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ABSTRACT The Herpesviridae are structurally complex DNA viruses whose capsids un-
dergo primary envelopment at the inner nuclear membrane and secondary envelop-
ment at organelles in the cytoplasm. In both locations, there is evidence that envelope
formation and scission involve the participation of multiple viral proteins and also the
cellular ESCRT apparatus. It nevertheless appears that the best-understood viral strate-
gies for ESCRT recruitment, those adopted by the retroviruses and many other families
of enveloped RNA viruses, are not utilized by the Herpesviridae, at least during envelop-
ment in the cytoplasm. Thus, although a large number of herpesvirus proteins have
been assigned roles in envelopment, there is a dearth of candidates for the acquisition
of the ESCRT complex and the control of envelope scission. This review summarizes our
current understanding of ESCRT association by enveloped viruses, examines what is
known of herpesvirus ESCRT utilization in the nucleus and cytoplasm, and identifies can-
didate cellular and viral proteins that could link enveloping herpesviruses to cellular
ESCRT components.
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he cellular ESCRT (endosomal sorting complex required for transport) apparatus is

an ancient and versatile membrane-remodeling machine (1-3) that has been seized
by many families of viruses to help construct their envelopes (3-5). As a general
strategy, viral structural proteins have evolved binding sites for particular subsets of
ESCRT proteins and complexes, recruiting the ESCRT membrane-scission apparatus to
pinch off and seal the necks of nascent envelopes. Mechanisms of ESCRT recruitment
have been at least partially elucidated for many families of enveloped viruses, including
retroviruses, flaviviruses, filoviruses, arenaviruses, and rhabdoviruses, among others (5).
For the herpesviruses, the ESCRT apparatus has been implicated in envelopment both
at the inner nuclear membrane (INM) and in the cytoplasm, but in each case, our
understanding of which ESCRT factors are utilized, and how they are recruited, remains
poor. This review summarizes our current understanding of ESCRT function, both in
general and in the context of herpesvirus envelopment, with the goal of drawing

attention to the major gaps in our knowledge. Citation Barnes J, Wilson DW. 2019. Seeking
closure: how do herpesviruses recruit the

cellular ESCRT apparatus? J Virol 93:00392-19.
ESCRT COMPONENTS AND MEMBRANE REMODELING https://doi.org/10.1128/JV1.00392-19.
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The ESCRT apparatus is a membrane-sculpting machine comprising several multi- o
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subunit complexes, termed ESCRT-0, I, -ll, and -lll, and a number of accessory proteins Copyright © 2019 American Society for

(Fig. 1) (1, 2). ESCRT components usually drive membrane vesiculation and tubulation Microbiology. All Rights Reserved.
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cellular processes, including multivesicular body (MVB) formation, cytokinesis, exosome
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FIG 1 The ESCRT apparatus and its utilization by enveloped viruses. The ESCRT-0 complex (STAM/HRS)
is shown in brown, ESCRT-I (TSG101/MVB12/VPS37/VPS28) in red, and ESCRT-Il (EAP30/EAP45/EAP20,) in
yellow. The ESCRT-IIl filament is shown as a polymer of CHMP2/3/4 subunits (green) capped by
nucleating CHMP6 subunits (cyan). ESCRT-Il complex EAP20 subunits nucleate filament assembly through
the recruitment of CHMP6. ALIX is represented as a blue cylinder making contacts with ESCRT-I and
extending its Bro1 domain (gray) to trigger CHMIP4 polymerization. Nedd4 family members are shown in
purple. Individual viruses or virus families in which one or more members have been reported to utilize
Nedd4, ALIX, or an ESCRT complex during envelopment are indicated by boxes of the corresponding
color.

and microvesicle formation, and repair of plasma and nuclear membranes (1, 2, 4, 7, 8).
The "heavy lifting” of ESCRT-mediated membrane deformation is performed by ESCRT-
I, a spring-like filament assembled by polymerization of CHMP (charged multivesicular
body protein) family members on the surface of a lipid bilayer. Humans express 12
ESCRT-IIl subunits, including 7 related protein families (CHMP1 to -7), their isoforms,
and the CHMP3-like protein IST1 (increased sodium tolerance 1) (2), a diversity that is
thought to contribute to the variety of membrane-remodeling events performed by
ESCRT-Ill. The ESCRT-lll filament drives the formation of vesicles, tubules, or viral
envelopes and then constricts the lipid structure at its neck to catalyze scission, a
process accompanied by the disassembly and removal of ESCRT-III via the hexameric
AAA ATPase Vps4 (vacuolar protein sorting 4) (1, 2, 6).

