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The Great (Nuclear) Escape: New Insights into the Role of the
Nuclear Egress Complex of Herpesviruses
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Herpesviruses are unusual among enveloped viruses because they bud twice yet acquire a single envelope. They are also the only
known viruses that bud into the nuclear envelope. We discovered that the herpesvirus nuclear egress complex could bud mem-
branes without the help of other proteins by forming a coat-like hexagonal scaffold inside the budding membrane. This finding
raises the possibility that a phenotypically similar nuclear export of large RNAs is cargo driven.

ost enveloped viruses acquire their envelopes by capsid bud-

ding into a cellular membrane. Some viruses, such as HIV or
influenza virus, bud into the plasma membrane while other vi-
ruses, such as flaviviruses, bud into intracellular membranes such
as the endoplasmic reticulum, the Golgi compartment, or others,
depending on the virus. Herpesviruses represent an unusual case.
Despite having a single envelope, these double-stranded DNA vi-
ruses undergo two rounds of budding; they bud first into the inner
nuclear membrane (INM) and later into cytoplasmic membranes
derived from the trans-Golgi network or early endosomes (1).
This also makes them the only known viruses to use the nuclear
membrane for budding. Yet, the envelope acquired during the
first budding event at the INM does not end up in the mature viral
particle. Only the second and final round of budding in the cytosol
generates the single-layer envelope of the mature virus. Instead,
the unusual nuclear budding allows the viral capsid to escape from
the nucleus.

Herpesvirus genomes are replicated and encapsidated in the
nucleus. The nucleus is surrounded by the INM and outer nuclear
membrane (ONM), and most traffic in and out of the nucleus
occurs through the nuclear pores. The diameter of herpesvirus
capsids (125 nm in HSV-1) is considerably larger than that of the
nuclear pore channels (52 nm), and thus, the capsids cannot fit
through them. To escape from the nucleus, nucleocapsids bud
into the INM, forming perinuclear immature viral particles—
intermediates that are different from the mature, infectious
viruses—that then fuse with the ONM, releasing the naked capsids
into the cytosol (Fig. 1). As a result of this process, termed nuclear
egress, nucleocapsids are translocated from the nucleus into the
cytoplasm, where they mature into final, infectious virions.

Efficient exit of nascent capsids from the nucleus requires the
virus-encoded nuclear egress complex (NEC) (reviewed in refer-
ence 1). The NEC consists of conserved viral proteins UL31 and
UL34. UL34 is anchored to the INM by a C-terminal transmem-
brane (TM) helix with three residues extending into the perinu-
clear space (3). UL31 is a nuclear phosphoprotein that localizes to
the INM through interaction with UL34 (4, 5). Formation of the
NEC is a prerequisite for efficient nuclear egress. In the absence of
either UL31 or UL34, viral replication is impaired and most cap-
sids are retained in the nucleus (6, 7). The NEC is also sufficient to
drive the formation of perinuclear vesicles in transfected cells (8,
9), which demonstrated that UL31 and UL34 are the only viral
proteins necessary for vesiculation. But these experiments left the
function of the NEC in membrane budding unclear. Does the
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NEC function as an adaptor that recruits (as-yet-unidentified)
host proteins, or does it mediate membrane budding directly?

To address the exact role of the NEC in membrane budding, we
expressed the HSV-1 NEC lacking the TM anchor of UL34 in
Escherichia coli, purified it to homogeneity, and added it to syn-
thetic lipid vesicles (10). This NEC is referred to here as the soluble
NEC. We first showed that the soluble NEC could bind mem-
branes even in the absence of the TM anchor but required acidic
membranes. This means that the soluble NEC relies on electro-
static interactions between basic residues and acidic lipid head
groups to get recruited to the membrane. In support of this idea,
the requirement for acidic lipids becomes less important once the
NEC is recruited to membranes by means of an artificial mem-
brane anchor, as was shown by adding a C-terminal His tag to
soluble UL34 (NEC-His) and using mildly acidic membranes with
anuclear-envelope-like composition and containing Ni-chelating
lipid.

