
Analysis of the Early Steps of Herpes Simplex Virus 1 Capsid
Tegumentation

Daniel Henaff, Gaudeline Rémillard-Labrosse, Sandra Loret, Roger Lippé

Department of Pathology and Cell Biology, University of Montreal, Montreal, Quebec, Canada

Herpes simplex virus type 1 particles are multilayered structures with a DNA genome surrounded by a capsid, tegument, and
envelope. While the protein content of mature virions is known, the sequence of addition of the tegument and the intracellular
compartments where this occurs are intensely debated. To probe this process during the initial stages of egress, we used two ap-
proaches: an in vitro nuclear egress assay, which reconstitutes the exit of nuclear capsids to the cytoplasm, and a classical nuclear
capsid sedimentation assay. As anticipated, in vitro cytoplasmic capsids did not harbor UL34, UL31, or viral glycoproteins but
contained US3. In agreement with previous findings, both nuclear and in vitro capsids were positive for ICP0 and ICP4. Unex-
pectedly, nuclear C capsids and cytoplasmic capsids produced in vitro without any cytosolic viral proteins also scored positive
for UL36 and UL37. Immunoelectron microscopy confirmed that these tegument proteins were closely associated with nuclear
capsids. When cytosolic viral proteins were present in the in vitro assay, no additional tegument proteins were detected on the
capsids. As previously reported, the tegument was sensitive to high-salt extraction but, surprisingly, was stabilized by exogenous
proteins. Finally, some tegument proteins seemed partially lost during egress, while others possibly were added at multiple steps
or modified along the way. Overall, an emerging picture hints at the early coating of capsids with up to 5 tegument proteins at
the nuclear stage, the shedding of some viral proteins during nuclear egress, and the acquisition of others tegument proteins
during reenvelopment.

The herpes simplex virus type 1 (HSV-1) particles are composed
of four layers, namely, an inner core containing the viral ge-

nome, a protein shell called the capsid, a multiprotein layer,
termed the tegument, and an envelope derived from cellular
membranes that contains viral glycoproteins. The most com-
monly accepted model for HSV-1 egress proposes that capsids
are assembled in the nucleus, incorporate viral DNA, bud
through the inner nuclear membrane, lose that first envelope
by fusion with the outer nuclear membrane, and are released
naked into the cytoplasm (1–3). The capsids are then reenvel-
oped later on at an intracellular organelle, where they acquire
their mature envelope (4).

While the site of capsid assembly and genome packaging is well
established, the addition of the tegument onto the capsid has not
been elucidated in detail. It is believed to occur sequentially during
virus egress in distinct cellular compartments, including the nu-
cleus, the cytoplasm, and the site of secondary envelopment (2, 3,
5–7). This complexity is likely due to three factors. First, at least 23
different viral tegument proteins may be present in mature extra-
cellular virions (8). Second, the tegument is involved in many
facets of the viral life cycle, including the migration of capsids on
microtubules (9–14), the anchorage of the capsids to nuclear
pores (15–20), the transactivation of viral genes (21), the modu-
lation of host protein expression (22, 23), viral latency (24), and
the regulation of the immune response (13, 25–27). Finally, many
tegument proteins also interact with each other and/or with viral
glycoproteins and accumulate at the trans-Golgi network (TGN),
where they altogether delineate the likely final envelopment site
(4, 5, 28).

The first interactions of newly assembled capsids with other
viral proteins take place in the nucleus. There, UL31 interacts with
the membrane-anchored UL34 protein, binds to the capsids, and
facilitates capsid budding through the inner nuclear membrane
(3, 29–38). Both subunits of the UL31/UL34 complex are sub-

strates for the US3 viral kinase (36, 38–43). UL31, UL34, and US3
are all believed to interact with the so-called nuclear C capsids at
the inner nuclear membrane to promote primary envelopment (3,
41). Interestingly, deletion mutants for UL31, UL34, and US3 be-
have differently, with the first two arresting capsids in the nucleus
(44–48), while US3 deletion causes the accumulation of perinu-
clear virions (40, 41, 46). Moreover, all three proteins are present
on perinuclear virions, but only US3 is found on cytosolic capsids
and in mature extracellular virions (8, 32, 33, 41, 49, 50). US3 thus
is one of the early tegument proteins recruited onto capsids, while
the UL31 and UL34 viral proteins are quickly shed from the cap-
sids. Similarly, both the UL41 and UL49 tegument proteins were
identified in mature virions and perinuclear virions (8, 50, 51) and
qualify as early tegument proteins.

Other tegument proteins also may interact with nuclear cap-
sids, but this is controversial. On one hand, both the UL36 and
UL37 tegument proteins partially localize to the nucleus (19, 52–
55). In the case of pseudorabies virus (PRV), a truncated form of
UL36 was reported to preferentially localize to the nucleus, while
full-length UL36 mainly localizes into the cytoplasm (56). Immu-
noblot analyses of enriched nuclear capsids detected both tegu-
ment proteins in some studies but not others (11, 14, 57, 58). In
addition, immunogold labeling failed to see UL36 on perinuclear
PRV capsids (59, 60). Finally, various reports debate the nuclear or
cytoplasmic accumulation of capsids upon deletion of UL36, rais-
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ing questions about the role UL36 plays during nuclear egress (61–
67). On the other hand, an increasing volume of evidence suggests
ICP0 and ICP4 are present on mature virions, but the intracellular
compartment where this interaction occurs is open for debate (8,
14, 68–78). Finally, whether any other tegument proteins also in-
teract with nuclear capsids presently is unknown.

At present, it is unclear which components of the tegument are
added to capsids prior to or during nuclear egress (here defined as
the primary tegument for the purpose of this study). It is equally
unclear which viral proteins are added or removed later on in the
cytoplasm or during the final envelopment of the capsids (defined
here as the secondary tegument). To shed light on this complex
viral maturation process, we used two complementary ap-
proaches. The first one relies on an in vitro nuclear egress assay we
previously reported and which reproduces in the test tube the exit
of HSV-1 capsids from infected nuclei into the cytoplasm (79).
Critical to the current study, naked cytosolic capsids are produced
in the presence of exogenous cytosol derived from uninfected
cells. Since this exogenous cytosol is devoid of any cytosolic viral
proteins, any tegument protein found on the cytoplasmic capsids
is either already present on the nuclear capsids or is added as a result
of capsid release from the nucleus. This represents a unique system to
study nuclear egress itself as well as the tegumentation process at the
early stages of egress. The second and classical assay relies on the
analysis of nuclear capsids directly isolated from infected nuclei and
enriched on a linear sucrose gradient (44, 57, 80–82).