It is the responsibility of the ESCRT complexes and associated proteins to control the
positioning and polymerization of ESCRT-II filaments, to initiate membrane bending,
and, where appropriate, to recruit cargo into assembling vesicles or tubules. How this
is accomplished differs from process to process (2), but MVB formation helps to
illuminate the general principles (2, 9). This pathway initiates when the ESCRT-0
complex HRS/STAM (hepatocyte growth factor-regulated tyrosine kinase substrate/
signal-transducing adaptor molecule) binds to phosphatidylinositol-3-phosphate (PI3P)
on the surfaces of endosomes. Multiple ESCRT-0 complexes self-associate, gather
ubiquitinated cargo proteins to the nascent budding site for eventual localization to
MVBs, and recruit the heterotetrameric complex ESCRT-I via interaction with its subunit
TSG101 (tumor susceptibility gene 101). ESCRT-I (like ESCRT-0) binds ubiquitinated
cargo but, in addition, can recruit ESCRT-II, a Y-shaped complex with a stem composed
of ELL-associated protein (EAP) subunits EAP30 and EAP45 and two arms, each com-
prising a copy of the protein EAP20. ESCRT-Il is capable of binding and activating the
ESCRT-IIl subunit CHMP6. Activated CHMPS, in turn, nucleates ESCRT-IIl polymerization
by binding and activating CHMP4, which, along with CHMP2 and CHMP3, appears to be
a major building block of the ESCRT-II fiber (10). CHMP6 can also be recruited via direct
interaction with the ESCRT-I subunit VPS28 (1, 2). In addition, Bro1 domain-containing
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family members, such as Alg-2-interacting protein X (ALIX) (1, 2), join the assembling
complexes via association with ESCRT-I. ALIX is a ubiquitin binding protein and coop-
erates with ESCRT-0 and ESCRT-I in gathering cargo, but its Bro1 domain also binds
directly to CHMP4 (11, 12), recruiting it and inducing conformational changes that drive
CHMP polymerization (1, 11). ALIX also dimerizes and may favor the polymerization of
two ESCRT-IIl fibers or even double-stranded chains in a manner similar to that of
ESCRT-II (1). By such means, early ESCRT components drive the budding of a cargo-
laden vesicle into the interior of the endosome and direct the polymerization of an
ESCRT-IIl fiber at the bud neck. Constriction of the ESCRT-IIl filament results in the
scission and “pinching off” of cargo-containing vesicles into the endosomal lumen.
Finally, the ATPase Vps4 associates with the ESCRT-IIl polymer and disassembles it by
passing the strand through its central cavity, a process that may be coupled to the
scission reaction itself (1, 13-17).

ESCRT recruitment elsewhere in the cell can be triggered by alternative factors to
ESCRT-0, for example, by syndecan/syntenin at the surfaces of endosomes to drive the
formation of exosomes, by centrosomal protein 55 (CEP55) at the midbody to help
initiate ESCRT-mediated abscission at cell division, and by plasma membrane-
associated ARRDC1 (arrestin domain-containing 1) to direct the formation and release
of microvesicles (1, 3, 4). Nevertheless, in most cases, the overall strategy is to recruit
ESCRT-I and ALIX or alternative Bro1 family members and ultimately to trigger ESCRT-III
filament deposition at the site of membrane tubulation, vesiculation, and constriction.

STRATEGIES OF ESCRT RECRUITMENT BY ENVELOPED VIRUSES

The majority of enveloped virus families have learned to exploit ESCRT components
in order to facilitate envelopment and gain access to ESCRT-IIl to drive the terminal
scission event (3-5). Indeed, subversion of host ESCRT-II/Vps4 for viral budding and
replication is a stratagem dating back at least to the Archaea (4, 18). Experimentally, a
dominant negative allele of Vps4 termed Vps4-EQ has proven a useful tool for identi-
fying those virus envelopment events (or other cellular processes) that utilize the ESCRT
machinery (19). Vps4-EQ carries a glutamate-to-glutamine mutation at position 233 in
its ATPase active site, allowing ATP binding but preventing its hydrolysis (20). Vps4
hexamers containing a mixture of wild-type Vps4 and Vps4-EQ subunits associate with
ESCRT-IIl filaments but are unable to drive their disassembly, irreversibly “locking on” to
the bud neck and preventing completion of the scission reaction (13, 15, 16, 20).
Vps4-EQ expression therefore exerts a dominant negative effect on endogenous Vps4,
and its ability to interfere with a membrane-remodeling event strongly implicates the
ESCRT apparatus in that process.

In general, viruses acquire ESCRT-IIl by recruiting one or more early ESCRT compo-
nents, most commonly ALIX and ESCRT-I via its subunit TSG101 (summarized in Fig. 1).
The best-understood example is that of retroviral Gag proteins, where sequence motifs
termed late budding domains (L-domains) recruit ALIX via the YPX, L motif and TSG101
via the P(T/S)AP sequence. A third class of L-domain is the PPXY motif, which binds
members of the Nedd4 (neural precursor cell-expressed developmentally downregu-
lated gene 4) family of HECT (homologous to the E6AP carboxyl terminus) ubiquitin E3
ligases (5). It is thought that Nedd4 recruitment results in Gag ubiquitination and thus
provides an additional pathway by which Gag can recruit ESCRT-I and ALIX, both of
which have evolved to bind ubiquitinated proteins as part of their role in MVB
formation (described above). L-domains and ubiquitination therefore ensure a multi-
valent network of Gag/ESCRT-I/ALIX interactions that support envelopment and bud
formation prior to ESCRT-Ill assembly and scission (5, 21). The relative contributions of
ESCRT-I, ALIX, and Nedd4 family members to the process of envelopment differ
considerably among the retroviruses (4, 5).

