
JOURNAL OF VIROLOGY, Sept. 2010, p. 9408–9414 Vol. 84, No. 18
0022-538X/10/$12.00 doi:10.1128/JVI.00361-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Structure and Capsid Association of the Herpesvirus
Large Tegument Protein UL36�

William W. Newcomb and Jay C. Brown*
Department of Microbiology, University of Virginia Health System, Charlottesville, Virginia 22908

Received 17 February 2010/Accepted 1 July 2010

The tegument of all herpesviruses contains a high-molecular-weight protein homologous to herpes simplex virus
(HSV) UL36. This large (3,164 amino acids), essential, and multifunctional polypeptide is located on the capsid
surface and present at 100 to 150 copies per virion. We have been testing the idea that UL36 is important for the
structural organization of the tegument. UL36 is proposed to bind directly to the capsid with other tegument
proteins bound indirectly by way of UL36. Here we report the results of studies carried out with HSV type 1-derived
structures containing the capsid but lacking a membrane and depleted of all tegument proteins except UL36 and
a second high-molecular-weight protein, UL37. Electron microscopic analysis demonstrated that, compared to
capsids lacking a tegument, these capsids (called T36 capsids) had tufts of protein located at the vertices. Projecting
from the tufts were thin, variably curved strands with lengths (15 to 70 nm) in some cases sufficient to extend across
the entire thickness of the tegument (�50 nm). Strands were sensitive to removal from the capsid by brief
sonication, which also removed UL36 and UL37. The findings are interpreted to indicate that UL36 and UL37 are
the components of the tufts and of the thin strands that extend from them. The strand lengths support the view that
they could serve as organizing features for the tegument, as they have the potential to reach all parts of the
tegument. The variably curved structure of the strands suggests they may be flexible, a property that could
contribute to the deformable nature of the tegument.

All herpesviruses have a tegument, a layer of protein located
between the virus capsid and membrane. The tegument ac-
counts for a substantial proportion of the overall virus struc-
ture. Its thickness (30 to 50 nm), for example, may be compa-
rable to the capsid radius, and tegument proteins can account
for 40% or more of the total virion protein. Herpesvirus teg-
ument proteins are thought to function promptly after initia-
tion of infection, before expression of virus genes can take
place (11, 13, 14, 21, 33, 37).

Electron microscopic analysis of virions has demonstrated
that the tegument is not highly structured (9, 22). It does not
have icosahedral symmetry like the capsid, and it may be uni-
formly or asymmetrically arranged around the capsid (26).
Tegument structure is described as fibrous or granular, and its
morphology is found to change as the virus matures. Studies
with herpes simplex virus type 1 (HSV-1), for example, indicate
that the tegument structure is altered in cell-associated com-
pared to extracellular virus (26).

The tegument has been most thoroughly studied in HSV-1,
where biochemical analyses indicate that it is composed of
approximately 20 distinct, virus-encoded protein species. The
predominant components are the products of the genes UL47,
UL48, and UL49, with each protein present in 800 or more
copies per virion (12, 40). Other tegument proteins can occur
in 100 or fewer copies, and trace amounts of cell-encoded
proteins are also present (17). Tegument proteins are classified
as inner or outer components based on their association with
the capsid after it enters the host cell cytoplasm. The inner

tegument proteins (UL36, UL37, and US3) are those that
remain bound to the capsid after entry, while the others (the
outer tegument proteins) become detached (7, 18).

The HSV-1 UL36 protein has the potential to play a central
role in organizing the overall structure of the tegument. With
a length of 3,164 amino acids, UL36 could span the thickness
of the tegument multiple times. One hundred to 150 UL36
molecules are present in the tegument (12), and they are
bound to the capsid by way of an essential C-terminal domain
(2, 16). UL36 is able to bind the major tegument components
by way of documented direct (UL37 and UL48) and indirect
(UL46, UL47, and UL49) contacts (6, 15, 24, 38).

Here we describe the results of studies designed to test the
idea that UL36 serves to organize the tegument structure.
Beginning with infectious virus, a novel method has been used
to isolate capsids that contain UL36 and UL37 but lack the
virus membrane and are depleted of all other tegument pro-
teins. These capsids (T36 capsids) were examined by electron
microscopy to clarify the structure of UL36 and UL37 mole-
cules and their location on the capsid surface.

