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Abstract: Herpesviridae is a family of enveloped double-stranded DNA viruses that cause various diseases in
hosts. Among the various components of herpesvirus particles, tegument proteins located between the envelope
and nucleocapsid play crucial roles in viral replication, immune evasion, and host-pathogen interactions. Structural
studies have unveiled the molecular architecture of tegument proteins, identifying conserved regions and
functional domains that serve as therapeutic targets. For example, the immunogenic properties of pp150 have
facilitated the development of HCMV vaccines, while structural insights into the BBRF2-BSRF1 complex have
guided the design of inhibitors targeting hydrophobic interaction sites essential for viral envelopment.
Understanding the three-dimensional structure of herpesvirus tegument proteins would reveal the molecular
mechanism underlying the crosstalk with other viral and cellular components, necessitating research into their
biological and pathological functions. In this review, we summarize current knowledge on the structural features
of herpesvirus tegument proteins, highlighting the structure-based functional implications, including their potential
as targets for antiviral drug development.
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1. Introduction

Herpesviruses are complex pathogens that have co-evolved with their hosts, employing an array of proteins
to modulate host cellular processes and establish lifelong latent infections [1,2]. Herpesviridae comprises three
subfamilies. Representatives of each subfamily, which are all infectious to humans, including human simplex virus
(HSV) and varicella-zoster virus (VZV) for o-Herpesvirinae, human cytomegalovirus (HCMV) for -
Herpesvirinae, and Epstein-Barr Virus (EBV) and Kaposi’s Sarcoma virus (KSHV) for y-Herpesvirinae.
Herpesviruses share a common virion structure: a DNA core in a nucleocapsid, an outer membranous envelope
with glycoprotein spikes, and a tegument between the nucleocapsid and envelope (Figure 1). As a unique structure
of herpesvirus, the tegument comprises several proteins of various sizes and structures, including large
multifunctional proteins, such as HSV-1 UL36 [3] and EBV BPLFL1 [4], and small regulatory factors, such as
HSV-1 UL24 [5]. These proteins form a complex network that contributes to the overall stability and infectivity
of viral particles. Approximately 30 tegument proteins have been identified in Herpesviridae (Table 1), most of
which are common to all three herpesvirus subfamilies, but others are subfamily-specific. Taking HSV-1 tegument
proteins as an example, UL7, UL11, UL13, UL14, UL16, UL17, UL23, UL25, UL36, UL37, and UL51 have
homologs in other herpesviruses. In contrast, three EBV tegument proteins, BKRF4 (homolog of KSHV ORF45),
BLRF2 (ORF52), and BNRF1 (ORF75), are unique to y-Herpesvirinae [6]. ppl50 is exclusive to the B-
Herpesvirinae subfamily. The details of other proteins are listed in Table 1.

The glycoproteins are anchored in the viral envelope and point outwards. The viral genome is packed in the
regularly shaped capsid. The tegument is the space between the viral envelope and capsid and contains a variety
of tegument proteins with various functions.
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Figure 1. Architecture of herpesvirus virions.

Table 1. Conservation of herpesvirus tegument proteins. This table summarizes the conservation of tegument
proteins across herpesvirus subfamilies (a-, -, y-Herpesvirinae).

a-Herpesvirus B-Herpesvirus v-Herpesvirus
HSV-1 \74Y HCMV EBV KSHV
UL7 ORF53 UL103 BBRF2 ORF42
uUL11 ORF49 UL99 BBLF1 ORF38
UL13 ORF47 uL97 BGLF4 ORF36
UL14 ORF46 UL95 BGLF3.5 ORF35
UL16 ORF44 uL94 BGLF2 ORF33
uL17 ORF43 uUL93 BGLF1 ORF32
uL23 ORF36 NA BXLF1 ORF21
UL25 ORF34 uL77 BVRF1 ORF19
UL29 ORF29 uUL57 BALF2 ORF6
UL36 ORF22 uL48 BPLF1 ORF64
UL37 ORF21 uL47 BOLF1 ORF63
UL39 ORF19 uL45 BORF2 ORF61
UL51 ORF7 UL71 BSRF1 ORF55
uL42 ORF16 uL44 BMRF1 ORF59
uL41 ORF17
UL46 ORF12
uL47 ORF11
uL48 ORF10
UL49 ORF9
UL50 ORF8
UL55 ORF3
us2 NA
us3 ORF66
Us19 ORF64/69
RL2/ICPO ORF61
RS1/ICP4 ORF62/71
uL21 ORF38
Us11
RL1/ICP34.5
BKRF4 ORF45
BLRF2 ORF52
BNRF1 ORF75
BALF1 ORF16
uL23
uL24
uUL25
UL26
UL32/pp150
UL35
UL36
UL38
uL43
UL50
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Table 1. Cont.

a-Herpesvirus B-Herpesvirus v-Herpesvirus
HSV-1 74 HCMV EBV KSHV
UL53
UL54
UL69
UL72
UL76
UL79
uL82
uUL83
uUL84
uL88
UL96
UL112
IRS1/TRS1
us22
us23
uUs24

The structures of herpesvirus glycoproteins have been studied extensively over the past 20 years [7]. Recent
advances in cryogenic-electron microscopy (cryo-EM) have revealed high-resolution insights into herpesvirus
nucleocapsid and tegument protein interactions. Studies have elucidated capsid stabilization mechanisms mediated
by tegument proteins, such as HSV-1 UL25 and UL17, during DNA packaging and nuclear egress [8-12].
However, the structural characterization of tegument proteins remains limited, primarily due to their disordered
regions, small size, and lack of crystallization potential. To date, experimental structural annotations exist for only
13 tegument proteins (Table 2).

