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The herpes simplex virus type 1 (HSV-1) capsid shell is composed of four major polypeptides, VP5, VP19c,
VP23, and VP26. VP26, a 12-kDa polypeptide, is associated with the tips of the capsid hexons formed by VP5.
Mature capsids form upon angularization of the shell of short-lived, fragile spherical precursors termed
procapsids. The cold sensitivity and short-lived nature of the procapsid have made its isolation and biochem-
ical analysis difficult, and it remains unclear whether procapsids contain bound VP26 or whether VP26 is
recruited following shell angularization. By indirect immunocytochemical analysis of virally expressed VP26
and by direct visualization of a transiently expressed VP26-green fluorescent protein fusion, we show that VP26
fails to specifically localize to intranuclear procapsids accumulated following incubation of the temperature-
sensitive HSV mutant tsProt.A under nonpermissive conditions. However, following a downshift to the per-
missive temperature, which allows procapsid maturation to proceed, VP26 was seen to concentrate at intranu-
clear sites which also contained epitopes specific to mature, angularized capsids. Like the formation of these
epitopes, the association of VP26 with maturing capsids was blocked in a reversible fashion by the depletion
of intracellular ATP. We conclude that unlike the other major capsid shell proteins, VP26 is recruited in an
ATP-dependent fashion after procapsid maturation begins.

The major components of the herpes simplex virus (HSV)
capsid shell are the virally encoded polypeptides VP5, VP19c,
VP23, and VP26 (1, 6, 17, 18, 28). VP5 forms the hexons and
pentons of the capsid shell (24, 39) connected by a triplex
linker complex composed of VP19c and VP23 (24, 37). VP26 is
a 12-kDa polypeptide encoded by the UL35 gene (8, 18) which
sits at the tip of each copy of VP5 when present in hexons but
not in pentons (1, 42, 44, 45). VP26 is the only major capsid
shell constituent not essential for viral replication in tissue
culture, but its absence does result in reduced yields of infec-
tious virus in mouse trigeminal ganglia (9). Within unpackaged
capsids are scaffold polypeptides, principally VP22a and also
the less abundant proteins VP21 and VP24, the products of
autoproteolysis by the UL26-encoded protease Pra (8, 15, 19,
20, 25).

The first stage in capsid assembly is thought to be the ag-
gregation of VP5–pre-VP22a and VP5-Pra complexes with
each other and with preassembled triplexes to form a spherical
structure termed the procapsid or large cored B capsid, anal-
ogous to the prohead of double-stranded DNA bacteriophage
(21, 23, 26, 34–38). Soon after assembly, the procapsid under-
goes a dramatic structural transformation in which the surface
shell angularizes to the mature polyhedral form. Angulariza-
tion is accompanied by the formation of mature hexons and
pentons, the display of several new VP5 epitopes (5, 11, 16,
39), and proteolytic cleavage of the interior scaffolds by the Pra
polypeptide (2, 8, 13–15, 19, 20, 25, 27, 30). The angular ma-
ture capsid is considerably more stable than the fragile, cold-
sensitive, thin-walled procapsid (21, 37).

An unresolved question in the pathway of capsid assembly is
the time of recruitment of VP26. It is unclear whether VP26
assembles onto VP5 hexons in procapsids or instead is re-

cruited during the conformational changes which accompany
shell transformation. It has to date proven impossible to test
whether VP26 is present in the HSV procapsid, since the
instability and low abundance of these structures has made
their isolation and biochemical characterization difficult.
Moreover, much of what is known about HSV capsid structure
and assembly has come from in vivo and in vitro analyses using
baculovirus systems expressing various combinations of the
major capsid proteins (21–23, 34, 36–38) but omitting VP26
because of its nonessential role. Purified VP26 (42) or VP26
extracted from wild-type capsids (1, 17, 20) can associate with
VP26-null angular capsids, suggesting that at least in vitro,
VP26 does not need to assemble with procapsids in order to
ensure incorporation. Interestingly, VP26 is incapable of en-
tering cell nuclei when expressed in the absence of other viral
proteins but can be localized to the nucleus by coexpression
with VP5 and preVP22a (29), suggesting that VP26 might be
incorporated directly into the procapsid as part of a VP26-
VP5-scaffold precursor complex. This, however, raises the
question of how VP26 is excluded from assembly into pentons
(42, 44).

