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ABSTRACT Nuclear envelope budding in herpesvirus nuclear egress may be negatively
regulated, since the pUL31/pUL34 nuclear egress complex heterodimer can induce mem-
brane budding without capsids when expressed ectopically or on artificial membranes
in vitro, but not in the infected cell. We have previously described a pUL34 mutant that
contained alanine substitutions at R158 and R161 and that showed impaired growth,
impaired pUL31/pUL34 interaction, and unregulated budding. Here, we determine the
phenotypic contributions of the individual substitutions to these phenotypes. Neither
substitution alone was able to reproduce the impaired growth or nuclear egress complex
(NEC) interaction phenotypes. Either substitution, however, could fully reproduce the
unregulated budding phenotype, suggesting that misregulated budding may not substan-
tially impair virus replication. In addition, the R158A substitution caused relocalization of
the NEC to intranuclear punctate structures and recruited lamin A/C to these structures,
suggesting that this residue might be important for recruitment of kinases for dispersal of
nuclear lamins.

IMPORTANCE Herpesvirus nuclear egress is a complex, regulated process coordinated
by two virus proteins that are conserved among the herpesviruses that form a heter-
odimeric nuclear egress complex (NEC). The NEC drives budding of capsids at the
inner nuclear membrane and recruits other viral and host cell proteins for disruption
of the nuclear lamina, membrane scission, and fusion. The structural basis of individ-
ual activities of the NEC, apart from membrane budding, are not clear, nor is the ba-
sis of the regulation of membrane budding. Here, we explore the properties of NEC
mutants that have an unregulated budding phenotype, determine the significance
of that regulation for virus replication, and also characterize a structural requirement
for nuclear lamina disruption.

KEYWORDS herpes simplex, membrane budding, nuclear egress, nuclear lamina,
protein kinases

During herpes simplex virus 1 (HSV-1) replication, newly constructed nucleocapsids
escape from the nucleus to the cytoplasm via a process termed nuclear egress.

Capsids dock at the inner nuclear membrane (INM), undergo envelopment and scission
of the INM to create perinuclear enveloped virions (PEVs), and undergo deenvelop-
ment at the outer nuclear membrane (ONM), allowing for capsid release into the cyto-
plasm (reviewed in reference 1). Viral proteins pUL31 and pUL34 form a heterodimeric
core nuclear egress complex (NEC), and multimerization of this complex to form inter-
acting hexameric rings is thought to drive membrane budding of the INM during nu-
clear egress (2–4). Accessory proteins, including the viral proteins pUS3, pUL47, ICP22,
and ICP34.5 and the cellular proteins emerin, protein kinase Cd (PKCd ), and p32, have
been shown to interact with pUL31/pUL34 complexes, and some or all may form an
extended NEC (5–13). These proteins play various roles in nuclear egress, including

Citation Vu A, White S, Cassmann T, Roller RJ.
2021. Herpes simplex virus 1 UL34 mutants
that affect membrane budding regulation and
nuclear lamina disruption. J Virol 95:e00873-21.
https://doi.org/10.1128/JVI.00873-21.

Editor Richard M. Longnecker, Northwestern
University

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Richard J. Roller,
richard-roller@uiowa.edu.

Received 25 May 2021
Accepted 9 June 2021

Accepted manuscript posted online
16 June 2021
Published

September 2021 Volume 95 Issue 17 e00873-21 Journal of Virology jvi.asm.org 1

STRUCTURE AND ASSEMBLY

10 August 2021

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/j
vi

 o
n 

21
 Ja

nu
ar

y 
20

22
 b

y 
26

20
:0

:e
50

:3
00

f:4
11

d:
d9

61
:7

9d
9:

55
bf

.

https://orcid.org/0000-0001-8340-3224
https://doi.org/10.1128/JVI.00873-21
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00873-21&domain=pdf&date_stamp=2021-6-16


localized disruption of the nuclear lamina, regulation of deenvelopment, and other cur-
rently undefined events.

The nuclear lamina consists of networks of intermediate filament type lamin pro-
teins that are anchored to the INM by interactions with INM-embedded lamin-associ-
ated proteins (LAPs) such as lamin B receptor (LBR), emerin, and others (reviewed in
references 14 and 15). Disruption of the nuclear lamina is thought to assist herpesvirus
nuclear egress in two ways. First, the meshwork of the lamina may present a steric bar-
rier to capsid access to the INM (16). Second, connections between the lamins and
LAPs may prevent the deformation of the INM that occurs during budding (17). HSVs
disrupt the nuclear lamina, as shown by deformation of nuclear shape, redistribution
of lamin proteins, and increased mobility of emerin and LBR (5–7, 13, 18–22). This is
thought to occur by NEC-dependent recruitment of viral and cellular protein kinases,
including pUS3 and PKCa, -b , and -d , that phosphorylate both lamins and LAPs (6, 7,
13, 20). Recruitment of PKCd has been shown to depend on the viral protein, ICP34.5
(13), and, in fact, it has not been shown that the NEC is sufficient to recruit any of the
kinases that mediate lamina disruption.

Several lines of evidence suggest that the core NEC proteins, pUL31 and pUL34, are
sufficient to drive membrane budding. The expression of pseudorabiesvirus (PRV)
pUL31 and pU34 results in the pooling of vesicles in the perinuclear space (23). In addi-
tion, bacterially purified pUL31 and pUL34 cause vesicle formation when embedding
into either giant unilamellar vesicles or liposomes (3, 4). During HSV-1 infection, how-
ever, membrane budding into the perinuclear space observed by transmission electron
microscopy (TEM) occurs only in the context of capsid envelopment and creation of a
PEV. This suggests that pUL31/pUL34-mediated membrane budding is negatively regu-
lated and triggered by the capsid during infection.

We have previously characterized a charged cluster mutation of UL34, UL34(CL13),
that performs uncoupled perinuclear budding of the INM (24). UL34(CL13) contains
two mutations: one at amino acid 158 that changes arginine to alanine, generating
pUL34R158A, and one at amino acid 161 that changes arginine to alanine, generating
pUL34R161A. The CL13 double mutation caused a 100-fold reduction in virus production
and a severe cell-cell spread defect. TEM of UL34-null virus-infected pUL34(CL13)-
expressing cells displayed large invaginations of the INM that contained many dissimi-
lar-sized vesicles that occasionally contained capsids in the perinuclear space.

We hypothesized that one or both of the CL13 substitutions uncouples budding from
capsid envelopment and that this defect is responsible for the growth defect observed
in infections with this mutant. We tested the effects of each of the pUL34R158A and
pUL34R161A single mutations on the growth, spread, and promiscuous budding proper-
ties of UL34(CL13). Surprisingly, neither single mutation results in a cell-cell spread or
growth defect, and yet both maintain the promiscuous budding phenotype of UL34
(CL13). In addition, we observed for the first time that ectopic expression of the NEC is
sufficient to promote displacement of lamin proteins and that one of the CL13 mutations
ablates that activity.