A strategy similar to that of retroviral Gag proteins is used by the VP40 matrix
proteins of the Filoviridae members Ebola virus and Marburg virus, the Z proteins of the
arenaviruses Lassa virus and lymphocytic choriomeningitis virus, and the M (matrix)
proteins of the rhabdoviruses vesicular stomatitis virus and rabies virus, all of which
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possess P(T/S)AP and/or PPXY L-domain-like motifs that may mediate TSG101/ESCRT-I
and Nedd4 binding (5). TSG101 and ALIX have also been implicated in the release of
enveloped vaccinia virus, and a candidate YPX,L L-domain has been identified in the
vaccinia virus F13L protein (22).

Alternative pathways of viral ESCRT recruitment exist but frequently target the same
subset of cellular players. Paramyxovirus matrix proteins generally lack YPX, L, P(T/S)AP,
and PPXY motifs, but the M proteins of parainfluenza virus 5 (PIV5) and mumps virus
recruit the cellular PPXY domain-containing protein AMOTL1 (angiomotin-like 1), using
it as a linker to bind Nedd4 family members (5, 23). A similar strategy is utilized by HIV-1
Gag proteins that lack PPXY motifs (24), and TSG101/ESCRT-I may be recruited through
novel routes by hepatitis B virus (25), murine leukemia virus (26, 27), and Ebola virus (27,
28). Among the flaviviruses, roles for ALIX have been reported in yellow fever virus (29)
and dengue virus (30), and roles for TSG101/ESCRT-I in Japanese encephalitis virus (31).
In contrast, hepatitis C virus intercepts the ESCRT machinery very early; polyubiquiti-
nation of its nonstructural protein NS2 creates a binding site for the ESCRT-0 compo-
nent HRS, and additional interactions take place between HRS and NS5A (Fig. 1) (32).

HERPESVIRIDAE AND THE ESCRT APPARATUS: AN OVERVIEW

Herpesvirus capsids are assembled and packaged in the cell nucleus (33-35). They
then undergo primary envelopment at the inner nuclear membrane (INM), followed by
the delivery of capsids to the cytoplasm via deenvelopment at the outer nuclear
membrane (ONM), a pathway resembling that reported for the export of large ribonu-
cleoprotein complexes in Drosophila (36-39). These capsids subsequently undergo a
final, secondary envelopment by budding into the lumina of organelles in the cyto-
plasm (40-48). Primary envelopment at the INM and secondary envelopment in the
cytoplasm require the activity of multiple virally encoded proteins, but there is evi-
dence from the three subfamilies of Herpesviridae that the ESCRT apparatus can play a
role in both locations.

Among the Alphaherpesvirinae, ESCRT-IIl and Vps4 appear to be required for the
completion of cytoplasmic envelopment by herpes simplex virus 1 (HSV-1) (49, 50) and
pseudorabies virus (PRV) (50) and during HSV-1 envelopment at the INM (39). In accord
with the pivotal role of Vps4 in HSV-1 envelopment, Vps4 protein and mRNA levels are
both suppressed by the interferon response in HSV-1-infected mouse trigeminal gan-
glia (51). In contrast, the significance of the ESCRT machinery for the replication of
Betaherpesvirinae is less well established. In one study, the replication of human
cytomegalovirus (HCMV) was reduced by 2 log units upon expression of Vps4-EQ or
dominant negative CHMP1A; this reduction was interpreted as due to a block in HCMV
cytoplasmic capsid envelopment (52). In contrast, others reported that small interfering
RNA (siRNA) knockdown of Vps4 did not inhibit the assembly of enveloped HCMV
particles, as measured by particle infectivity and genome number (53). A third study
concluded that expression of Vps4-EQ and several dominant negative CHMP alleles had
no effect on the envelopment of HCMV capsids but reduced the rate of viral spread,
perhaps due to effects on exosome-mediated cell-cell signaling to prepare adjacent
cells for infection (54). Among the Gammaherpesvirinae, the ESCRT apparatus has been
reported to function during primary envelopment of Epstein-Barr virus (EBV) capsids at
the INM (55), but its importance for cytoplasmic envelopment in this subfamily of
viruses is unknown.

