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ABSTRACT The herpes simplex virus (HSV) capsid is released into the cytoplasm af-
ter fusion of viral and host membranes, whereupon dynein-dependent trafficking
along microtubules targets it to the nuclear envelope. Binding of the capsid to the
nuclear pore complex (NPC) is mediated by the capsid protein pUL25 and the capsid-
tethered tegument protein pUL36. Temperature-sensitive mutants in both pUL25
and pUL36 dock at the NPC but fail to release DNA. The uncoating reaction has
been difficult to study due to the rapid release of the genome once the capsid in-
teracts with the nuclear pore. In this study, we describe the isolation and character-
ization of a truncation mutant of pUL25. Live-cell imaging and immunofluorescence
studies demonstrated that the mutant was not impaired in penetration of the host
cell or in trafficking of the capsid to the nuclear membrane. However, expression of
viral proteins was absent or significantly delayed in cells infected with the pUL25
mutant virus. Transmission electron microscopy revealed capsids accumulated at nu-
clear pores that retained the viral genome for at least 4 h postinfection. In addition,
cryoelectron microscopy (cryo-EM) reconstructions of virion capsids did not detect
any obvious differences in the location or structural organization for the pUL25 or
pUL36 proteins on the pUL25 mutant capsids. Further, in contrast to wild-type virus,
the antiviral response mediated by the viral DNA-sensing cyclic guanine adenine
synthase (cGAS) was severely compromised for the pUL25 mutant. These results
demonstrate that the pUL25 capsid protein has a critical role in releasing viral DNA
from NPC-bound capsids.

IMPORTANCE Herpes simplex virus 1 (HSV-1) is the causative agent of several pa-
thologies ranging in severity from the common cold sore to life-threatening enceph-
alitic infection. Early steps in infection include release of the capsid into the cyto-
plasm, docking of the capsid at a nuclear pore, and release of the viral genome into
the nucleus. A key knowledge gap is how the capsid engages the NPC and what
triggers release of the viral genome into the nucleus. Here we show that the
C-terminal region of the HSV-1 pUL25 protein is required for releasing the viral ge-
nome from capsids docked at nuclear pores. The significance of our research is in
identifying pUL25 as a key viral factor for genome uncoating. pUL25 is found at
each of the capsid vertices as part of the capsid vertex-specific component and im-
plicates the importance of this complex for NPC binding and genome release.
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Humans host eight herpesviruses that cause encephalitis, chicken pox, mononucle-
osis, congenital birth defects, shingles, Burkitt’s lymphoma, Kaposi’s sarcoma, and

other diseases. Herpesviruses are ubiquitous in the population, with most people
exposed to several of them during their lifetime. Few vaccines are available, and new
avenues to effectively counteract herpesvirus infections are desperately needed, such
as highly specific structural targets for small-molecule antivirals. Despite the very
different pathologies produced by individual herpesviruses, viruses in this family have
the same basic structure and recognizably similar patterns of replication (1).

The virion of all herpesviruses consists of an external membrane envelope, a
proteinaceous layer called the tegument, and an icosahedral capsid containing the
compressed double-stranded linear DNA genome. The outer envelope is arranged as a
lipid bilayer anchoring multiple copies of approximately 11 viral glycoproteins that
protrude externally and a small number of intrinsic membrane proteins (2). The envelope
is obtained from the host cell and possesses lipid content similar to that found in the
cellular cytoplasmic membrane (3, 4). The tegument layer occupies the space between
the envelope and capsid, comprising approximately two-thirds of the virion volume
and the majority of its mass. The tegument is a complex architecture that is composed
of multiple copies of approximately 23 viral proteins but also contains cellular proteins
as well as viral and cellular gene transcripts (5–7). Cryo-electron tomography revealed
that the capsid is not centered within the herpes simplex virus 1 (HSV-1) virion but
instead resides in close proximity to the envelope at one pole; at the opposite pole, the
depth of tegument is approximately 35 nm between the envelope and the capsid (8).

During productive infection, over 80 proteins are expressed from the HSV-1 genome
in a highly regulated manner. The capsid of HSV-1 is assembled using four of these
proteins as building blocks: a major capsid protein, VP5, which forms the capsomeres
(hexons and pentons), the triplex molecule found between the capsomeres, consisting
of VP19C and VP23, and the scaffold protein (UL26.5 gene product). The tips of hexons
bind the small VP26 protein that is dispensable for assembly. In addition, the dodeca-
meric pUL6 portal complex occupies 1 of the 12 capsid vertices in place of a penton,
and the capsid vertex-specific component (CVSC), a heterotrimer complex of pUL17,
pUL25, and pUL36, binds specifically to the triplexes adjacent to each vertex (7, 9–11).
The �200-MDa capsid assembles in the nucleus, whereupon the viral genome is
packaged into the structure through the unique portal complex.

Nuclear pores represent gateways that incoming capsids of many viruses, including
those belonging to the Herpesviridae, Hepadnaviridae, Adenoviridae, and Retroviridae
families, must find and engage for successful infection (12). While little is known about
the mechanisms involved in these early steps of infection, the incoming HSV capsid
retains a subset of tegument proteins that are candidate effectors for genome delivery
to nuclei (13–17). Upon docking at the NPC, capsids release their genomes into the
nucleus, as evidenced by the predominance of empty capsids docked at NPCs (18).
Genome release does not result from breakdown of the HSV capsid since the capsid
remains intact on the cytoplasmic side of the nuclear pore complex (NPC) after the
genome has been delivered into the nucleus (12). Electron microscopy (EM) reveals that
capsids docked at NPCs are oriented with a capsid vertex facing into the pore channel
(12). Whether a specific vertex is favored is not known, but it seems likely that aligning
the portal vertex toward the NPC would favor efficient genome delivery into the
nucleus. In addition, NPC binding requires importin beta and a functional RanGTP/GDP
cycle (19). The packaged HSV DNA creates a pressure of tens of atmospheres within the
capsid, and this pressure likely drives the initial translocation of the genome into the
nucleus once release is triggered (20, 21). However, the trigger for release of the viral
genome from the capsid is unknown. The HSV pUL36 and pUL25 proteins remain
bound to the capsid after cell entry and are strong candidates as effectors of this
process. First, they bind NPCs through their interaction with the NPC proteins Nup214
and Nup358 (22, 23). Second, HSV encoding temperature-sensitive mutations in pUL25
or pUL36 can dock at the NPC at nonpermissive temperatures but fail to release DNA
(24–26). Finally, proteolytic cleavage of pUL36 is critical for DNA release from the
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NPC-bound capsid (27). Collectively, these findings indicate that the pUL25 and pUL36
proteins contribute to both capsid docking and DNA release at NPCs and that these
roles can be separated (24–26). Unfortunately, the genes for these proteins cannot be
deleted from HSV as they are essential for viral assembly, making analysis of their
specific roles at the NPC challenging.

