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ABSTRACT

Capsid-associated tegument proteins have been identified in alpha- and betaherpesviruses to play an essential role in viral DNA
packaging. Whether and how such tegument proteins exist in gammaherpesviruses have been mysteries. Here, we report a 6-A-
resolution cryo-electron microscopy (cryo-EM) structure of Kaposi’s sarcoma-associated herpesvirus (KSHV) virion, a member
of the oncogenic gammaherpesvirus subfamily. The KSHYV virion structure reveals, for the first time, how capsid-associated teg-
ument proteins are organized in a gammaherpesvirus, with five tegument densities capping each penton vertex, a pattern highly
similar to that in alphaherpesvirus but completely different from that in betaherpesvirus. Each KSHV tegument density can be
divided into three prominent regions: a penton-binding globular region, a helix-bundle stalk region, and a 3-sheet-rich triplex-
binding region. Fitting of the crystal structure of the truncated HSV-1 UL25 protein (the KSHV ORF19 homolog) and secondary
structure analysis of the full-length ORF19 established that ORF19 constitutes the globular region with an N-terminal, 60-ami-
no-acid-long helix extending into the stalk region. Matching secondary structural features resolved in the cryo-EM density with
secondary structures predicted by sequence analysis identifies the triplex-binding region to be ORF32, a homolog of alphaher-
pesvirus UL17. Despite the high level of tegument structural similarities between KSHV and alphaherpesvirus, an ORF19 mono-
mer in KSHV, in contrast to a UL25 dimer in alphaherpesviruses, binds each penton subunit, an observation that correlates with
conformational differences in their pentons. This newly discovered organization of triplex-ORF32-ORF19 also resolves a long-
standing mystery surrounding the virion location and conformation of alphaherpesvirus UL25 protein.

IMPORTANCE

Several capsid-associated tegument proteins have been identified in the alpha- and betaherpesvirus subfamilies of the Herpes-
viridae. These tegument proteins play essential roles in viral propagation and are potential drug targets for curbing herpesvirus
infections. However, no such tegument proteins have been identified for gammaherpesviruses, the third herpesvirus subfamily,
which contains members causing several human cancers. Here, by high-resolution cryo-EM, we show the three-dimensional
structure of the capsid-associated tegument proteins in the prototypical member of gammaherpesviruses, KSHV. The cryo-EM
structure reveals that the organization of KSHV capsid-associated tegument proteins is highly similar to that in alphaherpesvi-
rus but completely different from that in betaherpesvirus. Structural analyses further localize ORF19 and ORF32 proteins (the
alphaherpesvirus UL25 and UL17 homologs in KSHV, respectively) in the KSHV capsid-associated tegument cryo-EM structure.
These findings also resolve a long-standing mystery regarding the location and conformation of alphaherpesvirus UL25 protein
inside the virion.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known
as human herpesvirus 8 (HHV-8), is the causative agent of
Kaposi’s sarcoma (1, 2), a cancer commonly occurring in AIDS
patients (3). It is also associated with certain B cell lymphoprolif-
erative disorders, like primary effusion lymphoma and multicen-
tric Castleman’s disease (4). KSHV is a member of the gammaher-
pesvirus subfamily of the Herpesviridae. Like all herpesviruses, the
KSHV virion is composed of a double-stranded, linear DNA
genome encased within an icosahedral capsid, which in turn is
wrapped in a proteinaceous layer, called the tegument and, last, a
lipid bilayer membrane called the envelope. Although the tegu-
ment compartment of herpesvirus is pleomorphic and has no dis-
tinguishable substructures, it is roughly divided into outer tegu-
ment and inner tegument layers (5, 6). Upon cell entry, the outer
tegument proteins are released into the host cell cytoplasm where
some of them perform functions needed early in the infection
process, while the inner tegument proteins remain associated with
the nucleocapsid and participate in its transport to the nucleus via
the microtubule/dynein motor system (7-12).
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Of particular interest, some inner tegument proteins associate
with the nucleocapsid in an ordered manner that enables the visual-
ization of tegument densities in three-dimensional (3D) reconstruc-
tions of the virion by cryo-electron microscopy (cryo-EM). In herpes
simplex virus 1 (HSV-1) and pseudorabies virus (PRV), two repre-
sentative members of the alphaherpesvirus subfamily, tegument den-
sities are present at the icosahedral vertices of the capsid; thus, they are
named capsid vertex-specific components (CVSC) (13-17). In hu-
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man cytomegalovirus (HCMV) and simian cytomegalovirus
(SCMV), members of the betaherpesvirus subfamily, the capsid-as-
sociated tegument protein pp150 forms a net enclosing the entire
capsid and presumably stabilizes the capsid to contain the large viral
genome (18-21). These capsid-associated tegument components
identified in alpha- and betaherpesviruses have been demonstrated to
be essential for viral propagation (22-24), but the underlying mech-
anisms are not clear.