Table 2. Structure of herpesvirus tegument proteins. The table provides a summary of the available structural data
for tegument proteins across the Herpesviridae family.

a-Herpesvirus B-Herpesvirus v-Herpesvirus
HSV-1(PDB Code) HCMV EBV KSHV
UL7(6T5A) BBRF2(6LQN)
UL51(6T5A) BSRF1(6LQO)
UL21(4U4H/5ED7)
UL25(2F5U) UL77(7NXP) ORF19(7NXQ)
UL37(5VYL)
UL53(5DOC)
BKRF4(7VCQ)
BNRF1(5KDM)
BORF2(7RW6)

The crystal structures of tegument proteins across the Herpesviridae family provide valuable insights into their
intricate roles in various stages of the viral life cycle, such as encapsidation, intracellular spread, envelopment, build-
up of capsids, and immune evasion. Proteins like UL7/UL51 in HSV, UL103/UL71 in HCMV, and BBRF2/BSRF1
in EBV form a multimeric complex that is actively involved in viral replication, virion egress, and secondary
envelopment [13-15]. Additionally, tegument proteins such as HSV UL37, HCMV UL77, and EBV BVRF1
contribute to capsid assembly, nuclear egress, and capsid-associated tegument complex formation [9,10,16,17]. HSV
UL37 interacts with capsids and other partners, such as UL36, another essential tegument protein, contributing to
nucleocapsid transport and secondary envelopment [18,19]. Notably, pp150 in HCMV stabilizes the capsid during
viral replication, underscoring its importance in the B-Herpesvirinae subfamily [12,20]. Some tegument proteins
are tightly associated with viral nucleocapsids and were discovered through cryo-EM in single-particle
reconstructed structures of herpesvirus capsids [9,10,12]. These tegument proteins are capsid-associated tegument
complexes (CATCs), which include UL17, UL25, UL36 and UL37 in HSV; UL93, UL77, UL48, UL47 and
UL32/pp150 in HCMV; and BGLF1, BVRF1, BPLF1 and BOLF1 in EBV.

Tegument proteins also have significant immunogenic properties, interacting with host immune pathways to
promote viral replication and immune evasion. For example, HSV-1 tegument protein UL41 degrades host mMRNA
to downregulate antiviral responses, including viperin and hZAP mRNA, while proteins like US3 dampen immune
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detection by interfering with pattern recognition receptor (PRR) signaling [21,22]. In HCMV, pp150 triggers
strong immune responses, making it a promising target for immunotherapy [23]. Similarly, EBV tegument protein
BPLF1 modulates host immune signaling by acting as a deubiquitinase, suppressing type | IFN production and
facilitating viral infection [24].

By elucidating the crystal structures of viral proteins, researchers have gained insights into their molecular
mechanisms and their significance in viral pathogenesis. This article reviews the current structural data for
herpesvirus tegument proteins and discusses how the structural information aids functional and translational
research on Herpesviridae.

2. Structures of Common Herpesvirus Tegument Proteins

2.1. HSV UL7/UL51 and Homologs

The interaction between herpesvirus tegument proteins UL7 and UL51, initially identified in HSV-1 [15] and
later proved to be a conserved event for all three herpesvirus subfamilies, including EBV BBRF2-BSRF1 and
HCMV UL103-UL71 [14]. Loss of either UL7 or UL51 reduces viral replication of HSV-1 and affectss viral
secondary envelopment [25-30]. Similarly, HCMV UL103 and UL71, as well as EBV BBRF2 and BSRF1, are
crucial for viral infection, secondary envelopment, and virion egress [25,31-33]. Notably, HCMV UL103 is
multifunctional, interacting with tegument proteins UL71 and UL47, as well as capsid protein UL86, indicating
its central role in coordinating viral assembly [14].

In recent years, the structures of tegument proteins UL7 (containing residues 11-296) -UL51 (containing
residues 41-125) in HSV-1 [34] and BBRF2 (residues 20-278)-BSRF1 (residues 41-139) in EBV [13] were
characterized. The UL7-UL51 complex exhibits a unique structural arrangement, with UL7 adopting a compact
globular fold known as the “CUSTARD fold,” characterized by a six-stranded B-sheet surrounded by helices.
UL51 consists of two anti-parallel helices stabilized by hydrophobic interactions, and together they form a hetero-
dimer. These hetero-dimers can further assemble into oligomeric states, such as 1:2 hetero-trimers or 2:4 hetero-
hexamers, depending on protein concentration, potentially facilitating dynamic interactions necessary for viral
envelopment. In the crystal lattice, UL7 and UL51 stack into 4:4 hetero-octamers mediated by an intermolecular
central B-barrel; however, as part of this B-barrel sequence originates from the expression vector, the physiological
relevance of this specific assembly remains uncertain (Figure 2A, B). Notably, UL51 interacts with UL 14, a critical
player in secondary envelopment, and mutations in key residues of UL51, such as lle111, Leull9, and Tyr123,
disrupt this interaction, emphasizing its functional importance [35].

In EBV, the crystal structure of BBRF2 was determined at high resolution as a monomer. However, the solo
structure of UL7 was not available because UL7 tends to aggregate in solution [34]. The globular BBRF2 contains
a central six-stranded B-sheet surrounded by 10 helices similar to UL7, representing a new fold named herpesvirus
tegument fold 1 (HTF1), which is also referred to as ‘conserved UL7 tegument assembly/release domain’
(CUSTARD fold) for HSV-1 UL7. This fold has not been observed for other proteins in the structural database.
An uncommon feature of BBRF2, as a cytosolic protein, is a hydrophilic core centered at an arginine (Arg27)
residue conserved in y-Herpesvirinae. The 1.6 A resolution allowed the discovery of a solvent channel filled with
water molecules from this buried Arg27 to the surface of BBRF2 (Figure 2C), but the biological role of this special
folding remains unclear. The BSRF1 portion solved in the crystal structure was a naturally degraded form (residues
41-139, noted as BSRF1A) containing two anti-parallel helices as observed for UL51, plus a C-terminal short
helix perpendicular to the anti-parallel helices forms dimers in solution. BBRF2 does not present a significant
conformational change before and after complexing with BSRF1, with the exception of relocation of an N-terminal
loop. In the asymmetric unit of the crystal, BBRF2 and BSRF1A form a 6:6 hetero-dodecamer composed of two
triangular 3:3 hetero-hexamers stacked face-to-face (Figure 2D).