MATERIALS AND METHODS

Virus growth and titration. The KOS strain of HSV-1 was grown on mono-
layer cultures of Vero cells as previously described, in Dulbecco’s modified
Eagle’s medium with antibiotics (35). Virus titers were determined by growth of
1:10 virus dilutions on Vero cell monolayers produced in 24-well plates. One-
milliliter virus samples were tested by both endpoint dilution and plaque count-
ing methods. For calculation of the virus particle/PFU ratio, the particle number
was estimated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis of an undiluted stock of purified virus with a known titer, followed by
Coomassie staining to determine the amount of the major capsid protein (VP5,
UL19 gene) present. It was assumed that each virion contains 955 VP5 molecules
(molecular weight, 149,075).

Virus purification. Virus for T36 capsid preparation was grown on Vero cells
in 175-cm2 flasks or 850-cm2 roller bottles. Cells were infected at a multiplicity of
infection of 10, incubated for 18 h at 37°C, harvested by scraping, and pelleted by
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low-speed centrifugation (3,000 � g for 5 min). Virus was isolated beginning with
batches of 2 � 108 to 5 � 108 infected cells. These were washed once in
phosphate-buffered saline (PBS; 30 ml, 4°C), pelleted, resuspended in 30 ml
TNE (0.01 M Tris-HCl, 0.5 M NaCl, 1 mM EDTA, pH 7.5), and incubated for
15 min at 4°C to detach cell-associated virus. TNE extraction was repeated once,
and the virus was harvested by centrifugation into a pellet through a layer (5 ml)
of 20% sucrose in TNE (Beckman SW28 rotor operated at 23,000 rpm for 45 min
at 4°C). The supernatant was removed, the virus-containing pellet was resus-
pended in 1 ml TNE, and the virus was purified by sucrose density gradient
centrifugation (20 to 50% sucrose in TNE, centrifugation for 1 h at 23,000 rpm
in an SW41 rotor). After centrifugation, the virus band (�1 ml) was removed by
aspiration and used for capsid isolation. The virus yield was 1 to 2 mg.

T36 capsid isolation. T36 capsids were isolated from the purified virus by
extraction with 0.5% Triton X-100 (TX-100) in TNE as described previously
(26). Virus (1 ml) was added to 9 ml TNE containing 0.5% TX-100, incubated for
5 min at 4°C, and centrifuged into a pellet in an SW41 tube containing a 0.5-ml
cushion of 35% sucrose in TNE (23,000 rpm for 45 min). The capsid-containing
pellet was resuspended in 0.2 ml TNE and purified by centrifugation on a 0.6-ml
gradient of 20 to 50% sucrose (no Triton) in an SW55 rotor (centrifugation at
23,000 rpm for 45 min). Capsids were removed from the gradient by aspiration
and used for further analysis as described below. The yield was �200 �g capsids
beginning with 1 ml of concentrated virus. Staining with Gel Red (27) confirmed
that nearly all of the capsids contained DNA. Recently described methods were
used for isolation of capsids from infected cell nuclei (35), SDS-polyacrylamide
gel electrophoresis (30), and photographic recording of sucrose density gradients
(26). Quantitative measurement of virus and capsids in sucrose density gradients
was performed beginning with digital photographs, which were scanned with
UN-SCAN-IT (version 5.2; Silk Scientific).

Sonication of T36 capsids. Experiments were carried out beginning with
HSV-1 harvested as described above by TNE extraction of cells infected for 18 h
at 37°C and purified by sucrose density gradient centrifugation. Virus samples
(100 �l, �0.25 mg/ml) were adjusted to 0.5% TX-100 at 4°C and subjected
immediately to sonication for 3 s in the “sweet spot” of a bath sonicator.
Following sonication, capsids were isolated by sucrose density gradient centrif-
ugation on 0.6-ml gradients of 20 to 50% sucrose (in TNE, no TX-100) as
described above. After the gradients were photographed, the capsids were re-
moved and analyzed by SDS-polyacrylamide gel electrophoresis and electron
microscopy as described below. Control experiments were done without the
sonication step.