RESULTS
Mapping CL13 mutations onto the pUL31/pUL34 crystallized structure. Previous

characterization of the UL34(CL13) mutant was performed before the crystal structure
of the pUL31/pUL34 complex was solved. To determine whether the growth, spread,
and promiscuous budding phenotypes of UL34(CL13) could be caused by destabiliza-
tion of the pUL31/pUL34 complex, the R158A and R161A UL34 mutations were
mapped onto the crystal structure (Fig. 1A). Mutation of amino acid 158 (arginine) to
alanine is predicted to disrupt a salt bridge formation between UL34 residue R158 and
UL31 residue D232 (Fig. 1B). The arginine residue 161 has no predicted interaction
with pUL31 (Fig. 1C). These results suggest that the pUL34R158A substitution may play a
role in disrupting pUL34 interaction with pUL31 but that the pUL34R161A substitution
should have little effect on pUL34/pUL31 interaction. From this structural data, we
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hypothesized that pUL34R158A may be responsible for the growth, spread, and promis-
cuous budding phenotypes of UL34(CL13) as a result of destabilization of diminished
pUL31/pUL34 interaction.

Effects of pUL34R158A and pUL34R161A single mutations on pUL31/pUL34 interaction.
To determine the effect of the pUL34R158A and pUL34R161A single amino acid substitutions
on pUL34 localization, an immunofluorescence-based colocalization assay was performed.
Vero cells were transfected with pcDNA3 overexpression constructs carrying UL31-FLAG
and constructs expressing hemagglutinin (HA)-tagged pUL34 wild-type (WT), pUL34(CL13),
pUL34R158A, or pUL34R161A, and immunofluorescence was performed to determine colocaliza-
tion of the two proteins (Fig. 2). Cells transfected with the plasmid containing pUL31-FLAG
alone displayed typical pUL31 localization to the nucleoplasm (Fig. 2A). Cells transfected any
of the HA-pUL34 plasmids alone displayed typical pUL34 localization to cytoplasmic mem-
branes (Fig. 2B to E). pUL31-FLAG colocalized at the nuclear membrane when transfected with

FIG 1 Position of R158 and R161 mutations. Atomic coordinate information from entry 4ZXS in the
Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) was rendered using
MacPyMol. Only one of the two heterodimers is shown without accompanying ions or water molecules.
(A) Space-filling rendering in two orientations of the crystal structure of the NEC heterodimer with pUL31
in teal and pUL34 in yellow. The positions of pUL34 residues R158 and R161 are indicated in black. (B)
Ribbon rendering of the NEC heterodimer with expansion of the region around R158 showing positions
of the side chain and putative salt bridge with pUL31 D232. (C) Same as panel B but illustrating the
position of the side chain of R161.
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plasmids expressing HA-pUL34 WT or HA-pUL34R161A (Fig. 2F and I), indicating that the R161A
mutation alone does not affect pUL31/pUL34 colocalization. As previously shown, little to no
colocalization was observed in cells expressing both pUL31-FLAG and HA-pUL34(CL13),
since pUL31-FLAG remained in the nucleoplasm and HA-pUL34(CL13) remained distributed

FIG 2 Interaction of UL34 mutants with pUL31. (A to E) Representative merged confocal images of Vero cells transfected with a construct carrying pUL31,
pUL34WT, pUL34(CL13), pUL34R158A, or pUL34R161A are shown. Cells were stained using antibodies against lamin A/C (red), FLAG (blue), and UL34 (green).
(F to I) Representative confocal images showing Vero cells transfected with a construct carrying pUL31 and a construct encoding pUL31, pUL34WT, pUL34
(CL13), pUL34R158A, or pUL34R161A. Cells were fixed at 48 h posttransfection and stained for lamin A/C (first column, red), FLAG (second column, blue), and
pUL34 (third column, green). (J) Colocalization of pUL31 and pUL34 was determined by calculating the Pearson’s correlation coefficient. The statistical
significance was determined by one-way analysis of variance (ANOVA) using the Tukey method for multiple comparisons implemented with GraphPad
Prism. (K) Coimmunoprecipitation of pUL31-FLAG and pHA-UL34WT, pHA-UL34(CL13), pHA-UL34R158A, and pHA-UL34R161A. pUL31-FLAG was purified from
293T cells transfected with the indicated plasmid combinations. Immunoblots of cell lysates (top) and magnetic-bead purified samples (bottom) were
incubated with antibodies against the HA or FLAG epitope. (L) Blot quantitation by densitometry of blots as shown in panel K expressed as the band
intensity for each of the UL34 mutants divided by the band intensity for UL34 WT. The results are given as the mean and range of values for three
independent experiments. Statistical significance was determined by one-way ANOVA using the Tukey method for multiple comparisons implemented
with GraphPad Prism.
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on cytoplasmic membranes with a small percentage at the nuclear membrane (Fig. 2G)
(24). This lack of recruitment of both proteins to the nuclear periphery suggests that
pUL31-FLAG and HA-pUL34(CL13) interact poorly with one another in the absence of other
viral factors. Cells expressing both pUL31-FLAG and HA-pUL34R158A showed nontypical
colocalization of the two proteins within large punctate structures in the nucleus and at
the nuclear membrane (Fig. 2H). Colocalization of pUL31-FLAG with pUL34WT or the
UL34 mutants was quantified by Pearson’s correlation coefficient (Fig. 2J). Cells expressing
pUL31-FLAG and HA-tagged pUL34 WT, pUL34R158A, or pUL34R161A all have similar
Pearson values above 0.5, indicating that these proteins colocalize (Fig. 2J). Cells
expressing pUL31-FLAG and HA-pUL34(CL13) have significantly lower Pearson val-
ues below 0.5, demonstrating loss of colocalization. These data indicate that the inability
of pUL34(CL13) to colocalize with pUL31 is not solely due the either the R158A or the
R161A substitution alone.

To further determine the effect of the single UL34 mutations on pUL31/pUL34 inter-
action, coimmunoprecipitation was performed. 293T cells were transfected with the
pUL31-FLAG construct and constructs expressing HA-tagged pUL34WT, pUL34(CL13),
pUL34R158A, or pUL34R161A, and pUL31-FLAG were immunoprecipitated with anti-FLAG
magnetic beads using limiting amounts of beads so that equivalent amounts of pUL31
were immunoprecipitated regardless of the amount present in the input. Consistent
with strong colocalization during transfection, HA-tagged pUL34WT and pUL34R161A
could both be efficiently coimmunoprecipitated with pUL31-FLAG. Surprisingly, de-
spite relatively strong colocalization observed in Vero cells, the HA-tagged pUL34R158A
mutant protein was coimmunoprecipitated inefficiently with pUL31, consistent with a
significantly weaker interaction and suggesting that the R158A mutation may be
largely responsible for the poor interaction between pUL31 and pUL34(CL13).