Comparative structural analysis reveals significant differences in UL7-UL51 homologs across herpesvirus
subfamilies, despite shared evolutionary origins. The herpesvirus tegument fold 1 (HTF1) is conserved in UL7
and BBRF2, highlighting a common structural foundation and function. However, variations in surface residues
and domain extensions suggest adaptations to host-specific envelopment mechanisms. The N- and C-termini of
UL7 and UL51 differ in length and sequence among subfamilies, with features such as the bZIP-like domain in
HCMV UL71 absent in HSV-1 UL51 [13,34,36], potentially enhancing oligomerization and membrane
interactions in [B-herpesviruses. Furthermore, while hydrophobic residues crucial for dimerization and
oligomerization are conserved in a- and y-Herpesvirinae, they are less prominent in -Herpesvirinae, indicating
divergent mechanisms for secondary envelopment across these subfamilies.

The functional roles of these complexes are closely linked to their structural features. Palmitoylation at conserved
cysteine residues targets UL51 and BSRF1 to the Golgi apparatus, promoting membrane envelopment [34,37]. BSRF1
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further recruits BBRF2, creating a bridge between nucleocapsids (including major capsid protein (MCP) and
BPLF1) and glycoprotein-enriched membranes (such as gB and gH/gL) [13]. The oligomerization capability of
these complexes may play a crucial role in membrane scission during envelopment, with the helix-turn-helix fold
of UL51 and BSRF1 resembling the CHMP family of membrane-shaping proteins.Additionally, structural
flexibility in dimerization interfaces, such as N-terminal loops, likely supports transient interactions with host or
viral components, enabling dynamic assembly during secondary envelopment.

Despite the conservation of the HTF1 fold, structural variability in UL7-UL51 homologs across subfamilies
reflects subfamily-specific adaptations. The absence of structural data for B-Herpesvirinae homologs, such as
UL71-UL103, leaves key questions about the impact of non-conservative features on envelopment unanswered.
Future investigations using cryo-electron tomography (cryo-ET) and liposome-based systems are advocated to
unravel the dynamic assembly mechanisms. Comparative structural and functional studies of homologs in situ will
further elucidate the evolutionary adaptations and specific roles of these complexes in herpesvirus biology.

A The 4:4 hetero-octamer
of the top “layer”

g

D The 6:6 heterododecamer The 3:3 heterohexamer
in the asymmetric unit of the left “layer”

Figure 2. Complex structures of HSV UL7-UL51A and EBV BBRF2-BSRF1A. (A) Hetero-octamer of UL7-UL51
in the asymmetric unit. UL7 and pUL51 (8-142) are shown in cyan and pink, respectively. (Protein data bank code:
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6T5A). (B) Heterodimer of UL7-UL51 (41-125). (C) Structure of BBRF2A. Helices and B-strands are colored cyan
and magenta, respectively. Details of the hydrophilic core of BBRF2A. A solvent channel filled with water
molecules is indicated. (D) The 6:6 BBRF2A-BSRF1A heterododecamer in the asymmetric unit and the 3:3
heterohexamer. (PDB: 6LQO).

2.2. HSV UL25 and Homologs

UL25 is known for its pivotal role in viral genome uncoating, capsid assembly, and DNA packaging in
herpesviruses [17,38,39]. During HSV-1 virus assembly, UL25, along with UL6 and UL 17, plays a crucial role in
packaging virus DNA genome into capsids. Among the three DNA-packaging proteins associated with the capsid,
UL17 and UL6 seem to be part of the procapsid initially, with UL25 being incorporated at a later stage [39-42].
UL25 may also play a role in stabilizing UL17 within the capsids [41,43]. This suggests that UL25's structural
features enable it to interact dynamically with other packaging proteins, contributing to the efficient encapsidation
of viral DNA.

In addition to HSV-1 UL25, homologous proteins from other herpesviruses—such as HCMV UL77 and
KSHV ORF19—also share key structural features and functions in capsid assembly. HCMV UL77, a capsid-
associated structural protein, is a homolog of HSV-1 UL25. In addition to its conserved function in DNA packaging
and capsid stabilization [16,44], UL77 also interacts with terminase subunits (UL56, UL89) during the virus
infection cycle, highlighting its role in the coordination of DNA encapsidation [16].

This interaction with the terminase subunits is a hallmark of the B-herpesvirus subgroup, distinguishing it
from the a-herpesvirus UL25.

Another HSV-1 UL25 homolog, ORF19 in KSHV, also belongs to the capsid-associated tegument proteins
and exhibits a penton-binding globular region in the KSHV virion structure [45]. In addition, OFR19 and ORF32
constitute the capsid vertex-specific component (CVSC) located at the vertices of the HSV-1 capsid. CVSC
proteins engage with nucleoporins (Nups) from the nuclear pore complex (NPC) during the ejection of viral DNA
into the host cell nucleus, thereby playing a pivotal role in the assembly of viral capsids [46].

In 2006, Bowman et al. reported the crystal structure of a truncated HSV-1 UL 25 construct containing the C-
terminal portion (residues 134-580). Structuraly, UL25134 580 assumes a globulars shape and is composed
predominantly of a-helices. Several loops exhibit flexibility around the compact core (Figure 3A). Electrostatic
surface analysis has revealed distinct regions on the protein surface, with one surface featuring a cluster of
negatively charged residues and the other possessing a multitude of positively charged residues (Figure 3B). These
electrostatic features are essential for mediating UL25 homo-oligomerization and its interactions with other
proteins, including the viral capsid. The positively charged patch, in particular, likely facilitates viral DNA binding
and encapsidation. Despite these insights, the precise role of certain residues and the full importance of these
electrostatic regions in HSV-1 UL25's function remain unclear due to a lack of mutagenesis-based biochemical
analysis [40].

