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The largest tegument protein of herpes simplex virus type 1 (HSV1), pUL36, is a multivalent cross-linker between the viral cap-
sids and the tegument and associated membrane proteins during assembly that upon subsequent cell entry releases the incoming
capsids from the outer tegument and viral envelope. Here we show that pUL36 was recruited to cytosolic progeny capsids that
later colocalized with membrane proteins of herpes simplex virus type 1 (HSV1) and the trans-Golgi network. During cell entry,
pUL36 dissociated from viral membrane proteins but remained associated with cytosolic capsids until arrival at the nucleus.
HSV1 UL36 mutants lacking C-terminal portions of increasing size expressed truncated pUL36 but could not form plaques. Cy-
tosolic capsids of mutants lacking the C-terminal 735 of the 3,164 amino acid residues accumulated in the cytosol but did not
recruit pUL36 or associate with membranes. In contrast, pUL36 lacking only the 167 C-terminal residues bound to cytosolic cap-
sids and subsequently colocalized with viral and host membrane proteins. Progeny virions fused with neighboring cells, but in-
coming capsids did not retain pUL36, nor could they target the nucleus or initiate HSV1 gene expression. Our data suggest that
residues 2430 to 2893 of HSV1 pUL36, containing one binding site for the capsid protein pUL25, are sufficient to recruit pUL36
onto cytosolic capsids during assembly for secondary envelopment, whereas the 167 residues of the very C terminus with the
second pUL25 binding site are crucial to maintain pUL36 on incoming capsids during cell entry. Capsids lacking pUL36 are tar-
geted neither to membranes for virus assembly nor to nuclear pores for genome uncoating.

Infections with herpes simplex virus type 1 (HSV1; human alpha-
herpesvirus 1) cause the common herpes labialis, herpes kerati-

tis, and keratoconjunctivitis, as well as life-threatening neonatal
infections, herpes encephalitis in patients with primary immune
deficiencies, and eczema herpeticum in patients with atopic der-
matitis (46, 54, 101, 102). The virions contain the DNA genomes
of 152 kb encased in icosahedral capsids that interact with the
surrounding tegument; this protein layer consists of a partially
icosahedrally ordered inner portion and a less organized outer
portion that connects to the viral lipid envelope (42, 88, 101, 118).
HSV1 packages up to 26 different tegument proteins that have
been grouped into inner and outer tegument on the basis of their
preferred association with capsids or membranes during assembly
and entry as well as their fractionation behavior during virion lysis
(40, 60, 62, 68, 75, 96, 116).

Herpesvirus morphogenesis commences in the nucleus, where
preassembled capsids package newly synthesized viral genomes
(12, 33, 47, 75). According to the most widely accepted secondary
reenvelopment model, nuclear capsids traverse the nuclear mem-
branes by primary envelopment at the inner nuclear membrane
and primary fusion with the membranes of the endoplasmic re-
ticulum to enter the cytosol. Inner tegument proteins may bind to
nuclear or cytosolic capsids, while outer tegument proteins can
associate with the cytosolic tails of viral membrane proteins that
are targeted to the sites of secondary envelopment containing
marker proteins of the trans-Golgi network (TGN) as well as of
early or late endosomes (9, 11, 20, 34, 39, 43, 86, 93, 96, 97, 109,
112, 115). Partially tegumented capsids may then travel to these
cytoplasmic membranes, and interactions between inner and
outer teguments could mediate secondary envelopment, giving
rise to enveloped virions enclosed by a host membrane. In con-

trast, the luminal single-envelopment model proposes that all teg-
ument proteins bind to nuclear capsids prior to their final envel-
opment at the inner nuclear membrane (12, 33, 48, 58). Common
to both scenarios is the formation of large secretory vesicles that
contain fully assembled virions and that move to the cell periph-
ery, where their fusion with the plasma membrane releases virions
from infected cells (14, 39, 58, 79, 87, 97, 99).

The HSV1 open reading frame UL36 encodes pUL36, an essen-
tial inner tegument protein of 3,164 amino acid (aa) residues (Fig.
1) that is evolutionarily conserved among all herpesviruses (71,
72). With its N-terminal binding sites for the tegument proteins
VP16 and pUL37 and its C-terminal binding sites for pUL25, it
serves as a reversible, multivalent cross-linker between the capsid
and the tegument during assembly (16, 52, 53, 74, 98, 114). pUL25
is a minor structural protein located on the capsid surface that is
required for the stable retention of progeny viral genomes within
the capsids, nuclear egress, and the release of incoming genomes at
the nuclear pores (17, 70, 92, 95, 96, 100, 108, 111). In cells in-
fected with HSV1 �UL36 or a mutant encoding only the first 361
aa of pUL36, capsids reach the cytosol, but there is no secondary
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envelopment, no cell egress, and no plaque formation (25, 98).
The same phenotype has been reported for the UL36 homolog of
pseudorabiesvirus (PrV) (Fig. 1), an alphaherpesvirus of swine
(36). However, PrV �UL36 with an additional green fluorescent
protein (GFP) tag on the small capsid protein VP26 is already
impaired in nuclear egress (63). Thus, the combination of a tag
on VP26 with a deletion of pUL36 reduces, at least in PrV,
nuclear capsid egress (63), whereas deletion of only pUL36
does not seem to influence capsid translocation into the cyto-
plasm (36). PrV pUL36 versions lacking only 144 aa of the very
C terminus or containing insertional transposon mutations in
the center also do not replicate, indicating the existence of
functional domains between aa 1540 and 1987, while the large
internal portion of aa 2087 to 2795 of PrV pUL36 is dispens-
able, at least in cell culture (8, 56, 80).

Extracellular mature alphaherpesvirus virions contain pUL36,
hence, its other names viral protein 1/2 and 1-3 (52, 107), but it is
unclear when and how pUL36 associates with viral particles dur-
ing assembly. So far, the subcellular localization of pUL36 has
been determined only using strains in which either pUL36 or the
small capsid protein VP26 had been tagged with a fluorescent
protein. Furthermore, infected cells contain several forms of
pUL36 of lower molecular weight (36, 49, 51, 52) that may be
targeted to distinct viral and host structures. Antibodies generated
against full-length HSV1 pUL36 or its N-terminal aa 1 to 287 label
the nucleus as well as the cytoplasm of infected cells (2, 72),
whereas antibodies generated against recombinant fragments de-
rived from the entire PrV pUL36, including the N terminus, do
not yield nuclear signals but prominently yield cytoplasmic signals

(52, 81). Upon transient expression, HSV1 pUL36 and PrV pUL36
are detected in the nucleus, and eliminating their nuclear localiza-
tion signals (NLSs) abrogates this nuclear targeting (2, 56, 81).

HSV1 virions enter cells by fusion of their envelope with a host
membrane, thereby exposing capsids and tegument proteins to
the cytosol (38, 45, 68, 78, 89, 106). The motor protein dynein
then propels the cytosolic capsids along microtubules toward the
nucleus, where they dock with one capsid corner facing the nu-
clear pore and release the viral genome into the nucleoplasm for
viral transcription and replication (27, 40, 41, 64, 65, 67, 90, 100,
101, 106). At least some HSV1 and PrV pUL36 remains associated
with incoming capsids until arrival at the nucleus (4, 18, 40, 62, 81,
83). Inner HSV1 tegument proteins such as pUL36 or pUL37 are
required for recruiting microtubule motors onto viral capsids, for
capsid transport along microtubules in vitro, and for binding to
nuclear pores in vitro (90, 96, 104, 116). HSV1(HFEM)-tsB7 and
HSV1(17�)-ts1213 with temperature-sensitive mutations in
pUL36 still dock at the nuclear pores but do not release their
genomes at the nonpermissive temperature, and HSV1 gene ex-
pression requires proteolysis of the incoming pUL36 (1, 5, 49, 94).
Furthermore, antibodies against pUL36 that have been intro-
duced into cells reduce the number of incoming capsids targeted
to the nucleus, and capsids lacking pUL36 introduced into unin-
fected cells cannot initiate an infection (18, 98).