Studies of herpesvirus infection would benefit from the identification of mutants
defective in genome release that are nonetheless amenable to biochemical and struc-
tural analysis. In the present study, we describe the isolation and analysis of an HSV
pUL25 mutant that lacks the three C-terminal amino acids and can be propagated on
UL25-complementing cells. When grown on noncomplementing cells, this mutant
produces virions whose capsids enter cells and traffic to the nuclear membrane but fail
to release their genomes efficiently. This mutant will be useful in biochemical and
structural studies aimed at understanding the capsid-NPC interaction and what triggers
release of the packaged genome after docking of the capsid at the NPC.

RESULTS
Isolation and characterization of HSV recombinant viruses. O’Hara et al. (28)

described a pUL25 HSV mutant lacking the C-terminal three amino acids that was
unable to complement virus growth when provided in trans to a virus lacking pUL25.
Nevertheless, the mutant produced enveloped virus particles that were readily de-
tected in the cytoplasm and on the cell surface. The replication defect of this mutant
was proposed to be at an early stage in infection, but detailed analysis was hampered
by the limitations of the transient complementation assay that was used to characterize
this mutant. We have isolated a virus harboring this pUL25 mutation (Fig. 1). The UL25
mutation was introduced by genetic manipulation of an HSV-1 (KOS) genome main-
tained in a bacterial artificial chromosome (BAC), as previously described (29). The
deletion removed codons for the final three amino acids of the UL25 open reading
frame and retained the stop codon. The BAC bFH518 was transfected into UL25-
complementing 8-1 cells. The recovered mutant virus, vFH518, was plaque purified
from 8-1 cells, and virus stocks were prepared on 8-1 cells. A fluorescent variant of the
bFH518 BAC that encodes a pUL25/green fluorescent protein (GFP) fusion protein was
also isolated by inserting the GFP gene in-frame between codons 50 and 51 of the UL25
open reading frame. The resulting BAC, bFH589, was transfected into 8-1 cells to isolate

FIG 1 Recombinant viruses used in this study. (A) The pUL25 open reading frames (580 amino acids) from
wild-type KOS and pUL25 recombinant viruses are shown, along with the location of the GFP insertion
and the C-terminal three-amino-acid deletion. The virus names are indicated on the left of each
construct. The amino acid numbers above each construct indicate protein lengths with the pUL25
C-terminal amino acids indicated. (B) The titers of viruses grown on Vero cells (KOS, vFH422) or
UL25-complementing, 8-1 cells (vFH518, vFH589) were determined on the two cell lines. (C) KOS and
vFH518 were grown on Vero cells, and their titers on Vero or 8-1 cells were determined. The plates were
stained with crystal violet 3 days (KOS) or 5 days (vFH518) postplating.
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the fluorescent virus vFH589 (Fig. 1). This virus is similar to the previously described
vFH422 virus, which expresses a full-length pUL25/GFP fusion protein and results in
fluorescent capsids that allow imaging of individual particles in cells (29). Virus stocks
were titrated on Vero and 8-1 cells to determine the effects of the UL25 mutation on
viral replication (Fig. 1B). Compared to KOS and vFH422, which showed comparable
growths on Vero and 8-1 cells, the vFH518 and vFH589 mutants did not produce
plaques on Vero cells. When grown on noncomplementing Vero cells, the vFH518
mutant produced virions (described below) that did not produce plaques on Vero cells,
although small plaques could be detected on 8-1 cells after several extra days of
incubation (Fig. 1C). It should be noted that we have not detected wild-type revertants
in any of the high-titer vFH518 stocks prepared on the pUL25-complementing 8-1 cells.

Intracellular replication levels of parental KOS and the vFH518 mutant were com-
pared in single-step growth curves for each virus in either Vero or 8-1 cells. Cells were
infected with each virus at a multiplicity of infection (MOI) of 5 and were harvested at
0, 2, 4, 7, 10, 22, and 30 h postinfection (hpi). Cell-associated and cell-free viruses were
assayed for infectious virus by plaque assay on 8-1 cells (Fig. 2). KOS produced similar
amounts of virus on Vero and 8-1 cells, while vFH518 showed reduced virus propaga-
tion on both 8-1 and Vero cells, with titers down 1 to 2 log, respectively. There was a
significant delay in the eclipse phase for the vFH518 virus grown on Vero cells, whereby
the production of new virus was not detected until �10 hpi. This contrasts with KOS
propagated on either cell line or vFH518 grown on 8-1 cells, where new virus was
detected as early as 4 to 7 hpi.

Isolation and analysis of pUL25 mutant extracellular viral particles. To deter-
mine if the vFH518 and vFH589 mutants produce enveloped extracellular virus parti-
cles, Vero cells were infected with either KOS, vFH422, vFH518, or vFH589, and virions
were isolated by sucrose gradient centrifugation from the medium of infected Vero
cells (Fig. 3A). The virion band was collected with a syringe by side puncture of the
gradient, and the virions were pelleted. The virions were resuspended in TNE buffer (10
mM Tris, 150 mM NaCl, and 1 mM EDTA [pH 7.5]), and their protein composition was
determined on stained gels and by Western blotting. There was no discernible differ-
ence in the protein profiles for the KOS, vFH518, and vFH589 virions by SDS-PAGE
analysis and Coomassie blue staining (Fig. 3B). Western blots of KOS, vFH422, vFH518,
and vFH589 virions were probed with either pUL25 monoclonal antibody (MAb) 25E10
or a rabbit GFP polyclonal antibody (Fig. 3C). Wild-type pUL25 (65 kDa) was detected
for KOS and vFH518, while the pUL25/GFP fusion, which is approximately 25 kDa larger
than in the wild type, was detected in the virions for both vFH422 and vFH589. The
UL25 products were not detected by Coomassie blue staining due to their low
abundance in virions.

vFH518 and vFH589 produce defective virions on Vero cells. The protein profiles
of the virions isolated from Vero cells for both the vFH518 and vFH589 mutants
demonstrated that they were nearly identical to that of wild-type virions. We measured