Comparatively, the equivalent structures of HCMV UL77 and KSHV ORF19 reveal similar globular folds
rich in a-helices (Figure 3C, D) though KSHV ORF19 adopts a pentameric conformation stabilized by
hydrophobic interactions, hydrogen bonds, and salt bridges between adjacent protomers (Figure 3E). This
pentameric structure plays a crucial role in capping the portal channel of the capsid, ensuring efficient DNA
packaging. Notably, KSHV ORF19 displays a more prominent distribution of positively charged regions, which
likely facilitate DNA passage through the portal vertex, consistent with the electrostatic interactions seen in HSV-
1 UL25 and HCMV UL77. This suggests a conserved role across herpesvirus homologs in DNA encapsidation,
with subtle structural variations reflecting adaptations to their specific viral life cycles [11]. The conserved crystal
structure of KSHV ORF19 implies a conserved function of the pentameric assembly in capping the portal,
facilitating the packaging of viral DNA genomes into capsids. Furthermore, the fitting of the pentameric ORF19
into the KSHV portal vertex suggests a related physiological role. Mutagenesis targeting its interfaces disrupt
pORF19 pentamerization, severely impacting KSHV capsid assembly and progeny production. These findings
provide insights into the role of ORF19 in capsid assembly and identify a potential novel drug target for
herpesvirus-related diseases [47].

BVRF1, along with BGLF1 and BPLF1, constitutes the EBV capsid-associated tegument complexes
(CATCs). Within the EBV CATC, the BVRF1 protein exhibits a bipartite structure, comprising an N-terminal
domain and a helical domain. The N-terminal domain presents two distinct conformers: one spanning amino acids
10-36 (upper conformer) and another spanning amino acids 20-36 (lower conformer). Similarly, the helical
domain of BVRF1 manifests two conformers, with one spanning amino acids 37-93 (upper conformer) and another
spanning amino acid 37-87 (lower conformer). In the CATC model, the helix domain of BVRF1 adopts a helix
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bundle configuration alongside BPLF1 C terminal regions, which are situated on the BGLF1 molecule. The
globular densities of BVRF1's head domains are discernible within the complex, with the left side exhibiting
greater prominence than the right side. Notably, the BVRF1 head domain interacts with two neighboring penton
MCP molecules within the CATC, primarily through residues 291-314. This interaction contributes to the overall
stability and organization of the capsid-associated triplex complex [10,48]. While the precise functions of EBV
BVRF1 remain elusive owing to the absence of a comprehensive structure, it is plausible to conceive that BVRF1,
similar to UL25, engages in viral packaging [49], nucleocapsid uncoating [50], and nuclear export [39].

In summary, structural studies across a-, B-, and y-Herpesvirinae homologs reveal that these proteins—UL25
in HSV-1, UL77 in HCMV, ORF19 in KSHV, and BVRF1 in EBV—share conserved structural features crucial
for capsid stability, DNA retention, and genome packaging. These proteins differ in their specific structural
adaptations, such as the pentameric conformation in KSHV ORF19, which highlights the unique role of these
homologs in stabilizing the capsid vertex. Electrostatic interactions, particularly positively charged patches, are
essential for DNA binding and encapsidation across all herpesvirus homologs, providing valuable insights into the
molecular mechanisms of herpesvirus assembly and potential targets for therapeutic intervention.

o

The 5:5 pentamer
of the top “layer”

Positive Negative

Figure 3. Structure of HSV UL25 and homologs. (A) Structure of HSV-1 UL25 (2F5U). (B) Surface electrostatic
diagram of HSV-1 UL25. (C) Structure of HCMV UL77 (7NXP). (D) Structure of KSHV ORF19 (7NXQ). (E)
Pentamer structure of KSHV ORF19 in solution.

2.3. HSV UL37 and Homologs

UL37 has been implicated in several key processes during the viral life cycle. UL37 is known to facilitate
nucleocapsid transport [19] and secondary envelopment by establishing connections between the capsid and
membrane-associated complex gK-pUL20 [18] or by interacting with UL36 [51]. Furthermore, UL37 modulates
host immune responses by deamidating RNA sensors like RIG-I [52] and cGAS [53], disrupting their ability to
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activate antiviral signaling pathways. These interactions help the virus evade host immune defenses, illustrating
the functional importance of UL37 in herpesvirus replication and immune modulation.

In addition to its immune modulation role, UL37 homologs across different herpesvirus species exhibit both
conserved and divergent structural features. HCMV UL47, a homolog of HSV-1 UL37, is crucial for early
replication stages by interacting with other tegument proteins (such as UL48 and UL69) and the major capsid
protein UL86 [54]. UL47 also participates in viral DNA release from disassembling virus particles and guides
capsids along microtubules to nuclear pore complexes, facilitating viral entry into the nucleus [55].

Limited research on the y-herpesvirus homologs, such as EBV BOLF1 and KSHV ORF63, has shown that
while BOLF1 does not significantly affect DNA synthesis or protein expression, it reduces viral infectivity [56].
KSHV ORF63 may inhibit the innate immune response by modulating inflammasome activation [57]. This
comparison highlights the functional diversity of UL37 homologs across herpesvirus subfamilies, underscoring
their evolutionary adaptations to distinct host environments.

To date, structural information is available only for the N-terminal part of UL37 (UL37N). UL37N is
predominantly a-helical and exhibits a two-bundle hairpin-like architecture. Structural comparisons between HSV-
1 UL37N (residues 1-575, H37N) and PrV UL37N (residues 1-479, P37N) have revealed differences in specific
regions (Figure 4A,B). One striking difference lies in the loops on the molecule’s surface in the dIl and dlll
domains of H37N, whereas P37N features a short loop and short helix forming a small pocket. Furthermore, H37N
exhibits a two-stranded sheet at the top of domain dll1, whereas P37N possesses two long outward loops linked to
a helix, giving it a pointy top (Figure 4C,D) [58]. These differences likely mediate virus-specific interactions with
host and/or viral binding partners, supporting the hypothesis that structural divergence among herpesvirus
homologs facilitates host-specific adaptations.