Electron microscopy. Previously described procedures were used for preparing
specimens for electron microscopy by thin sectioning (19) and by negative stain-
ing with 1% uranyl acetate (28, 29). All electron microscopy was performed with
a Philips 400T instrument operated at 80,000 eV. Images were recorded on film,
digitized in a flat-bed scanner, and measured with ImageJ and Photoshop CS3.
Measurements were plotted with SigmaPlot 10.

RESULTS

Virus isolation. The studies described here were carried out
with capsids prepared by TX-100 extraction of infectious virus
(22). TX-100 extraction removes the membrane, the mem-
brane glycoproteins, and a variable amount of tegument, de-
pending on the time the virus has been detached from the host
cell. Previous studies demonstrated that less tegument is solu-
bilized the longer the virus stays in the extracellular medium
before extraction (26). The goal of our study was to examine
capsids prepared promptly after virus release with the idea that
while such capsids should be depleted of tegument proteins,
they might retain components involved in establishing tegu-
ment structure.

A novel method was used to harvest progeny virus from the
host cell surface. Harvest began with monolayer cultures of
Vero cells that were infected with the KOS strain of HSV-1 for
18 h, a time when little progeny virus is spontaneously released
from the cell. A much greater quantity was found to be re-
leased, however, when cells were treated with TNE (for 15 min
at 4°C). This is illustrated in Fig. 1a, in which sucrose density
gradient analysis was used to compare the amount of virus

released from 18-h cells with PBS (top gradients, left lane) and
TNE (right lane). Quantitative determination of the virus yield
by light scattering from the bands indicated that the yield
differed by 22.7- and 15.6-fold in two determinations.

Similar experiments were performed to identify the compo-
nent of TNE responsible for detaching virus from the host cell
surface. Sucrose density gradient analysis was used to measure
the virus released from Vero cells infected for 18 h and treated

FIG. 1. Characterization of HSV-1 harvested from the infected cell
surface by treatment with TNE. (a) Sucrose density gradient ultracen-
trifugation and (b) electron microscopy are shown. The top two gra-
dients in panel a compare the amounts of virus released by treatment
of cells infected for 18 h with TNE (right gradient) and PBS (left).
Note that substantially more virus was released with TNE. The lower
three gradients in panel a compare the amounts of virus released with
PBS containing the individual components of TNE, 1 mM EDTA, 0.5
M NaCl, and 10 mM Tris-HCl, pH 7.4. Note that the amount of virus
released was greatest with PBS containing 0.5 M NaCl. Micrographs in
panel b show HSV-1 spontaneously released from Vero cells infected
for 18 h (left) and HSV-1 released from similar cells by treatment with
TNE. Note that in both cases the tegument has the uniform arrange-
ment characteristic of early-release virus (27). Arrows indicate repre-
sentative virions in both cases.
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with PBS containing 1 mM EDTA, 0.5 M NaCl, or 1 mM
Tris-HCl, pH 7.4 (Fig. 1a, lower three gradients). Visual in-
spection of the gradients indicated that it was the NaCl com-
ponent of TNE that was primarily responsible for detaching
cell-associated virus. Quantitative determination indicated that
the amounts released were proportional to 1:135:8 for the
PBS/1 mM EDTA, PBS/0.5 M NaCl, and PBS/1 mM Tris-HCl
treatments, respectively.

HSV-1 extracted from the cell surface with TNE was found
to be qualitatively similar to the smaller amount released spon-
taneously. For instance, analysis by electron microscopy dem-
onstrated that the tegument layer in TNE-extracted and spon-
taneously released HSV-1 was symmetrically arranged around
the capsid, as it is in cell-associated virus (Fig. 1b). It was rare
to see the asymmetric tegument distribution characteristic of
virus harvested 30 h or more after infection (26).

The infectivity of TNE-released and spontaneously released
virus was also found to be similar. When measured by particle/
PFU ratio, the infectivity of TNE-released and spontaneously
released virus was 105 and 61 particles/PFU, respectively (Table
1). In contrast, the infectivity of late-harvest (72 h) virus was 1,325
particles/PFU (average of two determinations; Table 1).

T36 capsids. Virus released from the infected cell with TNE
was treated promptly (within �15 min) with 0.5% TX-100, and
the resulting capsids were examined by sucrose density gradi-
ent centrifugation, SDS-polyacrylamide gel electrophoresis,
and electron microscopy. Sucrose density gradient centrifuga-
tion revealed the presence of a single band of capsids migrating
between the bands of nuclear B capsids and virus (Fig. 2a,
middle lane). All further studies were carried out with capsids
recovered from this band. The capsids are identified as T36
capsids because they were derived by TX-100 extraction of
virions and because of their UL36 content (see below).