Effect of UL34R158A and UL34R161A single mutations on pUL34 recruitment to the
nuclear membrane during infection. In transfected, uninfected cells, pUL34(CL13) is
not recruited to the nuclear membrane to colocalize with pUL31 (Fig. 2). However, it
has been previously shown that pUL34(CL13) regains the ability to be recruited to the
nuclear membrane during infection (24). To further characterize the UL34R158A and
UL34R161A single mutations, Vero cell lines that stably express these mutant proteins
under an infection-inducible promoter were created. Expression of pUL34 was com-
pared to HSV-1(F)-infected Vero cells by immunoblotting UL34-null virus-infected cellu-
lar lysates of cells that express pUL34WT, pUL34(CL13), pUL34R158A, and pUL34R161A,
using ICP27 expression as a loading and infection control (Fig. 3A). The expression of
all three of the mutant pUL34 proteins was comparable to that seen in HSV-1(F) infec-
tion. The pUL34WT cells expressed less pUL34 than the other cell types; however, this
cell line has been previously characterized to complement UL34-null virus growth, cell-
cell spread, and pUL31/pUL34 colocalization to nearly WT levels (25).

To determine the distribution of pUL34R158A and pUL34R161A during infection, Vero,
WT, and mutant pUL34-expressing cells were infected with UL34-null virus and assayed
by immunofluorescence for lamin A/C and pUL34 (Fig. 3B to H). At 15 h after infection
pUL34 recruitment to the nuclear membrane was observed during a WT HSV-1(F) infec-
tion of Vero cells (Fig. 3C) and in pUL34WT-expressing cells infected with the UL34-null
virus (Fig. 3E). In addition, pUL34R158A and pUL34R161A both localized to the nuclear pe-
riphery in a manner similar to wild-type during infection (Fig. 3G and H). As previously
reported, CL13 pUL34 is also recruited to the nuclear rim, but to a lesser degree than
the WT (Fig. 3F), and the completeness of recruitment was related to expression level
of pUL34(CL13), with higher levels of expression associated with larger amounts of the
mutant pUL34 on cytoplasmic membranes. The recruitment of CL13 pUL34 to the nuclear
envelope in infected, but not transfected, cells suggests that viral factors in addition to
pUL31 promote pUL34 recruitment to the nuclear periphery.

The localization of the three mutant pUL34 proteins to the nuclear membrane dur-
ing infection suggested that interaction with pUL31 might also be promoted in
infected cells. To test this, Vero, and WT and mutant pUL34-expressing cells were
infected with a previously described UL31R229L-FLAG/UL34-null virus (25). pUL31R229L
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FIG 3 Localization of mutant pUL34 proteins in infected cells. (A) Digital image of immunoblots of
lysates from cells that express no pUL34, pUL34 WT, or pUL34 mutants infected with wild-type or

(Continued on next page)
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has been shown to interact pUL34 in a WT-like manner and is recruited normally to the
nuclear periphery by pUL34 WT (25). Infection of this virus onto pUL34WT-expressing
cells indeed displayed typical pUL31 recruitment to the nuclear periphery and colocali-
zation with pUL34 (Fig. 4D). Interestingly, the localization of pUL31 in cells that express
mutant pUL34 proteins still closely resembled that seen in transfected cells (Fig. 2).
Very little pUL31 recruitment to the nuclear envelope was seen during infection of
pUL34(CL13)-expressing cells (Fig. 4E), and pUL31 displayed a punctate nucleoplasmic
pattern during infection of pUL34R158A-expressing and pUL34R161A-expressing cells (Fig.
4F and G). These data suggest that all three mutants alter interaction with pUL31 even
in infected cells but that both the R158A and R161A mutations are required for the full
impairment seen with the CL13 mutation.

Effects of UL34R158A and UL34R161A single mutations on virus growth and spread.
To determine the role of UL34R158A and UL34R161A on virus production, 18-h transient
and stable complementation growth assays were performed (Fig. 5). Vero cells were
transfected with the UL34WT, UL34(CL13), UL34R158A, or UL34R161A constructs and then
infected with UL34-null virus 24 h after transfection. As previously described, the UL34
(CL13)-transfected sample supports growth very poorly and to the same extent as the
untransfected control (24, 26) (Fig. 5A), whereas both single mutants showed interme-
diate complementation ability. Since neither of the single mutations complements as
poorly as the UL34(CL13) double mutant, these data suggest that neither single muta-
tion is solely responsible for the growth defect of UL34(CL13).

Single-step growth assays using the wild-type and mutant pUL34-expressing cell
lines yielded slightly different results (Fig. 5B and C). All HSV-1(F)-infected cell lines pro-
duced similar viral titers, demonstrating that none of the mutant pUL34 proteins had a
dominant negative effect on WT viral growth (Fig. 5B). Infection of the pUL34(CL13)
cell line with UL34-null virus resulted in a significant (P, 0.05) ;20-fold decrease in vi-
rus titer compared to cells that expressed pUL34 WT at 18 and 24 h postinfection (hpi)
that was nonetheless significantly greater (P, 0.05) than that from Vero cells that
expressed no pUL34 (Fig. 5C). Single-step growth of UL34-null virus in the cell lines
that expressed either of the two single mutants was not significantly different from
growth in cells that expressed pUL34 WT at any time point (Fig. 5C). Interestingly,
growth of UL34-null virus on cells that express pUL34R161A was significantly greater
than on cells that express pUL34(CL13) and was reproducibly (but not significantly)
greater than on cells that express WT pUL34, suggesting that the R161A mutation does
not contribute to the growth phenotype of the double mutant. Growth of UL34-null vi-
rus on pUL34R158A-expressing cells was not significantly different from growth on
cells that express either pUL34WT or pUL34(CL13), leaving open the possibility that
this single mutation may have some effect on virus replication on its own. Altogether,
these data suggest that neither of the pUL34R158A and pUL34R161A single substitutions
can fully account for the growth defect caused by the double mutation.

pUL34 has been shown to have a cell-to-cell spread function in addition to its func-
tion in virus production (27, 28). The ability of the single and double mutant pUL34
proteins to support spread was determined using a plaque size assay on the mutant
UL34-expressing cell lines (Fig. 6). The double mutant CL13 cell line supported spread
no better than cells that expressed no pUL34 (Fig. 6F, H, and K). The single pUL34R158A
and pUL34R161A mutant-expressing cell lines supported spread at least as well as the
WT UL34-expressing cell line (Fig. 6G, I, J, and K). Overall, these data indicate that the
2-log reduction in plaque size caused by UL34(CL13) double mutation is not solely due
to either of the pUL34R158A or the pUL34R161A single mutations.