To study the effect of soluble NEC on synthetic vesicles, we
turned to confocal microscopy. Experiments with fluorescently
labeled NEC (SNAP-NEC) and giant unilamellar vesicles (GUVs)
showed that NEC binding generated negative curvature at the
binding site (Fig. 2A). Moreover, by using the aqueous dye Cas-
cade Blue and the unlabeled NEC, we could demonstrate that the
soluble NEC efficiently vesiculated fluorescently labeled GUVs,
resulting in the appearance of intraluminal vesicles (ILVs) filled
with Cascade Blue. Cascade Blue cannot permeate membranes, so
its presence inside ILVs shows that both membrane budding and
scission have taken place. Thus, soluble NEC alone could mediate
membrane budding and scission in the absence of any other fac-
tors. The membrane budding efficiency was similar regardless of
whether we used the soluble NEC and acidic membranes versus
the His-tagged NEC and Ni-containing membranes, which con-
firmed that the UL34 TM region does not play an active role in
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FIG 1 Schematic model of herpesvirus nuclear egress. The mature capsid is
recruited to the INM, where the NEC is located via the UL34 TM region. Upon
capsid binding, the NEC oligomerizes into a hexameric lattice and deforms the
INM around the viral capsid. After scission of the bud, which may be facilitated
by cellular factors, the enveloped capsid resides in the perinuclear space. Dis-
assembly of the hexameric NEC lattice may allow fusion of the viral particle
with the ONM, termed de-envelopment. The naked capsid is then released
into the cytosol, where it undergoes further maturation.

De-envelopment

budding beyond anchoring the NEC into the INM. By reconsti-
tuting the budding process in vitro using the purified NEC and
synthetic liposomes, we showed that the HSV-1 NEC has an in-
trinsic ability to mediate budding and scission (10). This finding
was subsequently confirmed for the pseudorabies virus NEC (11).

Although the in vitro budding experiments do not provide di-
rect information on the NEC-mediated budding in infected cells,
the negative, or inward, curvature generated by the NEC in vitro
has the same directionality as capsid budding into the INM during
HSV-1 infection and nuclear vesiculation in NEC-transfected
cells. To relate the in vitro observations to the in vivo budding
phenotype, we constructed a soluble NEC that contains a double
point mutation in UL34 that has a nonbudding phenotype and is
impaired in membrane deformation around the capsid (12). As
expected, the mutant NEC showed reduced budding in vitro de-
spite being able to bind membranes, thus linking the in vitro ob-
servations to the in vivo phenotype.

We next turned our attention to the mechanism of NEC-me-
diated budding. Using cryoelectron microscopy, we found that
the NEC, although heterodimeric in solution, forms an ordered
array on the inner surface of the budded vesicles (Fig. 2B) (10).
Images showed that the NEC formed spikes emanating from the
membrane toward the interior of the vesicle, as well as a hexagonal
honeycomb lattice that is related to the spikes by a 90° rotation.
Averaging confirmed that the two arrays represent different pro-
jections of honeycomb coats on the inner surface of budded vesi-
cles. The NEC coats form rapidly; no energy in the form of ATP is
required, and NEC-NEC and NEC-membrane interactions ap-
pear sufficient to drive coat formation. We hypothesize that the
NEC drives budding by the rapid and likely cooperative formation
of this coat-like hexagonal lattice that efficiently scaffolds the
membrane from the inside (Fig. 2C). Although the scaffold has
hexagonal symmetry, to form a sphere, this symmetry needs to be
slightly disrupted, for example, by having a few pentagons. Higher-
resolution images are needed in order to visualize such flaws in
symmetry, although we have seen occasional heptagons in cryo-
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FIG 2 The NEC deforms and buds membranes in vitro by forming a honey-
comb coat. (A) Green fluorescently labeled NEC (SNAP-NEC) binds to GUVs
(red) and induces negative curvature at the binding site. The untagged NEC
(soluble NEC) or artificially anchored NEC (NEC-His) buds GUVs, resulting
in the appearance of ILVs. Bars, 5 um. (B) Cryo-EM images showing circular
structures on the inside of large unilamellar vesicles (LUVs) and spikes ema-
nating from the rim. Three-dimensional (3D) averaging allowed us identify
the circular structures as a hexagonal honeycomb pattern in a view of the
spikes from the top. (C) Model of hexagonal coat on the inside of budded
vesicles. All of the images shown are adapted from reference 10.

electron microscopy (cryo-EM) images. Taken together, these re-
sults suggest that the NEC vesiculates membranes by oligomeriz-
ing on the membrane and creating a hexagonal scaffold inside the
bud.