Moreover, the C-terminal segment of UL37 (UL37C) is suspected to harbor a protein deamidase domain,
which has been implicated in immune evasion. Recent studies have shown that UL37 can deamidate RIG-I,
preventing the RNA sensor from inducing immune responses. The carboxyl terminus of UL37 contains this
deamidase domain, and its activity has been confirmed in vitro through mutagenesis experiments that demonstrated
the loss of function in specific cysteine mutants (C819S and C850S) [52]. Structural analysis of the full-length
UL37, including the deamidase domain, would provide valuable insights into how this domain contributes to
immune evasion and may also uncover new potential therapeutic targets to disrupt viral assembly, transport, and
immune modulation.
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Figure 4. Structure of UL37 in a-Herpesvirinae. (A) Schematic representation showing the domain of full-length
UL37 in HSV-1and PrV. (B) Overlay of the two structures of the UL37 N-terminal domain in HSV-1 (PDB:5VYL)
and PrV (4K70). (C,D) Structural differences in the dIl domain (C) and dlll domain (D) between HSV-1
(PDB:5VYL) and PrV. Structurally consistent regions are shown in transparent cartoons to highlight the differences.
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2.4. HSV Capsid-Associated Tegument Proteins and Homologs

The CATC comprises specific tegument proteins crucial for various stages of the viral life cycle, including
replication, assembly, partner interactions, and immune evasion [13,24,59,60]. This complex facilitates the
connection between the nucleocapsid, housing the viral genome, and the tegument proteins along with the viral
membrane. In HSV-1, the CATC consists of UL17, UL25, and UL36. UL17 and UL25 are tegument proteins
involved in capsid assembly and nuclear egress [17,42,61,62], while UL36 is a multifunctional tegument protein
contributing to virion morphogenesis, egress, and nuclear targeting of the viral DNA [63]. Homologs of these
proteins are essential components of the CTACs in HCMV (UL93, UL77, and UL48) and EBV (BGLF1, BVRF1,
and BPLF1). In addition, the HCMV CATC contains a specific pp150 tegument protein implicated in capsid
stabilization and potentially influencing viral assembly and maturation [12,64].

Recent cryo-EM studies have provided high-resolution insights into the structure and function of CATC
across different herpesviruses. In HSV-1, CATC is situated in the portal and penton vertices of the capsid. Each
CATC comprises a UL17 core that supports a helix bundle composed of UL25 and UL36. The UL17 monomer
exhibits distinct barrel and helix regions, forming lobes interconnected by a helix. A prolonged helix stemming
from UL 17 guides the UL25-UL 36 bundle, anchored by a hump and hexon. Within the CATC, UL25 units present
similar structures, binding to UL17 and triplex Tc (consisting of 6 quasi-equivalent triplexes, Ta—Tf). The UL36
dimer (amino acids 3092-3139) joins UL25 (amino acids 134-580) to create a four-helix coil resting on the
extended helix of UL17 (~full-length), forming the five-helix bundle. This configuration is stabilized by
hydrophobic interactions, with disruption occurring at GIn58-Arg59 of UL25. Such an arrangement is vital for
nuclear capsid egress and axonal capsid transport [9].

UL32, also known as ppl150 (65 kDa phosphoprotein), is a major and unique tegument protein in Human
Cytomegalovirus (HCMV) that plays a crucial role in viral replication and immune modulation. pp150 exists in
three conformers (a, b, and c), which attach to the triplex structures on the viral capsid and extend toward nearby
capsid proteins, such as major capsid proteins (MCPs), forming a net-like stabilizing layer. An atomic model of
the N-terminal one-third of pp150 (pp150nt) reveals predominantly helical structures. These helices are arranged
into upper and lower bundles linked by a lengthy central helix. The remaining portion of pp150 is flexible and
lacks a clear definition in the model, indicating variability in its shape. The first 275 residues of pp150 (pp150 nt)
are sufficient for capsid binding. This binding involves specific interactions between the cysteine tetrad in pp150
and the small capsid protein (SCP), which strengthens the DNA-containing capsid and highlights pp150’s role in
stabilizing the viral structure. pp150 also interacts with both pentons and hexons, further contributing to capsid
stabilization [12]. Preclinical studies have shown that pp150 or its immunogenic epitopes can stimulate robust
CD4+ and CD8+ T-cell responses, which are critical for controlling HCMV infection. Incorporation of pp150-
derived peptides into multivalent vaccine platforms has demonstrated immunogenicity, particularly in conjunction
with adjuvants that enhance Th1 responses. DNA-based vaccine constructs encoding pp150 sequences have been
investigated for their ability to induce robust T-cell-mediated immunity. These vaccines aim to prime the immune
system against HCMYV infection or reactivation in immunocompromised individuals. HCMV -specific T-cell
therapy using T-cells primed against pp150 epitopes has emerged as a promising strategy for treating HCMV
infections, especially in transplant recipients. T-cell clones recognizing ppl50-derived epitopes have been
successfully expanded ex vivo and transferred to patients, reducing viral load and improving clinical outcomes.
Emerging research suggests that CRISPR-Cas9 technology could be employed to target and disrupt essential
HCMV genes, including pp150. While not yet applied clinically, this strategy holds potential for future antiviral
interventions. Combining pp150-based immunotherapies with antiviral drugs (e.g., ganciclovir, valganciclovir)
enhances the overall efficacy of treatment, particularly in patients with recurrent or drug-resistant HCMV
infections. The immunogenic properties of pp150 highlight its utility as a vaccine candidate and as a target for
therapeutic interventions such as T-cell therapy and monoclonal antibodies. By including pp150-targeted strategies
in combination therapies, there is significant potential to improve outcomes for patients at high risk of HCMV
disease, such as transplant recipients, HIV-positive individuals, and neonates. By addressing these aspects, the
discussion on pp150 gains substantial translational relevance, underscoring its role in preventative and therapeutic
strategies against HCMV.