We assessed primary tegumentation by immunoblotting the
cytosolic capsids produced in our in vitro assay as well as the pu-
rified nuclear C capsids using a battery of antibodies. In addition,
we took advantage of immunoelectron microscopy (immuno-
EM) analysis of nuclear capsids to confirm these interactions and
ruled out the possibility that tegument proteins identified by
Western blotting were copurifying aggregates. As anticipated, the
UL31 viral protein as well as the UL34 and gD integral membrane
proteins were absent from these capsids. Interestingly, five tegu-
ment proteins were detected both on in vitro cytosolic capsids and
in nuclear C capsids isolated on sucrose gradients (US3, ICP0,
ICP4, UL36, and UL37). Not surprisingly, the bulk of these tegu-
ment proteins was removed by high salts. The main surprise was
the stabilization of the tegument by irrelevant exogenous proteins.
Interestingly, the comparison of mature extracellular virions and
capsids produced in vitro suggests multiple rounds of addition for
some of the tegument proteins, hinting at a dynamic multistep
interaction between the capsids and the tegument proteins. Fi-
nally, an analysis of capsids produced in vitro in the presence of
cytosol containing viral tegument proteins suggests that the bulk
of remaining tegument components are recruited to the capsids
during their final envelopment stage. Altogether, these results
probe the initial stages of sequential addition of the tegument and
may ultimately provide some insights into the mechanism of
HSV-1 nuclear egress.

MATERIALS AND METHODS
Cells and viruses. HeLa S3 cells, a HeLa strain adapted to culture in
suspension, were grown in Joklik’s modified Eagle’s medium (JMEM;
Sigma-Aldrich) supplemented with 5% fetal bovine serum (Medicorp)
and 0.1 mM nonessential amino acids (Invitrogen). 143B, Vero, U2OS,
HS30 (64), BD45 (61), and n-33 cells (83) were grown in Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% fetal
calf serum (FCS; HyClone) and 2 mM L-glutamine (Invitrogen) in 5%

CO2. 143B cells were also supplemented with 15 �g/ml 5-bromo-2 de-
oxyuridine (BrdU; Sigma) except prior to infection. Wild-type (wt)
HSV-1 17� virus was provided by Beate Sodeik. Virus stocks were ex-
panded on BHK cells and titrated on Vero cells as described previously
(84). K�UL36 and K�UL37 were provided by Prashant Desai and were
expanded and titrated on HS30- or BD45-complementing cells, respec-
tively (61, 64). Null viruses lacking ICP0 (n212) (85) or ICP4 (n12) (83)
were provided by Priscilla Schaffer and were expanded and titrated on
U2OS or complementing n-33 cells, respectively. In the case of the deleted
K�UL36, K�UL37, and n12 (�ICP4) strains, nuclear capsids were ana-
lyzed by immuno-EM from noncomplementing Vero cells, while the
n212 (�ICP0) strains were produced on U2OS cells.

Antibodies. Primary antibodies for Western blotting and/or im-
muno-EM included the following: �UL6 and �UL31, provided by J. D.
Baines (45, 86); �UL7 and �UL14, provided by Y. Nishiyama (87, 88);
NC5 �VP23 and DL6 �gD, provided by R. J. Eisenberg and G. H. Cohen
(89, 90); �UL20 and �US3, provided by B. Roizman (91, 92); �UL34,
provided by R. Roller (45); 147 �UL36, provided by B. Sodeik and A.
Helenius (11); 780 �UL37, provided by F. J. Jenkins (54); ab5283
�VP13-14 LP1 and AGV031 �UL49, provided by G. Elliot (93, 94);
�VP16, provided by H. Browne (95); and 3114 �gE, provided by D. John-
son (96). The remaining antibodies are commercially available, including
�-ICP0 and �-ICP4 (Abcam), �-VP5 (East Coast Bio), �-PCNA (Chemi-
con Europe), �-calnexin (Stressgen), �-syntaxin 18 (Synaptic Systems),
and anti-�-tubulin (Santa Cruz). Horseradish peroxidase-coupled or
gold-labeled secondary antibodies (goat anti-mouse, goat anti-rabbit, and
donkey anti-chicken) were purchased from Jackson ImmunoResearch or
Cedarlane.

Isolation of nuclei. Nuclei were isolated from HeLa S3 suspension
cells as previously described (79, 97). Briefly, HeLa S3 cells grown in sus-
pension were infected with HSV-1 17� at a multiplicity of infection
(MOI) of 3. For radiolabeled preparations, a protocol adapted from the
work of Church and Wilson (98) was used as previously reported (79).
Eight hours postinfection (hpi), cells were pelleted and resuspended in
RSB (10 mM NaCl, 10 mM Tris-Cl, pH 8.4, 5 mM MgCl2) for less than 10
min. Cells were then broken mechanically. Nuclei were collected and en-
riched on a discontinuous iodixanol gradient at 10,000 � g for 30 min.
The nuclear fraction was collected, adjusted to 50% glycerol and 1 mM
dithiothreitol, and stored at �80°C.

Preparation of cytosol. Cytosol from either uninfected or HSV-1-
infected HeLa S3 cells were prepared as described before (79, 97). For this,
mock-infected cells or cells infected with HSV-1 17� at an MOI of 3 for 8
hpi were pelleted and resuspended in KEHM (50 mM KCl, 10 mM EGTA,
50 mM HEPES, pH 7.4, 2 mM MgCl2) supplemented with 1 mM dithio-
threitol and a mixture of protease inhibitors (8.25 �M chymostatin,
1.05 �M leupeptin, 0.38 �M aprotinin, and 0.73 �M pepstatin A;
Sigma-Aldrich). Cells were then broken and the cell lysates centrifuged
at 267,000 � g for 30 min at 4°C. At that speed, virions, unenveloped
capsids, and intracellular organelles and vesicles are quantitatively re-
moved (79 and data not shown). The protein concentrations of these
cytosol preparations were determined with a Bradford assay and the
cytosol stored at �80°C.

In vitro assay. Nuclei (described above) were incubated with nuclear
buffer (20 mM Tris-Cl, pH 7.4, 5 mM MgCl2, 100 mM KCl, and 1 mM
dithiothreitol) for 6 h at 37°C. Mock-treated or infected cytosol, usually 1
mg/ml, and an energy-regenerating system (17.3 mM creatine phosphate,
87 �g/ml creatine kinase, 2.17 mM ATP; Roche) were added as described
before (79, 97, 99).