SDS-polyacrylamide gel analysis revealed that T36 capsids
had a protein composition similar to that of nuclear C capsids
(Fig. 2b, compare middle and left lanes). Prominent compo-
nents of both were the major capsid protein (UL19, VP5) and
the two triplex proteins Tri1 and Tri2 (UL38 and UL18). T36
capsids, however, had two additional proteins, UL36 and
UL37, not present in C capsids. Visual inspection of Coom-
assie-stained gels indicated that the amounts of UL36 and
UL37 were comparable to the amounts present in virions (Fig.
2b, compare the middle and right lanes). Apart from UL36 and
UL37, no other major differences were observed in the protein
contents of C and T36 capsids. In particular, there was no
evidence of US3, an inner tegument protein (molecular weight,
52,835).

Electron microscopy of T36 capsids was carried out with
negatively stained specimens. Images showed that T36 capsids

resembled nuclear C capsids in that there was little evidence of
tegument in either case (compare the capsids in Fig. 3a with
those in panel d). T36 and C capsids differed, however, because
a short tuft or stem of density was observed at one or more
vertices in most of the T36 capsid images (Fig. 3a). No com-
parable feature was observed in C capsids (Fig. 3d). For in-
stance, of 131 T36 capsid images examined, tufts were seen in
115 (88%) and not in 16 (12%). One tuft projected radially
outward from one vertex; it was very rare to see tufts originat-
ing from nonvertex sites. Multiple tufts were observed in most
capsids. For example, the average number of tufts/capsid ob-

TABLE 1. Infectivity of extracellular and TNE-released HSV-1

Infection
time (h) Virus

Titer (PFU/ml) No. of particles/ml No. of particles/PFU

Expt 1 Expt 2 Expt 1 Expt 2 Expt 1 Expt 2

20 Extracellulara 1 � 108 5 � 108 6.1 � 109 3.4 � 109 61 6.8
20 TNE extract 8 � 108 NDb 8.4 � 1010 ND 105 ND
72 Extracellular 8 � 107 1 � 108 13.4 � 1011 9.7 � 1010 1,680 970

a Virus harvested from the culture supernatant.
b ND, not determined.

FIG. 2. Characterization of T36 capsids by sucrose density gradient
ultracentrifugation (a) and SDS-polyacrylamide gel electrophoresis
(b). T36 capsids were prepared as described in Materials and Methods,
beginning with HSV-1 released by TNE treatment of Vero cells in-
fected for 18 h. Note that during sucrose density gradient centrifuga-
tion, T36 capsids migrated more rapidly than nuclear B capsids (left
gradient) but more slowly than HSV-1 (right). SDS-polyacrylamide gel
electrophoresis was carried out with material harvested from the
starred bands in panel a. Note that the protein composition of T36
capsids (middle gel) was similar to that of nuclear C capsids (left gel),
except that T36 capsids contained two additional protein species,
UL36 and UL37 (asterisks).
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served in negatively stained specimens was 2.76 in 131 T36
capsid images examined. Tufts were not seen in T capsids
made from late-harvest HSV (26).

In lightly stained specimens, thin strands or fibers could be
seen to project outward from T36 capsids (Fig. 3b and c). Most
of the strands extended from capsid vertices, although some
appeared to arise from edges. An example of an edge strand is
shown at �6 o’clock in Fig. 3c. Most strands were straight or
gently curved. They differed greatly in length, with the longest
(�70 nm) comparable to the capsid radius and the shortest
�15 nm. Length measurements of 184 strands showed concen-
trations centered at lengths of 28.0 nm, 45.0 nm, and 67.8 nm
(Fig. 4, top). Branched strands were observed, but this was a
rare finding. No strand was seen to have more than a single
branch (Fig. 3e and f).

Electron microscopic images showed that the strands were
thin compared to the diameter of capsomers or the tufts found
to project from vertices. Measured diameters of 84 strands
showed a range of 2.0 to 4.0 nm, with concentrations at diam-
eters of 2.9 and 3.6 nm (Fig. 4, bottom). In some cases, strands
could be seen to be composed of distinct subunits consistent

with a beaded structure or one composed of multiple inter-
twined threads (Fig. 3g and h).