FIG 2 Single-step growth of KOS and UL25 mutants. Vero or 8-1 cells were infected with KOS or pUL25
mutant vHF518 at an MOI of 5 at 4°C for 1 h and incubated at 37°C to the indicated time points. Cells
were lysed by multiple freeze-thaws, and viral progeny were quantified by plaque assay on 8-1 cells. The
results shown are averages from duplicate experiments.
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the genome-to-PFU ratios for the two viruses to determine if the difference in viral titer
for these mutants when grown on Vero cells or on complementing 8-1 cells was due
to some of the virions lacking genomes. Virions were isolated from Vero cells separately
infected with KOS, vFH422, vFH518, and vFH589 or from 8-1 cells infected with either
vFH518 or vFH589. The genome copy number of the purified virions was determined
by quantitative real-time PCR (qPCR), and the titer of each virion prep was determined
by plaque assay on 8-1 cells (Table 1). For virion samples derived from Vero cells
infected with vFH518 and vFH589, plaques were counted 5 to 6 days postplating
compared to 3 days postplating for KOS and vFH422 in order for the plaques to be large
enough to count. The total number of virion-associated genomes was similar for all four
of the viruses isolated from Vero or 8-1 cells. The genome/PFU ratios for vFH518 and
vFH589 virions isolated from Vero cells were approximately 90-fold and 75-fold higher,
respectively, than for KOS isolated from Vero cells. vFH422 virions isolated from Vero
cells had a genome/PFU ratio 4- to 5-fold higher than KOS. In contrast, the genome/PFU
ratios for vFH518 and vFH589 virions isolated from 8-1 cells were both 5- to 10-fold

FIG 3 Analysis of virions isolated from Vero cells infected with KOS or the UL25 mutant virus. (A) Vero
cells infected with the indicated viruses at an MOI of 5 PFU per cell were harvested at 18 h postinfection,
and virions were isolated from the medium on 20 to 60% sucrose gradients. (B) Equivalent amounts of
virions were separated by SDS-PAGE, and the proteins were detected by Coomassie blue staining. The
positions of the HSV virions proteins are indicated on the right. (C) Immunoblot analysis of virions with
UL25 and GFP antibodies. The positions of the pUL25 and pUL25-GFP proteins are indicated on the right.
Molecular mass standards are given in kilodaltons.

TABLE 1 Genome-to-PFU ratios of virions isolated from Vero or 8-1 cellsa

Virion

Virions from Vero cells Virions from 8-1 cells

No. of
genomes/PFU

Total no. of
genomes

No. of
genomes/PFU

Total no. of
genomes

KOS 41 4.0 � 1011 NDb ND
27 1.7 � 1011

vFH518 2,906 1.6 � 1011 151 1.1 � 1010

3,134 4.4 � 1010

vFH589 2,313 2.5 � 1011 436 1.3 � 1011

2,710 1.2 � 1011

vFH422 187 1.3 � 1011 ND ND
aVirions were isolated from Vero or 8-1 cells infected with the indicated virus. The KOS, vFH518, and vFH589
virions were isolated from two separate Vero cell infections.

bND, not done.
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higher than the KOS virions. The higher genome/PFU ratio with nearly equal numbers
of total genomes for the vFH518 and vFH589 viruses compared to KOS demonstrate
that the mutant virions isolated from Vero cells are intact and contain viral genomes
but fail to efficiently initiate an infection.

The structural organization at the vertices of the capsid is not modified by the
3-amino-acid truncation of pUL25. In order to check for structural consequences of
the pUL25 truncation, we collected 4,503 micrographs of vFH518 in the frozen hydrated
state; from these micrographs, we selected 6,665 images of capsids inside intact virions,
of which 4,864 were used in the final icosahedral reconstruction. Views of the vFH518
capsid structure, together with the previously reported HSV-1 wild-type capsids (9) at
similar resolution and quality, are shown in Fig. 4. The density corresponding to pUL25
is colored in red, and the C-terminal atomic model (residues 133 to 580, PDB ID 2F5U)
fits well into each map. The mutant capsid does not exhibit structural differences
compared to the wild-type virion. The location of the pUL25 C terminus, as indicated
on the HSV-1 wild-type view, is on a side of the subunit that is facing away from the
adjacent vertex and does not appear to interface with any other capsid component.
Interestingly, the 3 amino acids do not have corresponding density in the wild-type
map, suggesting that in vivo the C terminus is indeed flexible, as predicted. However,
the imposition of icosahedral symmetry masks the unique portal vertex structure,
whereby the disposition of the CVSC subunits may differ from that around the penton
vertices shown here.

Viral protein expression is delayed during vFH518 and vFH589 infection. To
examine if the defect with the UL25 mutants was at an early or late step in infection,
we measured the level of expression of representative viral proteins postinfection. Vero
cells were infected (500 genomes/cell) with virions isolated from KOS-, vFH422-,
vFH518-, and vFH589-infected Vero cells or with virions isolated from vFH518-infected
8-1 cells. Cell extracts were isolated at various times postinfection and then subjected
to Western blot analysis (Fig. 5A). The blots were probed for the immediate early

FIG 4 Cryo-EM density maps of capsids imaged inside virions. The HSV-1 wild-type (w.t.) capsid surface
is viewed along the icosahedral 2-fold axis (EMD ID 6386 [9]). Hexons, triplexes, and the VP26 densities
are all colored purple; pentons are blue; the CVSC molecule is orange in part and red for the density
corresponding to the C-terminal atomic model of pUL25; PDB ID 2F5U (40); and in yellow is the putative
pUL36 C-terminal domain. Bar, 200 Å. Panels on the right compare density maps from capsids of
wild-type virus and vFH518 (EMD ID 8733): top row, central sections; center row, surface views of the
penton vertex; bottom row, close-up views of the pUL25 density (red), including a fit of the atomic model
with the C terminus (C-ter) marked. The original fit of this pUL25 fragment was made in the PRV map (9),
and it appears to be identically located in the HSV-1 wild-type and vFH518 mutant capsids. Bars, 50 Å.
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protein ICP4, the early protein ICP8, the late protein VP5, and the cell protein GAPDH
(glyceraldehyde-3-phosphate dehydrogenase). ICP8, which is the only one of the three
viral proteins that is not incorporated into the HSV virion, was detected at 4 and 7 hpi
in vFH422- and KOS-infected cells, respectively (Fig. 5A). In contrast, expression of ICP8
was not detected in cells infected with virions isolated from Vero cells infected by
vFH518 and vFH589, even as late as 12 hpi (Fig. 5A). ICP4 and VP5 were first detected
at 2 and 4 hpi for KOS and vFH422, respectively, while the expression of both proteins
was significantly delayed in Vero cells infected by vFH518 and vFH589. Both ICP4 and
VP5 are components of virions, and the low levels of both proteins detected early in
infection with the UL25 mutants most likely resulted from the input virions. When the
time course was performed with vFH518 virions isolated from UL25-complementing 8-1
cells, the expressions of the three viral proteins showed kinetics similar to that seen in
infection with KOS and vFH422. Infections done at a much higher genome multiplicity
(1,000 KOS and 15,000 vFH518 genomes/cell) demonstrated that a small amount of
ICP8 expression was detected at 16 h postinfection with the vFH518 mutant compared
to KOS, where ICP8 was detected early in infection. The large amount of defective input
vFH518 virions used in these infections was demonstrated by the constant amount of
the two virion proteins, VP5 (major capsid protein) and ICP4, that were detected at all
of the time points (Fig. 5B). This contrasts with wild-type KOS-infected cells, in which
the input virus was low, as demonstrated by the lack of ICP4 and VP5 at early times
postinfection.