Structural studies of gammaherpesviruses are lagging behind
due to more difficulties of sample preparation. In particular,
whether and how capsid-associated tegument proteins exist in
gammaherpesviruses have not been addressed.

Recently, a new KSHV bacterial artificial chromosome
(BAC) plasmid, BAC16, was generated to facilitate production
of KSHV infectious virions and genetic modification of the
KSHV genome (25). A high titer of BAC16-derived virus stock
can be obtained with the use of a cell line, iSLK-puro, engi-
neered to express a doxycycline (DOX)-inducible immediate-
early viral protein, RTA, that drives the lytic replication of
KSHYV (25, 26). Here, by using this iSLK-KSHVBAC16 system
for KSHV virion production, we obtained a 6-A-resolution
structure of the KSHV virion, which reveals, for the first time,
that KSHV also has capsid-associated tegument densities
around the capsid vertices. Two proteins in the KSHV tegu-
ment density were identified, ORF19 and ORF32, which are
homologs of alphaherpesvirus UL25 and UL17, respectively.
ORF32 mediates the assembly of tegument proteins by anchor-
ing to the capsid on penton-proximal triplexes and connecting
to ORF19 through its N-terminal helix and possibly to other
tegument proteins. This result also clarifies the previous mys-
tery surrounding the locations and structures of alphaherpes-
virus UL25 and UL17 proteins.

MATERIALS AND METHODS

Sample preparation of KSHV virion. The iSLK-KSHVBAC16 cells (kind
gift from Jae U. Jung) were cultured in Dulbecco’s modified Eagle me-
dium (DMEM) with 10% fetal bovine serum (FBS), 1 pg/ml puromycin,
250 pg/ml G418, and 1,200 pg/ml hygromycin. When cells reached
~80% confluence, the media were replaced with DMEM plus 10% FBS, 1
mM sodium butyrate, and 1 pg/ml doxycycline. After 3 to 5 days, when
80% of the cells were round, the supernatant was collected to purify KSHV
virion by following a procedure described previously (19).

Cryo-EM imaging and data processing. An aliquot of 2.5 pl purified
KSHYV virion suspension in phosphate-buffered saline (pH 7.4) was ap-
plied to a 300-mesh copper grid coated with holey carbon film, blotted
with filter paper, and plunge-frozen in liquid ethane. The sample was
imaged atliquid nitrogen temperature in an FEI Titan Krios cryo-electron
microscope operated at 300 kV with the Leginon software (27). The im-
ages were recorded on a Gatan K2 summit direct detection camera on
super-resolution mode with an effective magnification of X24,300 (nom-
inal magnification, X 14,000), corresponding to a pixel size of 1.03 A/pixel
at the specimen level. Each selected sample area was exposed at a dose rate
of ~8e ™ /pixel/s on camera for 13 s, resulting in a total dose of ~25¢ ™ /A?
on specimen. Each image was fractioned into 26 frames, with a 500-ms
accumulation time for each frame. All of the frames were aligned and
averaged with the drift-correction software described in reference 28. The
averaged images were used for monitoring data processing and 3D recon-
struction.

