or R� G� depending on whether they did
or did not also fluoresce in the green (G) channel. We then calcu-
lated Pearson product-moment correlation coefficients (83) as
detailed earlier (48) to identify the numbers of R� G� particles
that showed substantial overlap of red and green fluorescence (we
defined substantial fluorescence overlap as having a Pearson coef-
ficient [	] of �0.6). These data are listed in Table 1. As a control,
we performed similar studies using wild-type Vps4 fused to GFP.
Wild-type Vps4 and Vps4-GFP do not interfere with HSV repli-
cation and envelopment (59, 62); we saw comparable numbers of
total red fluorescent particles in the presence of Vps4-GFP and
Vps4-EQ-GFP (Table 1), suggesting that the expression of viral
structural proteins and capsid assembly were normal in the pres-
ence of Vps4-EQ-GFP, as we showed earlier (62). Unlike the dom-
inant negative allele, wild-type Vps4-GFP associated only tran-
siently with membranes, and small numbers of R� G� particles
accumulated at the steady state (Table 1) (62).

As summarized in Fig. 4, we found that a loss of UL36p resulted
in a 60% (P 
 0.0001) reduction in the number of Vps4-EQ-
GFP-labeled capsid-associated structures (Fig. 4A). When we
considered only particles with 	 values of �0.6, there were 68%
fewer (P 
 0.0001) in the absence of UL36p (Fig. 4B). No
significant reduction was observed for the colocalization of
capsids with Vps4-GFP, but the number of individual particles
present, particularly those with 	 values of �0.6, was much
smaller and reflects only those structures forming at the time of
cell breakage (Table 1).

Ultrastructural analysis of capsid-associated Vps4-EQ-
bound organelles by correlative light and electron microscopy.
To better understand the structure of each type of fluorescent

particle in Table 1, we performed scanning electron microscopy
(SEM) and aligned fluorescence and SEM images. For the UL36-
expressing virus, R� G� particles with 	 values of �0.6 appeared
in the SEM images as capsids partially encircled (Fig. 5A and B) or
completely enclosed (Fig. 5C and D) by a Vps4-EQ-GFP-fluoresc-
ing membrane. Similar partially enveloped capsids were seen for
the UL36p-null virus (Fig. 5M to P). R� G� particles exhibiting
more limited fluorescence overlap appeared to arise from capsids
docked to the surfaces of organelles, but at some distance from
sites of ESCRT/Vps4-EQ recruitment. This was seen for both the
UL36p-expressing virus (Fig. 5E and F) and the UL36-null strain
(Fig. 5I to L). Often, capsids were attached to organelles via
stalk-like structures (Fig. 5I to L). The large (�600-nm diam-
eter) red fluorescent structures unique to the UL36-null strain
(Fig. 3C; Table 1) aligned with large clusters of spheres that had
the size and appearance of capsids (Fig. 5G and H), as we pro-
posed earlier (48). The capsids in the aggregates often pre-
sented heterogeneous surface features overlying more regular
radial bulges (Fig. 5H).

DISCUSSION

In earlier work, we identified membrane-bound capsids in frac-
tions prepared from cells infected by HSV strains with partial (47)
or complete (48) deletions of the UL36 gene. Although they were
membrane associated, these viral particles were clearly noninfec-
tious, consistent with the finding that HSV capsids fail to become
enveloped when the UL36 gene is partially or completely deleted
(17, 19). Our approach permitted ready quantitation of capsid-
membrane association, but experiments were all performed in
vitro using cytoplasmic extracts and buoyant density gradient

FIG 2 A subset of HSV capsids are in close proximity to organellar membranes in intact cells in the absence of UL36p. Dishes of UL36p-expressing HS30 cells
(A and B) or Vero cells (C to H) were infected by the UL36-null strain GS3494, fixed, and processed for thin-section electron microscopy. White arrows in panel
D indicate examples of capsids on the edge of a large cytoplasmic cluster in close proximity to membranes. Black arrows indicate membrane-associated regions
of electron density adjacent to capsids resembling tegument (E and G) or spokes (F and H) between the capsid and the lipid bilayer. Bars, 500 nm (C and D) and
200 nm (all other panels).
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fractions (47, 48). Here we show that in intact cells, in addition to
cytoplasmic aggregates characteristic of UL36-null strains (17,
19), capsids also exist in intimate association with organellar sur-
faces (Fig. 2). We frequently observed electron-dense material
reaching between the capsid and the bilayer (Fig. 2F and H) or
lying along the membrane adjacent to the capsid (Fig. 2E and G).
What was not clear from our earlier scanning electron microscopy
studies (48) but is readily apparent in the thin sections is that
docked capsids are frequently attached to curved stacks of mem-
brane reminiscent of Golgi cisternae (Fig. 2D to F and H). This is
consistent with our finding that the majority of membrane-bound

capsids colocalized with the trans-Golgi network marker TGN46
in the presence and absence of UL36p (48).