In Epstein-Barr Virus (EBV), the CATC (capsid vertex-associated tegument complex) interacts with the
capsid vertex connected to the portal, comprising approximately 65% of the full-length BGLF1 (331 out of 507
residues). The CATC includes two copies each of the BVRF1 N-terminal region and the BPLF1 C-terminal region.
Within this complex, BVRF1 molecules form a helix bundle with BGLF1, with their head domains positioned on
one side of the bundle, engaging with two adjacent capsid proteins. BGLF1 is divided into front and back regions,
allowing it to interact with triplex Ta [10]. BPLF1, a deubiquitinase, removes ubiquitin from both host and viral
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proteins, modulating immune signaling and promoting viral replication. This makes BPLF1 a key therapeutic
target. Inhibitors of deubiquitinase, such as VLX1570, show potential for blocking BPLF1's enzymatic activity,
restoring host immune responses and reducing viral replication. Additionally, the beta-barrel fold of BPLF1
contributes to its deubiquitinase activity, targeting host proteins like STING and TBK1, which disrupts the cGAS-
STING signaling pathway, dampening the immune response and aiding viral replication. These findings position
BPLF1 as a promising target for treating EBV-associated diseases.

3. Structures of Subfamily-Specific Tegument Proteins

3.1. HSV UL21

UL21 plays diverse roles in viral replication, secondary envelopment, and cell-cell spread by interacting with
tegument proteins UL16, UL 11, and capsid components in either the nucleus or cytoplasm [65-69]. The full-length
structure of UL21 is currently unavailable, and structures of truncated versions containing either the N- or C-
terminal portion of UL21 were individually reported. The crystal structure of the UL21 N-terminal portion (UL21N,
residues 1-216) reveals a unique sail-like fold comprising a p-bouquet surrounded by four a-helices and two 310
helices (Figure 5A). The B-bouquet comprises three piles of B-sheets, with the largest pile containing seven [3-
strands facing two smaller linearly aligned piles. Evolutionary trace analysis highlights several surface regions of
UL21N potentially involved in intramolecular contact with UL21C or association with its partner UL16 [70].

HSV-1 UL21C (residues 275-535) contains rich helical folding, resembling a dragonfly-like architecture
with two wings, each containing five a-helices, flanking a central long a-helix (Figure 5B). Three acidic patches
are observed on the surface of HSV-1 UL21C, with one comprising conserved residues considered crucial for
common functions of UL21. The other two acidic patches, located on the helical wings, are not conserved and may
contribute to virus-specific functions. Structural comparison analysis underscores the significance N395 in
virulence. The predicted structure of UL21C in pseudorabies virus (PRV), another a-herpesvirus, reveals naturally
occurring mutations (H37R, E355D, and V375A) that limit the PRV spread and virulence [71,72], possibly by
destabilizing UL21 folding or disrupting interactions with other partners [67,73,74].

UL21 plays a pivotal role in the HSV replication and pathogenesis through its interaction with UL16 [67]
and binding to capsid components [73,75]. Additionally, UL21 demonstrates potential RNA-binding activity
through a basic patch region [76]. A proposed structural model suggests that UL21 consists of two specific domains
connected by a flexible linker, each contributing to various functions in the viral life cycle. UL21N exhibits acidic
regions, while UL21C possesses a basic character, potentially facilitating association via electrostatic interactions.
The basic patch surface of UL21C is crucial for capsid binding and nuclear localization. The resolved structures
of UL21IN and UL21C provide a foundation for exploring the diverse roles of UL21 in a-herpesvirus replication
and pathogenesis, with further insights expected from resolving of the full-length protein structure.

A HSV-1 UL21(N) = HSV-1 UL21(C)

Figure 5. Structures of UL21. (A) Structure of the N-terminal portion of UL21N (1-216) (PDB:4U4H). The B-
bouquet surrounded by a-helices is shown with the largest pile containing seven B-strands. (B) Structure of the C-
terminal portion of UL21C (275-535) (PDB:5ED7).
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3.2. HCMV UL50 and UL53

Previous studies have shown the potential for developing antiviral drugs by targeting interactions within the
HCMV nuclear egress complex (NEC), disruption of which proves lethal to the virus. Comprising UL50 and UL53,
the NEC in HCMV possesses a well-defined binding interface ripe for drug discovery [77,78]. UL50 and UL53
play a crucial role in assisting the virus during nuclear egress by forming the NEC and disrupting the nuclear
lamina structure surrounding the nucleus. In addition, UL50 and UL53 recruit other Kinase proteins, such as protein
kinase UL97, to facilitate this process [79,80].

Recent report has presented three crystal structures for UL53(84-292), UL53(72-292), and the UL53(72—
292)-UL50(1-169) complex. Structurally, UL53 can be partitioned into four conserved regions (CR1-CR4)
(Figure 6A), each likely conferring distinct functional attributes. CR1 is implicated in nucleoplasmic subunit
binding and contributes to zinc finger formation, while CR2—CR4's precise biochemical roles remain relatively
unexplored but may be inferred from analogous proteins, suggesting involvement in DNA packaging or protein
interactions [81]. Notably, UL53(84-292) lacks the region responsible for binding UL50, whereas UL53(72-292)
contains crucial residues facilitating UL50 binding, such as E75, L79, and M82 around the zinc finger [78]. Despite
their structural similarities, UL53(84-292) and UL53(72-292) differ mainly in the N-terminus loop. Importantly,
UL53(84-292) and UL53(72-292) predominantly exhibit congruent structural characteristics. Both UL53(72—-292)
and UL50 exhibit M50-like folding (Bergerat fold) [77], characterized by a B-bouquet surrounded by a-helices
(Figure 6B). The UL53(84-292) assembly forms a heterodimer within the asymmetric unit (Figure 6C).