THE ESCRT APPARATUS AND HERPESVIRUS ENVELOPMENT AT THE INNER
NUCLEAR MEMBRANE

Primary envelopment of herpesviruses at the INM requires the activity of a virally
encoded heterodimer termed the nuclear egress complex (NEC) (Fig. 2) (37, 38, 56-60).
This complex, found in the INM and ONM, is conserved in all subfamilies of herpesvi-
ruses and is composed of a soluble protein (encoded by UL31 in HSV-1) anchored to the
nuclear envelope by a type Il integral membrane protein (encoded by HSV-1 UL34). In
a process remarkably similar to that performed by retroviral Gag proteins at the plasma
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FIG 2 HSV-1 and EBV NECs and their interactions with ESCRT components. The soluble and membrane-
anchored subunits of the herpesvirus NEC are shown in purple and red, respectively, with the lipid bilayer
of the INM shown in gray at the bottom. ESCRT components or other relevant molecules that interact
with the HSV-1 NEC (UL31p/UL34p) or the EBV NEC (BFLF2/BFRF1) are shown at the left and right of the
NEC, respectively. Proteins are represented as touching an NEC subunit in cases where published data
imply direct physical contact. Proteins present in a complex with the NEC subunit are connected by a
solid line. Dashed lines indicate that the NEC complex influences the distribution of the protein but that
no direct or indirect contact has been demonstrated. Purple spheres on EBV BFRF1 (Ub) represent
polyubiquitin chains (Poly-Ub) covalently attached to lysine residues.

membrane (61), the UL31p/UL34p NEC forms a curved hexagonal lattice at the INM that
drives capsid envelopment and budding into the perinuclear space (36-38, 59, 60, 62)
in concert with an array of other viral proteins (63). Strikingly, UL31p/UL34p were
necessary and sufficient to localize the ESCRT-IIl CHMP4 isoform CHMP4B to the nuclear
envelope, and loss of the CHMP4 isoforms CHMP4A/B/C or ALIX resulted in an accu-
mulation of virions in the perinuclear space, perhaps trapped because of failure to
complete scission at the INM (39). Streptavidin-tagged UL34p coprecipitated with ALIX
from HSV-1-infected cells, and glutathione S-transferase (GST) pulldowns indicated a
direct interaction between ALIX and UL34p (39). Together, these data suggest that the
HSV-1 NEC binds ALIX to mediate ESCRT-IIl (primarily CHMP4) recruitment to the INM
during HSV-1 capsid budding into the perinuclear space. However, expression of the
dominant negative Vps4-EQ allele resulted in a modest (2-fold) reduction in the
numbers of capsids able to reach the cytoplasm (39). This finding is consistent with
earlier published data (detailed below) showing that dominant negative Vsp4-EQ had
no effect on the numbers of capsid-associated HSV-1 particles able to reach the
cytoplasm (49, 50, 64), implying no nuclear egress defect. It is also consistent with the
finding that the NEC alone is sufficient to drive membrane scission in vitro (58).
Moreover, a requirement for ALIX in nuclear export is at odds with the observation that
ALIX is dispensable for HSV-1 replication (detailed below [65]).

There are several ways to reconcile these findings. First, although the NEC is capable
of driving membrane scission by itself (58), it may nevertheless appropriate ESCRT-III/
Vps4 to facilitate HSV-1 budding into the perinuclear space. Thus, the efficiency and
rate of traversal of the nuclear envelope may be reduced in the absence of ESCRT
function, but not the final yield of cytoplasmic virions. Second, HSV-1 infection in some
cell types induces a form of autophagy at the nuclear membranes termed nuclear
envelope-derived autophagy (NEDA) (66, 67), and autophagic degradation of inner
nuclear membrane lamins is required to facilitate HSV-1 nuclear egress (67, 68). Since
the proper closure and sealing of autophagosomes requires ESCRT-III/Vps4 (69), the
NEC may be directing ESCRT components to the INM to support autophagic destruction
of lamins, clearing away these barriers from the inner membrane bilayer in preparation
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for NEC-driven capsid budding. Third, NECs might recruit the ESCRT machinery because
of its role in helping to maintain the health and integrity of the INM (8, 70), which could
be subject to unusual stress and disruption during herpesvirus nuclear egress. However,
in the normal repair/resealing pathway, CHMP4B is localized to the INM via the ESCRT-III
subunit CHMP7, independently of ALIX (70, 71), neither of which is the case for HSV-1
NEC-mediated CHMP4B INM targeting (39). Finally, the modest effect of Vps4-EQ on
HSV-1 capsid export could reflect a role for ESCRT-IIl that is Vps4 independent, as seen
during the engulfment of vesicles by organelles in the poorly understood, unconven-
tional CUPS protein secretion pathway (72).

