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Examination of the three-dimensional structure of intact herpes simplex virus type 1 (HSV-1) virions had
revealed that the icosahedrally symmetrical interaction between the tegument and capsid involves the pentons
but not the hexons (Z. H. Zhou, D. H. Chen, J. Jakana, F. J. Rixon, and W. Chiu, J. Virol. 73:3210-3218, 1999).
To account for this, we postulated that the presence of the small capsid protein, VP26, on top of the hexons was
masking potential binding sites and preventing tegument attachment. We have now tested this hypothesis by
determining the structure of virions lacking VP26. Apart from the obvious absence of VP26 from the capsids,
the structures of the VP26 minus and wild-type virions were essentially identical. Notably, they showed the
same tegument attachment patterns, thereby demonstrating that VP26 is not responsible for the divergent

tegument binding properties of pentons and hexons.

Herpesvirus virions have complex and characteristic multi-
layered structures in which the capsid is separated from the
envelope by a thick layer of protein called the tegument (7, 12).
The 125-nm-diameter capsid has the form of a T=16 icosahe-
dron with 12 pentons occupying the icosahedral vertices and
150 hexons forming the faces and edges (11, 18, 23). In herpes
simplex virus type 1 (HSV-1), the pentons and hexons contain
five and six copies, respectively, of the 150-kDa major capsid
protein, VP5 (6, 23). They are surrounded and connected by
320 triplexes, which are heterotrimers formed from two copies
of a 34-kDa protein (VP23) and a single copy of a 50-kDa
protein (VP19C) (6, 9, 21). Six copies of a 12-kDa protein
(VP26) occupy the top of each hexon (16, 22). Although the
structure of the capsid is increasingly well understood, little is
known about the organization of the tegument and how it
interacts with the other components of the virion. Recently, we
published the first structural analysis of the intact HSV-1 virion
using electron cryomicroscopy and three-dimensional (3D) re-
construction (20). The majority of the tegument mass was not
icosahedrally ordered and was not resolved. However, some
density attributable to the tegument was seen in close contact
with the capsid. The contacts between the capsid and tegument
were of limited extent and were confined to the vicinities of the
12 vertices, where they extended from near the tip of the
penton to the upper surfaces of the Ta and Tc triplexes. The
reason why tegument contacts are restricted to these particular
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subunits when apparently similar potential contact sites are
present on other capsomeres and triplexes was not obvious. A
possible reason suggested is that the corresponding binding
site near the tip of the penton is occupied in the hexon by
VP26, making it unavailable to the tegument. To test this
possibility we analyzed the pattern of tegument-capsid inter-
actions in virions that lack VP26.

Generation of VP26 minus virus. VP26 is encoded by gene
UL35 (8). Sequences downstream from the UL35 ORF were
amplified using the primers GACAGGATCCTGAGGCCCG
GGGAGTTCCTTCTGG and GACAAAGCTTCAGACCCT
GTATGTCTCTGACG. The PCR product was digested with
BamHI and HindlIll, using the sites built into the primers
(underlined), and ligated into BamHI/HindIII-digested pCMV10
(13) to give pUL35constructl. The open reading frame (ORF)
for the green fluorescent protein (GFP) was isolated from
plasmid pGFPemd-b [R] basic (Packard Bioscience) by diges-
tion with Kpnl and BamHI and ligated into Kpnl/BamHI-
digested pUL35constructl to give pUL35construct2. Sequences
upstream of the UL35 ORF were amplified by PCR using the
primers GACAGAATTCCCGAGCAGGCTATTACCCGT
CGC and GACAGGTACCATGGGGATCCGAGGTCGGG
AAGCGATATGGGGGTGTCG. The PCR product was di-
gested with EcoRI and Ncol, using the sites built into the primers
(unlabelled), and ligated into EcoRI/Ncol-digested ppUL35
construct2 to give pUL35construct3. pUL35construct3 con-
tains HSV-1 sequences from 70186 to 71385 (5) with an inter-
nal deletion from 70557 to 70901 that removes the entire UL35
ORF and replaces it with the GFP ORF. BHK cells were
transfected with pUL35construct3 and superinfected 5 h later
with 1 PFU of HSV-1 strain 17 per cell. After incubation at
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FIG. 1. (a) Sodium dodecyl sulfate-polyacrylamide gel of purified wild-type B capsids (lane 2) and virions (lane 4), dmVP26-minus capsids (lane
3) and virions (lane 5), and standard size markers (lane 1). The locations of the capsid proteins in the capsid and virion profiles are indicated (*)
to the left of lane 2 and to the right of lane 5, respectively. The arrowheads indicate the expected position of the missing VP26 protein in lanes
3 and 5. (b) Electron cryomicroscopy (400 kV) images of ice-embedded dmVP26-minus virions.
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FIG. 2. Visualization of icosahedrally ordered tegument in dmVP26-minus virions. The dmVP26-minus virion reconstruction is displayed at 1.2
standard deviations above mean density. At this density threshold, only the icosahedrally ordered tegument densities are visible. To generate this
map, the five copies of tegument density around one penton were first computationally isolated. These densities were then replicated and rotated
around the icosahedral symmetry axes to the positions of the 11 other vertices to obtain a map containing only tegument densities (blue). This map
was then superimposed back onto the dmVP26-minus virion reconstruction (gray). The unique structural components of the capsid are labeled 5
(penton), P, C, E, and Ta-Tf (icosahedrally unrelated hexons and triplexes, respectively).