In addition to C capsids (Fig. 2D, G, and H), we frequently
observed UL36-null B capsids in close association with lipid mem-
branes (Fig. 2E to G), though we have not yet performed a quan-
titative analysis. In an earlier study using a similar UL36-null HSV
strain, we also observed numerous B capsids, along with C capsids,
attached to isolated cytoplasmic organelles (48). Large numbers of
cytoplasmic B capsids were unexpected, since it is generally ac-
cepted that C capsids are preferentially exported from the nucleus
to the cytoplasm, at least during wild-type HSV infections. Traf-

FIG 3 Representative fields of HSV capsid-associated and Vps4-EQ-GFP-bound cytoplasmic particles. HEK293 cells were induced via tetracycline to express
Vps4-EQ-GFP and then infected with HSV for 16 h, a PNS was prepared, and virions and organelles were attached to MatTek dishes. After fixation, fields of
particles were imaged in the red (VP26-mRFP1) and green (Vps4-EQ-GFP) channels; merged images are shown. (A) Low-magnification field of a PNS from
GS2822-infected cells. (B) Representative gallery of six individual particles from a field similar to that in panel A. (C) Low-magnification field of a PNS from
GS3494-infected cells. Two large red fluorescent structures (indicated by white arrows and numbered 1 and 2) are shown as higher-magnification insets.
(D) Representative gallery of six individual particles from a field similar to that in panel C. Bars, 30 �m (A and C), 1 �m (insets in panel C), and 0.5 �m
(B and D).

TABLE 1 Colocalization of GS3494 and GS2822 capsids with Vps4 and Vps4-EQ

Virus/Vps4 allele

No. of particles/field (mean � SD)a

Total R�

particlesb

Total R� G�

particles
R� G� particles with
	 value of �0.6

R� G�

particles
R� particles with
�600-nm diam

GS2822 (UL36�)/Vps4 344 � 52 14 � 6 5 � 1 330 � 48 0
GS2822 (UL36�)/Vps4-EQ 415 � 157 73 � 33 45 � 20 341 � 130 0
GS3494 (�UL36)/Vps4 418 � 60 14 � 4 4 � 1 403 � 58 0
GS3494 (�UL36)/Vps4-EQ 452 � 117 33 � 13 16 � 7 418 � 107 3 � 2
a Numbers of individual microscopic fields examined were 16 (GS2822/Vps4), 20 (GS2822/Vps4-EQ), 12 (GS3494/Vps4), and 25 (GS3494/Vps4-EQ).
b Number of mRFP1-associated particles in each field. Total numbers counted were 5,499 (GS2822/Vps4), 8,293 (GS2822/Vps4-EQ), 5,010 (GS3494/Vps4), and 11,290
(GS3494/Vps4-EQ).
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ficking of capsids from the nucleus involves interaction between
the UL17p/UL25p-containing capsid vertex-specific component
(CVSC), present on A, B, and C capsids (31, 84), and the UL31-
nuclear export complex (85, 86). It is now clear that a fragment of
the UL36p protein is also part of the mature CVSC on nuclear
capsids (31), and it is possible that in a UL36-null strain the less
stable proto-CVSC (31) does not effectively discriminate between
C and B capsids for engagement with the nuclear export pathway.
There is a precedent for such a result; loss of the UL15 or UL28
terminase subunit genes leads not only to a failure to package
DNA but also to large numbers of B capsids reaching the cyto-
plasm and becoming enveloped (87, 88).

We previously suggested (48) that capsid-organelle docking
might be mediated by cooperation between UL36p and the Golgi
membrane-anchored UL11p-UL16p-UL21p complex character-
ized by the Wills laboratory (39, 49, 50, 89). Interestingly, cells
infected by UL16p-null HSV strains accumulate membrane-
docked capsid structures that are quite similar in appearance (90)
to those we observed in the absence of UL36p (Fig. 2E and F),
consistent with these proteins acting at a common step in assem-
bly. We do not know whether the electron-dense layers and spokes
lying between the capsid and the membrane (Fig. 2E to H) are
involved in capsid attachment, but if so, they may represent the
structure of this UL16p docking machinery.