Capsid and virion purification. Cytosolic capsids released in vitro
were separated from nuclei with a spin column mounted with a 0.45-�m
cellulose acetate filter (Costar) and centrifuged at 825 � g for 10 min at
4°C. The capsids were recovered from the permeate, diluted in TNE buffer
(20 mM Tris, pH 7.5, 500 mM NaCl, 1 mM EDTA) containing 0.1%
Triton X-100, and gently sonicated 10 times for 1 s each. The capsids were
then concentrated using an Amicon centrifugal filter device (Millipore)
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and resuspended in TNE prior to their being loaded onto a 4-ml Sephacryl
S-500 HR gel filtration column (GE Healthcare). Multiple 200-�l frac-
tions were collected. Fractions specifically containing capsids were deter-
mined by liquid scintillation (to detect the radiolabeled viral DNA) and
Western blotting (against capsid proteins VP23, VP5, and the cytoplasmic
component �-tubulin). Fractions enriched in viral capsids were finally
pooled and concentrated on a Microcon centrifugal filter device (Milli-
pore) with a molecular weight cutoff (MWCO) of 100,000.

Extracellular virions were purified as followed. HeLa S3 cells were
grown in suspension and infected with HSV-1 17� wt at an MOI of 5. The
extracellular milieu was collected at 24 hpi, centrifuged at 300 � g for 10
min at 4°C to remove intact cells, and treated with 50 �g/ml DNase I
(Roche) for 30 min at 4°C. The supernatant was filtered on a 0.45-�m
filter and centrifuged at 39,000 � g for 60 min at 4°C in a Beckman SW28
rotor. The pellet containing extracellular virus was resuspended in MNT
(30 mM morpholineethanesulfonic acid [MES], 100 mM NaCl, and 20
mM Tris-HCl, pH 7.4) and stored at �80°C.

Nuclear B and C capsids were isolated from HSV-1-infected Vero cells
at 18 hpi and resolved on a sucrose gradient as previously published (44,
57, 80–82), with some modifications. Briefly, infected cells were collected,
washed with phosphate-buffered saline (PBS), and resuspended in NP-40
lysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 2 mM MgCl2, 1%
Igepal, 5 mM dithiothreitol) at 1 � 107 cells/ml for 30 min on ice. The cell
lysate was then spun at 225 � g for 10 min and the nuclei resuspended in
low-salt TNE (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA) or
high-salt TNE (500 mM NaCl), cracked by 3 cycles of freeze-thaw, DNase
treated, and sonicated. These nuclear lysates were cleared at 11,000 � g for
30 min, and nuclear capsids were recovered using a 35% sucrose cushion.
B and C capsids were finally isolated on a 20 to 50% linear sucrose gradient
in low- or high-salt TNE at 100,000 � g for 1 h. The middle B capsids and
lower C capsids were collected, pelleted at 100,000 � g, and stored at
�80°C. To test the effect of salts and exogenous proteins on the stability of
the tegument, C capsids initially isolated from low-salt gradients were
incubated for 15 min at 37°C with high-salt TNE (500 mM NaCl) with or
without 1 mg/ml of BSA or 1 mg/ml cytosol derived from noninfected
cells, pelleted at 100,000 � g for 1 h, and stored at �80°C.

Electron microscopy. The purity of the in vitro-produced capsids was
analyzed by negative staining. Succinctly, purified capsids were adsorbed
on hexagonal 200-mesh copper grids coated with Formvar and carbon
(Canemco and Marivac). The samples were contrasted with 2% uranyl
acetate (Canemco and Marivac), washed in distilled water, and dried on
filter paper. For immuno-EM, nuclear C capsids were adsorbed on a
nickel grid for 30 min. The grids were then incubated for 1 h in blocking
buffer (PBS, 2% BSA, 0.2% gelatin) and then for 1 h with primary anti-
bodies diluted in blocking buffer. Following extensive washes with PBS
under magnetic agitation, the grids were incubated for 30 min with gold-
coupled secondary antibodies, washed again in PBS, and contrasted as
described above. All samples were examined on a Philips CM100 elec-
tronic microscope. Only beads directly in contact or no further than one
bead from the capsid edge (i.e., 10 nm) were considered positive. Further-
more, we arbitrarily separated the results in two groups to discriminate
strong labeling (�5 beads/capsids) from weaker labeling (�4 beads/cap-
sids) as previously reported (100). Quantification was done from several
independent fields and experiments (n � 200).

SDS-PAGE electrophoresis, Western blotting, and gel staining. Af-
ter boiling the samples for 10 min, they were loaded on 10 or 15% acryl-
amide SDS-PAGE gels in protein sample buffer (50 mM Tris-HCl, pH 6.8,
2% SDS, 0.1% bromophenol blue, 10% glycerol, and 2% �-mercaptoeth-
anol). Proteins were then transferred from the gels to polyvinylidene di-
fluoride (PVDF) membranes. The membranes were immersed for 1 h in
blocking buffer (5% nonfat dry milk, 13.7 mM NaCl, 0.27 mM KCl, 0.2
mM KH2PO4, 1 mM Na2HPO4, and 0.1% Tween 20) and subsequently
incubated for 2 to 4 h with primary antibodies diluted in blocking buffer.
The blots were then washed and probed with secondary antibodies con-
jugated to horseradish peroxidase. The detection was done with the Super

Signal West Pico chemiluminescent substrate (Pierce) on Kodak BioMax
Light film or using a ChemiDoc MP system (Bio-Rad). When indicated,
gels were instead stained with a 0.25% Coomassie 250 solution (Sigma)
for 10 min and washed in destaining buffer (5% acetic acid–50% metha-
nol) 3 times for 15 min. Alternatively, gels were stained with 0.1% silver
nitrate (Sigma) for 30 min, developed in sodium carbonate buffer (3%
sodium carbonate– 0.04% formalin), washed in 5% acetic acid, and
scanned.

Treatment of nuclei with trypsin. One hundred micrograms of unin-
fected or infected nuclei or cytosol was treated with or without 500 �l
(11,500 BAEE units) of immobilized tosylsulfonyl phenylalanyl chloro-
methyl ketone (TPCK) trypsin (Pierce). Trypsin beads were thoroughly
washed 3 times with digestion buffer (0.1 M NH4HCO3, pH 8.0) before
being added to the samples. Every sample (treated and mock treated) was
incubated in the digestion buffer for 2 h at 37°C with robust shaking. The
trypsin beads were then removed from the sample by a 1-min centrifuga-
tion at 300 � g. The supernatant was collected and treated for SDS-PAGE
and further processed for Coomassie blue staining or Western blotting.