Defocus values of the data set were determined with CTFFIND?3 (29)
and were in the range of 1 to 2 um underfocus. A total of ~40,000 particles
were picked manually using EMAN (30). Orientation and center param-
eters of each particle were determined and refined iteratively with the
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common-line method implemented in the IMIRS software package (31,
32), and 3D reconstructions were carried out with the GPU program
eLite3D (33). The final reconstruction was obtained by averaging the
20,395 best particles, which were selected on the basis of phase residues
between raw images and model projections. The resolution of the density
map was measured to be 6 A based on the 0.143 Fourier shell correlation
(FSC) criterion (34). The visualization of the density map was carried out
with UCSF Chimera (35).

Fitting of crystal structures into the cryo-EM density map was done
with the “Fit in Map” tool of UCSF Chimera (35). During the fitting, a
simulated map was generated from the crystal structure at the same reso-
lution as that of the experimental map. A cross-correlation coefficient
between the simulated map and the experimental map was calculated and
reported as a quantitative estimate of the quality of fitting.

Secondary structure predictions were performed with PSIPRED using
the Protein Structure Prediction Server (36).

Cryo-EM accession number. The cryo-EM density map has been de-
posited in EMDB under the accession number EMD-6038.

RESULTS

Structure of KSHV virion at 6-A resolution. With the aim of
resolving the tegument, we chose to purify intact virion particles
from viral culture media for this study. Protected by a viral enve-
lope, a virion encounters less structural disturbance and should
have better preservation of its tegument structure compared to
nucleocapsid purified from infected cell nuclei used in previous
structural studies. We imaged the purified KSHV virions embed-
ded in vitreous ice (Fig. 1A) with a 300-kV Titan Krios electron
microscope equipped with an electron-counting direct detection
camera (Gatan K2 Summit) operated at super-resolution mode.
By averaging over 20,000 images of virion particles, we recon-
structed the KSHV virion to 6-A resolution (Fig. 1B).

The capsid structure of KSHV is similar to that of other pub-
lished herpesvirus capsid reconstructions. It is composed of major
capsid protein (MCP; ORF25) pentamers and hexamers joined by
triplexes (heterotrimers of one ORF62 and two ORF26 proteins)
and decorated by the smallest capsid proteins (SCP; ORF65). A
density of the MCP upper domain (MCPud) can be fitted well
with the atomic model of HSV-1 MCPud (PDB entry INO7) (37)
(cross-correlation coefficient, 0.47; see Materials and Methods),
demonstrating good quality of the reconstruction and also indi-
cating structural conservation between MCP molecules of the two
viruses (Fig. 1F).

We identified extra densities other than capsid proteins in the
KSHYV virion reconstruction that are attributable to capsid-asso-
ciated tegument components (CATC). The tegument densities are
distributed mainly around the capsid vertices, with five sets bind-
ing each penton and its surrounding triplexes, Ta and Tc (as in the
nomenclature of reference 38) (Fig. 1D). These densities are
weaker than capsid proteins. They can be visualized only when the
map is displayed at a low contour level (~0.53 above the mean; &
is the standard deviation) but are hardly discernible when other
capsid components are displayed at a contour level of 23 (Fig. 1B;
also see Fig. S1 in the supplemental material). A central slice of the
3D reconstruction shows that the intensity of these tegument den-
sities is only about 30% of the highest intensity of capsid proteins
(Fig. 1C). The weak intensity of these tegument densities explains
why we failed to detect them previously in a low-resolution
cryo-EM reconstruction of murine herpesvirus 68 (MHV-68) vi-
rion with only a few hundred particles (5).