For several years our laboratory has made use of the HSV
mutant tsProt.A to better understand the process of HSV as-
sembly. tsProt.A carries a temperature-sensitive lesion in the
UL26 gene such that at the nonpermissive temperature of
39°C, the UL26-encoded protease Pra is inactive, and tsProt.A-
infected cells accumulate nuclear procapsids (5, 11, 26, 31).
Following a downshift to the permissive temperature of 31°C,
these procapsids angularize, package DNA, and give rise to
infectious particles in a single, synchronized wave (5). This
assay system therefore enables us to control procapsid matu-
ration in vivo and hence to examine only those events which
accompany HSV assembly and egress. Using this system, we
have previously demonstrated that DNA packaging, but not
angularization of the capsid shell, is inhibited when accumu-
lated procapsids are allowed to mature in the absence of nor-
mal levels of cellular ATP (4, 7). Unexpectedly, however,
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epitopes recognized by the anti-VP5 monoclonal antibodies
8F5 and 5C, previously thought to be characteristic of angu-
larized capsids, failed to form under these conditions. Since
these epitopes, like VP26, reside exclusively on VP5 hexons (5,
11, 16, 39), we speculated that ATP depletion might affect
some aspect of VP26-hexon interaction (7).

In the present study we tested this hypothesis by examining
the intracellular distribution of VP26 both during the accumu-
lation of procapsids and also following their angularization.
We report that virally encoded VP26 and a VP26-green fluo-
rescent protein (GFP) fusion remain diffuse in the nucleus and
cytoplasm when tsProt.A is maintained under nonpermissive
conditions but relocalize to 8F5- and 5C-reactive nuclear punc-
tate structures when cells are shifted down to the permissive
conditions. Interestingly, the kinetics of VP26-GFP recruit-
ment closely follows that of 5C and 8F5 epitope generation,
and ATP depletion prior to temperature downshift blocks
VP26 relocalization. We conclude that VP26 is not assembled
onto HSV procapsids but instead is recruited in an ATP-de-
pendent manner during angularization. This recruitment is
closely correlated with display of the 8F5 and 5C epitopes.

MATERIALS AND METHODS

Cells and viruses. COS cells were grown in Dulbecco modified Eagle’s me-
dium supplemented with 1% penicillin-streptomycin and 10% fetal calf serum
(GIBCO Laboratories). COS cells were transiently transfected by the DEAE-
dextran method as previously described (41). HSV strain tsProt.A was grown as
previously described (5). Cells were depleted of ATP by using a mixture of 25
mM 2-deoxyglucose and 25 mM sodium azide (32, 40, 43), as in our earlier
studies (7).

Construction of a VP26-GFP expression plasmid. The UL35 gene encoding
VP26 was amplified by PCR from the genome of HSV strain SC16, using DNA
purified from infected Vero cells as the template. Oligonucleotide 59 GCGCG
CAAGCTTTGATGGCCGTCCCGCAATTTCAC anneals with the first 21 nu-
cleotides of the UL35 ORF and introduces an upstream HindIII restriction site
(underlined) to facilitate subsequent cloning of the PCR product. Oligonucleo-
tide 59 CCGTCCTGGATCCGGGGTCCCGGGCGTCGAAG is complemen-
tary to the final 20 nucleotides of the UL35 gene and introduces a BamHI
restriction site (underlined). The PCR product was cloned between the HindIII
and BamHI sites of vector EGFP-C1 (Clontech), creating a translational fusion
between UL35 and the carboxy-terminal coding region of the GFP gene.

Immunocytochemistry. Transfected or untransfected COS cells were grown on
glass coverslips and, as appropriate, infected with HSV strain tsProt.A at a
multiplicity of 10 for 1 h at 37°C. The medium was replaced, infection was
allowed to continue at 39 or 31°C as required, and then cells were rinsed in
phosphate-buffered saline (PBS) and fixed in PBS–2% paraformaldehyde for 15
min. Samples were permeabilized in PBS–0.1% Triton X-100 for 10 min and then
incubated for 30 min with blocking buffer (20% newborn calf serum, PBS) and
for 1 h with the appropriate primary antibody. After four 5-min washes with PBS,
cells were incubated for 1 h with fluorescein isothiocyanate (FITC)- or Texas
red-conjugated secondary antibodies (Southern Biotechnology Associates) as
appropriate, washed with PBS, and mounted by using ProLong antifade reagent
(Molecular Probes, Inc.). Specimens were examined in a Bio-Rad MRC 600
scanning laser confocal microscope.