The NEC of EBV (Fig. 2) has also been reported to interact with ESCRT components
during EBV capsid nuclear envelopment (39, 55). The EBV genes BFLF2 and BFRF1 are
homologues of the HSV-1 genes UL31 and UL34, respectively (73-75), and the EBV NEC,
like that of HSV-1, localizes to the nuclear rim and controls the egress of EBV capsids
from the nucleoplasm to the cytoplasm (55, 74, 75). Lytic reactivation of latent EBV is
accompanied by redistribution of CHMP4B, CHMP1B, and ALIX to the nucleus (55), and
BFRF1 is sufficient to redistribute ALIX and Vps4/Vps4-EQ to the nuclear rim. Further-
more, siRNA-mediated knockdown of ALIX or the expression of Vps4-EQ leads to an
accumulation of viral genomes and capsids in the nucleus, suggesting a block in
nuclear export (55, 76). These data are consistent with the EBV NEC recruiting ESCRT to
facilitate capsid budding at the INM, and indeed, the NEC membrane-anchored subunit
BFRF1 coimmunoprecipitates with ALIX, CHMP4B, and Nedd4 ubiquitin E3 ligases,
primarily Itch (55, 76). Pulldown experiments suggest that BFRF1 and ltch interact
directly (76), but BFRF1 lacks any recognizable L-domain motifs that might mediate
ALIX or Nedd4 binding (5). Deletion mapping did not identify a single region of BFRF1
sufficient for ALIX recruitment (55) but suggested that Nedd4 binding involves an
~150-amino-acid region of BFRF1 adjacent to its membrane-anchoring domain (76). In
an interesting parallel with Gag proteins (5), BFRF1 was found to be ubiquitinated at
several lysine residues (76), and ubiquitination (or the lysine residues themselves) was
important for BFRF1-Nedd4 association. Ablation of these lysines diminished BFRF1-
mediated vesiculation of the nuclear membrane (a phenomenon thought to reflect the
role of BFRF1 in EBV capsid nuclear export) and reduced the efficiency of secretion of
enveloped EBV particles from cells (interpreted as a consequence of reduced delivery
of EBV capsids from the nucleus to the cytoplasm) (55, 76). It is not clear whether Nedd4
family members themselves are responsible for the ubiquitination of BFRF1. Like that
of HSV-1, the NEC of EBV might recruit ESCRT components to support the scission of
primary enveloped virions into the perinuclear space, to promote the degradation of
lamins and facilitate access to the INM, or to help maintain the integrity of the nuclear
envelope during infection.

THE ESCRT APPARATUS AND HERPESVIRUS ENVELOPMENT IN THE CYTOPLASM
Our understanding of ESCRT function during cytoplasmic herpesvirus envelopment
is limited and is mostly derived from study of the Alphaherpesvirinae. Crump and
colleagues were the first to demonstrate that Vps4-EQ is a potent inhibitor of HSV-1
cytoplasmic envelopment and virus replication (49). In the presence of Vps4-EQ, no
extracellular virus particles were observed, and only unenveloped capsids were present
within the cytoplasm. Ultrastructural examination revealed that these capsids were
usually associated with membranes but not completely enclosed by them, an obser-
vation consistent with a block in sealing and scission. Quantitative electron microscopy
confirmed that the numbers of capsids reaching the cytoplasm were similar in the
presence of either Vps4 or Vps4-EQ, indicating no apparent defect in nuclear export
(49). HSV-1 replication was also reduced by expression of dominant negative alleles of
ESCRT-IIl CHMP family members, with alleles of CHMP1A/1B, CHMP2A/B, CHMP4B, and
CHMP5 showing the greatest inhibitory effect (65). Our laboratory subsequently dem-
onstrated that Vps4-EQ inhibited the replication and cytoplasmic envelopment of PRV
(50) and that Vps4-EQ expression had no measurable effect on the numbers of HSV-1
or PRV capsids exported from the nucleus but instead inhibited capsid envelopment in
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FIG 3 Generalized structure of an alphaherpesvirus cytoplasmic envelopment intermediate. The capsid
(pink hexagon) is surrounded by an inner tegument (gray ovals) composed of UL36p/UL37p. This is the
foundation for the attachment of the outer tegument subunits (shown in dark blue, cyan, orange, and
dark gray), some of which interact with membrane-embedded envelope glycoproteins. There are
multiple membrane proteins in the mature alphaherpesvirus envelope, but for clarity, only gB (purple),
the gH/gL complex (yellow), and gD (pink) are shown (gD is absent from the alphaherpesvirus VZV). The
ESCRT-IIl filament is assembled from CHMP subunits (green spheres) at the open bud neck. ESCRT-III will
constrict to draw the membrane together, sealing the envelope and pinching the enveloped virus into
the organellar lumen (light blue space). Constriction and ESCRT-IIl disassembly are catalyzed by the
ATPase Vps4 (not shown).

the cytoplasm (50, 64). In agreement with transmission electron microscopy studies of
Vps4-EQ-arrested virions (49), correlative light and scanning electron microscopy re-
vealed structures in which cytoplasmic HSV-1 capsids sat partially enclosed by Vps4-
EQ-bound organelles, resembling an egg sitting in an eggcup (64). The leading edge of
the unsealed envelope was decorated by a ring of ~12-nm-diameter beads (64) that in
size and appearance resembled Vps4/Vps4-EQ hexamers seen to align along ESCRT-III
polymers in uninfected cells (77). These ultrastructural studies suggest that the terminal
HSV-1 phenotype resulting from Vps4-EQ expression is accumulation of partially en-
veloped cytoplasmic capsids that have failed to undergo “pinching off” into the lumen
of a cytoplasmic organelle. Vps4-EQ-mediated arrest of ESCRT-Ill scission prevents
subsequent events in virus egress, blocking the maturation of HSV-1- and PRV-
containing organelles into structures that are able to traffic along microtubules in vitro
(50).