Other minor tegument densities also are observed around
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FIG 1 Cryo-EM and 3D reconstruction of KSHV virions. (A) Cryo-EM image of purified KSHV virion. (B) 3D reconstruction of the KSHV virion at 6-A
resolution. The structure is rainbow-colored radially. The left half of the capsid is rendered at a contour level (CL) of 28 (8 is the standard deviation), while
the right half is rendered at 0.58 to show the presence of tegument densities. (C) One-quarter of a central slice of the KSHV virion reconstruction. The
white arrow points to a capsid-associated tegument density surrounding the penton. The intensity of the tegument density is measured to be ~30% of the
peak intensity of the capsid shell. Lines 2, 3, and 5, icosahedral symmetry axes. (D and E) Zoomed-in views of capsid surface areas as denoted with dashed
squares in panel B. The black arrow in panel D points to a tegument density around the capsid vertex. Black arrows in panel E point to tegument density
close to the 2-fold axis. 5, 5-fold axis; P, periphery-hexon; Ta and Tk, triplexes; 2, 2-fold axis; E, edge hexon; C, central hexon; Tb and Te, triplexes. (F)
KSHV MCP upper domain (MCPud) density map (transparent gray) fitted with the HSV-1 MCPud atomic model (red ribbon; PDB entry INO7) (37).

the 2-fold symmetric axis, roughly at the midpoint between
triplexes Tb and Te, edge hexon, and central hexon (Fig. 1E).
These minor densities are very weak and broken, resulting from
either very low occupancy or high flexibility. Given their sim-
ilarity in bridging over two triplexes, we propose that these
densities are the same kind of tegument proteins as those sur-
rounding the capsid vertices but occupying a secondary, lower-
affinity binding site.

Capsid-associated tegument components in KSHV are simi-
lar to those in alphaherpesviruses but different from those in
betaherpesviruses. Comparison of KSHV CATC with tegument
components in alpha- and betaherpesvirus reconstructions re-
vealed its similarity to those in alphaherpesviruses and difference
from those in betaherpesviruses. The distribution of visible tegu-
ment densities in published HSV-1 and PRV reconstructions is
limited to particle vertices; thus, these densities were named cap-
sid vertex-specific component, or CVSC (16). The binding pattern
and overall shape of KSHV CATC densities are similar to those of
HSV-1 and PRV CVSC. To illustrate these similarities, we com-
pare our KSHV structure side by side with that of a recently pub-
lished 9-A-resolution reconstruction of PRV C capsid (EMDB-
5650) (17) (Fig. 2A, B, D, E, G, and H). The tegument density in
both KSHV and PRV can be divided into three regions in the same
way: a globular region in the upper end binds the penton MCP; a
bridge-shaped region in the lower end binds two triplexes closest
to the penton, triplexes Ta and T¢; and a stalk region in the middle
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connects the penton-binding region to the triplex-binding region
(Fig. 2G and H and 3A).

In contrast, the KSHV and PRV tegument densities bear no
similarity to the tegument densities of cytomegalovirus (betaher-
pesvirus subfamily). In cytomegaloviruses, three filamentous,
pp150-containing densities bind to each triplex and its surround-
ing capsomers (compare Fig. 2A and B to Fig. 1H in our previously
published paper [19]).

These observations suggest that the KSHV inner tegument is
very similar to that of alphaherpesvirus but has nothing in com-
mon with that of betaherpesvirus.

In situ structure of full-length ORF19 revealed in the KSHV
virion reconstruction. In alphaherpesviruses, one of the capsid-
associated tegument components was shown to be UL25, a homolog
of KSHV ORF19 (15, 17). The structure of the N-terminally trun-
cated (missing 133 amino acids [aa]) UL25 of HSV-1 has been solved
by crystallography (PDB entry 2F5U) (39). We find that this HSV-1
UL25 atomic model fits well with the penton-binding globular region
of the KSHV tegument density (cross-correlation coefficient, 0.49;
see Materials and Methods) (Fig. 3C; also see Movie S1 in the supple-
mental material). This observation indicates that the penton-binding
globular region is made up of a monomer of the ORF19 protein. The
structural agreement between the HSV-1 UL25 model and KSHV
tegument density further demonstrates structural conservation be-
tween gamma- and alphaherpesvirus tegument proteins up to the
level of secondary structures.