Virus entry into cells. The failure of vFH518 and vFH589 viruses to synthesize viral
proteins until late times postinfection could be due to a defect in (i) attachment/
penetration of the host cell, (ii) postentry trafficking of capsids to the nucleus, or (iii)
binding/release at the nuclear pore. pUL25 is required for microtubule-mediated
transport of incoming capsids to the nuclear membrane through its interaction with
viral tegument protein pUL36 (10). A detailed analysis of retrograde axonal trafficking
was afforded by infecting primary sensory neurons with either vFH422 or vFH589. The
dorsal root ganglion explant cultures generate axons, which radiate out from a central

FIG 5 Comparison of protein expression from KOS or UL25 mutants. A time course assay of viral protein
expression was carried out in Vero cells infected with KOS, vFH422, vFH518, and vFH589 virions isolated
from Vero cells for all four viruses or with vFH518 virions isolated from 8-1 cells. Cells were incubated at
37°C, and at the indicated times postinfection the cell lysates were harvested. Western blot analysis of
each time course lysate was carried out, and blots were probed with the indicated antibodies as
described in Materials and Methods. Vero cells were infected with 500 genomes/cell for each virus (A) or
with 1,000 (KOS) or 15,000 (vFH518) genomes/cell (B).
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cell body mass; the narrow and elongated morphology of axons permits tracking of
ingressing capsids. Incoming particles were imaged from 15 to 60 min postinfection,
and velocities and run lengths were determined for �100 particles per virus (Fig. 6). The
results demonstrate that vFH589 capsids undergo retrograde transport with wild-type
kinetics. Therefore, the C-terminal three-amino-acid deletion does not interfere with the
interaction of UL25 with pUL36, which is critical for retrograde capsid transport.

Capsid binding at the nuclear membrane. The fate of incoming vFH589 capsids
was assessed via the capsid-bound pUL25/GFP tag. Vero cells were infected with
vFH589 or vFH422, and cells were fixed and imaged at 4 and 12 h postinfection. The
pUL25/GFP signal was detected in the cytoplasm and primarily as puncta lining the
nuclear surface at 4 h postinfection for both the vFH589- and vFH422-infected cells (Fig.
7). By 12 h postinfection, the pattern of immunofluorescence was similar to that
observed at 4 h postinfection for vFH589-infected cells, with most of the cells contain-
ing capsids concentrated near or over the nuclei, with the exception of one cell that
contained a strong nuclear pUL25/GFP signal. In contrast, the pUL25/GFP signal in
vFH422-infected cells at 12 h postinfection was found in the nucleus and abundantly
throughout the cytoplasm, indicative of viral replication, de novo pUL25 expression, and
capsid assembly and egress. Quantitative fluorescent imaging in live cells demon-
strated that only a small fraction of the vFH589-infected cells showed intranuclear

FIG 6 The HSV pUL25 mutant undergoes retrograde transport with wild-type particle dynamics. Primary
sensory neurons were infected with HSV UL25/GFP-expressing viruses vFH422 or vFH589, and pUL25/
GFP capsids were imaged during ingress from 15 to 60 min postinfection. Viral particles moving in axons
greater than 0.5 �m were tracked, and individual velocities (left) and run lengths (right) were measured
(vFH422, n � 145; vFH589, n � 226). Gaussian curves (for velocities) or decaying exponential curves (for
run lengths) were fit to histograms by nonlinear regression; for all experiments, curve-fitting produced
R2 values of �0.95. Insets show average velocity (left) and run length (right); error bars indicate standard
deviations.

FIG 7 Localization of incoming capsids in cells. Vero cells were infected with vFH422 or vFH589 at 37°C,
and cells were fixed at 4 and 12 h postinfection. Incoming capsids were detected by the capsid-bound
pUL25/GFP fluorescent signal. Viral gene expression was assessed by diffuse pUL25/GFP signal (green) in
the cytoplasm, and the nuclei were stained with DAPI (blue). The boxed areas in the upper panels are the
regions enlarged in the corresponding lower panel. Bars, 20 �m (upper panels) and 10 �m (lower panels).
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fluorescence (virus replication compartments) even at late times postinfection (Fig. 8A
to C). In contrast, over 80% of the cells infected with vFH422 showed abundant
pUL25/GFP fluorescence in the nucleus and diffuse signal in the cytoplasm at late times
postinfection. When cells were scored for viral cytopathic effect, 100% of the wild-type
(vFH422)-infected cells showed the typical morphology (cell rounding and/or spikelike
cell extensions) of HSV-1-infected cells at a late time postinfection (Fig. 8D). In contrast,
less than 30% of the cells infected with the pUL25 mutant (vFH589) appeared to be
infected. Based on these findings, we conclude that vFH589 capsids enter cells and
accumulate in the cytoplasm and at the nuclear membrane but fail to efficiently initiate
infection as demonstrated by the absence of pUL25/GFP fluorescence in nuclei at late
times postinfection.