WHAT IS THE MECHANISM OF ESCRT COMPLEX RECRUITMENT BY
CYTOPLASMIC HERPESVIRUSES?

How do cytoplasmic herpesvirus capsids recruit ESCRT-IIl to support scission during
secondary envelopment? Cytoplasmic envelopment requires that capsids be brought
together with the full array of tegument and envelope proteins found in the mature
viral particle. Figure 3 is a general representation of this process for the Alphaherpes-
virinae. Motifs resembling YPX, L and P(T/S)AP Gag L-domains (which mediate ALIX and
TSG101 binding, respectively) have been identified by sequence inspection of a num-
ber of HSV-1 proteins (65), but expression of dominant negative forms of ALIX and
TSG101 had no effect on HSV-1 replication (65). Similarly, siRNA knockdown of ALIX and
TSG101 did not diminish HSV-1 titers or growth rates, even when these proteins were
depleted simultaneously to exclude the possibility that they act redundantly (65).

Several components of the ESCRT machinery are known to bind ubiquitinated
proteins as part of their normal cellular function, including (in addition to ALIX and
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TSG101) the STAM and HRS subunits of ESCRT-0 and the EAP45 subunit of ESCRT-II (2).
Furthermore, as detailed above, ubiquitination is known to facilitate ESCRT recruitment
to retroviral Gag proteins, to the NS2 protein of hepatitis C virus, and possibly also to
the NEC of EBV. Could ubiquitination of herpesvirus proteins be used to recruit the
ESCRT apparatus during cytoplasmic envelopment? All three families of herpesviruses
encode proteins containing PPXY L-domain-like motifs, and in some cases, these
molecules have been demonstrated to bind Nedd4 E3 ligase family members (65, 78).
These include the products of the HSV-1 and -2 UL56 genes, ORFO of varicella-zoster
virus (VZV), UL42 of HCMV, and LMP2A of EBV (78). However, there is no evidence that
these interactions with Nedd4 play any role in ubiquitin-mediated ESCRT recruitment or
viral envelopment. Rather, in most cases, they result in the ubiquitination of Nedd4
itself and reductions in its cellular levels, likely via protein degradation (78-80). Fur-
thermore, loss of the UL56 gene from HSV-2 has only limited consequences for viral
replication in culture (79). The Alphaherpesvirinae do encode their own RING finger E3
ubiquitin ligase (termed ICPO in the case of HSV-1 and -2), which targets multiple
cellular proteins for ubiquitination and proteasome-mediated degradation, with con-
sequences for a wide range of cellular processes, including DNA repair, transcription,
the cell cycle, and innate and intrinsic antiviral immunity (81, 82). Nevertheless, none of
the known ubiquitinated ICPO substrates (81) are obvious candidates for the recruit-
ment of ESCRT components, and HSV-1 mutants lacking ICPO exhibit a complex
phenotype reflecting altered viral gene expression that differs in severity between cell
types (83, 84).

Taken together, the data presented above suggest that HSV (and possibly other
herpesviruses) eschews the most commonly used viral strategies for ESCRT-IIl appro-
priation. Absent a role for ALIX, ESCRT-I, and Nedd4 binding/ubiquitination, what other
mechanisms might be used to recruit ESCRT-IIl during cytoplasmic envelopment?

(i) ESCRT-II. Other than ESCRT-I and ALIX, the most obvious remaining cellular
candidate to drive ESCRT-IIl polymerization is ESCRT-II. ESCRT-Il does not appear to be
a popular choice for this task among enveloped viruses, even those that bind TSG101
and thus are well positioned to recruit ESCRT-II via ESCRT-I. Nevertheless, the apparent
dispensability of ESCRT-Il in HIV-1 assembly is being reevaluated, and it is possible that
ESCRT-II plays a more important role in retroviruses than originally thought (2, 4, 85).
Whether ESCRT-II participates in the cytoplasmic envelopment of Herpesviridae remains
a major unanswered question. One argument against a role for ESCRT-Il is that its
primary means of ESCRT-IIl assembly is via nucleation of CHMP6 polymerization (2, 86),
whereas dominant negative CHMP6 had the mildest inhibitory effect on HSV-1 repli-
cation of any CHMP family member tested (65). Moreover, if HSV-1 does utilize ESCRT-II,
it must have evolved a TSG101/ESCRT-l-independent mechanism to do so. This is not
without precedent, since the core protein of hepatitis B virus has been reported to
interact directly with ESCRT-II. Core-bound ESCRT-II appears important for pregenomic
RNA trafficking, encapsidation, or stabilization of replication-competent hepatitis B
virus nucleocapsids (87), but it is not known whether it also plays downstream roles in
hepatitis B virus envelopment.