Isolation of angularized capsids. Infected cells were incubated under appro-
priate conditions of temperature and ATP depletion and then washed in PBS; all
subsequent procedures were carried out at 4°C. Cells were collected by scraping
in distilled water; then Triton X-100 added to a final concentration of 0.5%.
Following overnight incubation on ice, the mixture was sonicated and subjected
to a 1,500 3 g clearing spin for 10 min. The supernatant was collected; then the
pellet was resuspended in TNE (500 mM NaCl, 1 mM EDTA, 10 mM Tris-Cl
[pH 8.0]), sonicated, and centrifuged as before. After collection of the superna-
tant, the pellet was subjected to one further round of TNE extraction, and the
three supernatants were combined. The pooled supernatants were layered on top
of a 35% (wt/vol) sucrose–10 mM Tris-Cl (pH 8.0) cushion and then spun at
25,000 3 g in a Beckman TLS55 swinging-bucket rotor for 75 min. The resulting
pellet was resuspended in PBS and subjected to sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) (12% gel) and Western blotting using
the anti-VP26 antiserum NC-7 (6).

RESULTS

VP26 localizes to sites of capsid maturation during synchro-
nized HSV assembly. To examine the intracellular localization
of VP26 during capsid assembly, we used the experimental

approach summarized in Fig. 1. Following infection of COS
cells with the HSV mutant tsProt.A, cells were incubated at the
nonpermissive temperature of 39°C to enable viral gene ex-
pression, DNA replication, and accumulation of a population
of immature procapsids. Cells were then downshifted to 31°C
to enable procapsids to mature in a single, synchronized wave
(5). Figure 2 shows the intracellular localization of VP26 (de-
tected with a polyclonal anti-VP26 antiserum [6]) and of the
mature capsid-specific VP5 epitope 8F5 (5, 11, 39). As previ-
ously demonstrated (5), mock-infected cells (Fig. 2B) or in-
fected cells accumulating procapsids (Fig. 2D) showed little
reactivity to 8F5. In contrast, following the downshift to 31°C,
8F5 reactivity was readily detectable in a punctate nuclear
pattern (Fig. 2F), which may correspond to sites at which
aggregated procapsids angularize (5, 26, 31). In cells accumu-
lating procapsids, VP26 was found in both nucleus and cyto-
plasm; however, some cells exhibited particularly bright stain-
ing in one or the other location (Fig. 2C). Although staining
was rather faint in some cells, it was clearly above the back-
ground level of staining in uninfected cells (Fig. 2A). Following
the downshift to 31°C, some of the VP26 relocalized to in-
tranuclear punctate structures (Fig. 2E). When the patterns of
VP26 and 8F5 staining were colored red and green, respec-
tively, and then merged (Fig. 3A), all of the punctate VP26
staining appeared yellow, showing that the punctate VP26-
containing structures are closely associated with sites of 8F5
reactivity. It is important to note that the reverse is not nec-
essarily true: since some VP26 remains diffusely distributed
throughout the whole of the interior of the nucleus, it would be
expected that all 8F5-reactive structures would appear yellow
in a merged image, even if VP26 did not concentrate in the
vicinity of the 8F5 reactivity. We conclude from these data that
nuclear VP26 preferentially localizes only to those sites at
which procapsids are maturing and does not concentrate at
intranuclear sites when cells accumulate immature procapsids.

Formation of punctate VP26-containing structures is re-
versibly inhibited by ATP depletion. We have previously shown
that mature capsid-specific epitopes fail to form under condi-
tions of ATP depletion and have hypothesized that this reflects
an ATP dependence in VP26 recruitment (7). To test whether
ATP depletion affects VP26 association with maturing capsids,
we added an ATP depletion cocktail 0.5 h before the down-
shift, as depicted in Fig. 1. Figure 2H shows that as expected,
the 8F5 epitope fails to form under these conditions and,
consistent with our hypothesis, that VP26 remained in a diffuse