Sonication of T36 capsids. The length of the fibers and their
small diameter suggested that the shear forces produced by
brief sonication might be sufficient to detach them from the
capsid surface. This expectation was tested beginning with T36
capsids generated by TX-100 treatment of virus but not iso-
lated from other virus components. Virus–TX-100 mixtures
were subjected to brief (3-s) sonication in a bath sonicator.
Capsids were then isolated by sucrose density gradient centrif-
ugation and analyzed by SDS-polyacrylamide gel electrophore-
sis and electron microscopy.

Sucrose density gradient analysis showed that most of the son-
icated capsids migrated more rapidly than control, unsonicated
specimens (Fig. 5a, band 1). Further analysis was performed with
this predominant capsid species. Minor, more slowly migrating
species were found to correspond to capsids induced by sonica-
tion to lose some or all of their DNA (bands 2 to 5).

Protein analysis by SDS-polyacrylamide gel electrophoresis
revealed that sonication removed both UL36 and UL37, with
removal complete or nearly so in both cases (Fig. 5b). In

FIG. 3. Electron microscopy of T36 capsids (a to c and e to h) and nuclear C capsids (d). All specimens were prepared by negative staining.
Heavily stained images are shown in panel a, while other specimens are more lightly stained. Note that in all cases, T36 capsids had projections
not found in C capsids. Projections appeared as tufts after heavy staining (a) and strands when staining was lighter (b, c, and e to h). Some strands
were found to branch, as shown in panels e and f. Substructure was observed in strands, suggesting a coiled or beaded composition (g and h).
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contrast, there was little change in other prominent T36 capsid
proteins, including the major capsid protein (UL19) and the two
triplex proteins (UL38 and UL18). Minor protein species migrat-
ing between UL47 and UL38 were found to be affected to various
extents, with no pattern observed in multiple experiments.

Electron microscopic analysis demonstrated that fibers were
observed associated with control T36 capsids as described above.
It was rare, however, to observe them in sonicated preparations.
Representative images are shown in Fig. 5c. Counts made from
electron microscope negatives showed that fibers were seen in 32
of 32 control T36 capsid images but in only 1 of 64 sonicated
capsids. Micrographs therefore support the correlation of fibers
with the presence of the UL36 and UL37 proteins.

DISCUSSION

The tegument is central to the assembly of HSV-1 and other
herpesviruses. Most HSV-1 tegument proteins become associ-
ated with the capsid during secondary envelopment in the
cytoplasm (23). A mature, DNA-containing capsid buds into a
cytoplasmic vesicle beginning in a region coated with a thick
layer of tegument. As it buds, the capsid becomes coated with
tegument and an envelope membrane. Vesicles involved in
budding are located near the nucleus in a structure called the
assembly compartment (1, 34), maturation compartment (3),
or assembly site (36). Vesicle membranes are derived from the
trans-Golgi network, but they may have input from other ves-
icle types as well (4, 5, 10).

Most of the tegument becomes detached from the capsid
promptly after the infection of a new host cell (8, 20). Fusion
of virus and host cell membranes, as required for virus entry,
results in deposition of the tegument and capsid into the pe-

ripheral cytoplasm. The capsid then detaches from the tegu-
ment and traffics to the cell nucleus, with the inner tegument
proteins UL36, UL37, and US3 remaining bound (7, 18). In
contrast, the bulk of the tegument remains structurally intact
and adjacent to the cell membrane for a short time after entry.
Promptly, however, the tegument becomes disassembled and is
no longer recognizable as a unit (8, 20).

It is relevant to emphasize here that the tegument behaves as
a more-or-less intact unit throughout its functioning in virion
assembly, egress, and infection (up until the time it is disas-
sembled). The capsid binds to a tegument-sized region of
membrane during secondary envelopment, the tegument is
recognizable as a unit in the intact virion, and it retains its
identity for a short time in the peripheral cytoplasm of a newly
infected cell (20). As noted above, the goal of the present study
was to test the idea that UL36 is involved in maintaining the
structural integrity of the tegument until the overall structure
becomes dismantled.

FIG. 4. Histograms showing strand lengths (top) and widths (bot-
tom) measured in electron micrographs of T36 capsids similar to those
shown in Fig. 3b and c.