If UL36p is essential for envelopment because it couples cap-
sids to the ESCRT/Vps4 apparatus (59, 60, 62), then a loss of
UL36p should disrupt this interaction. Using a GFP-fused version
of Vps4-EQ as a marker for sites of ESCRT-driven envelopment,
we quantitated the numbers of structures exhibiting capsid–Vps4-
EQ-GFP colocalization in the presence and absence of UL36p (Ta-
ble 1). As summarized in Fig. 4, we found that fewer capsids colo-
calized with Vps4-EQ-GFP when UL36p was absent. This was true
for both capsid–Vps4-EQ-GFP structures in general (60% fewer)
(Fig. 4A) and those that showed higher levels of colocalization of
red/green fluorescence (	 � 0.6), suggestive of close proximity
(68% fewer) (Fig. 4B). Quantitative lipophilic dye staining and

Western blotting of buoyant membrane fractions led us to con-
clude that capsid-membrane docking is normal in the absence of
UL36p (48); the reduced colocalization with Vps4-EQ-GFP is
therefore not because capsids fail to dock with organelles. Rather,
they must be associating with organelles that are less likely to re-
cruit ESCRT components. This is consistent with the organellar
mistargeting of UL36-null capsids that we observed earlier (48)
and with a role for the UL36p/UL37p complex in membrane teth-
ering (27, 28). Alternatively, if capsids themselves stimulate
ESCRT assembly upon docking, capsids lacking UL36p must
have a reduced ability to do so.

Since capsids and Vps4-EQ-GFP/ESCRT complexes may exist
in close proximity on the same organelle without physical associ-
ation, and because we observed particles with various degrees of
red/green fluorescence overlap (Table 1), we next examined these
structures by correlative light and electron microscopy (CLEM).
Regions of VP26-mRFP1 red fluorescence aligned with spherical
structures of �140 nm in diameter; we previously saw identical
structures emitting green fluorescence in the presence of VP26-
GFP (48); this shape and size correspond well to the expected
125-nm diameter of the HSV capsid plus the approximately 16-
nm-thick chromium sputter coating deposited during SEM prep-
aration. Capsids were frequently in close association with pleo-
morphic vesiculotubular structures similar to those we earlier
showed to be stained with lipophilic dyes (48) and that resemble
isolated organelles and vesicles imaged by SEM (91, 92). CLEM
analysis revealed that particles with high levels of red/green fluo-
rescence colocalization correspond to capsids in intimate associ-
ation with organellar envelopment sites. We observed capsids par-
tially enclosed by Vps4-EQ-GFP-labeled membranes in the
presence of UL36p (Fig. 5A and B) and also in its absence (Fig. 5M
to P). These partially enveloped structures are exactly those ex-
pected to accumulate when neck closure and scission are inhibited
by dominant negative Vps4-EQ-GFP (15, 59, 72, 73, 76, 93). In-
terestingly, the rim or neck of the unsealed envelope is decorated
by a ring of structures resembling beads on a string (Fig. 5B and
N, white arrowheads). Taking into account the thickness of the
chromium sputter coating in these samples, the mean long-axis
diameter of each “bead” is �12 nm. In size and appearance,
these structures bear a striking resemblance to those formed by
10- to 16-nm Vps4-EQ-GFP oligomers (likely dodecamers)
that align along underlying threads of membrane-bound ES-
CRT III polymers (94).

For the UL36p-expressing virus GS2822, capsids were also
found to be obscured entirely by organellar membranes and were
detectable only by their fluorescence emission (Fig. 5C and D).
These structures may correspond to capsids that have undergone
UL36p-dependent envelopment and become completely sur-
rounded by membrane despite the presence of Vps4-EQ-GFP.
The Vps4-EQ dominant negative phenotype is often incomplete
(95, 96), as suppression of scission is a function of the relative
copy numbers of Vps4-EQ and wild-type Vps4 in each Vps4
dodecamer and whether the Vps4-EQ subunits are among
those that stochastically engage with ESCRT III during each
cycle of scission (72, 73). Alternatively, though we did not ob-
serve them in the UL36-null strain, we cannot exclude the pos-
sibility that the structure in Fig. 5C and D corresponds to a
docked or partially enveloped capsid lying underneath the or-
ganelle. Such capsids would be inaccessible to scanning elec-
tron microscopy.