FIG. 1. General experimental design. Numbers below the line correspond to
time after infection with HSV tsProt.A, in hours. Where necessary, cells were
transfected to transiently express a VP26-GFP fusion protein 36 h prior to
infection. An ATP depletion cocktail was added or omitted after 6.5 h infection
at the nonpermissive temperature of 39°C. After 7 h at 39°C, cells were down-
shifted to 31°C for a further 2 h. In some experiments, the ATP depletion
cocktail was then washed away and incubation continued at 31°C for a further
2 h. At particular times, cells were fixed for indirect immunocytochemistry or
collected for Western blot analysis as described in the text.
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FIG. 2. Intracellular localization of VP26 and mature nucleocapsids during synchronized capsid maturation. COS cells were mock infected (A and B) or infected
with tsProt.A (C to J) and then incubated as depicted in Fig. 1. Samples were fixed after 7 h at 39°C (C and D) or after an additional 2 h at 31°C in the absence (A,
B, E, and F) or presence (G and H) of an ATP depletion cocktail. Panels I and J represent cells which were depleted of ATP as in panels G and H, but the depletion
cocktail was washed away and cells were allowed to recover for a further 2 h at 31°C. Fixed cells were immunostained with the anti-VP26 rabbit antiserum NC-7 or
the anti-VP5 mouse monoclonal antibody 8F5 as indicated; they were then stained with appropriate secondary antibodies and viewed in the Texas red (A, C, E, G, and
I) or FITC (B, D, F, H, and J) channel of a laser scanning confocal microscope. Scale bars in panels E and I represent 30 mm.
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nuclear and cytoplasmic distribution (Fig. 2G). When the ATP
depletion mixture was washed away and cells were allowed to
recover for an additional 2 h at 31°C, the 8F5 epitope formed
and VP26 relocalized to a punctate nuclear pattern (Fig. 2I and
J). A merge of Fig. 2I and J suggests that VP26 and 8F5
reactivity localized to the same structures (Fig. 3B). Figures 3C
and D show a higher magnification merge of the nucleus of
another infected cell incubated under exactly the same condi-
tions as those shown in Fig. 3B. Note the extensive, (although
not complete; see arrows in Fig. 3D) overlap of red (anti-
VP26) and green (8F5) reactivity in these intranuclear struc-
tures.

VP26-GFP colocalizes with tsProt.A capsids only after re-
lease of the temperature block. To further investigate the re-
localization of VP26 during capsid assembly, and to test our
earlier observations by independent means, we prepared a
transient expression plasmid in which the gene encoding GFP
(3) was fused to the amino-terminal coding region of the VP26
gene under the control of the constitutive cytomegalovirus
immediate-early promoter (Fig. 4A). When transfected into
COS cells, a VP26-GFP fusion protein of the expected size was
detected by Western blotting with an anti-GFP monoclonal
antibody (Fig. 4B). We anticipated that this GFP fusion pro-
tein would provide a convenient means of visualizing VP26,
since a similar fusion protein can be efficiently incorporated
into HSV capsids in vivo (10). Furthermore, a VP26–glutathi-
one S-transferase chimera is still able to bind capsids in vitro
(42).

FIG. 3. Intranuclear punctate VP26 colocalizes with mature capsids. VP26 staining is represented in red, and 8F5 reactivity (VP5 in mature capsids) is shown in
green. (A) Merge of Fig. 2E and F; (B) merge of Fig. 2I and J; (C) higher magnification of a nucleus from the same experiment shown in panel B; (D) fourfold
magnification of the boxed region in panel C. Scale bars represent 30 mm (A and B), 10 mm (C) and 2 mm (D). Arrows in panel D indicate structures which appear
to contain subdomains reactive to one or the other antibody or to both.

FIG. 4. (A) Partial structure of a VP26-GFP expression plasmid. The VP26
gene UL35 was fused in frame to the carboxy-terminal coding region of the GFP
gene as described in Materials and Methods. The BamHI and HindIII restriction
sites used for cloning and the cytomegalovirus immediate-early promoter
(pCMV) are indicated. (B) Expression of a VP26-GFP fusion in transiently
transfected COS cells. COS cells were transfected and after 48 h were collected,
subjected to SDS-PAGE (10% gel), Western blotted, and probed with an anti-
GFP monoclonal antibody (Clontech). Lane 1, COS cells transfected to express
GFP alone; lane 2, COS cells transfected with the VP26-GFP expression plas-
mid. The mobilities of size markers of 38 and 26 kDa are indicated by arrow-
heads at the left. The predicted molecular masses of GFP and VP26-GFP are
approximately 28 and 40 kDa, respectively.