Here we show that the authentic, untagged HSV1 pUL36 was
present on cytosolic capsids after their nuclear egress but prior to
secondary envelopment and remained capsid associated upon cell
entry and virus fusion until arrival at the nuclear pore. New HSV1
UL36 mutant strains revealed that even the very C-terminal 167 aa

FIG 1 Primary sequence of HSV1 pUL36 and HSV1 UL36 mutants. The N-terminal third of HSV1 pUL36 harbors deubiquitinase and deneddylase activity with
a conserved Cys at aa residue 65 (DUB-Cys), an NLS (aa 367 to 498), and binding sites for the major tegument protein VP16 and the inner tegument protein
pUL37 (2, 37, 51, 53, 77, 114). The tsB7 mutation that prevents DNA release from incoming capsids at the nuclear pores has been mapped to aa 1453 in the middle
of pUL36 (1). Furthermore, two potential leucine zipper motifs (Zip) at aa 632 to 653 and aa 1070 to 1091 and several coiled coils (black arrows) have been
identified by in silico analysis (6, 61, 71, 103). Within the C-terminal third of HSV1 pUL36, there are two potential ATP binding motifs between aa 2211 to 2219
and 2430 to 2443, a prominent repeat of 35 PQ between aa 2911 to 2980, and two binding sites for pUL25 between aa 2037 to 2352 and 3102 to 3164 (16, 71, 92).
The pUL36 regions against which polyclonal antibodies have been raised are indicated by black bars: a peptide of aa 33 to 44 at the N terminus (Nterm, pAb R28),
recombinant protein fragments of aa 109 to 333 (pAb VP1-2 N) or aa 1408 to 2112 (middle, pAb 146 and pAb 147), and a peptide of aa 3048 to 3057 at the C
terminus (Cterm, pAb R29) (49, 71, 116). Using the BAC pHSV1(17�)blueLox as a parental wild-type background (86), we have constructed
HSV1(17�)blueLox-�UL36 lacking the entire UL36 open reading frame or inserted stop codons together with a kanamycin resistance cassette (downward-
pointing arrows) upstream of the two potential ATP binding sites or up- and downstream of the prominent PQ repeat to generate the mutants
HSV1(17�)blueLox-UL36codon2211stop, -2430stop, -2894stop, and -2998stop that express C-terminally truncated versions of pUL36. Similarly, PrV pUL36
also has a DUB-Cys at position 26, two NLSs, and a PrV pUL37 binding region, predicted leucine zippers at aa 779 to 800 and 827 to 848, several Pro-rich regions
between aa 226 to 299 and 2026 to 3970, and a PrV pUL25 binding region at the very C terminus (8, 16, 51, 52, 56, 57, 81).
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of the large tegument protein pUL36 were required for virus prop-
agation and plaque formation. Our data suggest that the residues
2430 to 2893 of HSV1 pUL36, containing one binding site for the
capsid protein pUL25 (92), are sufficient to recruit pUL36 onto
cytosolic capsids for secondary envelopment. In contrast, the very
C terminus with the second pUL25 binding site (16, 92) is crucial
to stabilize pUL36 on incoming capsids. Thus, several C-terminal
domains are required to maintain pUL36 on incoming capsids
during cell entry, whereas the C-terminal 271 aa are dispensable
for the association of pUL36 with cytosolic progeny capsids. Our
results show that capsids lacking pUL36 are targeted neither to
membranes for virus assembly nor to the nuclear pores for ge-
nome uncoating.

MATERIALS AND METHODS
Cells and viruses. BHK-21 cells (ATCC CCL-10) were grown in minimal
essential medium (MEM) containing 10% (vol/vol) fetal calf serum (FCS;
Life Technologies Gibco, Darmstadt, Germany), Vero cells (ATCC CCL-
81) in MEM containing 7.5% FCS, and the Vero cell-derived pUL36-
complementing cell line HS30 (25) in MEM containing 7.5% FCS; and in
every fifth passage, 500 �g/ml G418 was added (PAA Laboratories GmbH,
Pasching, Austria). HSV1 strain 17� (from John Subak-Sharpe, MRC
Virology Unit, Glasgow, United Kingdom) and HSV1 strain KOS (ATCC
VR-1493; from Pat Spear, Northwestern University, Chicago, IL) were
propagated in BHK-21 cells and prepared as described previously (106).
For assembly experiments, we used extracellular virus pelleted from the
medium of infected cells (86), while for cell entry experiments, we further
purified the sedimented virions on linear Nycodenz gradients (26).

Virus stocks were plaque titrated in three independent cycles (27, 106).
To determine the ratio of HSV1 UL36 potential mutant to potential re-
vertant virions, the virus stocks of the HSV1 UL36 mutants were titrated
on Vero-HS30 cells, which complemented UL36 in trans (25), and on
Vero cells. Wild-type (wt) HSV1 inocula had genome-to-PFU ratios of
less than 40, indicative of a low concentration of defective viral particles
(26). The bacterial artificial chromosome (BAC)-derived medium pellets
that were used to inoculate cells had genome-to-PFU ratios of about 200
and thus were comparable to each other.

Antibodies. To detect pUL36, we used the rabbit polyclonal antibod-
ies (pAbs) R28 (Nterm) raised against the N-terminal peptide aa 33 to 44
(71), pAb VP1-2 N raised against a recombinant fragment of aa 109 to 333
(49), pAb 146 and pAb 147 raised against a recombinant fragment of aa
1408 to 2112 (116), and pAb R29 (Cterm) raised against the C-terminal
fragment from aa 3048 to 3057 (71). To detect VP5, we used the rabbit
pAb NC-1 (15) and the mouse monoclonal antibody (MAb) H1.4 (Me-
ridian Life Science, Saco, ME) or 5C10 (110). VP19c and VP26 were la-
beled by rabbit pAb NC2 (15) and a pAb against aa 95 to 112 of VP26 (24),
respectively, VP16 was labeled by mouse MAb LP1 (69) or by rabbit pAb
230 (83), and VP22 was labeled by rabbit pAb AGV30 (32). Glycoprotein
B (gB) and gD were detected using rabbit pAb R68 and mouse MAb DL6,
respectively (29, 30). Actin was labeled using the mouse MAb 1501 (Mil-
lipore, Billerica, MA) or tetramethyl rhodamine isocyanate (TRITC)-
phalloidin (1 �g/ml in phosphate-buffered saline [PBS]; Sigma-Aldrich,
Schnelldorf, Germany). We also used mouse MAb 414 (Covance, Prince-
ton, NJ) to detect nuclear pores as well as MAb �-p230 and MAb EEA1 to
label specific host membranes (BD Transduction Laboratories, Lexing-
ton, KY). The goat-derived secondary antibodies for fluorescence micros-
copy were conjugated with lissamine-rhodamine B sulfonyl chloride
(LRSC) or with fluorescein isothiocyanate (FITC) and highly preabsorbed
against cross-reactivity to species other than the intended one (rabbit or
mouse; Dianova, Hamburg, Germany), or for immunoblotting, they were
coupled with alkaline phosphatase (Thermo Scientific, Bonn, Germany).

Construction of HSV1 UL36 mutants. The parental BAC
pHSV1(17�)blueLox contains the entire HSV1 genome, together with a
�-galactosidase expression cassette integrated into the thymidine kinase

locus, as well as the genes required for low-copy replication in Escherichia
coli flanked by loxP sites and a eukaryotic cre recombinase expression
cassette (86). We amplified a kanamycin resistance cassette flanked by FLP
recombination target (FRT) sites by PCR from the plasmid pGP704-Kan
(7). The primers contained a homology to the pGP704-Kan plasmid as
well as a homology to UL36 that defined the insertion site of the fragment.
For the pUL36 truncation mutants, one primer also encoded the stop
codon TAG (see Table S1 in the supplemental material). The resulting
PCR products were transformed into E. coli DH10B harboring
pHSV1(17�)blueLox and pKD46 (22) and which expressed the RED re-
combination enzymes upon induction (19, 117). We used seven different
restriction digests and in-house sequencing of the mutated regions to
analyze kanamycin resistant recombinants.

To reconstitute viruses, BAC DNA was prepared using a NucleoBond
BAC 100 kit (Macherey & Nagel, Düren, Germany). Subconfluent Vero or
HS30 cells were transfected with 10 �g per 60-mm dish BAC DNA (MBS
mammalian transfection kit; Stratagene, La Jolla, CA) and grown until
cytopathic effects developed. Cells and medium were combined, and virus
was released by three cycles of freeze-thawing. About a tenth of such a
passage 1 (P1) was used to infect one 175-cm2 flask of subconfluent Vero
or HS30 cells until 60 to 70% of the cells had rounded up. Virions from
this P2 were pelleted from the culture medium, resuspended in buffer
(100 mM NaCl, 30 mM morpholineethanesulfonic acid, 20 mM Tris-
HCl, pH 7.4), and stored in aliquots at �80°C as described previously
(106). HSV1 UL36 mutants, transcomplemented by growth in HS30 cells
but not in the parental Vero cells, contained the full-length pUL36 in their
teguments but harbored the different pUL36 mutations in their genomes.