FIG 3 Legend (Continued)
UL34-null virus and probed for ICP7 or pUL34. The virus used for infection is indicated above the
blot images, and the cell line infected is indicated below. (B to H) Digital confocal images of cells
lines that express no pUL34, pUL34 WT, or pUL34 mutants that were mock infected or infected with
wild-type or UL34-null virus 16 h and then fixed and stained with antibodies directed against lamin
A/C (red) or pUL34 (green). The identity of the cell line and virus used for infection is indicated to
the left of each panel.
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FIG 4 Localization of pUL31-FLAG and mutant pUL34 proteins in infected cells. Digital confocal images
of cells lines infected with WT, UL34-null, or UL34-null/UL31R229L-FLAG virus for 16 h and then fixed and

(Continued on next page)
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Effect of pUL34R158A and pUL34R161A single substitutions on nuclear egress. Due
to the ability of pUL34R158A and pUL34R161A to efficiently perform cell-cell spread and virus
production, we hypothesized that neither of these mutations would cause the nuclear
egress defect observed with the pUL34(CL13) double mutant (24). TEM analysis of Vero,
pUL34WT-expressing, pUL34(CL13)-expressing, pUL34R158A-expressing, and pUL34R161A-
expressing cells infected for 20 h with UL34-null virus revealed a significant nuclear egress

FIG 5 Effects of pUL34R158A and pUL34R161A on viral growth. (A) Transcomplementation of single-step UL34-null
replication. Vero cells were transfected with pUL34WT-, pUL34(CL13)-, pUL34R158A-, and pUL34R161A-expressing
plasmids under the control of the UL34 promoter/regulatory sequences. Transfected cells were subsequently
infected with UL34-null virus, and at 18 hpi the amount of infectious virus produced was determined by
plaque assay on UL34WT-complementing cells. Virus production was normalized for transfection efficiency, and
the complementation index was calculated as the ratio of virus produced by the UL34WT-transfected cells.
Statistical significance was determined by performing a one-way ANOVA using the Tukey method for multiple
comparisons implemented on GraphPad Prism. (B and C) Single-step growth of WT and UL34-null virus on
Vero, pUL34WT-expressing, pUL34(CL13)-expressing, pUL34R158A-expressing, and pUL34R161A-expressing cells.
Each data point represents the mean of three independent experiments. Error bars in all panels represent the
range of values obtained in three independent experiments. Statistical significance was determined by
performing a one-way ANOVA on log-converted values from each time point using the Tukey method for
multiple comparisons implemented on GraphPad Prism. Because of the density of the curves, significance is
not indicated on the graph but is indicated in Results where appropriate.

FIG 4 Legend (Continued)
stained with antibodies directed against FLAG epitope (green) or pUL34 (red). The identity of the cell
line and virus used is indicated to the left of each panel. The images chosen are representative of at
least 20 cells observed in at least three independent experiments.
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defect in CL13-expressing cells but not in cells that express either of the single mutants
(Fig. 7). There were significantly more capsids in the nucleus and significantly fewer cap-
sids in the extranuclear compartment of Vero and pUL34(CL13)-expressing cells com-
pared to pUL34WT-expressing cells, suggesting a sequestration of capsids in the nucleus
(Fig. 7A and C). In the extranuclear compartment, there was no significant difference in
the percentage of capsids in UL34WT-expressing, pUL34R158A-expressing, and pUL34R161A-
expressing cells, indicating that the single point mutants do not cause a nuclear egress
defect (Fig. 7C). pUL34R161A-expressing cells displayed significantly more capsids in the
perinuclear space compared to the other cell types (Fig. 7B), suggesting the possibility
that this mutation causes some impairment in deenvelopment.

To confirm the nuclear egress phenotype of pUL34R158A and pUL34R161A, an RFP-VP26-
tagged virus was used to measure the amount of capsid in the nuclear and cytoplasmic
compartments by fluorescence analysis. Vero, pUL34WT-expressing, pUL34(CL13)-express-
ing, pUL34R158A-expressing, and pUL34R161A-expressing cells were infected with a UL34-null/
RFP-VP26 virus or HSV-1(F)/RFP-VP26 virus and fixed 12 hpi. Cells were stained for host DNA

FIG 6 Effects of pUL34R158A and pUL34R161A on cell-to-cell spread. Plaque size assay of HSV-1(F) or UL34-null viruses on Vero,
pUL34WT-expressing, pUL34(CL13)-expressing, pUL34R158A-expressing, and pUL34R161A-expressing cells. (A to J) representative images
of plaques that were immunostained at 48 h after infection using antibody directed against the capsid scaffold protein. The cell line
infected is indicated above the panels; the infecting virus is indicated to the left. (K) Plaque areas were measured 48 h after infection
at a low MOI. Each point represents a single plaque area. A total of 20 plaques were measured for each condition. Statistical
significance was determined by performing a Kolmogorov-Smirnov test in pairwise comparisons.
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FIG 7 Effects of pUL34R158A and pUL34R161A on nuclear egress. (A to D) Total capsid quantification of TEM
imaging. Capsids were counted in the nuclear (A), perinuclear (B), and extranuclear (C) compartments of
pUL34WT-expressing, pUL34(CL13)-expressing, pUL34R158A-expressing, and pUL34R161A-expressing cells.
Each point represents the number of capsids in the corresponding cellular compartment in a single cell.
Statistical significance was calculated for pairwise comparisons by performing a Student t test. (D and E)
Representative images of pUL34 WT-expressing (D) or Vero (E) cells showing staining with Hoechst and

(Continued on next page)
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with Hoechst to indicate the nuclear boundary and with phalloidin to indicate the cyto-
plasm. RFP puncta presenting maximum intensity (termed RFP maxima) were quantified in
the nuclear and total cellular (nucleus 1 cytoplasm) compartments and used to compute
the number of cytoplasmic maxima (Fig. 7D and E). This method of RFP maxima quantitation
ultimately underestimates the number of capsids in the cytoplasmic fraction due to some
RFP puncta being below the threshold intensity, but the range of this assay is still large
enough to distinguish gross differences in nuclear egress ability. As expected, UL34-null vi-
rus-infected Vero and pUL34(CL13)-expressing cells had many fewer cytoplasmic RFP max-
ima than the complementing UL34-null virus-infected pUL34WT-expressing cells (Fig. 7D to
F). Consistent with the TEM capsid quantitation, UL34-null virus-infected pUL34R158A-express-
ing and pUL34R161A-expressing cells had comparable amounts of RFP maxima as UL34-null
virus-infected pUL34WT-expressing cells (Fig. 7F). As a whole, the TEM capsid quantitation
and RFP maxima assays show that the single mutants UL34R158A and UL34R161A are individu-
ally insufficient to cause the nuclear egress defect of UL34(CL13).

Effect of UL34R158A and UL34R161A single mutations on perinuclear vesicle formation
during infection. To determine whether the UL34R158A or UL34R161A single mutation
affects the coupling of perinuclear budding with capsid docking, TEM of Vero, pUL34WT-
expressing, pUL34(CL13)-expressing, pUL34R158A-expressing, and pUL34R161A-expressing
cells infected with UL34-null virus was performed, and cells were screened for the pres-
ence of perinuclear capsidless vesicles. The only perinuclear vesicles observed in
pUL34WT-expressing cells contained capsids, were singular, and were rarely observed
(Fig. 8A), whereas many perinuclear vesicles that did not contain capsids and were too
small to contain capsids were observed in pUL34(CL13)-expressing cells (Fig. 8B and E).
Surprisingly, both pUL34R158A-expressing and pUL34R161A-expressing cells contained the
perinuclear vesicular inclusions observed in pUL34(CL13)-expressing cells (Fig. 8C and F
and Fig. 8D, G, and H, respectively). These vesicles inside the inclusions were sometimes
associated with capsids and were observed within the nucleus (Fig. 8F) or contiguous
with the perinuclear space (Fig. 8G and H). These data show that either the UL34R158A
mutation or the UL34R161A mutation is sufficient to cause promiscuous, uncoupled peri-
nuclear budding and suggests that promiscuous budding does not contribute to the
defects in nuclear egress or virus production seen with the CL13 double mutant.