Journal of Virology
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FIG 2 Comparison of capsid-associated tegument densities in KSHV and pseudorabies virus (PRV). (A and B) Densities around the capsid vertex in the
6-A KSHYV virion reconstruction (A) and 9-A PRV C-capsid reconstruction (B) (rendered from EMDB-5650; published by Homa et al. [17]). In both
structures, capsid proteins are rainbow colored radially and tegument densities are gray, and they are displayed at a lower contour level than that of the
capsid because they are weaker than capsid densities. (C) Schematic representation of pentons and periphery hexons in KSHV and PRV. The PRV penton
has a 30° clockwise rotation when its periphery hexons are aligned to those of KSHV. (D and E) Zoomed-in views of a single capsid-associated tegument
density in KSHV and PRV. Their positions are denoted with dashed squares in panels A and B. Note the slightly different orientations of the tegument
density relative to the penton MCP. In KSHV (D), a single copy of the HSV-1 UL25 atomic model (magenta ribbon; PDB entry 2F5U) (39) can be fitted
into the tegument density, while in PRV (E) two copies (magenta and blue ribbons) can be accommodated. (F) Two copies of the HSV-1 UL25 atomic
model (magenta and blue ribbons) fitted in the tegument density of the PRV virion reconstruction (light blue) (EMDB-5655; Homa et al. [17]). Note the
good match between the overall shape of the density map and that of the model. (G and H) Side views of tegument density interacting with penton and
triplexes Ta and Tc in KSHV (G) and PRV (H), respectively.

The N-terminal segment of aa 1 to 133 is missing from the
UL25 crystal structure. Secondary structure predictions of the
full-length KSHV ORF19 and HSV-1 UL25 sequences reveal
similar secondary structures for their N-terminal segments.
Both of them have a short  strand connected to a long helix of
about 60 residues (Fig. 3E). We suggest that this predicted long
helix corresponds to the magenta helix observed at the surface
of the stalk region (Fig. 3A). This helix spans ~100 A from the
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penton-binding globular region to the bottom-right portion of
the triplex-binding region, with a kink in the middle (Fig. 3A,
B, and D; also see Movie S2 in the supplemental material). The
length of this helix agrees with that expected for the predicted
N-terminal helix containing 60 amino acids (~90 A in length,
given an axial rise of 1.5 A/residue). At 6-A resolution, the
B-strand and loop predicted at the very end of the N-terminal
segment are not resolved in our structure but could be part

jviasm.org 12697


http://www.rcsb.org/pdb/explore/explore.do?structureId=2F5U
http://jvi.asm.org

penton-binding
globular region

stalk region

helix bundle of |

unidentified I — . . '
protein R — . v .
€ D— —
— o —

-4 ———¢ —_—
— 25— > — Nt >—4 —

ORF32 Secondary Structure Prediction

FIG 3 Identity of constituent proteins in KSHV capsid-associated tegument component. (A and B) Different views of the KSHV tegument density. For convenience of
description, the density is divided into a penton-binding globular region, a stalk region, and a triplex-binding region. The density is colored by its putative identity
(magenta, ORF19; gray, ORF32; blue, unidentified tegument protein). The green symbol in panel A roughly corresponds to the position of extra GFP density in the
HSV-1 UL25 GFP-labeling study as described by Conway et al. (15). The green symbol in panel B roughly corresponds to the position of GFP label inserted at the HSV-1
UL17 C terminus as described by Toropova et al. (16). (C) Zoomed-in view of the penton-binding globular region. The density map is presented as semitransparent and
from an orientation different from that shown in panels A and B to appreciate its satisfactory fitting with the HSV-1 UL25 atomic model (magenta ribbon). This evidence
strongly supports our assignment of ORF19 (UL25 homolog) to this region. The black arrows point to several well-fitted alpha-helices. (D) In situ, full-length structure
of ORF19.N" and C’ denote protein amino and carboxyl termini, respectively. The green mark is the same as that in panel A. (E) Schematic model of ORF19. Secondary
structure prediction suggests that the N-terminal segment (aa 1 to 124 in KSHV ORF19, corresponding to aa 1 to 133 in HSV-1 UL25) missing from the HSV-1 UL25
crystal structure (aa 134 to 577) has a long helix and a short 8-strand. (F) Structure of ORF32 (UL17 homolog). The green mark is the same as that described for panel
B. N’ and C’ denote protein amino and carboxyl termini, respectively. (G and H) Zoomed-in views of the two domains of ORF32 to show its B-sheet-rich structural
feature (colored yellow). (I) Secondary structure prediction of the ORF32 sequence. Note the abundance of 3-strands, correlating with structural features shown in
panels G and H. (J) Structure of the three-helix bundle in the stalk region.
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of the large B-sheet in the triplex-binding region (the one in
Fig. 3H).