RESULTS
Adaptation of the in vitro nuclear egress assay. To identify the
tegument present on HSV-1 capsids during the early stages of viral
egress, we took advantage of our published in vitro nuclear egress
assay (79, 97). The original assay relied on nuclei purified at 8 hpi
from [3H]thymidine-labeled infected HeLa cells and quantifica-
tion of viral egress 6 h later by liquid scintillation. We previously
demonstrated that this assay produces naked cytoplasmic capsids
in the presence of cytosol derived from infected cells or from cells
that never encountered the virus (79, 97). We thus first asked
which tegument proteins are present on these capsids. To ensure
that no viral protein could coat the capsids after their release into
the cytoplasm, the assays were initially performed with cytosol
derived from uninfected cells. Following the in vitro egress reac-
tion, the capsids were recovered according to the purification pro-
tocol described in Fig. 1. Briefly, they were passed over a 0.45-�m
filter to remove the nuclei, which largely preserve their integrity in
this assay (79, 97). Potential cytoplasmic capsid aggregates were
then broken up with mild nonionic detergent and gentle sonica-
tion. The capsids were recovered from the sample by gel filtration
over a high-porosity column with a broad resolution spectrum (20
kDa to 100 MDa). Unlike classical density centrifugation, which
can concentrate nuclear capsids but also contaminants with sim-
ilar densities, gel filtration allows the separation of small to very
large entities and hence should provide a better purity at the ex-
pense of concentration (typical dilution of samples by a few folds).
This is of course readily solved by concentrating the cleaner cap-
sids afterwards, in our case with a Microcon centrifugal filter de-
vice that further serves to remove smaller particles below its cutoff.
Gel filtration is particularly relevant here, as the expected capsid
mass is around 200 MDa (101, 102), implying that the capsids
should end up in the void volume of the column. In contrast,
individual proteins and complexes typically can range from a few
kDa to a few MDa and should be delayed and fractionated. Con-
sequently, fractions from the gel filtration column were analyzed
by liquid scintillation and Western blotting. Figure 1C indicates
that cytoplasmic proteins, exemplified by the �-tubulin marker,
eluted from the column in the 2- to 5-ml fractions. As expected,
[3H]thymidine-labeled capsids released in vitro were found in the
void volume of the column (i.e., between 1 to 2 ml), as confirmed
by Western blotting against the VP23 and VP5 capsid proteins
(Fig. 1C and data not shown). Capsid-enriched fractions were
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then pooled and concentrated using a Microcon centrifugal filter
device. Similar results were obtained with capsids produced in the
presence of cytosol prepared from infected cells (data not shown).

To visualize the efficacy of the purification protocol, each pu-
rification step was analyzed by Western blotting. Figure 2A indi-
cates the high abundance of VP5, VP23, gD, and �-tubulin in the
starting in vitro assay and the complete removal of gD and �-tu-
bulin in the final samples, indicating that the enrichment protocol
worked well. To confirm these findings, we also examined the
purity of the samples by EM negative staining for capsids released
in the presence of mock-infected or infected cytosol and noted
enriched capsids with some rare small debris (Fig. 2B). As before
(79), all capsids were naked and therefore were well suited to hav-
ing their tegument content analyzed.

UL36, UL37, ICP0, and ICP4 are primary tegument proteins.
Given the controversy surrounding the putative UL36, UL37,
ICP0, and ICP4 viral proteins as primary tegument proteins (see
Introduction), we first evaluated their presence by Western blot-
ting. To our surprise, full-length ICP0, UL36, and UL37 were

strongly enriched in the capsid fraction produced in the absence of
any cytoplasmic viral proteins. ICP4 was also readily and repro-
ducibly detected in these samples but was not particularly en-
riched compared to its total nuclear pool (Fig. 3). This differential
behavior for ICP4 may reflect its exclusive localization to the nu-
cleus (103). Indeed, if only a small portion of the nuclear ICP4
coats the capsids, then little ICP4 enrichment would be antici-
pated. In contrast, only 15% of all ICP0 is nuclear at 8 hpi (72,
104), when the nuclei were harvested. Thus, only a small portion
of the protein is present in the total in vitro assay, consequently
ICP0 can be detected only after capsid enrichment. To examine if
other tegument proteins are present, we probed several of them by
Western blotting using an array of previously characterized anti-
bodies (see Materials and Methods). VP22 and VP16 were not
detected, and trace amounts of UL7, UL14, and VP13-14 were
found, but due to their very low abundance, it was not clear if they
were true components of the primary tegument (data not shown).

Although the data suggested that, in addition to US3, full-
length UL36, UL37, ICP0, and ICP4 were also primary tegument

FIG 1 Purification protocol. (A) Schematic illustration of the in vitro assay and expected results. In this scheme, infected nuclei were incubated in vitro in the
presence of energy, nuclear buffer, and one of three conditions: no cytosol, cytosol derived from uninfected cells (mock-infected cytosol), or cytosol prepared
from HSV-1-infected cells (infected cytosol). Note that in the absence of cytosol, very few capsids should be produced. (B) Depiction of the protocol used to
purify HSV-1 cytoplasmic capsids produced in the in vitro assay. See Materials and Methods for details. (C) Enrichment of the in vitro capsids by gel filtration.
The viral DNA was radiolabeled by the addition of [3H]thymidine to infected cells, and the nuclei were isolated as detailed in Materials and Methods. After their
incubation in vitro with uninfected cytosol and preliminary steps of purification (as described for panel B), the cytoplasmic capsids were purified by gel filtration
and fractions collected. An equivalent volume from each fraction was analyzed for its radioactivity level to detect viral DNA and probed by Western blotting
against the capsid protein VP23 and against �-tubulin, a host protein. The box denotes fractions enriched in viral DNA and capsid proteins, which were
subsequently pooled and concentrated before proceeding to further analysis.
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proteins, two alternative explanations could be invoked. The first
one was the possible contamination of the nuclear preparations by
cytosolic tegument proteins. The second possibility was that viral
tegument proteins could be on the external face of the nuclei and
were added to the capsids immediately following their release. To
address the first issue, we examined whether the nucleus prepara-
tions used in the assay contained cytoplasmic viral proteins. To
this end, stocks of nuclei were passed over a 0.45-�m column to
remove the nuclei (79), and both control nuclei and filtrate were
analyzed by SDS-PAGE and Western blotting. As seen in Fig. 4A,
capsid and tegument proteins were found in the total nucleus
preparation, as expected, but none were found in the filtrate. This
not only ruled out the possible contamination of our nuclear
preparations with cytoplasmic tegument proteins but also con-
firmed the integrity of the nuclei when filtered over the 0.45-�m
column. It also excluded the presence of tegument aggregates in
the preparations, which would end up in the filtrate over such
large-pore filters, unless such aggregates were significantly larger
than the capsids, which do pass through such filters (79). To ex-
amine the second scenario, the nuclei were subjected to trypsin
treatment to digest the proteins from their exterior surfaces, rea-
soning that if a tegument protein was present outside the nuclei, it
should be digested under these conditions. To prevent the passive
diffusion of the small protease (23.2 kDa) through the nuclear
pores, trypsin bound to 1-�m Sepharose beads was used. As
shown in Fig. 4B, the enzyme efficiently digested all the proteins