VOL. 74, 2000 ATP-DEPENDENT VP26 ASSOCIATION WITH MATURE HSV CAPSIDS 1471



COS cells were transfected to express VP26-GFP and sub-
jected to the procedure depicted in Fig. 1. They were then
immunostained with the anti-VP5 monoclonal antibody 6F10.
The 6F10 epitope is displayed by VP5 when present in both
procapsids and mature capsids (21, 33) and thus enables im-
munocytochemical detection of procapsids in tsProt.A cells
maintained under nonpermissive conditions (5). As previously
demonstrated (5), infected cell nuclei contained large 6F10-
reactive punctate structures (Fig. 5B, E, H, and K). In contrast,
VP26-GFP exhibited a diffuse nuclear and cytoplasmic local-
ization under nonpermissive conditions (Fig. 5A and D), sim-
ilar to GFP when expressed without fusion to VP26 (see Fig.
7). However, like virally encoded VP26, when cells were
shifted to permissive conditions for 2 h to permit procapsid
maturation, a substantial fraction of the VP26-GFP relocalized
to a punctate staining pattern (Fig. 5G and J). A merge of the
red and green images reveals that all of the punctate green
VP26-GFP fluorescence colocalized with red punctate 6F10

antigen (Fig. 5I and L). As stated above, it is unsurprising that
all of the punctate 6F10 immunostaining appeared to colocal-
ize with VP26-GFP in unshifted cells (Fig. 5C and F) since the
latter polypeptide is evenly distributed throughout the interior
of the nucleus under these conditions.

We note that there were some differences in the distribution
of VP26-GFP compared with wild-type, endogenous VP26.
Although VP26-GFP and VP26 were present in both the nu-
cleus and cytoplasm, VP26-GFP appeared to be more abun-
dant in the nucleus and did not exhibit the juxtanuclear stain-
ing pattern sometimes seen for VP26 (Fig. 2C and E).

ATP depletion blocks VP26-GFP assembly following release
of the temperature block. The intracellular distribution of
VP26-GFP during capsid maturation was examined in mock-
depleted and ATP-depleted cells as depicted in Fig. 1. Figure
6A to D shows that as expected, cells accumulating procapsids
failed to display the mature capsid-specific epitope 5C and
contained diffuse nuclear and cytoplasmic VP26-GFP. The

FIG. 5. VP26-GFP colocalizes with maturing capsids but not accumulated procapsids. COS cells were transfected to express VP26-GFP and then infected with
tsProt.A and incubated for 7 h at 39°C (A to F) or 7 h at 39°C followed by 2 h at 31°C (G to L). Fixed cells were immunostained with anti-VP5 monoclonal antibody
6F10 and a Texas red-conjugated anti-mouse secondary antibody and then viewed in the Texas red (B, E, H, and K) or FITC (A, D, G, and J) channel of a laser scanning
confocal microscope. Panels C, F, I, and L represent merged images. All scale bars represent 10 mm.
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same result was obtained whether cells had been depleted of
ATP (Fig. 6C and D) or not (Fig. 6A and B). Following incu-
bation for 2 h at 31°C, the 5C epitope was expressed and
VP26-GFP relocalized to a punctate nuclear pattern in control
cells (Fig. 6E and F) but not depleted cells (Fig. 6G and H).
The punctate VP26-GFP in panel Fig. 6E colocalized with the
5C antigen in a merged image (data not shown). We obtained
similar results with antibody 8F5; however, VP26-GFP-ex-
pressing cells exhibited much weaker 8F5 reactivity than un-
transfected cells, and it was difficult to image reproducibly (see
Discussion). We conclude that like virally encoded VP26,
VP26-GFP appears to colocalize with mature capsid-specific
epitopes in an ATP-dependent manner.