Immunoblotting. Subconfluent Vero cells in 60-mm dishes either
were infected at a multiplicity of infection (MOI) of 10 by adding virus-
containing medium (see Fig. 2A) or were precooled for 20 min on ice and
inoculated for 2 h on ice in CO2-independent medium at an MOI of 10
(see Fig. 2B and 7) or 200 (see Fig. 5) PFU/cell. After removing unbound
virus, the cells were transferred to regular growth medium at 37°C in 5%
CO2. At the indicated times, the cells, including those that had already
detached from the substrate, were washed with PBS and collected. They
were lysed in hot sample buffer (50 mM Tris-HCl, pH 6.8, 1% [wt/vol]
SDS, 1% [vol/vol] �-mercaptoethanol, 5% [vol/vol] glycerol, 0.001% [wt/
vol] bromphenol blue) with protease inhibitors aprotinin, E-64, and leu-
peptin (AEL; Sigma-Aldrich) in H2O, antipain, bestatin, and pepstatin
(ABP; Sigma-Aldrich) in methanol, and phenylmethylsulfonyl fluoride
(PMSF; Roth) in isopropanol. After SDS-PAGE in linear gradient gels (5
to 15% polyacrylamide, 8-cm length, 0.75-mm thickness or 7.5 to 18%
polyacrylamide, 16-cm length, 1.5-mm thickness), the proteins were
transferred onto nitrocellulose membranes and incubated with PBS con-
taining 0.1% (vol/vol) Tween 20 (PBS-T). After blocking in 5% (wt/vol)
low-fat milk in PBS-T, the membranes were probed with primary anti-
bodies, followed by secondary goat antirabbit or antimouse antibodies
conjugated to alkaline phosphatase. The membranes were stained with 0.2
mM nitroblue tetrazolium chloride and 0.8 mM 5-bromo-4-chloro-
indolyl-3-phosphate in 100 mM NaCl, 5 mM MgCl2, 100 mM Tris-HCl,
pH 9.5, and subsequently scanned with a ScanJet 6300C scanner (Hewlett
Packard, Wilmington, DE).

Light microscopy. Subconfluent Vero cells grown on coverslips in
24-well dishes were precooled for 20 min on ice and inoculated in 0.2 ml
CO2-independent medium containing 0.1% (wt/vol) bovine serum albu-
min (BSA) with HSV1 for 2 h on ice (26, 103). After removing unbound
virus, we transferred the cells to regular growth medium containing FCS
at 37°C and 5% CO2. After 1 h, any residual inoculum was inactivated by
low-pH treatment (40 mM citrate, pH 3, 135 mM NaCl, 10 mM KCl) for
3 min, followed by incubation in fresh FCS containing growth medium at
37°C (86). For cell entry experiments, 0.5 mM cycloheximide prevented
the synthesis of progeny viral proteins (106). In the viral spread experi-
ments, the medium contained 10 �g/ml pooled, human IgGs that con-
tained sufficient amounts of HSV1-neutralizing antibodies (Sigma-
Aldrich). The cells were either fixed and permeabilized by incubating
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them for 4 min in water-free methanol at �20°C (data not shown) or fixed
with 3% (wt/vol) paraformaldehyde in PBS for 20 min and subsequently
permeabilized with 0.1% Triton X-100 for 5 min (100, 106). The speci-
mens were labeled with antibodies as described before (27, 86, 100, 106).
To block unspecific antibody interactions with the abundantly expressed
HSV1 Fc receptor (28) and thus to reduce antigen-independent antibody
labeling, we used 10% (vol/vol) human serum of a healthy HSV1-
seronegative volunteer and 0.5% (wt/vol) BSA in PBS as blocking reagent
(26). The DNA was stained using Hoechst 33258 (Invitrogen) or TO-
PRO-3 (Invitrogen).

For assembly and spread experiments, we recorded optical confocal
sections using an LSM 510 Meta microscope with a Plan-Apochromat
�63 objective and argon (488 nm) and helium-neon (543 nm, 633 nm)
lasers controlled by the LSM 510 software (Zeiss, Göttingen, Germany).
Cell entry experiments were analyzed with an inverted AxioObserver Z1
microscope equipped with a Plan-Apochromat �63 objective, a mercury
lamp, appropriate fluorescence filter sets, and an Axiocam HRm camera
controlled by the Axiovision software (version 4.6.3.0 SP1; Zeiss). Digital
images were processed with the LSM Image Browser (version 3.5.0.376,
2005; Zeiss), ImageJ (version 1.35j; Wayne Rasband, NIH [http://rsb.info
.nih.gov/ij/]), and Adobe Photoshop CS (version 7.0; Adobe Systems, San
Jose, CA) programs.

To quantify any colocalizations, we used the CellProfiler software
(13). For VP5 and pUL36 colocalization (see Fig. 4), we analyzed 5 to 14
cells per time point. All pixel intensities were rescaled to 0 to 1. Using the
Otsu Global thresholding method (91) in the TO-PRO-3 channel, the
nuclear area was defined and the apparent nuclear VP5 signals were erased
digitally. Capsids were then identified using the Kapur thresholding
method (50). pUL36 fluorescence intensities were measured in those areas
overlapping with the capsid signal. To determine the amount of pUL36
that was not recruited to capsids, the pUL36 fluorescence intensities were
measured in manually defined cytoplasmic areas after subtracting the ar-
eas occupied by capsids (diffuse cytoplasmic signal). Capsids with a
pUL36 fluorescence larger than the average diffuse cytoplasmic signal
were scored as pUL36 positive. For VP26 and p230 colocalizations (see
Fig. 9C), we randomly documented 60 cells derived from 2 independent
experiments. Prior to object segmentation, each image was rescaled to 100
by 100 mm at 300 pixels/inch. To segment the viral capsids from the
background staining of the anti-VP26 antibody, we converted the gray
values from 0, 1.00, and 255 to 60, 1.00, and 255, and to segment the p230
signal, we converted the gray values from 0, 1.00, and 255 to 60, 1.00, and
170 using the “Levels” function of Adobe Photoshop. After defining the
nuclear areas using differential interference contrast, the apparent nuclear
capsid signals were erased digitally. After overlaying these processed im-
ages, we determined the number of pixels per cell labeled for both VP26
and p230 to obtain an estimate of the degree of membrane association of
the cytoplasmic capsids of the different HSV1 mutant strains in compar-
ison to wild type. Standard errors of the means and statistically significant
differences were determined using Mann-Whitney tests (version 5.02;
GraphPad Software, Inc.)

Electron microscopy. Vero cells were infected synchronously at an
MOI of 10 as described for light microscopy. After 12 or 14 h, the cells
were fixed for 1 h at room temperature with 2% (wt/vol) glutaraldehyde in
130 mM cacodylate buffer at pH 7.4 containing 2 mM CaCl2 and 10 mM
MgCl2. Then, the cells were washed and postfixed with 1% (wt/vol) OsO4

in 165 mM cacodylate buffer at pH 7.4 containing 1.5% (wt/vol)
K3Fe(III)CN6 for 1 h, followed by incubation in 0.5% (wt/vol) uranyl
acetate in 50% (vol/vol) ethanol overnight. The cells were flat embedded
in Epon, and 50-nm sections were cut parallel to the substrate. Images
were taken with an FEI Tecnai G2 T20 electron microscope.

RESULTS
pUL36 wild type is recruited onto cytosolic capsids during as-
sembly. We first analyzed the expression of pUL36 in Vero cells
infected with HSV1 at an MOI of 10 PFU/cell by immunoblotting

using antibodies raised against the middle aa 1408 to 2112 of
HSV1 pUL36 (116). The expression of pUL36 commenced at
about 6 h postinfection (p.i.; Fig. 2A). In addition to a major band
of more than 250 kDa, infected cells contained several bands of
lower apparent molecular mass. The trace amounts detected at 4 h
most likely represented pUL36 already present in the inoculum.
Antibodies raised against the N-terminal aa 33 to 44 or the
C-terminal aa 3048 to 3057 (71) detected the major pUL36 band
of more than 250 kDa in gradient-purified virions that therefore
represented the full-length pUL36 forms (Fig. 2B). In addition, in
particular the antibodies against the middle region aa 1408 to 2112
detected several smaller pUL36 forms in infected cells. In contrast,
virions predominantly contained the full-length and two smaller
rather prominent bands that displayed middle but no N- or
C-terminal pUL36 epitopes.

Next, we analyzed the subcellular localization of pUL36 after
synchronous infection for 4 to 12 h with HSV1 strain 17� at an
MOI of 10 PFU/cell after fixation with formaldehyde followed by
detergent permeabilization (Fig. 3). As early as 6 h and 8 h p.i., the
antibodies raised against the pUL36 middle region showed several
flecks that had accumulated in close proximity to the nucleus (Fig.
3Ab and f) and were later also distributed throughout the cyto-
plasm (data not shown). Double labeling for hexons, using an
antibody directed against mature VP5, the major capsid protein,
revealed that the cell nuclei contained many capsids but that only
a few of them had traversed the nuclear envelope this early in
infection (Fig. 3Ac and g). In contrast to nuclear capsids (Fig. 3A,
red arrowhead), the majority of the cytoplasmic capsids possessed
pUL36 (Fig. 3A, yellow arrowheads). At 8 h p.i., capsids with
pUL36 had accumulated in a perinuclear region (Fig. 3Ah, yel-
low). Using the software CellProfiler (12), we segmented the cy-
toplasmic capsids based on the anti-VP5 labeling and determined
the average pUL36 intensity on the capsids and in cytoplasmic
regions excluding the capsids (Fig. 4). The amount of pUL36 pres-
ent on cytoplasmic capsids continuously increased from 4 to 10 h
postinfection (Fig. 4A), and already at 4 h postinfection, more
than 50% of the cytoplasmic capsids contained a larger amount of
pUL36 than that present in the cytoplasm (Fig. 4B).