found in infected cytosol. In addition, treatment of nuclei effi-
ciently removed calnexin and syntaxin 18, two integral membrane
proteins found in the endoplasmic reticulum/outer nuclear enve-
lope (Fig. 4C). This indicated that the trypsin was functional and
could digest transmembrane proteins despite the large Sepharose
beads. In contrast, the trypsin had no discernible effect on the
tegument proteins when whole nuclei were treated with the en-
zyme (Fig. 4B), indicating that tegument proteins detected in our
assay were exclusively inside the nuclei. Altogether, these results
argued in favor of UL36, UL37, ICP0, and ICP4 as components of
the primary tegument.

Analysis of secondary tegument. So far, our energies were fo-
cused on capsids produced in the presence of uninfected cytosol,
hence defining the primary tegument. However, it is of upmost
interest to determine whether additional tegument proteins are
added to the capsids once they reach the cytoplasm. Fortunately,
the in vitro assay theoretically can address this point by assaying
the tegument content of capsids produced in the presence of in-
fected cytosol, i.e., containing a full set of cytoplasmic tegument
proteins but lacking intracellular organelles, such as the TGN and
even small vesicles/tubules. It is thus possible to probe the sequen-
tial addition of the tegument in the nucleus and the cytoplasm and
by deduction during reenvelopment. Infected nuclei thus were
incubated in vitro in the presence of HSV-1-infected cytosol, and
the released capsids were purified and analyzed by Western blot-
ting as described above. Surprisingly, while the tegument proteins
described above were present, none of the additional viral proteins
tested were detected on the capsids under these conditions (data
not shown). This observation argues that additional tegument
proteins can be added primarily at the site of reenvelopment, al-
though we cannot rule out that the in vitro assay inefficiently re-
produces this tegumentation step due to, for example, a lower
protein concentration in vitro (1 mg/ml) than in vivo (100 mg/ml)
(105).

FIG 2 Purity of in vitro-released HSV-1 capsids. (A) Two-microgram aliquots
from each step of the purification method were analyzed by SDS-PAGE and
Western blotting to evaluate the purity of the samples following the in vitro
assay done in the presence of mock-infected cytosol. The final step (concen-
trated purified capsids) was enriched in capsid proteins (VP5 and VP23) and
devoid of gD, a glycoprotein associated with the viral envelope. Alpha-tubulin,
a cellular component, was also absent from the final enriched material. (B)
Capsids purified as described for panel A were subsequently visualized by
negative staining and EM to visually inspect their purity. (Left) Capsids re-
leased from nuclei incubated in mock-infected cytosol. (Right) Capsids re-
leased from nuclei incubated in infected cytosol. Scale bar, 100 nm.

FIG 3 Western blot analysis of in vitro cytoplasmic capsids produced in the
presence of mock-infected cytosol. HSV-1 17� wt-infected nuclei were incu-
bated for 6 h at 37°C with energy and uninfected cytosol. The capsids were then
purified as described for Fig. 1. Five micrograms of mock- or HSV-1-infected
cell lysates (antibody controls) and 10 �g of total in vitro assay, 0.45 �m filtrate
(unpurified capsids), or concentrated purified capsids were loaded and ana-
lyzed by Western blotting, as indicated to the left of each panel. The results
revealed that UL36, UL37, ICP0, and ICP4 were detected on the purified cap-
sids.
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The tegumentation process seems to be dynamic. Our next
concern was the fate of the primary tegument proteins. To address
this point, we compared by Western blotting the abundance of
tegument proteins on cytosolic capsids produced in vitro to that of
mature extracellular virions. Since equal amounts of virions and
in vitro capsids were loaded (normalized for VP5) (Fig. 5), we
could visually compare the relative abundance of each tegument

protein. It was apparent that the abundances of ICP0, UL36, UL37,
and US3 were all somewhat increased in mature virions, suggest-
ing that these proteins are added in multiple rounds, i.e., at the
nuclear stage and again later on. Once again, we could not rule out
an inefficient in vitro tegumentation process or a loss of some
tegument proteins during capsid purification, or that the extracel-
lular virion preparations include L-particles with different tegu-
ment stoichiometries. Conversely, ICP4 seemed less abundant in
mature virions. Finally, both UL37 and US3 qualitatively differed
in the mature virions compared to the cytoplasmic capsids. In the
first case, an upper 140-kDa band virtually disappeared in mature
virions, while a 120-kDa immunoreactive protein was present in
both samples (Fig. 5). For US3, while a 69-kDa band was stable in
both samples, a 68-kDa band was apparent only on extracellular
virions. If true, these findings argue for a dynamic interaction
between the capsids and the tegument proteins and the possible
processing of some tegument proteins along the egress route.

Nuclear C capsids are coated with the same tegument pro-
teins as the in vitro cytosolic capsids. UL36, UL37, ICP0, ICP4,
and US3 were detected on capsids produced in the absence of
cytosolic viral proteins (Fig. 3). Given that these tegument pro-
teins are unlikely to have coated the capsids from outside the nu-

FIG 4 Absence of cytosolic tegument proteins from nuclear preparations. (A)
Five micrograms of nuclei used in the in vitro assay was incubated for 6 h at
37°C and filtered on a 0.45-�m column to gently remove the nuclei. All of the
resulting filtrate was resolved by SDS-PAGE and analyzed by Western blotting.
Controls included 5 �g of untreated nuclei. None of the viral proteins UL19,
ICP0, ICP4, UL36, and UL37 was found in the nuclear filtrate. (B) To demon-
strate that viral tegument proteins were not attached to the external face of the
nuclei, 100 �g of nuclei was digested with Sepharose-bound trypsin. As a
control for the enzyme activity, 100 �g of infected cytosol was also digested
with the same amount of enzyme. The samples were analyzed by SDS-PAGE
and Coomassie blue staining (upper panel). In the lower panels, 10-�g ali-
quots of proteins were used for Western blotting with various antibodies. (C)
Fifteen micrograms of mock-infected or infected nuclei were digested with
Sepharose-bound trypsin or were mock treated. Samples were analyzed by
Western blotting with antibodies against the calnexin and syntaxin 18 integral
membrane proteins. Mock-infected cell lysates were included as antibody con-
trols.