Regarding the NEC, UL50 establishes a clamping interaction with the helices of UL53, as evidenced by the
contacts delineated in the UL53-UL50 complex structure (Figure 6D). UL53 exhibits minimal conformational
changes before and after complexation with UL50, apart from the N-terminal helical domain. Hydrophobic
interactions mediate the NEC interface [77], indicating hetero-dimerization. These structural insights provide a
foundation for designing targeted antiviral drugs and enhance understanding of nuclear egress mechanisms [82].
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Figure 6. Structures of UL53 and UL50. (A) Schematic of the domain organization of full-length UL53 and UL50.
(B) Structure of HCMV UL53 (residues 72-292,5DOE) showing a B-bouquet surrounded by a-helices. (C) The
homodimer structure of HCMV UL53 (residues 84-292,5DOC). (D) Complex structure of HCMV UL53-UL50
(5DOB). Light blue, UL53; light brown, UL50.
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3.3. EBV BNRF1

As a common target of CD4* T cells, the major tegument protein BNRF1 is an important immune target in
EBV [83]. BNRF1 is required for selective viral gene expression during latency via interaction with the death-
domain associated protein (DAXX), a critical chaperone for histone H3.3 involved in chromatin structure
organization [84,85]. The C-terminal domains of BNRF1 exhibit similarity to the cellular purine biosynthesis
enzyme FGARAT [86]. Structurally, BNRF1 comprises a DAXX-interaction domain (DID), PurM-like domain,
and GATase domain similar to StFGARAT protein (Figure 7A) engaging with human antiviral proteins such as
SP100 and DAXX through its N-terminal domains [87]. Recent studies have elucidated the complex structure of
BNRF1 DID, DAXX, histone-binding domain (HBD), and histones H3.3-H4, revealing a stable quaternary
complex. BNRF1 features a -sheet core fold surrounded by a-helices, overlaying the DAXX-H3.3-H4 complex.
Multiple loops within the core fold facilitate the interface, crucial for binding to DAXX-H3.3-H4 (Figure 7B). The
overall fold of BNRF1 DID resembles the PurM-like domain of StFGARAT protein, with a notable exception
being the extended loop connecting the B-sheet [86]. This local variation is essential for binding to DAXX HBD—
H3.3-H4. The BNRF1-DAXX interface contributes to localization of PML-nuclear bodies involved in host-
antiviral resistance and transcriptional repression. Additionally, this interface is indispensable for activating the
transcription of latent cycle genes essential for promoting B-cell proliferation. These findings illuminate the
intricate strategy employed by tegument BNRF1 in harnessing the cellular antiviral histone chaperone DAXX,
thereby facilitating viral latency and cellular immortalization. BNRF1 assists in virion assembly and capsid
stabilization. It also contributes to EBV reactivation. BNRF1 plays a crucial role in Epstein-Barr Virus (EBV)
virion assembly, capsid stabilization, and reactivation, making it a promising therapeutic target. Strategies to
disrupt BNRF1 function include CRISPR-Cas9 gene editing, which allows direct targeting of the BNRF1 gene to
inhibit virion assembly and reduce viral production. Additionally, small molecule inhibitors that block BNRF1's
capsid-binding activity offer potential for preventing EBV reactivation. These approaches highlight the therapeutic
significance of BNRF1 in controlling EBV-related infections and diseases.

A 1 381 599 610 o76 1037 1318
BNRF1 ? _ PurM-like GATase

1 150 226 635 658 1005 1060 1338
hFGARAT | purs dimer-iike - PurM-like GATase

B

Figure 7. Structure of BNRF1-DAXX-H3.3-H4 complex. (A) Schematic diagram of the full-length BNRF1 and its
homologous purine biosynthesis enzyme FGARAT. Each domain is color-coded: the DAXX-interaction domain
(DID) in slate, the PurM-like domain in yellow, and the GATase domain in orange. The DID is shown interacting
with DAXX-H3.3-H4. (B) Crystal structure of the BNRF1-DAXX-H3.3-H4 complex (PDB: SKDM). The B-sheet
core of BNRF1 is surrounded by a-helices, facilitating interaction with DAXX and histones.
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3.4. EBV BORF2

The large subunit of the EBV ribonucleotide reductase (RNR), BORF2, interacts with cellular APOBEC3 enzymes
(nuclear DNA cytosine deaminase), revealing an important role in inhibiting antiviral innate immunity [88,89]. BORF2
protects viral genomes from deamination during the lytic phase of DNA replication by suppressing the DNA
deaminase activity of APOBEC3 enzymes. Recently, a complex structure of BORF2-AB3 was determined by
cryo-EM. BORF2 exhibits distinct attributes, including a short helix insertion (SHI) and long loop insertion (LLI),
both contributing to its unique functional characteristics (Figure 8A,B). The structure of BORF2 closely aligns
with the RNRs of both E. coli and humans (Figure 8C). Several residues are highly conserved between BORF2
and class | RNRs, suggesting their involvement in ribonucleotide reduction. The residues within the SHI directly
bind to A3B, enhancing complex stability. Additionally, the LLI, anchored to the RNR core, interacts with SHI,
further facilitating the A3B interaction. Notably, while certain class | RNRs feature a conserved ATP cone domain
in their N-terminal region, regulating ATP activity [90], this domain is absent in BORF2. This region in BORF2
contributes to mediating novel dimer formation, potentially enabling contacts with BaRF1, another RNR subunit.
The structural insights from these complexes offer functional versatility. The BORF2-BaRF1 complex may
enhance nuclear dNTP concentrations, while the BORF2-A3B complex plays a role in shielding viral genomic
DNA during replication. Furthermore, the dimerization activity of BORF2 facilitates A3B re-localization from the
nucleus to the cytoplasm [91]. This mechanism of pathogen-host interaction presents valuable prospects for drug
development strategies that disrupt these interactions and provide the structural information to design DNA
deaminase inhibitors.