37°C for 48 h, the infected-cell medium was harvested and the
virus was titrated and grown in medium containing 1% car-
boxymethyl cellulose. Plaques were examined using a Nikon
Microphot-SA fluorescence microscope. Fluorescing plaques
were picked and subjected to three further rounds of purifica-
tion. A single plaque isolate was selected and designated
dmVP26-minus. To confirm that the VP26 protein was missing,
wild-type and dmVP26-minus capsids and virions were pre-

pared as described previously (14, 23) and their protein con-
tents were analyzed by electrophoresis through a polyacryl-
amide gel (Fig. 1a). In both capsids and virions, the 12-kDa
VP26 protein is absent from the dmVP26-minus profile.
Icosahedral reconstruction. dmVP26-minus virions were pu-
rified through Ficoll gradients (14). The purified virions were
embedded in vitreous ice suspended across holes in holey car-
bon grids (10) (Fig. 1b). Electron microscopy, digitizing of the
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FIG. 3. (a) Stereo pair of a computationally isolated portion of the dmVP26-minus map shown in Fig. 2 that includes the penton (red), P hexons
(blue), triplexes Ta and Tc (green), and the icosahedrally ordered tegument densities (yellow). (b) Stereo pair of the equivalent portion of the
wild-type HSV-1 map of Zhou et al. (20). The arrowhead points to one of the six horn-shaped VP26 densities on the top of each hexon. These
densities are missing from the equivalent positions on the dmVP26-minus map.

images, 3D reconstruction, and correction of the contrast
transfer function were carried out as described previously (20).
A 3D reconstruction to an effective resolution of 17 A was
obtained by merging 918 particles selected from 33 micro-
graphs. The structures shown here are truncated to a lower
resolution of 20 A in order to allow direct comparison with the
previously published wild-type HSV-1 virion reconstruction
(20).

As had been found earlier for the wild-type virions, the bulk
of the envelope and tegument material has no icosahedral
symmetry and appeared as unconnected masses surrounding
the capsid (data not shown). At a density threshold of 1.2¢
these unconnected masses disappear, exposing the underlying
capsid (Fig. 2). As was seen previously with wild-type virions
(20), detectable tegument material is confined to the vicinities
of the icosahedral fivefold vertices and there is no suggestion
of additional sites of tegument binding. The only obvious dif-
ference between the wild-type and dmVP26-minus capsids was
seen at the top of each hexon, where a ring of density, corre-
sponding to the six copies of VP26, is missing from the
dmVP26-minus map (Fig. 3). Apart from this, the hexons ap-

pear to be unchanged, and comparison of the pentons revealed
virtual identity between the wild-type and dmVP26-minus
structures. In both cases the attached tegument material is in
the form of five convoluted ribbons of density, each extending
radially outwards from the upper domains of neighboring pen-
ton subunits and making contact with the peripentonal triplex
(Ta), the P hexon, and triplex Tc (Fig. 3). Another feature
distinguishing virion capsids and B capsids noted previously is
the closure of the penton channel, and this is also a feature of
the dmVP26-minus reconstruction (Fig. 3).

Role of VP26 in capsid-tegument interaction. In an earlier
paper (20), it was suggested that the presence of VP26 in the
hexons might explain why tegument binds only to the vicinity of
the penton despite the presence elsewhere in the capsid of
superficially similar arrangements of capsomeres and triplexes.
This suggestion was based on the observation that the region of
VP5, to which the tegument binds on the penton, is already
occupied on the hexons by VP26. The near identity described
here between the patterns of tegument-capsid interaction seen
in the presence or absence of VP26 clearly eliminates the
possibility that accessibility of the binding site is controlling
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tegument attachment. The most likely explanation now seems
to lie in inherent differences in the nature of the upper do-
mains of the penton and hexon subunits, as evidenced by the
differential binding patterns of certain monoclonal antibodies
(17). Interestingly, the 3D structure of human cytomegalovirus
(HCMV) virions has recently been determined and shows a
very different pattern of tegument-capsid interaction, with teg-
ument binding extending to all of the hexons and triplexes as
well as the pentons (3). A similar pattern was described pre-
viously for simian cytomegalovirus (SCMV) cytoplasmic B cap-
sids (15).

The tegument proteins involved in these interactions have
not yet been positively identified for HSV-1, HCMV, or
SCMV. Comparisons between the protein profiles and 3D
structures of SCMV nuclear and cytoplasmic B capsids led
Trus et al. (15) to propose the 119-kDa basic phosphoprotein
and the 69-kDa upper matrix protein as possible candidates.
Neither of these two proteins has a counterpart in HSV-1 (2).
However, the SCMV cytoplasmic B capsid protein profile also
contained the 205-kDa high-molecular-size protein, which is
the SCMV counterpart of VP1-3 in HSV-1 (15). Previously,
we speculated that VP1-3 was the most likely candidate for the
HSV-1 penton-associated tegument protein (20). This raises
the intriguing possibility that the association between tegu-
ment and penton is mediated through homologous proteins in
HSV-1 (VP1-3) and CMV (the high-molecular-weight pro-
tein), while that between tegument and hexon, seen only in
HCMYV and SCMYV, represents an unrelated association (pre-
sumably involving basic phosphoprotein and upper matrix pro-
tein) that has not been conserved between the two virus sub-
families. It has recently been demonstrated that in HCMV the
small capsid protein is essential for virus growth (1), unlike its
counterpart (VP26) in HSV-1 (this paper and reference 4).
This led to the suggestion that the small capsid protein is
involved in the interaction between the tegument and hexon
(1). If true, this would support the conjecture by Wingfield et
al. (19) that the differential interaction of the small capsid
protein with hexons and pentons might serve to expand the
range of functional binding sites on the capsid surface. Further
information on the nature of these various interactions and
their roles in the virus life cycle awaits the accurate identifica-
tion of the proteins involved.
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