FIG. 5. Characterization of sonicated T36 capsids by sucrose density
gradient centrifugation (a), SDS-polyacrylamide gel electrophoresis (b),
and electron microscopy (c). For the procedures used to produce T36
capsids and to expose them to brief sonication, see Materials and Meth-
ods. Note that sucrose density gradient analysis demonstrated that soni-
cation resulted in the formation of a predominant band of capsids (band
1) that migrated slightly more rapidly than control, unsonicated T36
capsids. Minor bands of more slowly migrating capsids are suggested to
have lost DNA as a result of sonication. SDS-polyacrylamide gel and
electron microscopic analyses demonstrated that sonication caused loss of
UL36 and UL37 and also of the fibers projecting from the T36 capsid
surface. The findings are interpreted to support the view that the fibers
are composed of UL36 and/or UL37.
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Isolation and biochemical analysis of T36 capsids. Studies
were carried out with virus-derived capsids that contained
UL36 and UL37 but were depleted of all other tegument
proteins. It was observed that such capsids (T36 capsids) could
be isolated by a two-step procedure involving (i) release of
mature HSV-1 from the infected cell surface with TNE and (ii)
treatment of purified virions with TNE containing 0.5% TX-
100 to remove the virion membrane and most of the tegument
proteins (Fig. 2). Virion release from the cell surface with TNE
yielded the greatest quantity of virus when extraction was per-
formed 18 to 20 h postinfection. After longer periods, most of
the virus was spontaneously released into the culture superna-
tant. The large amount of virus extracted with TNE from the
surface of cells infected for 18 h (Fig. 1a) suggests that there is
a delay in the release of mature HSV-1 virions after they are
first exposed on the host cell surface.

Further analysis of virion release from the cell surface with
TNE indicated that it is the 0.5 M NaCl component of TNE
that is responsible for virion detachment (Fig. 1a). This obser-
vation suggests that cell-associated virus is attached by a non-
covalent interaction that is disrupted by 0.5 M NaCl.

HSV-1 detached from the cell surface with TNE was found
to be infectious and to have the uniform distribution of tegu-
ment characteristic of early-harvest compared to late-harvest
virus (26). Measurement of virus infectivity by the particle/
PFU ratio indicated that TNE-extracted virus more closely
resembled the high infectivity of early-release virus compared
to the lower infectivity found at late harvest times (Table 1).
This similarity is reasonable, as cell-associated virus is the
immediate precursor of virus detached from the cell with TNE.

The uniform tegument distribution observed in TNE-ex-
tracted virus (Fig. 1b) was expected, as a uniform distribution
is found in cell-associated virus (26). The uniform distribution
contrasts with the asymmetric tegument arrangement charac-
teristic of late-harvest HSV-1 (8, 9, 25, 31). The correlation of
asymmetric tegument and reduced infectivity in late-harvest
virus suggests that the two phenomena may be related. An
asymmetric tegument may not be compatible with the highest
virion infectivity.

It was expected that most tegument proteins would be re-
moved by treatment of TNE-released virus with 0.5% TX-100.
Nearly complete removal was observed with cell-associated,
but not late-harvest, virus (22, 26). The selective resistance of
UL36 and UL37 to extraction was novel and suggests that,
compared to other tegument proteins, UL36 and UL37 are
more strongly anchored to the capsid. Selective resistance to
the removal of UL36 and UL37 is also observed in late-harvest
HSV-1 after extraction with TX-100 containing 1 M KCl (39).
The strong association of UL36 and UL37 with the capsid, as
suggested in both studies, may be related to the need of inner
tegument proteins to remain bound to the capsid after entry of
the tegument-capsid complex into the host cell cytoplasm. Ev-
idence has been presented indicating that UL36 is attached to
the capsid by way of an interaction involving capsid protein
UL25 and the C-terminal 63 amino acids of UL36 (2, 16).

It was consistently observed that despite their greater mass,
T36 capsids migrated more slowly than C capsids during su-
crose density gradient centrifugation. We suggest that this ef-
fect may be due to hydrodynamic drag produced by projecting
UL36 and UL37 molecules. It is consistent with the above

interpretation that removal of UL36 and UL37 by sonication
or by trypsin treatment produced capsids that migrate coinci-
dentally with C capsids (Fig. 5a) (26).