Effects of UL34R158A and UL34R161A single mutations on lamin disruption function
in Vero cells. Defects in nuclear egress can result from interruption in any of several steps
in the process, including disruption of the nuclear lamina, capsid docking, membrane
budding, and deenvelopment. The CL13 mutant is evidently not defective in budding
ability, suggesting that it is defective in nuclear lamina disruption, capsid docking, or
both. Disruption of the lamina results in a change in nuclear contour from ovoid to irregu-
lar, and this change is dependent on pUL34 expression and can be prevented by muta-
tions in pUL34 (5, 17). Measurement of changes in nuclear contour in cells that express
our mutant pUL34 proteins and were infected with UL34-null virus showed that changes
in nuclear contour were diminished by the CL13 double mutant and, to a lesser degree,
by the two single mutants (Fig. 9). The ability of pUL34(CL13) to promote alterations to
nuclear shape during infection is defective, with nuclear contour ratios much higher than
those seen with pUL34 WT (panel B), and no different from those seen in uninfected Vero
cells (compare Fig. 9A, C, and F). In contrast, both UL34R158A and UL34R161A single point
mutations show an intermediate phenotype, with contour ratios between those seen for
wild-type and CL13 pUL34 (Fig. 9D, E, and F).

Differences in disruption of the nuclear lamina by pUL31 pUL34 complexes could
also be observed in cells cotransfected with UL31 and UL34 (Fig. 10). Compared to
untransfected cells (Fig. 10A), coexpression of wild-type pUL31 and pUL34 results in

FIG 7 Legend (Continued)
phalloidin used to define the cytoplasmic space in images and the localization of RFP-tagged capsids in
the cytoplasm. (F) RFP maxima in the cytoplasm of cells that express no pUL34, pUL34 WT, and pUL34
mutants were counted and plotted to measure nuclear egress of capsids. Each point represents one cell.
Statistical significance was calculated for pairwise comparisons using a Student t test.
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the formation holes in the lamin A/C layer that coincide with the positions of NEC
puncta in the nuclear envelope (Fig. 10B), suggesting that formation of NEC puncta
causes displacement of lamin A/C in the absence of other viral factors. The same effect
is observed in cells that coexpress pUL34R161A, suggesting that this mutant NEC retains
lamina dispersal activity (Fig. 10D). As shown above (Fig. 2), cotransfection of pUL31
and pUL34R158A results in formation of intranuclear NEC puncta (Fig. 10C). Surprisingly,
however, lamin A/C concentrates at these same foci in cotransfected cells (Fig. 10C),
resulting in significant colocalization of pUL34 and lamin A/C that is not seen with
pUL34 wild type or pUL34R161A (Fig. 10D and E). A similar effect was seen on orga-
nization of lamin B, where expression of WT NEC results in formation of holes that
coincide with NEC puncta (Fig. 10E). Expression of the R158A NEC also resulted
in statistically significant colocalization with lamin B, but to a much lesser extent
than seen for lamin A/C, requiring a more sensitive test for colocalization. These

FIG 8 pUL34R158A and pUL34R161A mutants induce promiscuous budding. Digital images of cells that express
pUL34WT (A), pUL34(CL13) (B and E), pUL34R158A (C and F) or pUL34R161A (D, G, and H) that were infected with
pUL34-null virus for 20 h are shown. Concentrations of vesicles in the nucleus and the perinuclear space in
panels A to D are indicated by arrowheads. (E to H) Enlargements of the regions indicated by the arrowheads
in panels A to D.

Membrane Budding Regulation in HSV Nuclear Egress Journal of Virology

September 2021 Volume 95 Issue 17 e00873-21 jvi.asm.org 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/j
vi

 o
n 

21
 Ja

nu
ar

y 
20

22
 b

y 
26

20
:0

:e
50

:3
00

f:4
11

d:
d9

61
:7

9d
9:

55
bf

.

https://jvi.asm.org


results suggested the hypothesis that pUL34R158A is deficient in a lamin dispersal
activity and that, in the absence of such activity, lamins may specifically and stably
associate with the NEC.

Dispersal of lamins is associated with their phosphorylation, and the failure of the
UL34R158A NEC to disperse lamins suggested that it might fail to recruit some host cell

FIG 9 Effects of pUL34R158A and pUL34R161A on disruption of nuclear architecture. (A to E) Representative
confocal images of cells that express no pUL34, pUL34 WT or pUL34 mutant infected for 16 h with UL34-
null virus and then fixed and stained for DNA using Hoechst (blue) pUL34 (green) or lamin A/C (red). The
cell line infected is indicated to the left of the panel. (F) Nuclear contour assay measuring the deviation
of nuclear shape from circularity (lower values indicate a more convoluted nuclear shape). Each point
represents a single nucleus, and 50 nuclei were measured. Statistical significance was determined by one-
way ANOVA using the Tukey method for multiple comparisons implemented with GraphPad Prism. P
values without brackets are relative to Vero cells.
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FIG 10 Lamina disruption by transiently expressed WT and mutant NEC. (A to D) Representative
confocal images of cells that were either untransfected (A) or transfected with plasmids expressing

(Continued on next page)
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protein kinase that can be recruited by a WT NEC. Protein kinase C isoforms, including
the classical isoforms PKCa and -b and the novel isoform PKCd , have previously been
shown to be recruited to the nuclear envelope during HSV infection in a NEC-depend-
ent manner and are thought to promote dispersal of the lamina (20). While recruitment
and activation of PKCd has been shown to depend on expression of both the NEC and
ICP34.5 (13), it has not been determined whether other viral factors are required for
interaction with classical PKC isoforms. We were unable to observe in cotransfected
cells significant colocalization of PKC isoforms with WT or mutant NEC (data not
shown). We were, however, able to demonstrate an interaction between the NEC and
PKCa by coimmunoprecipitation (Fig. 11). 293T cells were cotransfected with plasmids
that express PKCa-HA, pUL31-FLAG, and either WT or mutant pUL34. As expected,
immunoprecipitation of pUL31 resulted in efficient coprecipitation of pUL34 WT and
pUL34R161A and relatively inefficient coprecipitation of pUL34R158A (Fig. 11). PKCa-HA
was also coprecipitated and, surprisingly, the amount coprecipitated did not depend
on whether WT or pUL34R158A proteins were expressed, suggesting the possibility that
expression of pUL31 might be sufficient for interaction with PKCa. Indeed, cotransfec-
tion of PKCa with pUL31 alone resulted in the same degree of PKCa coprecipitation as
pUL31 in combination with pUL34 (Fig. 11B).