FIG 5 Western blot analysis of primary tegument proteins (in vitro assay).
HSV-1 17� wt-infected nuclei were incubated for 6 h at 37°C with energy and
mock-infected cytosol in the absence of any cytosolic viral proteins or organ-
elles. Following their purification, the capsids released were analyzed by SDS-
PAGE and Western blotting. As a control, extracellular virions were also
loaded (normalized to have the same amount of VP5 as the in vitro capsids) to
evaluate the relative quantities of the tegument proteins. Mock-treated or
HSV-1-infected total cell lysates served as antibody controls. Controls �, viral
capsid proteins expected in the purified capsids; controls �, viral proteins that
should be absent from the purified capsids.
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cleus (Fig. 4), presumably they were added to the capsids within
the nucleus. Of these, only US3 is known to be on both enveloped
perinuclear and mature extracellular virions (8, 41). To indepen-
dently evaluate the composition of the primary tegument, we
opted to isolate nuclear capsids by classical means to determine if
our results are biologically relevant or simply an artifact of the in
vitro assay. Past studies addressed this question by analyzing nu-
clear C capsid composition, sometimes with conflicting results
(11, 14, 56, 57, 77, 78). For instance, both ICP0 and ICP4 are
detectable on nuclear C capsids isolated in the presence of low salt
(100 to 200 mM) (78) but not on any type of nuclear capsids in the
presence of high salt (500 mM) (11, 14, 57). In addition, while
some residual UL36 and UL37 are still discernible on nuclear C
capsids using high salt (56, 57), others did not detect them using
similar conditions (11, 14).

Considering the impact of salt concentrations on tegument
stability, we decided to analyze in parallel our nuclear C capsids
with both low and high concentrations of salt. Hence, nuclear C
capsids and control B capsids were isolated at 18 hpi by classical
sucrose sedimentation (44, 57, 80–82) in the presence of 150 or
500 mM NaCl (Fig. 6A). The capsids were then silver stained to
visualize their protein pattern and visualized by EM negative
staining for their relative purity (Fig. 6B and C). The EM negative
staining revealed that B and C capsids were devoid of any aggre-
gates and displayed the expected morphology and protein pat-
terns (77, 78, 80, 86, 106). Western blot analysis subsequently
showed that the C capsids were free of US3, UL36, UL37, ICP0, and
ICP4 when incubated under high-salt conditions, whereas these
full-length tegument proteins were all present on capsids incu-
bated at a low salt concentration (Fig. 6C). This highlighted the
sensitivity of the tegument to salts. Finally, we probed the presence
of these tegument proteins on B capsids, which are expected to
lack most tegument proteins (14, 78). Figure 6C indicates that this
was indeed the case, confirming the specificity of the labeling and
ruling out the presence of tegument aggregates that merely copu-
rify with viral capsids along the sucrose gradient.

As detailed in Materials and Methods, the in vitro assay was
performed in the presence of 1 mg/ml of cytosol, and the released
capsids were enriched in the presence of 500 mM NaCl. Thus, the
tegument proteins detected on the in vitro capsids seemed resis-
tant to high salts, in apparent contradiction with the findings de-
scribed above. One main difference between these in vitro samples
and our nuclear capsid preparations is the presence of exogenous
proteins in the form of cytosol. Since this cytosol was usually de-
rived from uninfected cells, it could not be a source of exogenous
tegument proteins. We thus investigated the impact of proteins on
the stability of the tegument. Nuclear C capsids thus were isolated
on 150 mM NaCl sucrose gradient in the absence of exogenous
proteins, incubated with high salt (500 mM NaCl) in the presence
of 1 mg/ml BSA or 1 mg/ml of mock-infected cytosol (derived
from uninfected cells), and probed by Western blotting. Figure 6D
shows that exogenous proteins during purification of C capsids
did indeed stabilize tegument protein interactions with the cap-
sids. This effect was not specific, as BSA could also stabilize the
tegument to a large extent. Consequently, our results with the in
vitro assay are fully consistent with those using purified nuclear C
capsids despite the exposure of the in vitro capsids to high salts.

To confirm that the detection of tegument proteins in the cap-
sid preparations was not due to contamination of unbound tegu-
ment proteins or aggregated tegument proteins that might cosedi-

ment with the capsids, we next quantified by immuno-EM the
presence of ICP0, ICP4, UL36, or UL37 on nuclear C capsids. We
also examined VP5, US3, the nuclear marker PCNA, the viral gly-
coproteins D and E, UL20, and UL31 as controls. Secondary anti-
bodies alone were also used as control background signals. As
further controls, the efficiency of antibodies against viral glyco-
protein gD was tested on mature extracellular viruses. Not sur-
prisingly, nearly all nuclear capsids (99%) were labeled with the
major capsid protein VP5, with most of them (86%) harboring
more than 5 beads/capsid (Fig. 7). Similarly, roughly 60% of the
capsids scored positive for US3, albeit with a lower efficiency (14%
with �5 beads/capsid), in agreement with their lower abundance
on capsids (8, 107). As expected, none of the negative-control
antibodies labeled the nuclear capsids (Fig. 7A), whereas nearly all

FIG 6 Western blot analysis of nuclear C capsids. (A) Intranuclear capsids
from infected Vero cells were separated on a 20 to 50% linear sucrose gradient
in the presence of 150 or 500 mM NaCl. A, B, and C indicate the nuclear capsid
types. (B) B and C capsids were visualized by negative staining and EM to
visually inspect their purity. (C, top) Silver staining of B and C capsids isolated
from sucrose gradient (top). (Bottom) B and C capsids from the sucrose gra-
dients described for panel A were probed by Western blotting. (D) C capsids
were initially isolated from the sucrose gradient in the presence of 150 mM
NaCl and subsequently incubated in high salt (500 mM) in the presence or
absence of exogenous proteins (either 1 mg/ml BSA or 1 mg/ml cytosol derived
from noninfected cells), pelleted, and analyzed by SDS-PAGE and Western
blotting. As antibody controls, mock-treated and infected cell lysates were also
loaded in panels C and D (normalized to have the same amount of VP5 as the
C capsids).
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extracellular virions were positive for the viral glycoprotein gD
(98%) (data not shown). Interestingly, the nuclear capsids were
also labeled for ICP0, ICP4, UL36, or UL37 with efficiencies similar
to those of US3, ranging from 40% for ICP0 to 78% for UL36 (Fig.
7A). We did not notice any tegument aggregates by EM.