FIG 4 Effect of UL36p loss on capsid/Vps4-EQ colocalization. Vps4-EQ-
GFP-expressing cells were infected with HSV GS2822 (UL36�; black bars) or
GS3494 (�UL36; gray bars). Postnuclear supernatants (PNS) were prepared,
attached to MatTek dishes, fixed, and imaged. (A) Percentages of all mRFP1-
fluorescing particles that colocalized with Vps4-EQ-GFP. (B) Percentages of
all mRFP1-fluorescing particles that exhibited colocalization with Vps4-EQ-
GFP with 	 values of �0.6. For both panels A and B, plotted values show means
and standard deviations. Data were analyzed by the Student t test (****, P 

0.0001).

Kharkwal et al.

7262 jvi.asm.org August 2016 Volume 90 Number 16Journal of Virology

http://jvi.asm.org


R� G� particles (Table 1) that exhibited little or no overlap of
the red and green fluorescence signals appeared to correspond to
organelle-docked capsids lying some distance from Vps4/ESCRT
assembly sites. These were the majority of particles seen in micro-
scopic fields of PNS (Table 1) and were found in the presence of

UL36p (Fig. 5E and F) and, to a lesser extent, also in its absence
(Fig. 5I to L) (white arrows in these panels indicate capsids appar-
ently docked to the surfaces of membranes). Such structures
might correspond to capsids unable to engage the envelopment
apparatus or possibly to a stage in HSV assembly downstream of

FIG 5 Correlative light and electron microscopic analysis of HSV capsid/Vps4-EQ-GFP colocalization in the presence and absence of UL36p. Cytoplasmic
particles from GS2822-infected (A to F) or GS3494-infected (G to P) Vps4-EQ-GFP-expressing HEK293 cells were prepared and imaged as described in the
legend to Fig. 3. Samples were then processed for scanning electron microscopy (SEM) and images aligned. Images are shown in pairs; for each pair, the left panel
shows an alignment of fluorescent red (capsid) and green (Vps4-EQ-GFP) images with the SEM image, and the right panel shows the SEM image alone, usually
at a higher resolution. White boxes in panels E and K correspond to a region of the structure shown at a higher resolution in panels F and L, respectively. Bars for
SEM/fluorescence-aligned images, 100 nm (A and O) and 200 nm (C, E, G, I, K, and M); bars for SEM-only images (B, D, F, H, J, L, N, and P), 100 nm. Arrows
in panels F, J, and L label capsids docked to organelles but apparently not engaged with the ESCRT apparatus. Arrowheads (B and N) indicate bead-like structures
around the leading edge of the membrane.
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docking but prior to ESCRT engagement/envelopment. However,
at present, this is purely speculative.

Wild-type and UL36p-null capsids exhibit substantial sur-
face features (Fig. 5) that presumably arise from capsomers,
bound inner and outer teguments, and perhaps other cellular
and viral proteins that are recruited to the cytoplasm during
assembly. For wild-type cytoplasmic capsids, the VP5 penton
vertices are decorated by UL25p, UL17p, and the UL36p/
UL37p complex (31, 33, 86, 97–100), but we have not yet im-
aged sufficient numbers of particles to determine whether there
are differences between UL36p� and UL36p-null capsids. The
UL36-null capsids present in large clusters do exhibit striking
asymmetric and heterogeneous surface features (Fig. 5G and
H), and it is an interesting question whether this may be the
cause or result of their aggregation. Because of their structure,
and since they are UL36-null specific, we propose that clusters
such as these are the origin of the arrays of cytoplasmic capsids
seen by thin-section EM (Fig. 2C) (17, 19).

Although statistically significant, the 60 to 68% reduction in
capsid/ESCRT colocalization in the UL36-null strain (Table 1;
Fig. 4) is rather modest. It is consistent with a role for UL36p in
engagement with the ESCRT apparatus but appears to be inad-
equate to explain the almost complete failure of envelopment
and the �4- to 5-log loss in infectivity typically seen for UL36-
null strains (17, 19, 48). We also cannot yet discount the pos-
sibility that additional mutations acquired during construction
of the GS3494 strain are responsible for the reduction in cap-
sid/ESCRT colocalization. It remains clear that UL36p-null
capsids can dock to ESCRT-bound organelles (Fig. 5I to L) and
interact with the ESCRT machinery (Fig. 5M to P). It may be
that UL36p-null capsids are structurally deficient in ESCRT
III/Vps4 recruitment at a level of resolution beyond that used
in our studies. Alternatively, UL36p or a UL36p-dependent
factor(s) might act very late in envelopment, after Vps4 has
been recruited to ESCRT III, to detach it from its membrane
anchors (72, 93).
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