DNA-containing capsids accumulate at nuclear pores of vFH518-infected Vero
cells. Transmission electron microscopy (TEM) of Vero cells infected with the vFH518
virions propagated on Vero cells revealed that the capsids docked at NPCs were
primarily DNA filled (Fig. 9A, left panel). This is in marked contrast to Vero cells infected
with vFH518 virions propagated on the pUL25-complementing cells, where the major-
ity of the capsids engaged with NPCs were empty (Fig. 9A, right panel). Quantification
of nucleus-associated capsids demonstrated that 92% contained the viral genome for
vFH518 grown on Vero cells, while 93% of the capsids were empty when grown on the
complementing cells (Fig. 9). Both the DNA-filled and empty capsids appear to be

FIG 8 The HSV pUL25 mutant exhibits delayed gene expression and cytopathology. Vero cells were
infected with HSV UL25/GFP-expressing virus vFH422 or vFH589, and cells were imaged at 10.5 to 11.5 h
postinfection or from 17 to 18 h postinfection. (A) Representative images of cells infected with the
indicated viruses are shown by differential interference contrast (DIC) or pUL25/GFP fluorescence
microscopy; bar, 30 �m. (B) The number of cells with intranuclear assemblies is reported as a percentage
of the total number of cells. (C) Cells were scored for the presence of diffuse pUL25/GFP signal in the
cytoplasm. The plot shows the percentage of total cells exhibiting diffuse cytoplasmic GFP signal. (D)
Cells were scored on morphology (cell rounding and/or spikelike cell extensions). Shown is the percent-
age of cells exhibiting this cytopathic effect. For each time point in panels B to D, approximately 560 to
670 cells were counted per virus in total across two experiments. Error bars indicate standard deviations.
Asterisks indicate statistically significant difference from vFH422 (**, P � 0.01; ***, P � 0.001).
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bound to the NPC as evidenced by the fact that they do not make direct contact with
the nuclear membrane. Interestingly, we observed that capsids docked at the NPC were
oriented with a vertex pointed toward the pore. The TEM data show that the pUL25
mutant capsid is compromised for genome release upon reaching the nucleus.

HSV-dependent activation of the cGAS DNA-sensing cascade is severely dimin-
ished in vFH518 and vFH589 infections. During capsid delivery to the cytoplasm,
transport to the nuclear pore, and uncoating, viral genomic DNA becomes exposed to
cellular pattern recognition receptors (PRRs). For DNA viruses, activation of PRRs
contributes to induction of a type I interferon (IFN) antiviral response. A prominent PRR
involved in the HSV antiviral response is cyclic guanine adenine synthase (cGAS) (30).
The binding of cytosolic cGAS to viral DNA stimulates production of cyclic adenine-
guanine dinucleotides (cGAMP) that bind to the cytosolic adaptor protein STING. This
cGAMP-activated STING establishes a platform for tank binding kinase 1 (TBK1) which
undergoes autophosphorylation and mediates IFN regulatory factor 3 (IRF3) phosphor-
ylation (30). The pUL25 mutants offered an opportunity to determine if cGAS activation
was dependent upon genome injection into nuclei or alternatively could occur in the
cytoplasm of infected cells, where incoming capsids accumulate. A viral dose-response
infection (500, 1,500, and 4,500 genome equivalents/cell) was carried out in the highly
responsive human macrophage-like THP1 cell line with KOS, vFH422, vFH518, and
vFH589. Mock-treated cells and cells exposed to two serotypes of adenovirus (Ad5 and
Ad35) provide negative and positive controls, respectively, for activation of the cGAS/
STING antiviral cascade (31). At 4 h postinfection, cell lysates were harvested and
characterized for activation of the cGAS/STING/TBK1/IRF3 DNA-sensing cascade by
Western blotting (Fig. 10). Infection of THP1 cells with increasing genome equivalents
of KOS or vFH422 generated a dose-dependent increase in pser172TBK1 and pser396IRF3.
In comparison, cells infected with vFH518 and vFH589 were compromised in the
induction of pser172TBK1 and pser396IRF3.

A consequence of activating the cGAS DNA-sensing cascade is induction of type I
interferons. Through paracrine/autocrine signaling, interferon binding to type I IFN
receptors activates the Jak-STAT pathway, resulting in phosphorylation of STAT1 and -2.
Tyr701STAT1 phosphorylation provides a secondary response marker for autocrine/
paracrine interferon signaling. Levels of pTyr701STAT1 in KOS- or vFH422-infected cells

FIG 9 Incoming HSV-1 capsids bind to NPCs. (A) Sections of Vero cells were infected with HSV-1 vFH518
virions isolated from Vero or 8-1 cells at an MOI of 3,000 genomes/cell. Cells were harvested at 4 h
postinfection, fixed, and embedded in epon resin. Transmission electron microscopy of cells infected
with the vFH518 virions propagated on Vero cells (top left panel) and Vero cells infected with vFH518
virions propagated on the pUL25-complementing 8-1 cells (top right panel). Bar, 100 nm. (B) Quantifi-
cation of empty and DNA-containing NPC-bound capsids.
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are consistent with a strong antiviral IFN response. However, levels of pTyr701STAT1
were greatly reduced in vFH518- and vFH589-infected cells. Overall, these data are
consistent with the hypothesis that the pUL25 truncation mutant compromises capsid
uncoating so that viral DNA remains sequestered from detection by the cGAS DNA-
sensing PRR during the early stages of virus entry.

DISCUSSION

Capsid-bound pUL25 has several functions: (i) stabilize capsids after DNA is pack-
aged; (ii) trigger nuclear egress of the capsid once a stable DNA-containing capsid is
formed; (iii) anchor pUL36, the major tegument protein (also called VP1/2), to capsids;
and (iv) promote the delivery of genomes to nuclei upon entering cells (10, 26, 28,
32–35).

Together with pUL36 and pUL17, pUL25 forms a surface feature of the capsid called
the capsid vertex-specific component (CVSC) (9, 35). Five copies of the CVSC bind to
pairs of triplexes that surround each of the capsid pentons (36, 37). The location of the
CVSC was initially observed in cryo-EM reconstructions of HSV nucleocapsids, and it was
proposed to be a heterodimer of pUL17 and pUL25 (35). However, more-recent studies
demonstrated that the pUL36 protein is required for the stable association of the CVSC
with the capsid vertices. These studies demonstrated that pUL17 is present in the
triplex-bridging part of the CVSC, with the major part of pUL25 occupying a position
nearest the penton (Fig. 4) (9, 21, 38). Higher-resolution cryo-EM density maps of the
CVSC revealed a group of helices covering the triplex bridge and extending toward the
penton (9). Sections through this bundle indicated that it was composed of 4 or 5
helices that were predicted to originate from pUL17, pUL25, and pUL36. The essential
roles in cleavage and stable packaging of the viral genome suggest that the pUL17 and
pUL25 proteins also surround the unique portal vertex (7, 29, 32, 34, 39). The binding
of pUL25 during assembly is copy controlled, with estimates of pUL25 copy number
within the range of 60 to 75 copies, which is consistent with 5 copies of the CVSC
around each of 12 vertices (7, 33).