To confirm the specificity of the labeling, we next purified nu-
clear C capsids on noncomplementing cells infected with viruses
lacking ICP0 (n212; [85]), ICP4 (n12; [83]), UL36 (K�UL36;
[61]), or UL37 (K�UL37; [64]). Unfortunately for n12 (�ICP4),
we were unable to produce nuclear capsids on noncomplementary
cells, whereas for K�UL36 and K�UL37, de novo synthesis of UL36
or UL37 is not required for the assembly of nuclear capsids (61,
64). In the case of n212 (�ICP0; [85]), it was produced on U2OS
cells, which do not express any ICP0 but somehow complement
the deletion (108). As expected, these null viruses were all negative
for their respective deleted tegument proteins (Fig. 7A, �C cap-
sids). Finally, to further confirm that the tegument is salt sensitive,
we probed nuclear C capsids isolated from high-salt sucrose gra-
dients (i.e., 500 mM NaCl). These immuno-EM analyses revealed
that only residual amounts of these tegument proteins were de-
tectable on the capsids, ranging between 10 and 25% (Fig. 7B), in
agreement with previously reported values (11, 14). Our data thus
are all consistent with at least five tegument proteins coating nu-
clear capsids and confirm past reports that these interactions are
sensitive to high salt concentrations.

DISCUSSION

The tegument is among the least understood of the herpesvirus
components and the subject of intense scrutiny. It is generally
believed that in the initial stages of egress, the nuclear capsids
interact with US3 in the nucleoplasm and with UL31 and UL34
viral proteins upon their interaction with the inner nuclear enve-
lope (3, 31–33, 41, 49). UL31 and UL34 are present on perinuclear
virions but are shed as the capsids enter the cytoplasm (8, 40, 41).
In contrast, US3 remains capsid associated in mature virions and
constitutes one of the first tegument proteins recruited onto the

newly assembled capsids. A number of laboratories have ad-
dressed the issue by immuno-EM, deletion mutants, and immu-
nofluorescence (see Introduction). In this study, we took advan-
tage of a unique in vitro assay that reconstitutes HSV-1 nuclear
egress in combination with a classical nuclear capsid sedimenta-
tion assay. These assays are most useful, since downstream viral
intermediates are absent. The absence of UL31, UL34, gD, UL20,
and �-tubulin (Fig. 3 and 5) and the enrichment of capsid proteins
in the final viral preparations (Fig. 2 and 3) all were evidence that
the in vitro assay performed as expected.

The present study revealed the presence of US3, ICP0, ICP4,
UL36, and UL37 on cytosolic capsids produced in vitro (Fig. 3, 5, 6,
and 7). Given the absence of cytosolic viral proteins and intracel-
lular organelles (Fig. 3 and 5), these tegument proteins could only
reasonably coat the capsids within the nucleus or at its external
surface. The latter scenario is unlikely, since the tegument proteins
were protected from digestion by trypsin outside the nuclei (Fig.
4). Consequently, the tegument proteins most likely were re-
cruited in the nucleus prior to nuclear egress or during the bud-
ding process through the inner nuclear membrane. These findings
are corroborated by the detection of the same proteins on nuclear
C capsids purified in the presence of low salts (i.e., 150 mM NaCl).
Moreover, immuno-EM analyses clearly demonstrated the spe-
cific coating of nuclear C capsids with US3, UL36, UL37, ICP0, and
ICP4 (Fig. 7).

Others have shown that UL36 and UL37 have a tendency to
smear across several fractions on density gradients, indicative of
stickiness, oligomerization, and/or aggregation (57). Despite this,
these potential tegument aggregates are an unlikely explanation
for our findings for a number of reasons. First, if tegument aggre-
gates were present in the in vitro assay, they would be present in the
nuclear filtrate, since they would be anticipated to pass through
the 0.45-�m filter (as do the capsids), but this was not the case
(Fig. 4). The exception would be aggregates much larger than
capsids, which should be visible by EM (see below). Second, we
could not detect ICP0, ICP4 UL36, UL37, and US3 on B capsids,

FIG 7 Immunogold labeling of tegument proteins on nuclear C capsids. (A) Intranuclear wt C capsids were isolated from infected Vero cells on a 150 mM NaCl
sucrose gradient and labeled by immunogold with antibodies specific for the following tegument proteins: US3, ICP0, ICP4, UL36, and UL37. Positive-control
antibodies included VP5 (capsid control), while negative controls included the viral glycoproteins gD and gE, the viral proteins UL20 and UL31, and the nuclear
host marker PCNA. Intranuclear capsids isolated from ICP0, UL36, or UL37 null mutants (�C capsids) were also isolated from noncomplementary cells (see
Materials and Methods). (B) Intranuclear wt C capsids were isolated from infected Vero cells on a 500 mM NaCl sucrose gradient and labeled by immunogold
with antibodies specific for the following tegument proteins: ICP0, ICP4, UL36, UL37, and US3. In panels B and C, quantification of labeled capsids was measured
by counting 200 capsids for each sample. Only beads within 10 nm (i.e., one bead equivalent) were considered positive. Strong labeling (black) and weak labeling
(white) were determined by the number of beads/capsid. Results are shown as percentages of labeled capsids.
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indicating that tegument aggregates do not randomly copurify
with the capsids (Fig. 6). Third, two different approaches (classical
nuclear C capsids and in vitro-generated cytosolic capsids) gave
identical results (i.e., positive for US3, ICP0, ICP4, UL36, and
UL37), and this occurred with two distinct techniques (Western
blotting and immuno-EM). Fourth, these two capsid types were
generated by radically different protocols involving very distinct
biophysical properties, i.e., density (sedimentation) or shape and
mass (gel filtration). It seems unlikely that putative tegument ag-
gregates would, by chance, behave as capsids under both condi-
tions. Fifth, the Sephacryl S-500 column used in this study sepa-
rates macromolecules ranging from 20 to 100,000 kDa, with
anything larger than 100,000 kDa ending up in the void volume.
Published estimates evaluate the HSV-1 viral capsids at 200,000
kDa (101, 102), meaning it should end up in the void volume of
the column, as we indeed found (Fig. 1). If present, only very large
aggregates visible by EM could end up in the same fraction as the
capsids, which was not the case. Moreover, the antibody-labeled
gold beads did not interact with large structures other than cap-
sids. Thus, neither smaller (filterable) nor larger (EM) aggregates
were found. Finally, B capsids were devoid of detectable UL36,
UL37, US3, ICP0, and ICP4 (Fig. 6), arguing that these tegument
proteins were not detected on C capsids because they form aggre-
gates that are largely dispersed along the gradient. These findings
are strong evidence these tegument proteins are indeed compo-
nents of the primary tegument coating nuclear C capsids. They
also confirm the usefulness and relevance of the in vitro nuclear
egress assay to study the complex tegumentation process.