While in vitro the NEC mediates not only membrane budding
but also scission, it is unclear whether efficient scission in cells
requires additional host factors. One may envision that although
the NEC represents the minimal budding machinery, cellular
budding factors may, perhaps, be recruited to affect budding effi-
ciency, for example, the efficiency of neck scission. Budding of
most enveloped viruses relies on cellular ESCRT proteins (13). In
principle, ESCRT proteins could fulfill this function, and very
recently, ESCRT proteins were shown to play a role in nuclear
envelope remodeling after mitosis (2). However, nuclear egress of
HSV-1 is not sensitive to Vps4 dominant negative mutation,
which is a well-accepted test of ESCRT involvement (14). This is
only one report, however, and reproducing it would help settle the
question of potential ESCRT involvement in nuclear egress.
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Our results explain why nuclear budding by herpesviruses may
not depend on ESCRT proteins. We showed that the NEC forms
ordered coats on the inner surface of budded vesicles, suggesting
that it mediates scission by scaffolding the membrane bud and
constricting the neck to the point of scission. The only other ex-
ample of fully virus-encoded membrane-budding machinery is
found in influenza virus. However, unlike influenza virus, which
encodes two independently acting proteins for bud formation and
scission, M1 and M2, respectively (15), the NEC appears to medi-
ate both functions, indicating that the NEC is a complete mem-
brane-budding machine that functions by a novel mechanism. In
addition, the NEC is the only viral or cellular machinery currently
known to mediate budding of the nuclear, as opposed to cytoplas-
mic, membrane. This scission mechanism also differs from that of
the ESCRT-III proteins, which localize only to the neck but not to
the nascent vesicle itself. They probably cleave the neck from its
exterior end (16), although more recent data show that during
HIV budding, ESCRT-III moves into the interior of the viral bud
and may scaffold it (17).

Both in vitro and in transfected cells, the NEC has powerful
membrane vesiculation activity. Yet, empty perinuclear vesicles
are not observed during infection (1), which means that in in-
fected cells, the intrinsic budding potential of the NEC is likely
controlled to ensure productive budding. Given that NEC oli-
gomerization is the driving force for vesiculation, formation of the
NEC lattice must be inhibited until triggered. Although neither
the inhibitory nor the triggering mechanism is yet understood,
several possibilities can be considered. For example, dynamic
modifications, such as phosphorylation of the NEC (e.g., by
HSV-1 kinase US3), may play a role in regulation of its budding
activity, especially inhibition (1). Further, it is predominantly ma-
ture nucleocapsids that bud into the INM (1), which suggests that
during infection, proteins present on mature but not immature
capsids may trigger oligomerization either by binding the NEC
directly or by inactivating an inhibitor that blocks NEC oligomer-
ization.

The hexagonal honeycomb lattice on the inside of budded ves-
icles represents a stable structure that needs to be disassembled for
the de-envelopment step in nuclear egress. How this lattice is dis-
mantled remains to be shown, but one potential candidate in-
volved in the process may be the HSV-1 kinase US3. US3 is
thought to be essential for the de-envelopment process (5). Phos-
phorylation of the NEC after primary budding may lead to struc-
tural rearrangements that disrupt the hexameric lattice, thereby
enabling de-envelopment. In this way, by interfering with oli-
gomerization, phosphorylation of the NEC could both inhibit
budding in the absence of the capsid and disassemble the NEC
coat during de-envelopment.

Recent studies showed that the process of nuclear egress is not
unique to herpesviruses and also observed during the export of
large synaptic ribonucleoparticles (RNPs) in Drosophila (18),
which are too large to exit the nucleus through nuclear pores. It is
unclear how common nuclear envelope budding is in host cells,
for example, whether it occurs in mammalian cells and whether it
is restricted to certain cell types, for example, nondividing cells.
The existence of nuclear egress in uninfected cells suggests that
herpesviruses may have hijacked this pathway. Indeed, ATPase
torsin, required during the de-envelopment step of large RNPs
(19), has also been implicated in HSV-1 de-envelopment (20).
Nevertheless, no cellular protein(s) has yet been implicated in
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nuclear budding of large RNPs. Considering our finding that the
NEC can vesiculate membranes without the help of other factors,
one interesting possibility is that nuclear budding in general does
not utilize an common endogenous cellular process but is instead
cargo driven. If this is true, it would mean that the large RNPs may
contain a factor(s) capable of membrane budding rather than uti-
lize other endogenous budding machinery such as ESCRT pro-
teins. One tantalizing possibility is that RNA rather than protein
could be such a factor, although no RNA has ever been implicated
in the process of membrane deformation by viruses or otherwise.
Further studies are clearly necessary to delineate the contributions
of host factors to nuclear egress of herpesviruses versus large RNPs
and mechanistic similarities and differences between these two
processes. Whether herpesviruses hijack or mimic eukaryotic host
processes or have invented a new strategy, increasing our under-
standing of this critical aspect of viral replication and host cellular
function could identify new antiviral strategies and mechanisms
of human disease.
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