Localization of ORF32 in KSHYV virion. A second constituent
of alphaherpesvirus tegument density was determined to be UL17,
ahomolog of KSHV ORF32 (16). It was assigned to occupy mainly
the stalk region and a small portion of the triplex-binding region
closest to the penton (16).

Based on the correlation of the secondary structural feature of
the remaining unassigned density in the KSHV tegument to the
secondary structure prediction of ORF32, we assign it to be the
entire triplex-binding region (Fig. 3A, B, and F; see Movie S2 in
the supplemental material). The density of the triplex-binding
region in KSHV tegument is well-separated into two domains,
with each domain having a large 3-sheet in the core (Fig. 3F, G,
and H). This B-sheet-rich structural feature correlates well with
secondary structure prediction of ORF32, which is also rich in
B-strands (Fig. 31).

In previous green fluorescent protein (GFP)-labeling studies of
HSV-1 UL17, the GFP tag was attached to the C terminus and
produced extra density at the penton-proximal end of the triplex-
binding region in the cryo-EM reconstruction (Fig. 3B and F,
green symbols) (16). Because the cryo-EM densities for the tri-
plex-binding regions of capsid-associated tegument are similar in
KSHV and HSV-1, by analogy, we assign this penton-proximal
domain in KSHYV to be the C-terminal half of ORF32 and the
penton-distal domain to be the N-terminal half (Fig. 3F).

Other constituents in KSHV capsid-associated tegument
structure. The remaining three helices in the stalk region have no
obvious density connectivity to either the penton-binding region
ORF19 or triplex-binding region ORF32 (Fig. 3A, B, and J; also see
Movie S2 in the supplemental material). Given the still-limited
(6-A) resolution of the current structure and the lack of biochem-
ical data, we cannot make a definitive protein assignment to these
three helices in the helix bundle.

Previously, it was proposed for alphaherpesviruses that VP1/2
(encoded by UL36) is present in the capsid-associated tegument
densities and constitutes the penton-binding region (17, 40). Bio-
chemical studies of HSV-1 and PRV also showed that VP1/2 was
recruited into nuclear assemblons and specifically bound capsids
via its C terminus, and this binding required UL25 (41-43). How-
ever, as shown above, the proposed location of VP1/2, the penton-
binding region, has been determined unambiguously to be occu-
pied by UL25. Whether the three-helix bundle in the stalk region
could be part of ORF64, the KSHV homolog of VP1/2, awaits
further investigations.