Electron microscopy. Electron microscopic examination of
T36 capsids showed that they contain short tufts or stems and
extended threads not observed in nuclear C capsids (Fig. 3).
Both stems and threads were found to correlate with the pres-
ence of UL36 and UL37. We therefore suggest that UL36 and
UL37 (1,123 amino acids) are the subunits of the stems and
threads. The difference between the tuft and thread morphol-
ogies is suggested to be due to the conditions of T36 capsid
staining and drying for electron microscopy. For example, a
higher stain concentration may lead to strand condensation to
form stems. While electron micrographs showed that most
threads originate at capsid vertices, some were observed at
nonvertex sites. The appearance of nonvertex threads indicates
that some may arise from capsid edges or faces or, alterna-
tively, from an obscured vertex. We favor the view that non-
vertex threads arise from obscured vertices, as such threads are
only rarely seen in electron micrographs.

Assignment of UL36 and UL37 to the tufts and threads is
supported by the results of studies in which T36 capsids were
subjected to brief sonication. Sonic treatment caused removal
of the threads (Fig. 5c), and removal was found to correlate
with loss of UL36 and UL37, as judged by SDS-polyacrylamide
gel analysis of sonicated capsids (Fig. 5b). UL36 and UL37
were also found to be removed by brief treatment of capsids
with 0.1 �g/ml trypsin (26). Sensitivity to trypsin treatment is
consistent with the idea that UL36 and UL37 are exposed on the
T36 capsid surface. Also consistent with this assignment are the
results of protein secondary structure prediction that suggest thin,
extended structures for both UL36 and UL37 (see, for example,
http://www.sbg.bio.ic.ac.uk/phyre/html/index.html and http:
//bioinf4.cs.ucl.ac.uk:3000/psipred/). Both UL36 and UL37 have
the potential to form extended structures with the length ob-
served for the T36 capsid threads (Fig. 4, top panel).

Tegument structure. The threads or strands were found to
vary considerably in length, with a range of 15 to 70 nm (Fig.
4, top panel). The longest of the strands have the potential to
span the thickness of the tegument (30 to 50 nm). They there-
fore suggest themselves as structures that could function in
organizing the tegument as a whole since they have the capac-
ity to reach all parts of the overall tegument mass. We suggest
that the tegument may be composed of flexible UL36 and
UL37 molecules that extend to all accessible regions near the
capsid surface. The remainder of the tegument (most of its
mass) is suggested to be created by proteins that bind directly
or indirectly to UL36 or UL37.

The observed variability in strand length may be an authentic
part of their nature. Alternatively, it could be due to strand break-
age as T36 capsids are prepared for electron microscopy, or it
could result from a variable amount of UL36/UL37 protein con-
densed in tufts. We favor the idea that UL36 and UL37 may be
condensed in tufts to a variable extent because SDS-polyacryl-
amide gels show no evidence of truncated forms of UL36 or
UL37 (Fig. 2b).

Features of strand morphology suggest that at least some are
molecular oligomers. For instance, there are two distinct pop-
ulations of strands that differ in thickness (Fig. 4, bottom
panel). These are interpreted to correspond to molecular
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monomers (2.9 nm in diameter) and dimers (3.6 nm), respec-
tively. Occasional strand images show evidence of branching
(Fig. 3e and f), indicating that the parent strand is likely to be
a dimer or higher oligomer. Strands composed of more than
one component strand could be homooligomers of either
UL36 or UL37, or they could be heterooligomers containing
UL36 and UL37 component strands. The documented inter-
action between UL36 and UL37 suggests that at least some are
heterooligomers (24, 32, 38).

Although electron micrographs demonstrated that most of
the strands were straight, projecting radially outward from the
capsid, others were found to be gently curved indicating a
degree of flexibility in the structure (Fig. 3). Such flexibility
may underlie the way the tegument is able to change its mor-
phology in progressing from a uniform distribution found in
cell-associated virus to the asymmetric form found in late-
harvest virions (26).

In the future, the ready availability of capsids (T36 capsids)
with a small number of tegument proteins may make it possible
to examine events of tegument formation with in vitro experi-
ments. For instance, addition of tegument proteins to T36
capsids may result in assembly events that would be revealing
about tegument formation as it occurs in infected cells.
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