In cells exposed to HSV-1, capsids deposited into the cytosol retain a subset of
tegument proteins and are targeted to the nuclear pore, where the genome exits the
capsid and is delivered into the nucleus. Capsid binding to the NPC occurs via a distinct
orientation, with 1 of the 12 capsid vertexes facing the pore channel (12). It is not
known if a specific vertex is favored, but it is likely that the portal vertex where DNA
enters the capsid is also positioned for release of the viral genome. Studies of pUL25
and pUL36 demonstrated that both played critical roles in the binding of capsids to the
nuclear pore (22, 23), while proteolytic cleavage of pUL36 was critical for DNA release

FIG 10 Compromised antiviral recognition of pUL25 mutant HSV in differentiated THP1 cell lines. A
dose-response antiviral activation assay with KOS, vFH422, vFH518, and vFH589 viral strains was carried
out in human macrophage THP1 cells. Cells were incubated with the indicated genome equivalents (500,
1,500, or 4,500 genomes/cell) of each virus, and total cell lysates were harvested 4 h postinfection. Mock
samples were treated with medium only as a negative control, and cells exposed to Ad5 and Ad35 viruses
provide weak and strong positive controls for activation of the cGAS/STING antiviral cascade in THP1 cells
(31). Western blot analysis of each lysate was carried out and probed with the indicated antibodies as
described in Materials and Methods.

HSV-1 Capsid Uncoating Journal of Virology

August 2017 Volume 91 Issue 15 e00641-17 jvi.asm.org 11

http://jvi.asm.org


from the NPC-bound capsid (27). Cells treated prior to HSV infection with the serine-
cysteine protease inhibitor L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)
prevented cleavage of pUL36 and release of DNA from capsids. The proteolytic cleav-
age of pUL36 was found to take place only after the capsid was attached to the nuclear
pore, but the protease responsible for cleavage of pUL36 is not known, nor is it known
how it specifically cleaves pUL36 on nuclear pore-bound capsids.

In this study, we present evidence that the C terminus of the pUL25 protein is
required for triggering release of the viral genome from capsids docked at the nuclear
pore. This region of pUL25 was initially identified in complementation assays using a
plasmid expressing a C-terminally truncated pUL25 protein (28). A crystallographic
structure of the HSV-1 pUL25 (C-terminal amino acids 134 to 580) reveals numerous
flexible loops extending from a rigid core composed of several tightly packed alpha
helices (40). Deletion of the three C-terminal amino acids removed one of the six
unstructured loops (L6) (28), and we isolated this pUL25 mutant in the context of the
virus. Our data show that the pUL25 C terminus is required for the efficient release of
the HSV-1 genome into the nucleus from capsids, while it is fully dispensable for
upstream events during initial infection. Despite the entry, intracellular transport, and
cytoplasmic accumulation of capsids with the mutant viruses, activation of the cGAS
DNA-sensing cascade did not occur. This finding indicates that the capsid effectively
shelters the DNA genome from cellular pattern recognition receptors and furthermore
has the interesting implication that during wild-type infection cGAS most likely detects
herpesvirus DNA only after the capsid interacts with the NPC, and not before.

How might the pUL25 C-terminal deletion affect genome release from capsids
docked at a nuclear pore? The defect does not appear to be due to improper assembly
of virions, since similar amounts of pUL25 mutant virions containing viral genomes
were recovered from Vero and pUL25-complementing cells (Table 1). In addition, the
cryo-EM reconstructions of virion capsids did not detect any obvious differences in the
location or structural composition of the CVSC subunits for the pUL25 mutant com-
pared to wild-type HSV virion capsids (Fig. 4). The location of the pUL25 C terminus
facing away from the vertex suggests that the truncation in vFH518 may not directly
impede DNA release but might act indirectly. Since cleavage of pUL36 on nuclear
pore-bound capsids is required for capsid uncoating, a plausible mechanism may
involve the C terminus of pUL25 functioning to either activate or stimulate pUL36
cleavage. Indeed, we (9) and others (21) have noted that the pUL36 C-terminal region
is likely an essential member of the CVSC that includes pUL17 and pUL25. Significantly,
our model places the pUL25 C terminus in the proximity of the pUL36 C-terminal region
(9), where it may contribute to the proteolysis of pUL36 that is necessary for DNA
release. Visualizing the state of pUL36 on the pUL25 mutant capsids bound to nuclear
pores may well shed light on the role of the pUL25 C terminus for pUL36 cleavage, and
identifying the cysteine protease remains another important goal.

The genome release defect in the vFH518 mutant is the result of the deletion of the
last 3 (serine, alanine, valine) amino acids of the 580-amino-acid pUL25 protein. The C
terminus of pUL25 is proposed to form a small disordered loop region (28, 40). This
region of pUL25 may engage viral or cell proteins to trigger uncoating once the capsid
docks at a nuclear pore complex. HSV virions stripped of their envelope bind to nuclear
pores in vitro, and this is inhibited to some degree by a nonspecific antibody to
nucleoporins (NUPs) or by an antibody to importin �. Excess importin � also increases
capsid binding to nuclei in vitro (19). The role of the NUPs and importin � can be
examined by small interfering RNA (siRNA) knockdown of these proteins since NUP214
and NUP358 are required for NPC binding (22, 23).

In summary, we identified a small loop located at the C terminus of the HSV-1 pUL25
protein that is required for release of viral genomes from capsids upon reaching the
nucleus following entry into cells. All herpesviruses encode a pUL25 analog, suggesting
that understanding how pUL25 functions to trigger genome uncoating during HSV-1
infections will be relevant to the replication of other herpesviruses. We have previously
shown that the HSV-1 pUL25 crystal structure can be fit into the pseudorabies virus
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(PRV) and Kaposi’s sarcoma herpesviruses (KSHV) cryo-EM capsid density maps in the
same peripentonal region of the CVSC molecule as HSV-1 (9, 38). However, in the case
of KHSV, the orientation of the pUL25 analog is inverted relative to that in both HSV-1
and PRV (9), suggesting differences in mechanism despite a close similarity in structure.
In addition, although the HSV-1 pUL25 protein can partially complement a PRV pUL25
null virus (41), there is a slight difference in the C-terminal amino acids of PRV and
HSV-1 pUL25 (IPQFAAA and IPQYLSAV, respectively) suggesting that there may be a
larger region of the pUL25 C terminus that is required for triggering uncoating.
Sequence alignment of pUL25 homologs from several alphaherpesviruses located a
stretch of highly conserved residues (bolded), DYDLLYFCLGFIPQYLSAV, located just
prior to the C terminus of pUL25, that will be of interest to explore.