The nuclear recruitment of most tegument proteins seen in
this study is consistent with some past findings reporting their
presence in the nucleus or their detection on nuclear or perinu-
clear capsids (53–57, 78, 109). This contrasts with other reports
that did not see UL36, UL37, ICP0, or ICP4 in those locations (11,
14, 59, 60, 77). This apparent discrepancy may in part be explained
by technical issues. First and foremost, the stability of the tegu-
ment is clearly salt dependent (this study and references 11, 14, 76,
and 78), and past studies looking at nuclear capsids typically relied
on high salts to get clean capsids, including those addressing teg-
ument composition (11, 14, 32, 33, 56, 57, 110–113). Second, the
tegument is stabilized by the addition of carrier proteins like BSA
or even mock-infected cytosol (Fig. 6), which explains why in our
in vitro assay, the tegument is still capsid bound despite treatment
with high salts. Another element is a recent study reporting that
while a minor population of UL36 is detectable in the nuclei of
infected Vero cells, none could be seen in rabbit skin cells (19),
arguing that UL36 is in very low abundance in the nucleus or that
the presence of UL36 in the nucleus is cell type specific. Interest-
ingly, Leelawong and colleagues (56) recently suggested that for
PRV, this very minor nuclear population of UL36 is mainly com-
posed of a C-terminally truncated form of the protein using an
anti-UL36 peptide antibody targeting amino acids 2818 to 2836.
However, our data are rather consistent with the full-length UL36
being on nuclear capsids (Fig. 3, 5, 6). It is not clear what justifies
such a discrepancy.

Interestingly, Cardone and colleagues noted a penton-capping
density on heated T36 capsids that is absent from nuclear capsids
(111). T36 capsids are extracellular virions that are extracted with
0.5 M NaCl and Triton and heated to 37°C to additionally strip
UL37. Under these conditions (114), many tegument proteins fall
off the capsid, and the authors concluded that the penton-capping

density can only be UL36, since other tegument proteins were not
anticipated. They consequently concluded that nuclear capsids,
which lack this density (58), must be devoid of UL36. Unfortu-
nately, it is possible that a number of tegument proteins do remain
capsid associated in this scenario. For example, ICP0 and ICP4,
which were not examined in the above-described study, have been
shown to resist high salts in some studies (14, 76–78). This may
also be true of other uncharacterized tegument proteins. It thus
remains to be confirmed if the penton densities truly are UL36.
Another explanation is that tegument stability differs between ex-
tracellular viruses, cell-associated viruses, and nuclear capsids. In-
deed, Newcomb and Brown demonstrated that upon Triton and
salt treatment, while extracellular virus tegument remains stable,
cell-associated virus tegument is lost (115). The same conclusion
may explain why the penton-capping density is lost on C capsids
and not on extracellular viruses after purification.

The presence of ICP0 and ICP4 on nuclear C capsids is not
surprising, given that both are present in that compartment at
some point. Similarly, UL36 as a primary tegument is intuitive,
since it is an inner tegument protein, possesses a nuclear localiza-
tion signal (NLS), may allow capsid transport along the cytoskel-
eton during egress, and presumably brings the capsids to the site of
reenvelopment (9–12). Given that UL37 binds to UL36 (59, 116), it
may simply come along. The absence of the UL49 tegument pro-
tein in our study, identified in mature virions (8) and in a recent
proteomic analysis of perinuclear HSV-1 virions (50), is puzzling.
In principle, it should have been detected on nuclear capsids, but
we cannot explain this discrepancy. It may not have been detected
here due to the purification conditions and tegument stability,
since outer tegument proteins display weaker interactions with
the capsids than inner tegument proteins. Despite this caveat, the
present study suggests that some of the tegument proteins present
in mature virions are acquired at the nuclear stage of viral egress.

The addition of the primary tegument proteins to the capsids
in the early phase of egress raises an important question as to their
roles. Several plausible options come to mind, though additional
work is needed to explore these avenues. Given the lack of accu-
mulation of capsids in the nucleus upon the deletion of UL36 in
some studies (61, 62, 65, 67), it does not appear to modulate nu-
clear egress per se. Some of the primary tegument may be involved
in the transport and/or targeting of the capsids to the inner nu-
clear membrane within the nucleus or in the actual passage
through the two nuclear envelopes, serve as a scaffold for the ad-
dition of secondary tegument proteins, transport and/or dock the
capsids to site of final envelopment, or simply be required for the
next round of infection.

Despite the addition of infected cytosol during the in vitro as-
say, no additional proteins were detected on the cytosolic capsids
produced in vitro. It may of course be that the process of tegumen-
tation is less efficient in vitro than in infected cells. However, it is
tempting to speculate that many of these additional tegument pro-
teins are added to the capsids further downstream at the site of
reenvelopment. The presence of several tegument proteins at the
TGN (5) argues in favor of such a scenario.

It should be pointed out that addition of a tegument protein to
the capsid in the nucleus does not need to be exclusive, since
multiple rounds of additions are possible. This may be supported
by the apparent greater abundance of ICP0, UL36, and UL37 in
mature extracellular virions compared to the capsids released in
vitro (Fig. 5). Qualitative differences in the US3 and UL37 protein
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patterns are also suggestive of such dynamism (Fig. 5). We also
cannot rule out that these differences are due to the presence of
L-particles in the extracellular virus preparations, which may
change the relative abundance of some tegument proteins com-
pared to VP5. However, the prospect of a dynamic tegument is a
stimulating option that has been reported by others, including a
recent report documenting the maturation of the tegument (51,
56, 115, 117, 118).

The current study attempts to probe the complex tegumenta-
tion process. Several viral proteins were identified as potential
components of the primary tegument, i.e., those added to nuclear
capsids. The results also suggest that several tegument proteins are
acquired principally during the reenvelopment step. Finally, the
total loss of UL31, partial loss of some tegument proteins during
egress, possible repeated addition of other tegument proteins, and
potential maturation of UL37, US3, and UL36 underline the likely
dynamic nature of the interactions between the capsids and its
tegument. Future research will undoubtedly better define the mo-
lecular mechanism underlying these interactions.
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