At 6 h p.i., the HSV1 envelope gD was mainly located in a
perinuclear region along with smaller patches in the cytoplasm.
The majority of the pUL36 flecks did not colocalize with gD and
thus most likely represent unenveloped, cytosolic capsids prior to
secondary envelopment and membrane acquisition (Fig. 3B,
green arrowheads). However, as the infection progressed to 8 h
and further (data not shown), more and more pUL36-positive
capsids had acquired gD. Some of these pUL36 particles colocal-
izing with gD (Fig. 3B, yellow) most likely represent capsids in the
process of or after secondary envelopment. These perinuclear
pUL36-containing capsids also colocalized to some extent with
the host protein p230, a marker of the trans-Golgi network (Fig.
3C, yellow), but pUL36 did not associate with all types of mem-
branes, as indicated by its lack of colocalization with the early
endosome marker EEA1 both in the perinuclear region (Fig. 3D,
green) (84) and in the cell periphery (data not shown).

Labeling of the chromosomes using TO-PRO-3 (Fig. 3Aa and e
and Ba and e) or of the nuclear pores using MAb 414 (Fig. 3Eb and
e), which detects nuclear pore proteins with phenylalanine-
glycine repeats (23), enabled a distinction between nuclear and
cytoplasmic pUL36 labeling. As the infection progressed, pUL36
was also increasingly located in regions enclosed by the nuclear
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envelope but typically in smaller amounts than in the cytoplasm.
It did not accumulate on nuclear capsids but appeared to be
mainly diffuse. Since nuclear envelopes have indentations (66),
confocal images often contained tangential cross sections of such
indentations. Therefore, the apparent nuclear lumen occasionally
appeared to contain membrane markers such as gD (Fig. 3B),
p230 (Fig. 3C), or nuclear pores (Fig. 3E), but these were located in
the cytoplasm above or below the nucleus within the same optical
confocal section. Infection experiments using HSV1 strain KOS
(data not shown) or strain 17� and fixation with methanol (data
not shown) or formaldehyde resulted in similar labeling patterns.

In summary, these results indicate that the inner tegument
protein HSV1 pUL36 was localized on progeny cytosolic capsids
lacking membrane proteins. HSV1 pUL36 remained attached to
capsids during their transport to membranes that contained gD
and host markers of the TGN and where secondary envelopment
presumably occurred. As the HSV1 infection progressed, a minor
fraction of pUL36 was located in the cell nuclei but not on nuclear
capsids.

Wild-type pUL36 remains capsid associated during cell en-
try. To determine the subcellular fate of HSV1 pUL36 during cell

entry, we inoculated Vero cells at an MOI of 200 PFU/cell and in
the presence of cycloheximide, an inhibitor of protein synthesis,
to limit our analysis to parental, incoming viral proteins (106).
Antibodies directed against the N-terminal aa 33 to 44 (Fig. 5A) or
C-terminal aa 3048 to 3057 (Fig. 5C) mainly detected full-length
pUL36 of more than 250 kDa, besides several unspecific bands
that were also present in uninfected cells (mock treated). In con-
trast, the antibodies generated against the middle aa 1408 to 2112
detected full-length pUL36 and several smaller pUL36 forms that
were also present in the inoculum (Fig. 5B; cf. Fig. 2B). This pat-
tern did not change during the first 3 h of inoculation. To analyze
the subcellular localization of incoming pUL36, Vero cells were
inoculated in the presence of cycloheximide with an MOI of 50
PFU/cell (Fig. 5D). After 15 min, the parental capsids were ran-
domly distributed over the entire cytoplasm as described before
(26, 27, 65, 100, 106), and pUL36 colocalized with capsids (Fig.
5Dc, yellow) but not with gD (Fig. 5Dd, green). While capsids
targeted to the nucleus contained pUL36 (Fig. 5Dg and k, yellow),
gD remained in more peripheral regions of the cytoplasm (Fig.
5Dh and l, red), as reported before (26, 27, 92). Over time, more
capsids arrived at the nucleus, and nearly all of them colocalized

FIG 2 Packaging of HSV1 pUL36 proteins into virions. (A) Vero cells were infected with HSV1(17�) at an MOI of 10 PFU/cell or mock treated, harvested at the
indicated time points, and separated on a linear 7.5 to 18% SDS-polyacrylamide gel. The proteins were transferred to a nitrocellulose membrane and probed with
antibodies against pUL36 aa 1408 to 2112 (middle, pAb 146), VP5 (pAb NC-1), or actin (MAb 1501). (B) Vero cells infected with HSV1(17�) at an MOI of 10
PFU/cell for 12 h (cells) or gradient purified HSV1(17�) secreted from infected BHK cells and purified on a linear Nycodenz gradient (virus) were lysed; and the
proteins were separated on linear 5 to 15% SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed with antibodies directed against
pUL36 aa 33 to 44 (Nterm, pAb R28), pUL36 aa 1408 to 2112 (middle, pAb 146), pUL36 aa 3048 to 3057 (Cterm, pAb R29), VP16 (MAb LP1), or VP5 (MAb
H1.4).
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FIG 3 HSV1 pUL36 binds to progeny, cytosolic capsids prior to secondary envelopment. (A) Vero cells were infected with HSV1(17�) at an MOI of 10 PFU/cell
and fixed with 3% paraformaldehyde at the indicated time points, followed by TX-100 permeabilization. The specimens were labeled with antibodies directed
against pUL36 aa 1408 to 2112 (green; middle, pAb 147), the major capsid protein VP5 (A; red; MAb 5C10), the viral membrane protein gD (B; red; MAb DL-6),
a marker for the trans-Golgi network (C; red; MAb �-p230), a marker for early endosomes (D; red; MAb �-EEA1), or the nuclear pores (E; red; MAb 414) and
analyzed by confocal fluorescence microscopy. The nuclei (N) were labeled with the DNA stain TO-PRO-3 (blue in panels A and B) and are indicated by dashed
lines (C to E).
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with pUL36. Together, these data indicate that during internaliza-
tion into cells, pUL36 and the viral envelope separated and that
pUL36, most likely in its full-length form, remained attached to
incoming HSV1 capsids until their arrival at the nuclear pores.

Generation of HSV1 UL36 mutant strains. To construct
HSV1 mutants lacking specific regions of pUL36, we used the BAC
pHSV1(17�)blueLox and RED-mediated recombination in E. coli
(19, 85, 86, 117). We inserted stop codons and did not delete parts
of the UL36 gene in order to minimize modifications in genomic
regions potentially involved in other functions. Since we aimed to
characterize regions of pUL36 required for its recruitment onto
cytosolic capsids, we focused on the C-terminal third of pUL36
that contains binding domains for the capsid protein pUL25 be-
tween aa 2037 to 2352 and 3104 to 3164 (16, 92). In silico sequence
analysis of pUL36 also indicates potential ATP binding sites,
one in the middle and one just downstream of the pUL25 bind-
ing region from aa 2037 to 2352, and a striking proline-
glutamine repeat located between the two pUL25 binding sites
(cf. Fig. 1) (71). We inserted a stop codon together with a
resistance cassette flanked by FRT sites upstream of each po-
tential ATP binding site or up- or downstream of the PQ re-
peat and generated HSV1(17�)blueLox-UL36codon2211stop
(2211stop), -UL36codon2430stop (2430stop), -UL36codon2894stop
(2894stop), and -UL36codon2998stop (2998stop) (Fig. 1). As an ad-
ditional control to the parental wild-type HSV1(17�)blueLox, we
also replaced the UL36 gene with the resistance cassette and gen-
erated HSV1(17�)blueLox-�UL36.

Besides the desired mutations, homologous recombination
can change DNA regions rich in repeats, as they are present in
many herpesviral genomes (3, 21). We therefore characterized
each mutant BAC using seven restriction enzymes diagnostic for
the entire HSV1 genome (86). The expected restriction fragment
sizes (Fig. 6A) were based on the HSV1(17�) sequence (GenBank
accession no. NC_001806). All shifted and other fragments of the

mutants were as expected (Fig. 6B). These restriction digests as
well as sequencing of PCR fragments spanning the mutated region
(data not shown) proved that the resistance cassettes had been
correctly integrated into UL36 without any major undesired re-
combination events elsewhere in the pHSV1(17�)blueLox back-
bone.

Characterization of HSV1 mutants with C-terminal trun-
cated pUL36 forms. Transfection of Vero cells with the mutated
pHSV1(17�)blueLox did not result in plaque formation, even af-
ter 6 days, although the parental pHSV1(17�)blueLox generated
plaques within 3 days (data not shown). In contrast, transfection
of the complementing cell line Vero-HS30, in which full-length
pUL36 is provided in trans upon HSV1 infection (25), resulted in
plaque formation (Table 1). Thus, the Vero-HS30 cells synthe-
sized pUL36 forms that rescued the BAC mutant genomes. This
indicates that the new HSV1 strains had been mutated in UL36
and that no other regions of the HSV1 genome required for rep-
lication had been altered. Therefore, even the most C-terminal
167 aa (2998stop) of pUL36 were essential for HSV1 replication.