A [l BORF2 unique features
A3B binding domains

1 826

sore2 [ TN T

Figure 8. Structures of BORF2. (A) Schematic drawing of BORF2 showing the A3B binding regions (yellow) and
the unique SHI and LLI domain (hot pink). (B) Structure of BORF2-A3Bctd complex (7RW6) in dimer. Slate, BORF2;
light brown, A3Bctd; yellow, RNR core. (C) RNR subunit structural conservation in BORF2 (light blue), E. coli RNR
subunit (6W4X, cyan) and human RNR subunit (6AUI, pink) share a conserved RNR core and overall fold.
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3.5. EBV BKRF4

The EBV tegument protein BKRF4 functions as a histone chaperone through its N-terminal acidic domain
(BKRF4-N, residues 1-113). A specific segment within BKRF4-N (residues 15-113) was identified as the histone-
binding domain (HBD), responsible for binding to histones H2A-H2B, H3-H4, and cellular chromatin. BKRF4
also inhibits the host DNA damage response (DDR) by interacting with chromatin [92,93]. Recently, the structures
of BKRF4-N in a co-chaperone complex with histone chaperone ASF1b and H3.3-H4 dimer [93] (Figure 9A) or
in complex with H2A-H2B dimer were determined [92] (Figure 9B). The co-chaperone complex likely plays a
role in viral manipulation of the host chromatin. This unique binding mode enables BKRF4-HBD to interact with
partially assembled nucleosomes, facilitating the disassembly of nucleosomes.
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Figure 9. Structures of BKRF4. (A) The structure of BKRF4-N in a co-chaperone complex with the histone
chaperone ASF1b and the H3.3-H4 dimer (PDB: 7VCQ). BKRF4-N (cyan) is shown engaging with ASF1b (gray)
and H3.3-H4 (pink and purple). (B) Structure of BKRF4-N and the H2A-H2B dimer (PDB: 7VCL). BKRF4-N
(cyan) binds to the H2A-H2B dimer. Note that BKRF4 was only partly resolved in the cryoEM/crystal structure

4. Conclusion and Future Perspectives

Herpesvirus tegument proteins are critical in the viral lifecycle, fulfilling multifunctional roles in capsid
transport, nuclear docking, virion assembly, and egress. After entry into the host cell, herpesvirus capsids rely on
intracellular transport machinery, including microtubules and dynein, to reach the nucleus, where tegument
proteins mediate docking and nuclear egress. The conserved process of nuclear egress involves tegument proteins
orchestrating primary envelopment and capsid release into the cytoplasm. Subsequent secondary envelopment,
driven by tegument-proteins, capsid proteins, and glycoprotein interactions, facilitates virion morphogenesis and
trafficking. These tegument proteins act as structural bridges between capsid-associated proteins and membrane-
associated viral or cellular components, ensuring robust and efficient assembly and egress of infectious virions.
By dynamically manipulating the host microenvironment, tegument proteins underpin most stages of herpesvirus
replication (Figure 10).

Despite significant advances in structural studies, substantial gaps remain in our understanding of tegument
protein functions. Many tegument proteins, such as UL37 and pp150, contain intrinsically disordered regions that
evade high-resolution structural characterization, leaving key aspects of their roles in capsid transport and immune
evasion unclear. Moreover, proteins unique to specific herpesvirus subfamilies, such as UL71 in B-herpesviruses
and ORF63 in y-herpesviruses, remain poorly studied. Their structural differences, functional roles, and
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evolutionary adaptations warrant further investigation to identify subfamily-specific vulnerabilities and their
implications for the viral lifecycle.

Future research should prioritize advanced structural approaches to overcome these challenges. Techniques
like cryo-ET, nuclear magnetic resonance (NMR), and fluorescence resonance energy transfer (FRET)-based can
complement each other to resolve the conformational flexibility of tegument proteins in their native states.
Mapping protein-protein and protein-host interaction networks, especially for immune-modulatory tegument
proteins such as BPLF1 and pp150, will provide a foundation for validating therapeutic targets. Additionally,
subfamily-specific proteins like UL71 and ORF63 should be prioritized to uncover roles in immune evasion and
viral replication, potentially paving the way for novel antiviral interventions.

The insights gained from these studies have promising translational applications. By targeting protein-protein
interactions or enzymatic activities revealed through tegument protein research, innovative antiviral drugs can be
developed to disrupt viral replication and immune evasion. For example, the immunogenic properties of pp150
can be leveraged to develop vaccines, while targeting BPLF1 interactions may enhance host immune defenses.
Advances in structural and functional studies of tegument proteins are expected to accelerate the identification of
novel therapeutic strategies and designing targeted interventions, providing new approaches for controlling
herpesvirus infections.
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Figure 10. Herpeskus Life Cycle and Tegument Protein Involvement. This diagram illustrates the herpesvirus
life cycle, highlighting key steps and the tegument proteins involved at each stage. After virus entry through
attachment and membrane fusion, the viral capsid is transported to the nucleus where it docks at the nuclear pore
complex to release the viral genome. The genome is transcribed and replicated, followed by capsid assembly and
packaging of the viral DNA. Primary envelopment occurs at the inner nuclear membrane, and the capsid fuses
with the outer nuclear membrane, releasing unenveloped capsids into the cytoplasm. In the cytoplasm, capsids
acquire tegument proteins and membrane by budding into vesicles derived from the trans-Golgi network, which
contain viral glycoproteins. These vesicles transport the mature virion to the plasma membrane, where fusion
occurs, leading to the egress of the enveloped virion. The schematic diagram was prepared using FigDraw.
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