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney cells (Vero; CCL-81 from American Type Culture

Collection, Rockville, MD) and UL25-transformed 8-1 cells were propagated as previously described (32).
HSV wild-type KOS and the pUL25/GFP-expressing virus, vFH422, were previously described (29, 36).
UL25 mutant viruses vFH518 and vFH589 were generated by recombination of a KOS (vFH518) or vFH422
(vFH589) genome contained in a bacterial artificial chromosome (BAC) as previously described (29,
42–44). Primers 5=-TACTTTTTATGTCTGGGGTTCATTCCACAGTACCTGTAGTGGGTGGTGGGCGAGTAGGGATA
ACAGGGTAATCGATTT-3= and 5=-CCTAATGCCCCCTCCCCCCTCGCCCACCACCCACTACAGGTACTGTGGAAT
GAAGCCAGTGTTACAACCAATTAACC-3= were used to amplify template sequences from plasmids p-EP-
Kan-S that result in a deletion of the codons for the three C-terminal amino acids (SAV) of pUL25. To
confirm mutations, viral DNA was amplified by PCR using primers that flanked the UL25 open reading
frame, and the PCR product was sequenced.

Adenoviruses Ad5 and Ad35 were obtained from ATCC. Viruses were purified by two rounds of CsCl
banding and dialysis against 4% sucrose, 50 mM Tris (pH 8.0), and 2 mM MgCl2 and stored at �80°C. Viral
particle numbers were quantified by spectrophotometric detection of intact virions at optical density at
260 nm (OD260) (1012 particles/OD260 unit).

HSV-1 virion isolation. HSV-1 virions were isolated from the medium of infected Vero or 8-1 cells
as previously described (9, 45). Briefly, 1.5 � 108 Vero or 8-1 cells were infected overnight (18 h at 37°C)
at an MOI of 5 PFU per cell. Infected cells were scraped into the cell medium, and 5 M NaCl was added
to a final concentration of 0.5 M NaCl. Cells were pelleted, and the medium was transferred to SW28 rotor
tubes; virions were pelleted out of the medium by centrifugation at 20,000 rpm for 35 min. The resulting
pellet was resuspended in 100 �l of phosphate-buffered saline (PBS) plus protease inhibitors. DNase I
(Thermo-Fisher catalog number EN0521); the sample was incubated at room temperature for 30 min and
then layered on top of a 20 to 50% sucrose gradient in TNE buffer (10 mM Tris, 150 mM NaCl, and 1 mM
EDTA, pH 7.5; SW41 rotor at 24,000 rpm for 1 h). The virion band was collected with a syringe by side
puncture of the gradient, transferred to an SW41 tube, and diluted 1:5 with TNE buffer, and the virions
were pelleted. The virions were resuspended in TNE buffer, and the titer of each preparation was
determined on Vero and 8-1 cells; the viral genome copy number was determined by qPCR.

Quantitation of viral genomes. To measure the DNA quantity for the calculation of the genome
copies per PFU, isolated (DNase-treated) HSV virions were diluted 1:100 in lysis buffer (10 mM Tris [pH
7.5], 10 mM KCl, 1 mM EDTA, 0.6% SDS) containing 1 mg/ml protease grade XIV (Sigma) and incubated
overnight at 37°C. qPCR was carried out on the Applied Biosystems StepOnePlus real-time PCR system
using Power SYBR green PCR master mix (Life Technologies catalog number 4367659) to determine the
number of viral genomes using primers specific for the HSV-1 thymidine kinase (TK) gene. Standard
curves were generated using purified KOS DNA. The protease-treated samples were tested over a range
of 10-fold dilutions (10�4 to 10�8). Each dilution was analyzed in triplicate, and the number of copies of
the HSV-1 TK gene in each well was determined based upon the KOS standard curve. The known sample
volume and total DNA dilution for each well were used to calculate the total number of genomes
produced. These values as well as the averages of all results for each virion preparation are reported in
Table 1.

Immunofluorescence. Vero cells were plated on 8-chamber slides (Nunc LabTek). The next day, the
cells were infected with vFH422 or vFH589 at an MOI of 10. At 4 or 8 h postinfection, the cells were rinsed
with PBS three times and fixed by submersion in 4% paraformaldehyde for 15 min. Cells were washed
three times with PBS, and 0.1% Triton X-100 was added for 10 min to permeabilize the cells. After a final
wash with PBS, Vectashield (Vector Laboratories) mounting medium with DAPI (4=,6-diamidino-2-
phenylindole) was added to each of the chamber wells. A coverslip was added, and images were
captured with an Olympus FluoView 1000 laser-scanning confocal microscope.

Western blotting. Protein samples were separated on a 4 to 12% SDS-polyacrylamide gel, and
proteins were transferred to nitrocellulose. The nitrocellulose was washed twice in Tris-buffered saline
(TBS) and incubated overnight in Rockland Near Infra Red blocking buffer (catalog number MB-070-003;
Rockland Immunochemicals, Inc., Gilbertsville, PA). UL25 mouse monoclonal antibody 25E10 (36), GFP
rabbit polyclonal antibody (Invitrogen catalog number A-11122), VP5 rabbit polyclonal antibody NC1
(46), ICP8 mouse monoclonal antibody (Abcam catalog number ab20194), ICP4N rabbit polyclonal
antibodies (Neal Deluca, University of Pittsburgh), and GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) mouse monoclonal antibody (Ambion catalog number AM4300) were diluted 1:1,000, 1:5,000,
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1:7,000, 1:1,000, 1:2,000, and 1:5,000, respectively. The diluted antibodies were reacted with the blocked
nitrocellulose for 2 h at room temperature, washed five times in TBS with 0.5% Tween 20, and incubated
with IRDye 800-conjugated secondary antibodies, goat anti-mouse (UL25, ICP8, GAPDH), or goat anti-
rabbit (GFP, ICP4, VP5), from Rockland Immunochemicals diluted 1:15,000 in Rockland Near Infra Red
blocking buffer with 0.1% Tween 20. The blots were washed and scanned using an Odyssey system
(Li-Cor, Lincoln, NE).

Electron microscopy of thin sections. Vero cells (2 � 106) were infected for 4 h at 37°C at an MOI
of 3,000 genomes/cell. Cells were rinsed in PBS, fixed in 2.5% glutaraldehyde for 1 h at room temperature
(RT), rinsed several times with PBS to remove the fixative, and harvested by scraping. The samples were
stained (1% osmium tetroxide [OsO4]–1% potassium ferricyanide), sectioned, and mounted onto carbon
grids for transmission electron microscopy by the Center of Biologic Imaging, University of Pittsburgh.
Images were collected on an in-house FEI T12 electron microscope (FEI, Hillsboro, OR) equipped with a
Gatan UltraScan 1000 charge-coupled-device (CCD) camera (Gatan, Pleasanton, CA).