To characterize the phenotypes of the new UL36 mutants in
detail, we prepared virus preparations in Vero-HS30 cells, in
which capsids could recruit pUL36 wild type for assembly, while
their genomes would contain the desired UL36 mutations. To
reduce the occurrence of revertants, we harvested the UL36 mu-
tant viruses prior to the development of full cytopathic effects.
Revertants could arise by homologous recombination between
the HSV1(17�)blueLox genomes and the homologous regions of
the HSV1 UL36 gene or its flanking 2,100-bp upstream and
474-bp downstream regions present in the Vero-HS30 cells, thus
repairing the mutations introduced into the BACs in E. coli. To
determine the ratio of mutated to reverted genomes, we titrated all
stocks in parallel on complementing Vero-HS30 cells and on non-
complementing Vero cells. This ratio was always at least greater
than 2,000 (Table 1), indicating that such infection experiments

FIG 4 Colocalization of pUL36 with cytoplasmic capsids. Vero cells infected with HSV1(17�) at an MOI of 10 PFU/cell were fixed at 4, 6, 8, 10, or 12 h
postinfection and prepared for immunofluorescence using antibodies directed against pUL36 aa 1408 to 2112 (middle, pAb 147) and the major capsid protein
VP5 (MAb 5C10) and TO-PRO-3, as for Fig. 3A. (A) For each time point postinfection, the pUL36 fluorescence intensity (gray value) was measured on
cytoplasmic capsids (capsid signal) and the diffuse cytoplasmic signal (diffuse cytoplasmic) was determined. The error bars indicate the standard deviation. (B)
These data were used to calculate the percentage of cytoplasmic capsids positive for pUL36.
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reflected the biology of the mutated and not the pUL36 wild-type
forms. Furthermore, the ratio of the number of DNase-protected
viral genomes to the number of PFU (26, 96) was about 200, and
thus, the specific infectivity of these preparations was similar to
that of the parental strain prepared in parallel. However, the
pUL36 levels in the complementing cell lines did not restore
growth of the mutants to wild-type titers, as has also been reported
before for another HSV1 �UL36 strain (98).

Next, we performed immunoblot analysis of Vero cells in-
fected with transcomplemented HSV1 UL36 virions which had
packaged functional wild-type pUL36 forms from the Vero-HS30
cells (Fig. 7). The HSV1 structural proteins gB, VP16, VP19c, and
VP22 were expressed in comparable amounts after infection with
HSV1 wild type or UL36 mutants. In cells infected with HSV1
�UL36, none of the antibodies directed against the N terminus,
the middle region, or the C terminus of pUL36 detected any
bands, indicating the absence of the entire protein. In contrast,
infection with HSV1(17�)blueLox yielded full-length pUL36 con-
taining N-terminal, middle, and C-terminal epitopes. Cells inoc-
ulated with transcomplemented UL36 mutants synthesized trun-

cated versions of pUL36 containing N-terminal and middle but
not C-terminal epitopes. Thus, the stop codons that had been
inserted into HSV1 UL36 were functional.

The internal HSV1 pUL36 amino acid residues 2430 to 2893
but not the C-terminal amino acid residues 2894 to 3164 are
required for targeting capsids to cytoplasmic membranes. Fur-
ther immunofluorescence microscopy studies revealed that nu-
clear capsid egress was unimpaired since newly synthesized cap-
sids were located in the nucleus and in the cytoplasm, irrespective
of the HSV1 UL36 mutant analyzed (Fig. 8, red). At 15 h p.i., the
majority of wild-type HSV1 cytoplasmic capsids were concen-
trated in cytoplasmic perinuclear patches (Fig. 8a and b). In con-
trast, after infection with mutants lacking the entire protein
(�UL36; Fig. 8e and f), the C-terminal 954 aa (2211stop; data not
shown), or just 735 aa (2430stop; Fig. 8i and j), individual capsids
were randomly dispersed over the entire cytoplasm. Capsids of the
mutant lacking only the C-terminal 167 aa behaved similar to
wild-type capsids and were also concentrated in perinuclear
patches (2998stop; Fig. 8q and r). Capsids of the mutant lacking
the C-terminal 271 aa (2894stop) showed an intermediate pheno-

FIG 5 Full-length pUL36 remains associated with parental, incoming HSV1 capsids. (A to C) Vero cells were either infected with HSV1(17�) at an MOI of 200
PFU/cell in the presence of cycloheximide and harvested at the indicated time points or mock treated for 3 h (mock). Additionally, gradient-purified HSV1(17�)
secreted from infected BHK cells and purified on a linear Nycodenz gradient (virus) was loaded. Proteins were separated on linear 5 to 15% SDS-polyacrylamide
gels, transferred to nitrocellulose membranes, and probed with antibodies directed against pUL36 aa 33 to 44 (A; Nterm, pAb R28), pUL36 aa 1408 to 2112 (B;
middle, pAb 146,), pUL36 aa 3048-3057 (C; Cterm, pAb R29), VP16 (MAb LP1), or actin (MAb 1501). (D) Vero cells were infected with HSV1(17�) at an MOI
of 50 PFU/cell in the presence of cycloheximide and fixed at the indicated time points with 3% paraformaldehyde, followed by TX-100 permeabilization. The cells
were labeled with antibodies directed against pUL36 aa 1408 to 2112 (green and a, e, and i; middle, pAb 147), the major capsid protein VP5 (b, f, and j and red
in c, g, and k; MAb 5C10), or the viral membrane protein gD (red in d, h, and l; MAb DL-6) and the nuclei (Hoechst dye; blue in c, d, g, h, k, and l) and analyzed
by epifluorescence microscopy.
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type; the capsids were dispersed over the entire cytoplasm (Fig. 8m
and n) or concentrated in perinuclear patches (Fig. 8m= and n=).

pUL36 was mainly localized in the perinuclear patches with
wild-type HSV1 (Fig. 8c, green), and inoculation with HSV1
�UL36 revealed no background signal (Fig. 8g). The capsids in the
perinuclear patches of wild-type HSV1 (Fig. 8b), the mutant lack-
ing the C-terminal 167 aa (2998stop; Fig. 8r), and most of

2894stop (Fig. 8n and n=) colocalized with pUL36 (Fig. 8d, p, p=,
and t, yellow). In contrast, the dispersed capsids of the other UL36
truncation mutants (shown only for 2430stop; Fig. 8j) colocalized
only rarely with cytoplasmic pUL36 (Fig. 8l, yellow). To examine
whether capsids associated with cytoplasmic membranes, infected
cells were double labeled with antibodies against capsids and gD
(data not shown) or against capsids and p230, the TGN marker
(Fig. 9A). The perinuclear capsid patches of wild-type HSV1 (Fig.
9Aa), the mutant lacking 271 aa (2894stop; Fig. 9Ag and g=), and
the mutant lacking 167 aa (2998stop; Fig. 9Aj) colocalized with gD
(data not shown) and p230 (Fig. 9Ac, i, i=, and l, yellow). In con-
trast, the dispersed cytoplasmic capsids (Fig. 9Ad) rarely colocal-
ized with gD (not shown) or p230 after infection with HSV1
�UL36 (data not shown) or with the mutants lacking 954 aa
(2211stop; Fig. 9Af) or 735 aa (2430stop; data not shown), indi-
cating that they were impaired in association with cytoplasmic
membranes and thus most likely in secondary envelopment.

To estimate the amount of cytoplasmic capsids, we determined
the position of the nuclei based on transmission images (Fig. 9Ba)
and digitally erased the nuclear but not the cytoplasmic capsid
signal (compare Fig. 9Bb with Bc). Using the software CellProfiler
(13), we determined the number of pixels occupied by cytoplas-
mic capsids, by p230, and by both as an indicator of the degree of

FIG 6 Generation and characterization of pHSV1(17�)-UL36 mutants. (A) Using the BAC pHSV1(17�)blueLox as parental wild type (86), we have constructed
pHSV1(17�)blueLox-�UL36 lacking the entire UL36 open reading frame. As further mutants, we have inserted stop codons together with a kanamycin
resistance cassette (upward-pointing arrows) upstream of the two potential ATP binding sites or up- and downstream of the prominent PQ repeat and generated
the BAC plasmids pHSV1(17�)blueLox-UL36codon2211stop, -UL36codon2430stop, -UL36codon2894stop, and -UL36codon2998stop to generate HSV1
strains expressing C-terminally truncated versions of pUL36. The expected fragment sizes after restriction digestions of the UL36 region with AscI, BamHI, or
EcoRI were calculated according to the published HSV1(17�) sequence (GenBank accession no. NC_001806). (B) Agarose gels of restriction endonuclease
digests of the parental pHSV1(17�)blueLox (wt); pHSV1(17�)blueLox-UL36codon2211stop, -UL36codon2430stop, -UL36codon2894stop, or
-UL36codon2998stop; or pHSV1(17�)blueLox-�UL36 (�) with AscI, BamHI, or EcoRI. The sizes of the restriction fragments and molecular mass markers are
indicated in kilobases. Altered fragments in the parental wt (�) and bands of the mutants shifted due to the insertion of the kanamycin resistance cassette with
the stop codon (�) are indicated. The bands of various sizes of about 2.6 kb after AscI digestion most likely reflected the repetitive a-sequences that occur in
various numbers in HSV1 genomes (86, 113).