(ii) Cellular Bro1-domain proteins. Although ALIX is dispensable for HSV-1 envel-
opment, the human proteome contains four other Bro1-domain proteins with broad
tissue expression (88): rhophilin 1 and 2 (RHPN1 and RHPN2), His domain-containing
protein tyrosine phosphatase (HD-PTP), and Bro1 domain and CAAX motif containing
(BROX) (89). RHPN1 and RHPN2 are Rho-GTP binding proteins associated with the actin
cytoskeleton and have not been clearly linked to the ESCRT pathway (89). In contrast,
HD-PTP and BROX both participate in ESCRT-IIl assembly during endosomal cargo
sorting and MVB formation (12, 90), positioning them in an appropriate cellular location
for use by enveloping HSV-1 capsids (40, 41, 91). HD-PTP recruitment involves several
ESCRT components, including ESCRT-0 (2, 92), while the mechanism of BROX assembly
is less well defined (2). BROX has an additional interesting property. As mentioned
above, of all the CHMP family members, only CHMP4 was thought to be an important
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target for Brol domain-containing proteins (11, 12, 93). However, BROX has been
shown to interact with both CHMP4B and CHMP5 and to recruit CHMP5 to endosomes
(94). Given that dominant negative alleles of CHMP4B and CHMP5 are two of the most
potent inhibitors of HSV-1 replication (65), a role for BROX as a possible cellular
regulator of HSV-1 envelopment merits consideration.

(iii) Viral tegument and envelope proteins. The tegument layer resides between
the herpesvirus capsid and the inner surface of the envelope and is a dense complex
of virally encoded and host cell proteins (35, 95-97). The “inner” tegument (Fig. 3) is
composed principally of the capsid vertex-associated protein UL36p (98) and its
binding partner UL37p (99), two large polypeptides conserved among the alpha-, beta-,
and gammaherpesviruses (35) that perform a variety of functions, including the recruit-
ment of multiple polypeptides to form the outer tegument (35, 97). UL36p and UL37p
are essential for HSV-1 capsid cytoplasmic envelopment and thus for virus replication
(35, 100, 101). Loss of UL36p results in the accumulation of aggregates of cytoplasmic
capsids (100) and nonenveloped capsids docked to organelles but apparently mislo-
calized (91, 102), possibly due to the absence of the tethering/targeting function
provided by UL37p (103, 104).

The absolute requirement for UL36p in HSV-1 capsid envelopment, and its conser-
vation among the Herpesviridae, make it a reasonable candidate for an ESCRT recruit-
ment molecule. Furthermore, given the role of ubiquitination in ESCRT recruitment
(described above), it is interesting that the amino-terminal portion of UL36p contains
a conserved cysteine protease activity that functions as a deubiquitinase (DUB) domain,
able to remove ubiquitin from posttranslationally modified proteins (105, 106). The
HSV-1 and PRV UL36p DUBs regulate the ubiquitination states of several viral proteins
during infection, including UL36p itself, and UL36p ubiquitination/deubiquitination
controls the ability of PRV to disseminate into the peripheral nervous system (107, 108).
Loss of the DUB active-site cysteine reduced PRV titers by 2 log units in tissue culture
and led to the accumulation of nonenveloped cytoplasmic capsids (109), but a similar
mutation had negligible consequences for HSV-1 replication (110). HSV-1 UL36p has
also been reported to modulate the ubiquitination state of TSG101 (111), but given that
TSG101 and UL36p DUB activity are both dispensable for HSV-1 replication (65, 110),
the significance of this finding for envelopment is unclear.

As a functional test for UL36p in ESCRT recruitment, we reasoned that if UL36p is
needed to couple HSV-1 capsids to the ESCRT apparatus, then, in its absence, capsids
should no longer become trapped in envelopment complexes by the dominant neg-
ative ATPase Vps4-EQ (13, 15, 16, 20). We used correlative light and scanning electron
microscopy to confirm the ultrastructures of representative examples of HSV-1 capsid/
Vps4-EQ-containing complexes and counted the numbers of capsid/Vps4-EQ com-
plexes in the presence and absence of UL36p (64). The loss of UL36p reduced the
numbers of HSV-1 capsid/Vps4-EQ-containing complexes by approximately 70%, sug-
gesting that UL36p plays an important role in the recruitment of capsids to the site of
ESCRT-III/Vps4 deposition (64). Nevertheless, UL36p is required for the assembly of
multiple outer tegument and envelope proteins into the enveloping particle (99, 104,
112-115), and its role in capsid/ESCRT-IIl/Vps4 assembly may be indirect (64).