Comparing the kinetics of VP26-GFP recruitment with that
of hexon maturation. To further test the relationship between
mature VP5 epitope display and the relocalization of VP26, we
examined whether the rate of recruitment of VP26-GFP onto
maturing capsids was similar to the rate at which the 8F5 and
5C epitopes are generated. Figure 7 shows that the rate of
recruitment of VP26-GFP onto capsids closely follows the ki-

netics of generation of the 5C epitope (39). Although very faint
5C immunoreactivity was occasionally visible after 30 min of
incubation at 31°C, the earliest reproducibly visible 5C reac-
tivity occurred after 40 min (Fig. 7C), as previously shown for
the epitope 8F5 (5). The relocalization of VP26-GFP showed
identical kinetics, with the first punctate VP26-GFP staining
visible as early as 40 min after the downshift (Fig. 7G). As
additional controls, we tested the intracellular localization of
GFP following the temperature shift in infected cells and of
VP26-GFP in uninfected cells. In both cases, GFP-dependent
fluorescence remained diffuse in the nucleus and cytoplasm
(Fig. 7H and F, respectively).

VP26 shows ATP-dependent binding to mature HSV cap-
sids. Does ATP-dependent colocalization of VP26 with ma-
turing HSV capsids correspond to stable recruitment of VP26
onto the hexons of maturing capsids, or does it simply reflect
their close proximity within the nucleus? To test this, tsProt.A-
infected COS cells were incubated under various conditions
and then chilled to disrupt the cold-sensitive procapsids; ex-
tracts were prepared, and then capsids were pelleted and sub-

FIG. 6. An experiment similar to that in Fig. 5 was performed except that cells were treated with an ATP depletion cocktail 0.5 h before the temperature downshift
(depleted [D]; C, D, G, and H) or mock treated (not depleted [ND]; A, B, E, and F) and then fixed at the time of temperature downshift (A to D) or following a 2-h
incubation at 31°C (E to H). Fixed cells were immunostained with the anti-VP5 monoclonal antibody 5C and a Texas red-conjugated secondary antibody. Fields of cells
were then visualized in the FITC (A, C, E, and G) or Texas red (B, D, F, and H) channel. Arrowhead in panel G indicates a rare nucleus exhibiting faint punctate
VP26-GFP staining despite depletion of intracellular ATP. The scale bar in panel G represents 30 mm.
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jected to SDS-PAGE and Western blotting for VP26. We have
previously shown that angularized capsids, but not procapsids,
are pelleted under these conditions (7). Figure 8 shows that
VP26 could be pelleted with capsids following 31°C incubation
under normal conditions (lane 3) but not after ATP depletion
(lane 4). Pelleting of VP26 was mature capsid dependent, since
far lower levels of VP26 were recovered when capsids were not
allowed to mature to the cold-resistant angular form (lane 2).
We conclude that when ATP is depleted, VP26 does not stably
associate with the angularized, cold-resistant mature capsid.
The ATP dependence of VP26-capsid binding therefore cor-
relates with the ATP-dependent relocalization of VP26 to the
VP5-containing nuclear punctate structures and is consistent
with the possibility that they correspond to the same event in
capsid maturation.

DISCUSSION

We previously speculated (7) that the conformational
changes which lead to exposure of the mature VP5 hexon-
specific epitopes 8F5 and 5C might be driven by, or alterna-
tively be responsible for, the recruitment of VP26 to the tips of
VP5 hexons. Here we have shown that under our conditions,

VP26 does indeed appear to concentrate only in the vicinity of
capsids following their angularization and that this relocaliza-
tion shows kinetics and ATP dependence similar to those of 5C
and 8F5 epitope formation. Our findings lead to the prediction
that when techniques are available for the purification of pro-
capsids, these structures will be found to lack the VP26
polypeptide. If this conclusion is correct, why are VP5 and
preVP22a capable of relocalizing VP26 from the cytoplasm to
the nucleus in transfection assays (29)? Perhaps in the context
of a normal viral infection, proteins other than VP5 are re-
sponsible for VP26 nuclear sorting. Alternatively, as suggested
by Wingfield and colleagues (42), the VP5-VP26 complex
might dissociate once within the nucleus, leaving VP5 free to
assemble into the procapsid.