TABLE 1 Revertant formation of HSV1(17�) UL36 mutantsa

HSV1 strain titrated

Titer
(PFU/ml [103])

Ratio of
mutant to
revertant
plaquesVero-HS30 Verob

HSV1(17�)blueLox NDc 400,000 ND
HSV1(17�)blueLox �UL36 12,000 �1 �12,000:1
HSV1(17�)blueLox-UL36codon2211stop 33,000 14 2,357:1
HSV1(17�)blueLox-UL36codon2430stop 29,000 9 3,222:1
HSV1(17�)blueLox-UL36codon2894stop 19,000 �1 �19,000:1
HSV1(17�)blueLox-UL36codon2998stop 29,000 �1 �29,000:1
a Preparations of HSV1 UL36 mutants were titrated in triplicate on the complementing
cell line Vero-HS30 and also on the noncomplementing parental Vero cells to
determine the amount of revertants in parallel. For comparison, the parental
HSV1(17�)blueLox strain from a parallel preparation was also titrated.
b The input virus caused severe cytopathic effects at higher concentrations.
c ND, not determined.
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colocalization of capsids with membranes containing the TGN
marker (Fig. 9C). In cells infected with wild-type HSV1, cytoplas-
mic capsids occupied about 5,900 pixels per cell. This amount
almost doubled after infection with HSV1 �UL36 or mutants
lacking the C-terminal 954 aa (2211stop) or 735 aa (2430stop).
These data suggest that the capsids of these mutants did not leave
the cells but, rather, accumulated in the cytoplasm. After infection
with the mutant lacking the C-terminal 271 aa (2894stop), the
cytoplasmic capsids covered about 6,800 pixels per cell, and after
infection with the mutant lacking only 167 aa (2998stop), the
cytoplasmic capsids covered about 6,000 pixels per cell, similar to
wild type. There was no significant difference in the number of
cytoplasmic p230 signals among the HSV1 strains. In contrast, the
area labeled for both p230 and the capsid protein VP26 revealed a
significantly lower association of HSV1 capsids with the TGN after
infection with HSV1 �UL36 or the mutants lacking the
C-terminal 954 aa (2211stop) or 735 aa (2430stop). On the other
hand, infection with wild-type HSV1 and the mutants lacking 271
aa (2894stop) or 167 aa (2998stop) displayed about 800 pixels per
cell occupied by both capsids and p230. These differences between
the mutants were particularly significant in relation to the higher
concentration of cytoplasmic capsids for HSV1 �UL36, 2211stop,
and 2430stop, which nevertheless did not result in a higher degree
of colocalization with the TGN marker p230.

To determine whether the pUL36 mutants underwent second-
ary envelopment and formed virions, we infected Vero cells at an
MOI of 10 and analyzed them by electron microscopy (Fig. 10).
Whereas after infection with HSV1 wild type many virions con-
taining capsids were attached to the plasma membrane of infected
cells at 12 or 14 h postinfection, infection with HSV1 �UL36 re-
sulted in the formation only of L particles lacking viral capsids.
The mutant HSV1 2211stop produced only L particles, similar to
the phenotype of the complete deletion of UL36 (Fig. 10F). How-
ever, the short deletions of HSV1 2894stop (Fig. 10H) and HSV1
2998stop (Fig. 10J) still secreted complete virions. Our data indi-
cate that we have generated two different types of dysfunctional
HSV1 UL36 mutants. First, in the absence of pUL36 or a large
C-terminal portion of pUL36, capsids accumulated in the cytosol,
no longer recruited pUL36, did not associate with cytoplasmic
membranes, and did not form virions. Second, those mutants
lacking only a smaller portion of the C terminus recruited the
truncated pUL36 forms onto cytosolic capsids, still associated
with membranes, and could assemble virions but nevertheless did
not form plaques and thus were not infectious.

The C-terminal 167 amino acid residues of HSV1 pUL36 are
required for targeting incoming capsids to the nucleus but not
for virus assembly and virus internalization. HSV1 mutants
lacking the very C terminus of pUL36 still formed virions but did
not generate plaques, possibly because subsequent cell entry was
perturbed. We therefore inoculated Vero cells at an MOI of 0.2
PFU/cell with UL36 mutants transcomplemented with wild-type
pUL36 and labeled the filamentous actin to indicate the cell
boundaries as well as the capsids and the transcriptional activator
VP16. Single seeder cells expressed large amounts of VP5 and
VP16 in the nucleus (Fig. 11, yellow). Cells infected with wild-type
HSV1 formed plaques (Fig. 11a), and the primary seeder cells were
surrounded by neighboring cells containing several capsids that
had been targeted to the nucleus (Fig. 11b; red in panels a and d).
Inoculation with HSV1 �UL36 (data not shown) or mutants lack-
ing C-terminal 954 aa (2211stop; data not shown) or 735 aa
(2430stop; Fig. 11e) resulted in isolated seeder cells with nuclear
and cytoplasmic capsids, but no capsids were detected in neigh-
boring cells (Fig. 11f).

In seeder cells inoculated with mutants lacking only the
C-terminal 271 aa (2894stop; Fig. 11i) or 167 aa (2998stop; Fig.
11m), there were nuclear and cytoplasmic capsids. Furthermore,
the neighboring cells surrounding those seeder cells contained
several cytoplasmic capsids, but only a minor fraction of those had
been targeted to the nucleus (Fig. 11j and n; Fig. 11l and p, red). To
assess whether such capsids represented intact virions or unenvel-
oped capsids that had been released into the cytosol upon viral
fusion with host membranes, we determined the subcellular local-
ization of VP16. As for the capsids, VP16 is released into the cyto-
sol only upon HSV1 fusion and then imported into the nucleus,
where it promotes early HSV1 transcription (5, 55). Cells infected
with wild-type HSV1 (Fig. 11c) or with the mutants lacking 271 aa
(2894stop; Fig. 11k) or 167 aa (2998stop; Fig. 11o) contained
VP16 in the nucleus, demonstrating that fusion of virions had
indeed occurred. In contrast, the cells in the immediate neighbor-
hood of the seeder cells inoculated with the mutant that lacks the
C-terminal 735 aa (2430stop; Fig. 11g) did not reveal any VP16
signal, supporting the observation that these cells did not contain
any viral particles. Control experiments demonstrated a low back-
ground signal in uninfected cells (Fig. 11q to t).