DISCUSSION

We have previously characterized the UL34R158A,R161A charge cluster double mutant
(called CL13) as having a profound, but not dominant-negative effect on virus replica-
tion and nuclear egress, associated with accumulation of empty vesicle in nuclear
membrane invaginations (24). This observation suggested the hypothesis that UL34
(CL13) might cause promiscuous, capsidless budding and that this loss of regulation
might so diminish the efficiency of nuclear egress as to result in the growth defect
associated with this mutation. Later elucidation of the crystal structure of the intact
NEC suggested that one of the two mutations (UL34R158A) might perturb formation of
the NEC heterodimer and that this perturbation might be the basis of the CL13 pheno-
type. The phenotypes shown here that are associated with the individual UL34R158A
and UL34R161A mutants demonstrate that both of these hypotheses are wrong in im-
portant and interesting ways.

Effect of pUL34 mutations on NEC formation. Consistent with our previously pub-
lished results, we found here that, in transfected cells, the CL13 double mutant is sig-
nificantly impaired in its ability to form a heterodimer with pUL31. Interestingly, nei-
ther of the single mutants reproduces this phenotype; both are capable of colocalizing
with pUL31 at the nuclear envelope and of being coprecipitated with pUL31. This
result for pUL34R161A was not surprising, since the crystal structure of the HSV-1 NEC
heterodimer does not suggest that R161 participates in any interaction with pUL31
(Fig. 1). The failure of the R158A mutation to perturb interaction with pUL31 in colocal-
ization assays performed in Vero cells was more surprising, since (i) the position of
R158 would allow formation of a salt bridge with pUL31 perturbation of this interaction
might be expected to destabilize the heterodimer, and (ii) this mutation clearly impairs
heterodimer formation in coimmunoprecipitation assays in 293T cells. Because 293T
cells do not spread extensively in monolayer culture, use of microscopy to evaluate
recruitment of pUL34 from the cytoplasm to the nuclear rim is not possible, but the

FIG 10 Legend (Continued)
pUL31-FLAG and WT (B and E) or mutant (C, D, and F) pUL34. At 48 h after transfection, the cells
were fixed and stained with antibodies against FLAG epitope (green) (A to D), HA epitope (green) (E
and F), lamin A/C (red) (A to D), or lamin B1 (red) (E and F). (E) Colocalization of pUL31 and lamin A/
C assessed by Pearson correlation coefficient. Each point represents one cell, and 20 cells were used
for each analysis. The results are presented in pairs; the left sample gives the correlation coefficient R
for green and red channels in the nucleus, and the right sample gives the mean of the R values for
25 comparisons of the green channel to a red channel with the signal randomized using the method
of Costes. Statistical significance was determined by one-way ANOVA using the Tukey method for
multiple comparisons implemented with GraphPad Prism.
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discrepancy between these results suggests that some cellular factor in Vero cells may
stabilize the NEC. That both mutations together cause a significant disruption in Vero
cells suggests the possibility that together they alter the conformation of the pUL34/
pUL31interface in a way that neither mutation can do alone. Modeling the conforma-
tion of the CL13 double mutant using SWISS-MODEL (29) with the wild-type NEC as
the template, however, results in a conformation prediction that is not different from
that of the wild-type (not shown), leaving the structural basis for the heterodimer for-
mation phenotype unclear.

Interestingly, while pUL34(CL13) interaction with pUL31 is severely impaired in
cotransfected cells, its recruitment to the nuclear envelope occurs more efficiently in
infected cells (compare Fig. 2 and 3), and this occurs despite relatively inefficient
recruitment of pUL31 from the nucleoplasm to the nuclear membrane (Fig. 3). This
result suggests that recruitment of pUL34 to the nuclear envelope is promoted by viral
factors in addition to pUL31. A similar effect has also been observed for specific pUL34
mutations in PRV (28). Whether the nuclear membrane recruitment of pUL34(CL13)
occurs independently of pUL31 or results from promotion of interaction between the
mutant pUL34 and pUL31 is not clear. The occurrence of promiscuous membrane bud-
ding in infected cells that express pUL34(CL13), however, suggests that NEC hetero-
dimers form to a degree sufficient to induce membrane budding in the INM.

Promiscuous budding and the efficiency of nuclear egress. Our initial hypothesis
was that pUL34(CL13) was defective in regulation of budding and that this failure of

FIG 11 Interactions between wild-type and mutant NEC components and PKCa. (A) Coimmunoprecipitation
of PKCa-HA and wild-type or mutant NEC. pUL31-FLAG was purified from 293T cells transfected with the
indicated plasmid combinations. Immunoblots of cell lysates (left) and magnetic-bead purified samples (right)
were incubated with antibodies against the pUL34 and HA or FLAG epitopes. (B) Coimmunoprecipitation of
PKCa-HA and individual NEC components.
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regulation resulted in inefficient nuclear egress and consequent diminished virus produc-
tion. While pUL34(CL13) may indeed be defective in budding regulation, the UL34R158A
and UL34R161A single mutations maintain the promiscuous budding phenotype of UL34
(CL13) without significantly impairing virus production or cell-cell spread, indicating that
this negative regulation does not affect HSV-1 replication.

Interestingly, accumulations of capsid-less intranuclear vesicles similar to those
observed here have also been observed as a phenotype of UL31 point mutants that al-
ter amino acids at the apex of the NEC that would be expected to mediate interaction
with the capsid (30). This similarity is consistent with two possibilities. (i) What we have
interpreted as unregulated budding is, in fact, budding that is triggered by capsid
interaction with the NEC, but this interaction is too weak to mediate stable association
of capsids with the INM, resulting in empty vesicles. The position of the CL13 amino
acid substitutions (Fig. 1) does not intuitively suggest an effect on capsid binding since
it is well below the apex of the NEC, but these mutations may have subtle effects on
the overall conformation of the NEC that might affect the stability of capsid binding.
(ii) What others have interpreted as a failure of capsid docking is, in fact, a defect in
budding regulation by the NEC. Structural characterization of the CL13 mutant could
presumably help distinguish these possibilities.

pUL34 has been shown to affect both virus single-step growth, presumably due to
its function in nuclear egress, and cell-to-cell spread by an unknown mechanism. The
CL13 double mutation affects both of these processes (Fig. 5 and 6). Interestingly, the
CL13 double mutation causes a severe cell-cell spread defect, whereas the single
R158A mutation has no effect on spread (Fig. 6). Surprisingly, there is only a 1-log
decrease in virus production of UL34(CL13) compared to UL34R158A, confirming the
conclusion of other studies showing that that the single-step growth of HSV does not
reliably predict its ability to spread from cell to cell (27, 31, 32).