Proteins localized to the outer layers of tegument (Fig. 3) exhibit a network of
genetically and biochemically defined interactions with UL36p/UL37p (112-115), with
each other, and with the inward-facing (equivalent to cytoplasmically disposed) por-
tions of membrane-embedded envelope proteins (35, 97, 116-119). For HSV-1 and PRV,
a number of tegument and envelope proteins have been assigned roles in envelop-
ment and may provide avenues for the recruitment of ESCRT complexes. Six of these
(tegument proteins encoded by HSV-1 genes UL7, UL11, UL16, and UL51 and the HSV-1
envelope protein heterodimer gM/gN) are conserved among the alpha-, beta-, and
gammaherpesviruses. Another five tegument proteins (encoded by HSV-1 UL21, UL46,
UL47, UL48, and UL49), the HSV-1 membrane-anchored tegument protein US9p, and
the HSV-1 envelope protein heterodimers gK/UL20p and gE/gl are unique to the
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Alphaherpesvirinae (35, 120-122). Complicating the interpretation of their roles, some of
these outer tegument and envelope proteins are individually required for envelopment,
but in other cases, envelopment fails only when several of the genes are deleted
simultaneously, suggesting functional redundancy (35). The extent of this redundancy
can differ between members of a herpesvirus subfamily and even for a single virus
replicating in different cell types. For example, simultaneous deletion of the genes
encoding gE/gl and gM resulted in a profound block to PRV capsid envelopment (123,
124), but comparable mutations had a marginal effect on HSV-1 (122). Simultaneous
loss of the gE/gl heterodimer and the membrane-anchored tegument protein US9p
resulted in an HSV-1 envelopment defect, but one that was specific to neuronal cells
(121).

Any tegument and envelope proteins implicated in cytoplasmic envelopment could
conceivably play roles in capsid-organelle docking, sequestration of envelope proteins
to the assembly site, wrapping of the capsid by membrane, or binding of ESCRT
components to support scission. In this regard, the biology of L-particles may provide
some insights. L-particles consist of lipid envelope-like structures similar in size to
mature virions (though more heterogeneous) and displaying membrane-embedded
envelope proteins and tegument but lacking nucleocapsids (125, 126). They have been
observed during the tissue culture replication of all alphaherpesviruses examined (126)
and, at least for HSV-1, follow an assembly and egress pathway similar to that of
infectious particles (35, 125, 127, 128). L-particles may therefore arise when capsids fail
to attach to and engage with sites of cytoplasmic tegument deposition, envelope
formation, and ESCRT-mediated scission. Consequently, L-particle assembly may not
require viral proteins whose primary function is to integrate capsids with the envelop-
ment machinery but presumably would remain dependent on any molecules needed
for budding and membrane scission. It is not known whether ESCRT-III/Vps4 are
required for the generation of L-particles, but if so, molecules essential for L-particle
formation might be good candidates for ESCRT recruitment, as opposed to playing
other roles required for the assembly of infectious, capsid-containing virions. Interest-
ingly, bovine herpesvirus 1 (BoHV-1) L-particles contain the same complement of
envelope proteins as BoHV-1 virions but lack the inner tegument proteins UL36p and
UL37p (129). Thus, if BoHV-1 L-particles require ESCRT-III for their scission, UL36p/UL37p
must be dispensable for this process or are subsequently lost from the particle. In
contrast, the tegument composition of HSV-1 L-particles resembles that of infectious
virions (129).

SUMMARY

The NECs of HSV-1 and EBV provide us with the best available examples of a
herpesvirus strategy for ESCRT recruitment (Fig. 2), functioning similarly to retroviral
Gag proteins by assembling membrane-deforming hexagonal lattices and (directly or
indirectly) binding ALIX (HSV-1) or ALIX/Nedd4/ubiquitin (EBV) at the INM (37, 39, 55,
76). Nevertheless, many unanswered questions remain. The absence of classical
L-domains in the NEC suggests that NEC-ALIX/Nedd4 interactions are indirect or utilize
yet to be defined binding motifs. It is also unclear whether NECs are directing ESCRT
components to support scission at the necks of budding perinuclear virions, in support
of autophagy of nuclear lamins, to maintain nuclear envelope health, or to serve other
functions. An even greater unknown is herpesvirus envelopment in the cytoplasm—a
process of apparently bewildering complexity, encompassing a web of interactions
between capsid subunits, inner and outer tegument proteins, membrane proteins in
the nascent envelope, and the cellular ESCRT complexes. There is a gap in our
understanding of how these two families of proteins, viral and cellular, engage and
dance together to coordinate envelopment and scission. Given the apparent dispens-
ability of ALIX and ESCRT-lI for HSV-1 envelopment, it remains a possibility that
unrecognized mechanisms for the recruitment of ESCRT-II, binding of Brol-domain
proteins other than ALIX, or activation of CHMP subunit polymerization lie buried in the
rich proteome of the tegument and envelope.
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