FIG 7 Synthesis of truncated HSV1 pUL36 proteins. Vero cells were mock
treated (mock) or infected at an MOI of 10 PFU/cell with HSV1(17�)
blueLox (wt) or with mutant HSV1(17�)blueLox-UL36codon2211stop,
-UL36codon2430stop, -UL36codon2894stop, or -UL36codon2998stop or
HSV1(17�)blueLox-�UL36 (�), transcomplemented with pUL36 by amplifi-
cation on Vero-HS30 cells, and harvested at 10 h p.i. The proteins were sepa-
rated by linear 5 to 15% gradient SDS-PAGE, transferred to nitrocellulose
membranes, and probed with antibodies directed against pUL36 aa 109 to 333
(A; pAb VP1-2 N), pUL36 aa 1408 to 2112 (B; middle, pAb 146), and pUL36 aa
3048 to 3057 (C; Cterm, pAb R29) and, as loading controls, antibodies against
VP16 (A to C; MAb LP1), gB (B; pAb R68), VP19c (B; pAb NC2), VP22 (B; pAb
AGV30), or actin (A to C; MAb 1501).
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FIG 8 Subcellular localization of truncated HSV1 pUL36 proteins. Vero cells were infected at an MOI of 0.2 PFU/cell with pHSV1(17�)blueLox (wt; a to
d), with the mutant HSV1(17�)blueLox-�UL36 (�UL36; e to h), or with HSV1(17�)blueLox-UL36codon2430stop (2430; i to l), -UL36codon2894stop
(2894; m to p and m= to p=), or -UL36codon2998stop (2998; q to t), transcomplemented with pUL36 by amplification on Vero-HS30 cells, and fixed at
15 h p.i. with 3% paraformaldehyde, followed by TX-100 permeabilization. The specimens were labeled with antibodies directed against VP5 (red and b,
f, j, n, n=, and r; MAb 5C10) or pUL36 aa 1408 to 2112 (green and c, g, k, o, o=, and s; middle, pAb 147) and analyzed by confocal fluorescence microscopy.
Parts of the overviews (a, e, i, m, m=, and q) are shown at higher magnification in the horizontally neighboring panels.
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FIG 9 Amino acids 2430 to 2893 of HSV1 pUL36 are required for capsid association with the trans-Golgi network. (A) Vero cells were infected at an MOI
of 0.2 PFU/cell with pHSV1(17�)blueLox (wt; a to c) or the mutant HSV1(17�)blueLox-UL36codon2211stop (2211; d to f), -UL36codon2894stop (2894;
g to i and g= to i=), or -UL36codon2998stop (2998; j to l), transcomplemented with pUL36 by amplification on Vero-HS30 cells, and fixed at 15 h p.i. with
3% paraformaldehyde, followed by TX-100 permeabilization. The specimens were labeled with antibodies directed against VP26 (red and a, d, g, g=, and
j; pAb) and a TGN marker protein (green and b, e, h, h=, and k; MAb p230) and analyzed by confocal fluorescence microscopy. (B) For quantification, the
position of the nuclei was determined by differential interference contrast (a), and the nuclear but not the cytoplasmic VP26 signal (b) was digitally
eliminated (c). (C) After infection with pHSV1(17�)blueLox (wt) or the mutants, the average number of cytoplasmic VP26-positive or p230-positive
pixels and the degree of apparent colocalization were measured for each virus in 60 cells derived from two independent experiments. The error bars
indicate the standard error of the mean. Significant differences according to a Mann-Whitney test are indicated: ���, P � 0.001; ��, P � 0.001 to 0.01; �,
P � 0.01 to 0.05.
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Next, we addressed whether pUL36 was associated with the
incoming capsids in the neighboring cells. To this end, we labeled
cells inoculated with 0.2 PFU/cell with antibodies against the cap-
sid protein VP5 and pUL36 as well as for filamentous actin (Fig.
12). Incoming wild-type capsids targeted to the nucleus in neigh-
boring cells of the primary seeder cells and contained pUL36 (Fig.
12d, yellow), whereas neighboring cells of those inoculated with
the mutants lacking 954 aa (2211stop) or 735 aa (2430stop) did
not contain either capsids or pUL36 (data not shown). In contrast,
neighboring cells of those inoculated with the mutants lacking
only 271 aa (2894stop) or 167 aa (2998stop) contained capsids
(Fig. 12f and j), but pUL36 could not be detected on those (Fig.

12g and k). Thus, any truncated pUL36 forms potentially pack-
aged into virions upon secondary envelopment had been lost from
incoming capsids during cell entry and were most likely undetect-
able by immunofluorescence microscopy due to their free diffu-
sion within the cytosol.

In summary, our data suggest that HSV1 pUL36 mutants lack-
ing only the very 271 or 167 aa of the C terminus were able to
assemble virions that left infected seeder cells and spread into
neighboring cells, where they released capsids into the cytosol
upon HSV1 fusion. However, such cytosolic capsids were not ef-
ficiently targeted to the nucleus, and the truncated pUL36 forms
apparently dissociated from these incoming capsids after viral fu-
sion.

DISCUSSION

In this study, we investigated the functions of the HSV1 essential
large tegument protein pUL36 during assembly and cell entry.
Using different antibodies, we show that various pUL36 forms
were synthesized during infection but that HSV1 virions predom-
inantly packaged the full-length form, as also reported for PrV
pUL36 (76). Our subcellular localization studies indicate that
HSV1 pUL36 wt was associated with cytosolic capsids after nu-
clear egress but prior to secondary envelopment and remained
capsid associated during virus egress and upon cell entry until
arrival at the nuclear pores. By deleting the entire gene or inserting
a functional stop at codon position 2211, 2430, 2894, or 2998 in
the BAC pHSV1(17�)blueLox (cf. Fig. 1), we have generated two
functionally distinct sets of mutants (summarized in Table 2).
Progeny capsids of the mutants lacking pUL36 entirely or with
larger C-terminal deletions were still able to egress from the nu-
cleus but could not recruit pUL36, nor could they associate with
membranes for secondary envelopment or assemble virions. In
contrast, the mutants with shorter C-terminal deletions recruited
pUL36 onto capsids and underwent secondary envelopment, vi-
rion formation, cell egress, and entry into neighboring cells. How-
ever, the incoming cytosolic capsids lost pUL36, were not targeted
to the nucleus, and were unable to induce HSV1 gene expression.

pUL36 capsid association during assembly. pUL36 was de-
tected as early as 4 h p.i. on unenveloped, cytosolic capsids but not
on nuclear capsids. As the infection progressed, pUL36 remained
capsid associated and accumulated in cytoplasmic patches that
also contained viral and host membrane proteins and thus most
likely represented the sites of secondary envelopment. Such a tran-
sient appearance of unenveloped cytosolic capsids is consistent
with our studies using dual-color HSV1(17�) strains, in which the
small capsid protein VP26 and gD had been tagged with different
autofluorescent protein domains (86).

Only later in infection, a mainly diffuse signal for HSV1 pUL36
appeared in the nucleus, while the homologous PrV pUL36 was
also detected in the cytoplasm but not in the nucleus (52, 81). Such
a subcellular localization of pUL36 supports the secondary reen-
velopment model of herpesvirus assembly in which the inner teg-
ument protein pUL36 is acquired by cytosolic capsids prior to
secondary envelopment but is harder to reconcile with the luminal
single-envelopment model that postulates that all tegument pro-
teins are recruited onto nuclear capsids prior to the envelopment
at the inner nuclear membrane.

However, our experiments do not exclude the possibility that
there may be other pUL36 forms, particularly those harboring the
NLS or pUL25 binding domains and possibly occurring later in

FIG 10 The C-terminal 270 amino acids of HSV1 pUL36 are dispensable for
secondary envelopment and virion assembly. Vero cells were infected at an
MOI of 10 PFU/cell with pHSV1(17�)blueLox (wt; A and B), the mutant
HSV1(17�)blueLox-�UL36 (�UL36; C and D), or HSV1(17�)blueLox-
UL36codon2211stop (2211; E and F), -UL36codon2894stop (2894; G and H),
or -UL36codon2998stop (2998; I and J) and prepared for electron microscopy
after 14 h or 12 h (E and F, respectively). Bars � 200 nm (A, C, E, G, and I) and
50 nm (B, D, F, H, and J).
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infection, that may associate with nuclear capsids in the nucleus
(2, 10, 16, 56, 92) but that were not detected by the antibodies
directed against epitopes of the middle region. Smaller C-terminal
fragments of PrV pUL36 or HSV1 pUL36 are redirected from the

cytosol to nuclear capsid assemblons upon virus infection (16,
56). Furthermore, if pUL36 binding to nuclear capsids would trig-
ger efficient nuclear egress, any steady-state concentration of nu-
clear capsids decorated with pUL36 would be low. Consistent with

FIG 11 The C-terminal 167 amino acid residues of HSV1 pUL36 are required for targeting incoming capsids to the nucleus, while the C-terminal 271 amino acid residues are
dispensable for egress and internalization. Vero cells were infected at an MOI of 0.2 PFU/cell with pHSV1(17�)blueLox (wt; a to d) or mutant HSV1(17�)blueLox-
UL36codon2430stop (2430; e to h), -UL36codon2894stop (2894; i to l), or -UL36codon2998stop (2998; m to p), transcomplemented with pUL36 by amplification on Vero-
HS30 cells or not infected (mock; q to t), and fixed at 15 h p.i. with 3% paraformaldehyde, followed by TX-100 permeabilization. The specimens were labeled with antibodies
directed against VP5 (red and b, f, j, n, and r; MAb 5C10) or VP16 (green and c, g, k, o, and s; pAb R230) and analyzed by confocal fluorescence microscopy. The insets (white
squares) are shown at higher magnification in the horizontally neighboring panels. The location of the cell borders was estimated based on staining with TRITC-phalloidin for
filamentous actin (blue in a, e, i, m, and q; continuous white lines), and the position of the cell nuclei was determined by differential interference contrast (dashed white lines).
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our morphology data, biochemical studies also reveal significant
amounts of pUL36 C-terminal and middle epitopes on capsids
isolated from intact virions but only very few C-terminal and no
middle region epitopes on similar amounts of capsids isolated
from the nuclei of infected cells (96, 111, 116). Moreover, PrV
pUL36 has been detected by immunoelectron microscopy on cy-
tosolic capsids and cytoplasmic enveloped virions but not on pri-

mary virions within the nuclear envelope after primary envelop-
ment (52, 81). These apparent discrepancies between HSV1 and
PrV may be due to differences between tagged and untagged forms
of pUL36 or indicate different subcellular localizations of different
pUL36 forms (2, 16, 52, 56, 72, 81).