Stoichiometric difference between capsid-associated tegu-
ment proteins of alpha- and gammaherpesviruses. When apply-
ing the above-determined organization of tegument proteins in
KSHYV to PRV, we further identified a stoichiometric difference in
the capsid-associated tegument proteins between the two viruses.
The penton-binding globular region of PRV tegument is roughly
twice the size of that in KSHV (Fig. 2D and E). By fitting with the
HSV-1 UL25 atomic model, we confirmed that this region in PRV
indeed can accommodate two UL25 molecules (Fig. 2E). We dou-
ble-checked the fitting in the PRV virion reconstruction (EMDB-
5655) (17), which has poorer resolution but better preservation of
tegument densities than the capsid reconstruction. As expected,
the overall shape of the density in the penton-binding globular
region matches that of the two UL25 models (Fig. 2F). We further
examined tegument densities in HSV-1 reconstructions published
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to date. Two bulbs of density similar to that in PRV virion recon-
struction can be easily identified (compare Fig. 2F to Fig. 3 from
reference 13 and Fig. 4A in reference 40). We propose that it is a
conserved feature among all alphaherpesviruses that two UL25
molecules, in contrast to only one ORF19 in KSHV, are present in
each capsid-associated tegument component. In support of our
proposal, Conway et al. had found in their HSV-1 UL25 GFP-
labeling study that the GFP density could accommodate two GFP
molecules (15). Moreover, approximately 2:1 ratios of UL25 to
UL17 were reported for HSV-1 and PRV C capsids, respectively
(see Table S2 in reference 14 and Fig. 4b in reference 17). The
UL25 homologin HCMV, UL77, also was demonstrated to form a
dimer (44).

In contrast, the stoichiometries of alphaherpesvirus UL17 and
KSHV ORF32 appear to be the same. In KSHV, an ORF32 mono-
mer occupies the triplex-binding region of the capsid-associated
tegument component. The similar size of this region in KSHV and
PRV (Fig. 2D, E, G, and H) indicates that only one copy of UL17
exists in each alphaherpesvirus CVSC as well.

The stoichiometric differences between the UL25/ORF19 pro-
teins in alpha- and gammaherpesviruses may correlate with struc-
tural differences in their pentons. ORF19 in KSHV and UL25 in
PRV bind pentons in different ways. More specifically, KSHV
ORF19 binds only one penton MCP, while each of the two PRV
UL25 molecules binds two MCPs at the same time, and the bind-
ing area on penton MCP is different from that in KSHV (Fig. 2D,
E, G, and H). By superimposing the 5-fold axis of the KSHV and
PRV reconstructions, we find that the pentons in the two struc-
tures do not fit with each other, although their periphery hexons
and triplexes are aligned well. By fitting the HSV-1 MCPud atomic
model (PDB entry INO7) (37) into the penton MCPs and mark-
ing positions of the same structural element in KSHV and PRV, we
measured that there is roughly a 30° clockwise rotation of the PRV
penton compared to that in KSHV (Fig. 2C). Conceivably, rota-
tion of the PRV penton exposes alternative binding areas on the
MCP to its UL25 protein and also results in more space between
the penton and its adjacent hexon to accommodate a UL25 dimer
than that required for an ORF19 monomer in KSHV.

DISCUSSION

Alphaherpesvirus tegument has been studied extensively, and
cryo-EM of HSV-1/PRV capsids with GFP-tagged UL25 con-
firmed its identity as one contributor to the CVSC. However,
both the exact location and in situ conformation of the UL25
protein inside alphaherpesvirus virions remained hitherto puz-
zling. It was mysterious why the crystal structure of the HSV-1
N-terminally truncated UL25 did not fit the density designated
UL25 in a 9-A-resolution cryo-EM reconstruction of PRV C
capsids (17). Two possibilities were offered to explain this dis-
crepancy: first, PRV and HSV-1 UL25 proteins have different
structures, and second, UL25 has a conformation inside the
virion that is different from that in the crystal (17). One can
safely rule out the first possibility, given the rule of thumb of
structural biology that sequence identity of over 30% usually
leads to nearly identical folds and the high sequence identity
between PRV and HSV-1 UL25 proteins (50% identity and
60% similarity). The structure presented here has allowed us to
rule out the second possibility too, resolving the long-standing
mystery surrounding the exact location and the in situ struc-
ture of UL25 and its homolog in gammaherpesvirus.
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FIG 4 Schematic presentation of capsid-associated tegument component or-
ganizations in gammaherpesvirus (A) and alphaherpesvirus (B). The main
differences are the following: (i) only one ORF19 molecule is present in each
gammaherpesvirus tegument density, compared to two copies of UL25 in each
alphaherpesvirus tegument density; (ii) ORF19 binds only one penton MCP in
gammaherpesvirus, while each UL25 in alphaherpesvirus binds two penton
MCPs due to a 30° clockwise rotation of the penton, denoted as described in
the legend to Fig. 2C.