UL34R158A mutation and the lamina disruption activity of the NEC. Coexpression
of pUL31 and pUL34 in the absence of other viral proteins creates gaps in the lamin
A/C network that correspond to the position of NEC puncta (Fig. 8). This is not simply
an artifact of protein overexpression, since the single R158A amino acid substitution in
pUL34 prevents removal of lamin A/C from sites of NEC accumulation and, in fact,
results in concentration of lamin A/C at these sites. These observations are consistent
with a model in which the HSV-1 NEC, in the absence of other viral factors, either has
an intrinsic lamin dispersal activity or can recruit cellular factors such as protein kinases
for lamina dispersal. In the absence of that dispersal activity, lamins can stably associ-
ate with the NEC. The stable association of lamins with the NEC is consistent with a
previous demonstration of interaction between lamin A/C and pUL34 (19). It has also
been previously shown that PKC isoforms are recruited to the nuclear rim in an NEC-
dependent manner in infected cells (20). This idea is consistent with previous findings
showing interaction of pUL34 and lamin A/C (19) and recruitment of PKC isoforms
by the NEC that might disassemble lamin filaments (7, 13, 20). The mechanism by
which the R158A mutation in pUL34 prevents lamina dispersal in transfected cells is
not clear. The NEC cannot efficiently recruit PKCd in the absence of ICP34.5, suggesting
that this kinase is unlikely to be the mediator of lamina dispersal in transfected cells
(13). Our results demonstrate that interaction with PKCa relies only on the presence of
pUL31. It may be that simple recruitment of PKCa is insufficient and that WT pUL34 is
required for its activation at the nuclear envelope.

The roughly 10-fold growth defect associated with the UL34R158A mutant is consist-
ent with a previously characterized UL34Q163A mutant with a defect in lamina disrup-
tion (17). The similarity in the magnitude of growth and spread defect between
UL34R158A and UL34Q163A/UL31R229L suggests that an intact viral lamin disruption mecha-
nism is helpful but perhaps not essential for viral assembly and spread.

MATERIALS ANDMETHODS
Cells and viruses. Vero cells and cell lines derived from Vero cells were maintained in Dulbecco

modified Eagle medium (high glucose; DMEM) supplemented with 5% bovine calf serum. 293T cells
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were maintained in DMEM supplemented with 10% fetal bovine serum. The properties of HSV-1(F), bac-
terial artificial chromosome (BAC)-derived HSV-1(F), vRR1072(TK1) (referred to here as UL34-null virus),
BAC-derived UL34-null virus, UL31(R229L)-FLAG/UL34-null, and HSV-1(F)/RFP-UL35 have been described
previously (25, 33–35). The RFP-UL35/UL34-null virus was generated using BAC recombineering to delete
UL34 from the RFP-UL35 virus (33; a gift from C. Fraefel) using the PCR primers and procedures used for
generation of the previously described BAC-derived UL34-null virus (25).

Plasmids and cell lines. pcDNA plasmids carrying wt UL34 (pRR1238) and UL31-FLAG (pRR1334)
was described previously (25). pcDNA3 plasmids carrying N-terminally HA-tagged UL34 (pRR1385) or
HA-tagged UL34(CL13) (pRR1386) were constructed by the amplification of the UL34 coding sequence
from pRR1300 (containing UL34 coding sequence) or pRR1369 (containing UL34(CL13 coding sequence)
using the primers 59-GATCAAGCTTCCATGTACCCATACGATGTTCCAGATTACGCTGCGGGACTGGGCAAGCC
C-39 and 59-CTAGTCTAGATTATAGGCGCGCGCCAGC-39, digestion of the resulting PCR product with
HindIII and AflII, and ligation into HindIII-AflII-cut pRR1238.

pcDNA3 plasmids carrying N-terminally, HA-tagged UL34R158A (pRR1387) or UL34R161A (pRR1388)
were constructed by introduction of the R158A or R161A mutation into the coding sequence of UL34 by
PCR stitching. The primers 59-GATCAAGCTTCCATGTACCCATACGATGTTCCAGATTACGCTGCGGGACTGGG
CAAGCCC-39, 59-CACAAAGCAGCTGATCCACATGCTG-39, 59-CATGTGGATCAGCTGCTTTGTGGCCATGCCCCG
CGTGCAGC-39, and 59-CTAGTCTAGATTATAGGCGCGCGCCAGC-39 were used to create the UL34R158A mu-
tant coding sequence, and the primers 59-GATCAAGCTTCCATGTACCCATACGATGTTCCAGATTACGCTG
CGGGACTGGGCAAGCCC-39, 59-TGCAGGCATGCGCACAAAGC-39, 59-GCTTTGTGCGCATGCCTGCAGTGCAGC
TCGCGTTTCGGTTC-39, and 59-CTAGTCTAGATTATAGGCGCGCGCCAGC-39 were used to construct the
UL34R161A mutant coding sequence. The resulting PCR products were digested with HindIII and AflII and
ligated into HindIII-AflII-cut pRR1238.

Infection inducible UL34R158A-expressing or UL34R161A-expressing plasmids were constructed. The
UL34R158A and UL34R161A coding sequences were amplified from pRR1387 and pRR1388, respectively, and
inserted into pTuner-IRES2 (Clontech) using Gibson assembly. The resulting plasmids express bicistronic
pUL34R158A-IRES2-EGFP or pUL34R161A-IRES2-EGFP mRNA from the UL34 promoter/regulatory sequences.

A plasmid that expresses PKCa from the vector pHACE was kindly provided by I. Bernard Weinstein
(38). Stable Vero cell lines that express wild-type pUL34 and pUL34 (CL13) have been previously
described (24, 25). The UL34R158A and the UL34R161A clonal cell lines (referred to here as R158A and
R161A cells, respectively) were constructed as described previously (24, 25), with some modifications.
Briefly, transfection of infection inducible UL34R158A-expressing or UL34R161A-expressing plasmids into
Vero cells was followed by selection with G418 and isolation of clones by limited dilution. Candidate
R158A cells or R161A cells were identified by their enhanced green fluorescent protein expression 15 h
after infection with HSV-1(F). Expression of pUL34R158A or pUL34R161A was confirmed by immunofluores-
cence and immunoblotting for pUL34 15 h after infection with BAC-derived UL34-null virus.

Complementation assay. Next, 24-well cultures of Vero cells were transfected with 125 ng of
pCMVb , expressing the b-galactosidase gene, and 125 ng of wild-type or mutant UL34 plasmid with
Lipofectamine reagent according to the manufacturer’s protocol (Gibco-BRL), followed by incubation
overnight at 37°C. The cells were then infected with UL34-null virus at an MOI of 10, followed by incuba-
tion at 37°C for 90min. Monolayers were washed three times with DMEM and then washed three times
with sodium citrate buffer pH 3 (50mM sodium citrate and 4mM potassium chloride adjusted to pH 3
with hydrochloric acid) to eliminate residual virus. Cells were washed with V medium (Dulbecco modi-
fied Eagle medium, penicillin-streptomycin, 1% heat-inactivated calf serum) until the pH returned to a
normal level.