The truncated pUL36 of the mutant 2211stop no longer bound
to capsids but was nevertheless not impaired in nuclear egress. It

FIG 12 The C-terminal 167 amino acid residues of HSV1 pUL36 are required to maintain capsid association during cell entry. Vero cells were infected at an MOI
of 0.2 PFU/cell with pHSV1(17�)blueLox (wt; a to d) or mutant HSV1(17�)blueLox-UL36codon2894stop (2894; e to h) or -UL36codon2998stop (2998; i to l),
transcomplemented with pUL36 by amplification on Vero-HS30 cells, and fixed at 15 h p.i. with 3% paraformaldehyde, followed by TX-100 permeabilization.
The specimens were labeled with antibodies directed against VP5 (red and b, f, and j; MAb 5C10) or pUL36 (green and c, g, and k; middle, pAb 147) and analyzed
by confocal fluorescence microscopy. The insets (white squares) are shown at higher magnification in the horizontally neighboring panels. The location of the cell
borders was estimated based on staining with TRITC-phalloidin for filamentous actin (blue in a, e, and i; continuous white lines), and the position of the cell
nuclei was determined by differential interference contrast (dashed white lines).

TABLE 2 Characterization of HSV1 UL36 mutantsa

HSV1 strain

Result by the following assay:

Nuclear egress and assembly Spread and cell entry

Nuclear
capsids

Capsids in
cytoplasm

Capsids
with
pUl36

Capsids at
TGN and gD

Virion
assembly

Spread to
neighbor cells

Fusion,
nuclear VP16

Capsids with
pUL36

Plaque
formation

wt � � � � � � � � �
�UL36 � � � � � � � � �
2211stop � � � � ND � � � �
2430stop � � � � � � � � �
2894stop � � � � � � � � �
2998stop � � � � � � � � �
a The HSV1 mutants of UL36 characterized in this study can be classified into two groups. In the absence of pUL36 (�UL36) or large C-terminal portions (2211stop, 2430 stop),
capsids left the nucleus and accumulated in the cytosol, but they no longer recruited pUL36 and did not associate with cytoplasmic membranes. Those mutants lacking only a
smaller portion of UL36 (2894stop, 2998stop) recruited the truncated pUL36 forms onto cytosolic capsids, still associated with cytoplasmic membranes, and formed virions that
entered neighboring cells. However, the incoming capsids did not contain pUL36, did not bind to the nucleus, and did not initiate viral gene expression. ND, not determined.
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lacks the very C-terminal pUL25 binding site between aa 3104 and
3164 and the stop codon has most likely destroyed the second
pUL25 binding site between aa 2037 to 2353, but it still contains a
potential capsid binding region within the N-terminal 161 aa (16,
92, 98). Surprisingly, pUL36 of 2430stop, which contains the sec-
ond pUL25 binding site, also no longer associated with cytosolic
capsids. This suggests either that regions downstream of aa 2429
contribute to the folding of the upstream pUL25 binding site or
that they comprise further binding domains that are required for
stable capsid association. The pUL36 of 2894stop was also reduced
on capsids. The colocalization of pUL36 with capsids was delayed,
even though this pUL36 was truncated about 540 aa downstream
of the region containing the pUL25 binding site, but the deleted
region may also either affect the folding of the upstream pUL25
binding site or contain further unknown capsid binding motifs.
The pUL36 of 2998stop colocalized with capsids as efficiently as
the full-length pUL36. Thus, the very C-terminal 167 aa contain-
ing the second C-terminal pUL25 binding site were not essential
to recruit pUL36 onto cytosolic capsids during assembly.

Furthermore, the pUL36 of the mutants 2998stop and, to a
slightly lesser extent, 2894stop also colocalized with cytoplasmic
membranes. Their cytosolic capsids recruited the C-terminal
truncated pUL36 forms that most likely bound via their
N-terminal third to the inner tegument protein pUL37 and to the
major tegument protein VP16 (cf. Fig. 1). Besides the two capsid
proteins VP19c and VP26, pUL37 could also bind to the outer
tegument protein VP11/12 (pUL46); furthermore, VP16 could
strengthen the association with the outer tegument via its binding
to VP22 (pUL49), vhs (pUL41), and VP11/12 and with the viral
envelope via binding to the viral glycoproteins gB, gD, and gH (31,
35, 53, 56, 96, 105, 114). Thus, pUL36 mutants that associated
with cytosolic capsids and still contained the binding motifs for
tegument proteins were able to form virions that were secreted
from inoculated cells. In the absence of pUL36, the other inner
tegument protein, pUL37, and also the recently characterized in-
teractions between pUL21-pUL16-pUL11 (44, 59, 114) appar-
ently did not suffice for cross-linkage between the capsid and the
outer tegument. This notion is also supported by the accumula-
tion of cytoplasmic capsids that lack pUL36 after inoculation with
HSV1(17�)blueLox-�UL36, -2211stop, or -2430stop. In con-
trast, cytoplasmic capsids of 2894stop or 2998stop contained
pUL36, and their concentration was similar to that after infection
with HSV1(17�)blueLox (Fig. 9C).

pUL36 capsid association during cell entry. HSV1 pUL36 re-
mained capsid associated until arrival at the nuclear envelope, as
reported using fluorescent tags or other antibodies (4, 18, 40, 62,
82) and consistent with its proposed functions in binding to mi-
crotubule motors and nuclear pores (5, 63, 96, 98, 116). When
only the most C-terminal pUL25 binding site was lacking
(2894stop, 2998stop), the producer cells still formed virions that
upon viral fusion delivered capsids into the cytosol. However,
those incoming capsids no longer maintained pUL36 on their sur-
face and were not efficiently targeted to the nucleus, either because
they could no longer recruit microtubule motors or because they
could not bind to nuclear pores. Similarly, newly assembled cyto-
solic capsids of an HSV1 mutant lacking UL36 entirely are unable
to target to other nuclei, after inoculated cells have been artificially
fused with neighboring uninfected cells into syncytia to overcome
the two plasma membrane barriers (98). However, the history of
these incoming capsids is different from that of the pUL36 mu-

tants 2894stop and 2998stop. Mutants 2894stop and 2998stop had
been able to recruit C-terminally truncated versions of pUL36
during assembly, presumably due to the pUL25 binding site lo-
cated between aa 2037 and 2353 (92) and the potential capsid
binding site within the 300 N-terminal amino acids of pUL36
(98). It seems that in the absence of the second C-terminal pUL25
binding site between aa 3104 and 3164 (16, 56, 92), the association
of pUL36 with capsids was sufficient for assembly but weakened
after viral fusion with the neighboring cells. Apparently, in addi-
tion to aa 2037 to 2353 (92), the region between aa 2430 and 2893
of pUL36 also contributed to its affinity for capsids and was re-
quired to maintain pUL36 on incoming capsids.

Interestingly, the amount of incoming wild-type capsids in the
neighboring cells (Fig. 12b) was similar to that after synchronous
infection (Fig. 5Dj), demonstrating that cell entry experiments
using MOIs of 50, as we had reported previously (26, 27, 65, 100,
106), represent cell entry conditions similar to those that occur in
a plaque assay.

Our results support the notion that different domains of
pUL36 form an assembly cross-linker between the capsid surface
and the other tegument proteins. The very C-terminal domain
binding to pUL25 is essential during cell entry, when the cytosolic
concentration of capsids and of pUL36 is low, whereas during
assembly, this binding site seems dispensable, since both capsids
and pUL36 are present in high concentrations. Furthermore, the
association between pUL36 and the capsids becomes irreversible
upon secondary envelopment, or the middle pUL25 binding site
on pUL36 may be active during assembly but specifically reversed
during cell entry.

On the other end of pUL36, the N-terminal binding to VP16, as
well as the bonds between pUL37 and other tegument proteins,
must be untied upon cell entry to permit transport of cytosolic
capsids from the host membranes toward the nucleus. It is tempt-
ing to speculate that binding of the viral glycoproteins to host
receptors such as heparan sulfate proteoglycans, �V�III integrin,
or nectin-1 (45) may transmit structural signals across the viral
membrane into the tegument, as shown, for example, in a change
in the binding properties of the tegument protein pUL16 (73).
Furthermore, the tegument kinases pUL13 and pUS3 might be-
come activated during cell entry, and the cytosol of cells late in
infection may comprise protein kinase and phosphatase activities
different from those in the naïve cytosol that incoming capsids
face upon entering uninfected neighboring cells. Indeed, the ma-
jor tegument proteins VP13/14, VP16, and VP22 are phosphory-
lated upon cell entry (83), and Jovasevic et al. (2008) have shown
that pUL36 is cleaved into smaller forms upon cell entry (49). Our
studies indicate that small interfering RNAs that perturb the syn-
thesis of pUL36 or small chemical compounds that compete with
the multiple interactions of pUL36 with capsids would effectively
block viral infection, plaque formation, and pathogenesis. The
evolutionarily conserved pUL36 may therefore provide a potential
target structure for the development of new drugs against infec-
tions with herpesviruses.
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