Although virally encoded VP26 and a VP26-GFP fusion
protein showed similar ATP-dependent relocalization, and al-
though a VP26-GFP fusion similar to this one is known to be
incorporated normally into infectious HSV particles (10), we
observed differences in the behavior of the two polypeptides.
Whereas VP26-GFP (like GFP alone) appeared to concentrate
predominantly in the nucleus, endogenous VP26 was found
either equally in both nucleus and cytoplasm or concentrated
in one location or the other. The different VP26 distributions
could reflect the stage of the cell cycle at which the cell was
infected or the multiplicity of infection, and its significance for
capsid assembly remains unclear. Finally, the quantitative re-
distribution of VP26-GFP from a nucleoplasmic and cytoplas-
mic location to punctate nuclear structures was surprising
(compare Fig. 6A and E). This suggests that sufficient VP26-
binding sites exist for the recruitment of all cellular VP26-
GFP, even in the presence of the endogenous, virally encoded
VP26. Alternatively, perhaps VP26-GFP associates with some
other, very abundant component of the VP5-containing punc-
tate nuclear structures before a smaller subset binds to the
mature capsid hexons. This possibility is consistent with the
observation that the punctate nuclear structures appear to
consist of subdomains which react with either the VP26 anti-
body, the 8F5 antibody, or both (Fig. 3D, arrows). Further
analysis will be required to determine the significance of this
observation for the process of capsid maturation.

The relationship between VP26 binding and 5C/8F5 epitope
formation remains obscure, since our data do not allow us to
conclude whether VP26 binding causes or is a consequence of
8F5/5C epitope formation. To discriminate between these two

FIG. 7. Kinetics of VP26-GFP relocalization and 5C epitope generation.
COS cells were transfected to express VP26-GFP (A to G) or GFP alone (H),
infected with tsProt.A (B, C, E, G, and H) or mock infected (A, D, and F), and
incubated for 7 h at 39°C. Cells were then fixed immediately (A, B, D, and E) or
incubated for a further 40 min at 31°C (C, F, G, and H) and either immuno-
stained with monoclonal antibody 5C (A to C) or viewed for direct GFP fluo-
rescence (D to H) as indicated at the left. Numbers at the right refer to 0 or 40
min of incubation at 31°C prior to fixation. The scale bar in panel F represents
30 mm.

FIG. 8. VP26 can be pelleted in a capsid-dependent manner only when
capsids angularize in the presence of normal levels of ATP. Cells were infected
with tsProt.A (lanes 1 to 4) or mock infected (lane 5) and then harvested after
incubation for 7 h at 39°C (lane 2) or after a further 2-h incubation at 31°C in the
absence (lanes 1, 3, and 5) or presence (lane 4) of an ATP depletion cocktail. Cell
extracts were then either subjected to SDS-PAGE (12.5% gel) without further
treatment (lane 1) or first chilled and solubilized in Triton X-100, after which
capsids were washed and collected by pelleting through a Sucrose cushion (lanes
2 to 5). The gel was Western blotted and probed with anti-VP26 antiserum. The
autoradiograph was deliberately overexposed to show the low level of capsid-
independent VP26 pelleting (lane 2).
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models, it will be necessary to test whether the angularized
capsids formed by VP26-null virions (9) react with the 8F5 and
5C antibodies. Interestingly, although we found it straightfor-
ward to visualize 5C and VP26-GFP reactivity in the same
nuclei (Fig. 6E and F), we found that 8F5 reactivity was much
weaker in VP26-GFP-expressing cells than in untransfected or
GFP-expressing cells (data not shown). Perhaps the GFP por-
tion of the VP26-GFP polypeptide lies close to the 8F5 (but
not 5C) epitope and interferes with antibody binding.

Our results show that in addition to its role in DNA pack-
aging (7), ATP is required for assembly of the peripheral
capsid subunit VP26 onto the hexons of angularized capsids. It
remains unclear why ATP should be required for VP26 recruit-
ment and for mature VP5 epitopes to form. One possibility is
that ATP-requiring chaperones drive these late events in cap-
sid maturation, as has been suggested for other animal virus
capsids (12, 40). Alternatively, ATP may be used to modify
VP26 by phosphorylation, a process which could affect VP26-
capsid association (17). Nevertheless, VP26 recruitment onto
mature capsids clearly does not require ATP in vitro (42). A
further possibility is that ATP is required for the entry of VP26
into the nucleus. However, nuclei appear to contain easily
detectable levels of both the VP26 and VP26-GFP proteins at
the time of shift to permissive conditions (Fig. 2 and 5). Finally,
perhaps intranuclear trafficking of VP26 to the sites of capsid
maturation is itself an energy-requiring process. Future exper-
iments will attempt to distinguish among these possibilities.
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