Cryo-electron microscopy and image reconstruction of virion-embedded capsids. Cryo-EM
images of virions isolated from vFH518-infected Vero cells were collected as previously described for
HSV-1 and pseudorabies virus (PRV) wild-type viruses (9). Briefly, 3.5 �l of virion sample was pipetted
onto a freshly glow-discharged Quantifoil R2/1 EM grid (Quantifoil; Jena) and plunge-frozen into a
liquefied mixture of ethane and propane (60:40 mix) using an FEI Vitrobot Mark III instrument (85%
humidity; 4.5 to 8 s of blotting). Grids were imaged in an FEI Polara microscope (FEI, Hillsboro, Oregon)
operating at 300 kV and controlled by the FEI “EPU” software package. Images were collected on an FEI
Falcon 2 direct electron-detecting camera at a nominal magnification of �59,000, with a postcolumn
magnification factor of �1.4, corresponding to 1.8 Å/pixel at the sample. Capsid images were picked
manually using the �3dpreprocess software (47), and defocus estimates were made with CTFFIND3 (48).
The density map was determined with AUTO3DEM (49), and the resolution was estimated at 6.4 Å by the
Fourier Shell Correlation (FSC) dropping to 0.3, comparable to the resolutions estimated for the HSV-1
and PRV wild-type capsid maps (9). Density maps were rendered as surfaces in UCSF Chimera (50).

Neuron culture, retrograde transport, and particle tracking. Whole dorsal root ganglia (DRG)
were isolated from embryonic chicks (embryonic day 8 [E8] to E10) as described previously (51, 52).
Briefly, explants were cultured for 2 to 3 days on 22-mm2 no. 1.5 glass coverslips treated with
poly-DL-ornithine and laminin and in Dulbecco’s modified Eagle medium (DMEM)-F-12 (Invitrogen
catalog number 11039-021) supplemented with a nutrient mix consisting of 0.08 g/ml bovine serum
albumin fraction V powder (VWR), 0.4 mg/ml crystalline bovine pancreas insulin (Sigma-Aldrich), 0.4
�g/ml sodium selenite (VWR), 4 �g/ml transferrin (Intercell Technology), and 5 ng/ml nerve growth factor
(NGF; Sigma-Aldrich) (53). Explants were infected with a final concentration of 1.2 � 109 particles/ml of
either vFH422 or vFH589, and capsids were imaged during the first hour postinfection by time-lapse
fluorescence microscopy with 100-ms streaming exposures on a Nikon Eclipse TE2000-U wide-field
fluorescence microscope fitted with a 60� 1.49 numerical aperture (NA) objective and a Cascade II:512
camera. Individual velocities and run lengths for particles moving �0.5 �m were determined using the
kymograph function of the MetaMorph software package (parameters: multiline tool, 20 pixel width, and
average background subtraction) (54). The following number of particles were quantified: for vFH422,
n � 145; for vFH589, n � 226. Gaussian (velocities) or decaying exponential (run lengths) curves were fit
to histograms by nonlinear regression; for all experiments, curve fitting produced R2 values of �0.95.

Live-cell imaging in Vero cells. Vero cells were seeded onto flame-sterilized no. 1.5 glass coverslips
and maintained in DMEM supplemented with 10% (vol/vol) bovine growth serum (BGS; HyClone). During
infection, the BGS concentration was reduced to 2%. Cells were infected with �3 genomes/cell of either
vFH422 or vFH589. At 10.5 to 11.5 h postinfection or from 17 to 18 h postinfection, infected cells were
sealed into VALAB (a 1:1:1 mixture of Vaseline, beeswax, and lanolin) chambers containing cell culture
medium. GFP emissions from pUL25/GFP were then imaged with 1,700-ms exposures on a Ti inverted
microscope fitted with a 100� 1.45-NA objective (Nikon Instruments), a CSU-W1 confocal head (Yok-
ogawa Electric Corporation), and a CascadeII:1024 EM-CCD camera (Photometrics), all housed in an
environmental box at 37°C (InVivo Scientific). Illumination was provided by an Obis 488 laser (Coherent)
and custom laser launch (Solamere Technology Group, Inc.). Approximately 600 cells were counted per
virus across all experiments, and the following phenotypes were determined: morphology (cytopathic
effect), diffuse pUL25/GFP signal in the cytoplasm, and intranuclear capsid clusters.

cGAS studies. For experiments involving infection of THP1 cells, cells were plated at 7.5 � 105/well
in 12-well plates and differentiated by treatment with 50 ng/ml phorbol 12-myristate 13-acetate (PMA)
for 6 h. PMA-containing medium was removed, and cells were gently washed twice with PBS and allowed
to recover for 48 h in fresh medium (1 ml RPMI, 10% fetal bovine serum [FBS], 1% penicillin-streptomycin)
to reduce residual stress response from PMA treatment. For virus infections, virus stocks were diluted in
Opti-MEM such that 50 �l of diluted virus introduced the appropriate number of genomes/cell/well. For
mock samples, Opti-MEM alone was used. Following addition of virus dilutions, plates were gently rocked
and incubated 4 h at 37°C in 5% CO2.

Whole-cell extracts were prepared by washing cells twice with ice-cold PBS and incubating them in
lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40) with addition of phosphatase
inhibitor cocktails 1 and 2 (Sigma catalog numbers P2850 and P5726) and protease inhibitors (30 mM
sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 �g/ml
pepstatin, 1 mM benzamidine) for 30 min at 4°C on a rocking platform before scraping and transferring
to tubes. The lysates were cleared by centrifugation at 13,000 � g for 20 min at 4°C, and protein
quantification was performed with the DC protein assay kit (Bio-Rad Laboratories). For Western blot
analysis, 20 �g total protein was separated using standard 10% SDS-polyacrylamide gels and transferred
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to polyvinylidene difluoride (PVDF) membranes (Immobilon P; Millipore). All blots were blocked in 5%
skim milk in TBS-Tween (0.1%) at room temperature for 1 h. Phospho-IRF3 (Ser396, catalog number
4947), phospho-STAT1 (58D6) (Tyr701, catalog number 9167), beta-actin (catalog number 4967), STING
(catalog number 3337), pTBK1 (Ser172; catalog number 5483), and horseradish peroxidase (HRP)-linked
anti-rabbit IgG (catalog number 7074) antibodies were from Cell Signaling. All primary antibodies were
used at a dilution of 1:3,000 in 5% bovine serum albumin (BSA) in TBS. The HRP-linked secondary
antibody was diluted 1:4,000 in 5% milk Tween-TBS. Detection was done with Luminata Crescendo
Western HRP substrate (Millipore).
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