One milliliter of V medium was added to each well; after 18 h of incubation at 37°C, cell lysates were
prepared by freezing and thawing, followed by sonication for 20 s at power level 2 with a Fisheronic dis-
membrator. The amount of infectivity in each lysate was determined by titration on Vero cells. Part of
each cell lysate was assayed for b-galactosidase expression as described previously (26).

Coimmunoprecipitation. 293T cells in 100mm dishes were transfected with plasmids pRR1385
(HA-UL34), pRR1386 (HA-UL34(CL13), pRR1387 (HA-UL34R158A), pRR1388 (HA-UL34R161A), pRR1334 (UL31-
FLAG), pcDNA3, or pHACE-PKCa-HA by use of polyethyleneimine (PEI). A total of 9mg of plasmid was
diluted into 500ml of DMEM with no additives (DMEM/NA) and then mixed with 500ml of DMEM/NA
containing 81mg of PEI. After incubation at room temperature for 15min to allow complexes to form,
the mixture was added to cultures of 50% confluent cells that had been seeded 24 h previously. After
48 h, transfected cells were washed once in phosphate-buffered saline (PBS), scraped into 5ml of fresh
PBS, and pelleted at 800� g for 10min. Cells were lysed by resuspension of the cell pellet in RIPA buffer
(50 mM Tris [pH 7.5], 150mM NaCl, 1mM EDTA, 1% Triton X-100, 5mM sodium vanadate, 5mM NaF), fol-
lowed by sonication. After the removal of 60ml of input control sample, the remainder was immunopre-
cipitated with 8ml of anti-FLAG M2 magnetic resin (Sigma) according to the manufacturer’s instructions
by using an overnight binding step and elution with 3�FLAG peptide. Input and immunoprecipitation
samples were separated in 10% SDS-PAGE gels and blotted onto nitrocellulose membranes.

Immunoblotting. Nitrocellulose sheets containing proteins of interest were blocked in 5% nonfat
milk plus 0.2% Tween 20 for at least 45min. Membranes were probed with the following primary anti-
bodies: chicken anti-pUL34 (36), mouse monoclonal anti-ICP27 (Virusys), mouse monoclonal anti-FLAG
M2 (Sigma), and mouse monoclonal anti-HA (BioLegend). The membranes were then incubated with the
respective alkaline phosphatase-conjugated secondary antibody.

Indirect immunofluorescence. Cells were fixed with 4% formaldehyde for 15min and then washed
in PBS. Cells were permeabilized and blocked by incubation in IF buffer (1� PBS, 0.5% Triton X-100, 0.5%
sodium deoxycholate, 1% egg albumin, 0.01% NaN3). Primary antibodies were diluted in IF buffer as
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follows: chicken anti-UL34, 1:500; mouse anti-FLAG M2 (Sigma), 1:500; mouse monoclonal anti-LMNA
(Santa Cruz Biotechnology), 1:500; goat anti-lamin B1 (Santa Cruz Biotechnology), 1:200; and mouse
anti-MYC (kind gift from Mike Apicella), 1:500. Cellular DNA was stained with Hoechst 33342 (Invitrogen).
Coverslips were mounted onto glass slides, and confocal microscopy was performed using a Zeiss 510
confocal microscope or Leica SPE. All images shown are representative of experiments performed a min-
imum of three times.

Colocalization assays. For colocalization of pUL31 and pUL34 mutants in transfected cells, 24 wells of
Vero cells containing coverslips were transfected with pcDNA3 plasmids carrying UL31-FLAG (pRR1334),
HA-UL34 (pRR1385), HA-UL34(CL13) (pRR1386), UL34R158A (pRR1387), HA-UL34R161A (pRR1388), or MYC-US3
using Lipofectamine reagent according to the manufacturer’s instructions. Samples were harvested for
indirect immunofluorescence 2days posttransfection. Confocal images of 20 cells were taken with the
Leica SPE, and the Pearson’s correlation coefficient was determined using ImageJ.

For colocalization of NEC and lamins in transfected cells, 24-well cultures of Vero cells on coverslips
were transfected with pRR1334 and pRR1385, pRR1386, pRR1387, or pRR1388 and then fixed at 48 h af-
ter transfection. Confocal images of 20 cells were taken with the Leica SPE and colocalization was deter-
mined by defining the cell nucleus as a region of interest and using the ImageJ colocalization test using
the Costes method for image randomization (37) and 25 iterations for each cell.

For colocalization of pUL31 and pUL34 under infectious conditions, Vero cells, UL34-expressing,
CL13-expressing, R158A-expressing, and R161A-expressing cells were infected with BAC-derived UL34-
null virus. Samples were prepared for indirect immunofluorescence at 15 hpi.

Plaque size assays. Twelve-well tissue culture plates were seeded with 5� 105 Vero cells the day
before infection. Cells were infected at a low MOI for 1.5 h, and then the virus inoculum was replaced
with a 1:250 dilution of pooled human immunoglobulin (GammaSTAN) in V medium. Cells were fixed
and stained after 2 days of infection. A mouse monoclonal anti-HSV 45-kDa protein (scaffolding protein)
antibody (Serotec) and Alexa Fluor 568–goat anti-mouse IgG (Invitrogen) were used as primary and sec-
ondary antibodies, respectively.

Single-step growth measurements. Measurement of replication of BAC-derived HSV-1(F) and BAC-
derived UL34-null viruses on Vero, UL34-expressing, CL13-expressing, R158A-expressing, or R161A-
expressing cells was performed as previously described (36).

Transmission electron microscopy of infected cells. Confluent monolayers of UL34WT-expressing,
CL13-expressing, R158A-expressing, and R161A-expressing cells were infected with UL34-null virus
(1072 TK1) at an MOI of 5 in V medium for 20 h and then fixed by incubation in 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.4) for 2 h. Cells were postfixed in 1% osmium tetroxide, washed in cacodyl-
ate buffer, embedded in Spurr’s resin, and cut into 95-nm sections. Sections were mounted on grids,
stained with uranyl acetate and lead citrate, and then examined with a JEOL 1250 transmission electron
microscope. Ten cells were used for the quantitation of viral capsids within cellular compartments. DNA-
containing and non-DNA-containing capsids were counted in the nucleus, the perinuclear space
(between the INM and the ONM), and the extranuclear compartment (within the cytoplasm or the
extracellular space).

RFP maximum assay. A total of 24 wells containing coverslips of Vero, UL34-expressing, CL13-
expressing, R158A-expressing, or R161A-expressing cells were infected with either UL35-RFP/HSV-1(F) or
UL35-RFP/UL34-null virus in V medium at an MOI of 5. At 12 hpi, CellTracker Green BODIPY (Thermo-
Fisher) was added to a concentration of 25micromolars, and incubation was continued for 30min. Cells
were then fixed and prepared for indirect immunofluorescence. In confocal images, CellTracker Green
staining and Hoechst 33342 staining were used to define the nuclear and cytoplasmic boundaries of the
cell, respectively. ImageJ was used to count the number of RFP maxima, or points where the RFP inten-
sity is the highest, in the cytoplasm.
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