Specifically, the newly resolved structure of the N-terminal
segment not present in the crystal structure of HSV-1 UL25 ex-
plains why the previous labeling studies had led to the mystery and
the eventual incorrect assignment of UL25 to the triplex-binding
region of CVSC (15, 17, 45). The crystal structure of UL25 con-
tains the globular domain encompassing aa 134 to 577 but not the
extended N-terminal segment (Fig. 3D and E). In the GFP-label-
ing studies of HSV-1 and PRV UL25, the GFP tag was inserted
between residues 50 and 51 and produced an extra density on top
of the CVSC densities (15, 17), roughly at the position marked by
an asterisk in our KSHV structure (Fig. 3A and D). Similarly, the
position of the N terminus of HSV-1 UL25 was labeled by a tan-
dem affinity purification tag and visualized by cryo-EM (45). A
small extra density was identified at one side of the triplex-binding
region (see Fig. 8 of reference 45), which agrees with our assign-
ment of the UL25 N terminus extending to the triplex-binding
region. In all of these cases, the N terminus of UL25 was correctly
identified by labeling; however, the poor resolutions of the
cryo-EM structures unfortunately have led to the misassignment
of the globular domain of UL25 to the density largely belonging to
UL17.

The direct structural comparison presented here shows that a
similar, but not identical, organization of capsid-associated tegu-
ment proteins exists in alpha- and gammaherpesviruses, as de-
picted in Fig. 4. This organization suggests an important structural
role for ORF32/UL17. This tegument protein mediates assembly
of tegument proteins by anchoring to the capsid on penton-prox-
imal triplexes and connecting to ORF19/UL25 through its N-ter-
minal helix and possibly to other tegument proteins as well. This
notion is supported by the previous finding in HSV-1 that UL17 is
required for efficient binding of UL25 to capsid (46).

UL17 and UL25 genes are conserved among all three her-
pesvirus subfamilies. We show here that the capsid association
pattern of UL17 and UL25 homologs is similar in gammaher-
pesviruses and alphaherpesviruses. In addition to binding to
pentons as visualized here, HSV-1 UL25 also has been shown to
bind the portal protein UL6 (47), a component of the DNA-
packaging machinery. The portal occupies only 1 of the 12
capsid vertices and is not visible in the reconstruction shown
here due to imposition of icosahedral symmetry. The capability
of UL25 homologs to bind DNA-packaging machinery suggests
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that they are directly involved in the processes of genome pack-
aging, retention, and/or releasing (23, 47-50). The presence of
UL25 improved the efficiency of packaging the full-length ge-
nome (48, 49, 51). In the betaherpesvirus HCMV, the UL17
and UL25 homologs (UL93 and UL77, respectively) also are
required for efficient virus growth in cultured fibroblasts (52,
53). We have shown previously that the most abundant capsid-
associated tegument protein in HCMV is pp150 (18, 19), a
betaherpesvirus-specific tegument protein not found in alpha-
and gammaherpesviruses. The binding of pp150 might have
prevented the association of the UL17/UL25 homologs around
the penton locations to those in alpha- and gammaherpesvi-
ruses. However, the UL25 homolog in HCMV was demon-
strated to be a structural protein associated with the capsid and
to interact with portal protein UL104 (the alphaherpesvirus
UL6 homolog) (44). Itis conceivable that in HCMV, the HSV-1
UL17 and UL25 homologs also could bind to the portal-specific
vertex, which, as in the case of alpha- and gammaherpesvirus
virions, were not visible in the icosahedral reconstructions due
to the imposition of symmetry during cryo-EM reconstruction.
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