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ABSTRACT Duck plague virus (DPV) is a pathogen
causing duck plague and has caused huge economic
losses in poultry industry. In our previous report,
US3 gene deletion from DPV genome seriously
impaired virus replication. In this study, we con-
structed a US3 kinase-inactive mutant (US3K213A)
to further explore the function of US3 protein
(pUS3) in DPV. Our results showed that the loss of
pUS3 kinase activity caused lower viral titers, smaller
plaque sizes and a blockage of capsids nuclear egress
including primary enveloped virion (PEV) accumula-
tion compared to the parental virus infection. It
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indicates that the effects of DPV pUS3 on viral prop-
agation depended on its kinase activity. In addition,
we conducted electron microscopy analysis to show
the outer nuclear membrane (ONM) evaginations
and the nuclear envelope (NE) deep invagination in
US3K213A-infected cells. Finally, an irregular distri-
bution of pUL31/pUL34 in the NE in 4US3- and
US3K213A-infected cells and an interaction of pUS3
and pUL31 were found, which suggests that pUS3
potentially targets pUL31 and regulates the localiza-
tion of pUL31/pUL34 to promote nucleocapsids
egress through its kinase activity.
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INTRODUCTION

Duck plague virus (DPV), also known as duck enteri-
tis virus (DEV), induces an acute contagious viral dis-
ease with high morbidity and mortality in waterfowl,
resulting in serious economic losses (Dhama et al.,
2017). DPV belongs to a member of the subfamily of
Alphaherpesvirinae, which includes herpes simplex virus
(HSV), pseudorabies virus (PRV), bovine herpesvirus
(BHV), and Marek’s disease virus (MDV). The diame-
ter of DPV is approximately 150 to 300 nm, and its
structure consists of a capsid containing viral DNA, sur-
rounded by tegument and a viral envelop (Yuan et al.,
2005; Guo et al., 2009; Cheng, 2015).
US3 homologs encode Ser/Thr protein kinases and
their consensus phosphorylation target sequence is RnX
(S/T)YY, where n is ≥2; X can be absent or any amino
acid, but preferably Arg, Ala, Val, Pro, or Ser; S/T is
the target site where either Ser or Thr is phosphorylated;
and Y can be any amino acid except proline or an acidic
residue (Deruelle and Favoreel, 2011). In HSV, US3 pro-
tein (pUS3) alone phosphorylates specific protein
kinase A (PKA) substrates to block apoptosis, suggest-
ing that its target site specificity is similar to that of
PKA (Benetti and Roizman, 2004). Thus, anti-phospho-
PKA substrate antibodies were sometimes used to
detect US3 protein kinase activity (Kato et al., 2011).
Moreover, US3 homologs contain a highly conserved
ATP-binding domain and a catalytic domain in which
the invariant residues are critical and are often targets
for mutagenesis in construction of US3 kinase-inactive
mutants (Deruelle and Favoreel, 2011).
Protein kinase activity is an inseparable part of pUS3

in its functions in other alphaherpesviruses. For
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example, HSV pUS3 phosphorylates viral proteins gly-
coprotein B (gB) (Kato et al., 2009), UL31 (Mou et al.,
2009), UL34 (Ryckman and Roller, 2004), and UL47
(Kato et al., 2011) to facilitate virion assembly and mat-
uration. PRV pUS3-induced alterations in the host cyto-
skeleton enhance intercellular virus spread through its
kinase activity (Favoreel et al., 2005; Van den Broeke et
al., 2009). Whereas some US3 mutants with point muta-
tions near or within the kinase catalytic domain have no
effect on the cell cytoskeleton (Brzozowska et al., 2010).
Moreover, HSV pUS3 hyperphosphorylates p65 and
phosphorylates TRAF6 by its kinase activity to inhibit
NF-kB activation and promote viral immune evasion
(Deng et al., 2018).

In other herpesviruses, capsids nuclear egress is a
complicated process that involves several viral pro-
teins. Nuclear egress complex (NEC), a heterodi-
meric complex of pUL31 and pUL34, is indispensable
for herpesvirus nuclear egress where UL34 as a type
II membrane protein tethers NEC to the inner
nuclear membrane (INM) and pUL31 is exposed to
the nucleoplasm (Mettenleiter et al., 2013). In addi-
tion, pUL17 and pUL25 also participate in capsids
nuclear egress. In this process, pUL25 is required for
the association of pUL31 with capsids, and the inter-
action of pUL25 and pUL31 exposed in the nucleo-
plasm helps to select C capsids (mature capsids) for
primary envelopment. Then pUL34 interacts with
lamin A/C directly or indirectly to promote localiza-
tion of pUL34 in the nuclear envelope (NE), also
known as the nuclear membrane. Protein kinases,
including pUS3, are recruited to thin nuclear lamina
to phosphorylate and dissolve them, thereby facilitat-
ing capsids budding and nuclear egress (Mou et al.,
2008; Johnson and Baines, 2011; Mettenleiter et al.,
2013).

A lot of work on DPV has been completed in our
laboratory, which means we have relatively mature
and reliable methods to study DPV (Hu et al., 2017;
You et al., 2018; He et al., 2020). Our previous report
demonstrated that DPV US3 gene deletion signifi-
cantly impaired viral replication (Deng et al., 2020).
To further investigate the functions of pUS3 kinase
activity in DPV replication, we constructed a recom-
binant virus US3K213A, where lysine at site 213
(Lys-213) of US3 sequence located within the cata-
lytic domain was substituted by alanine. The recom-
binant virus was constructed based on an infectious
bacterial artificial chromosome (BAC) containing
the genome of DPV Chinese virulent strain (CHv),
and US3K213A virus was identified as a US3 kinase-
inactive mutant using western blot. Furthermore, pla-
que sizes, growth curves and viral morphogenesis of
US3K213A virus were examined. Results revealed
that the effects of pUS3 on viral titers, cell-to-cell
spread and nucleocapsids egress all depended on its
kinase activity in DPV. Cells infected with
US3K213A virus also showed the outer nuclear mem-
brane (ONM) evaginations and NE deep invagina-
tion. Finally, an aberrant distribution of NEC
proteins in the NE of 4US3- and US3K213A-infected
cells and an interaction of pUS3 and pUL31 were
observed, suggesting that DPV nucleocapsids egress
may be involved in localization of pUL31/pUL34 reg-
ulated by pUS3 kinase activity through the interac-
tion of pUS3 and pUL31. Our results shed new light
on further understanding of DPV pUS3 functions in
viral replication.
MATERIALS AND METHODS

Cell, Viruses and Antibodies

Duck embryo fibroblast (DEF) cells were har-
vested from 9-day-old duck embryos and incubated in
minimal essential medium (MEM, Gibco Life Tech-
nologies, Shanghai, China) containing 10% newborn
bovine serum (NBS, Gibco, Grand Island, NY) at
37°C with 5% CO2. The parental virus (BAC-CHv)
with enhanced green fluorescent protein (EGFP)
expression (Wu, 2015), also named wild-type (WT)
virus in this study, and a recombinant virus BAC-
CHv-US3-Flag (US3-Flag) were both obtained from
our research center. Mouse anti-US3 polyclonal anti-
body was prepared in our laboratory. The phospho-
PKA substrate (RRXS*/T*) (100G7E) rabbit mono-
clonal antibody was purchased from Cell Signaling
Technology (CST, Danvers, MA). Mouse monoclonal
anti-Flag and anti-HA antibodies were purchased
from Medical & Biological Laboratories (MBL,
Japan), and mouse anti-actin monoclonal antibody
was purchased from TransGen Biotech (China).
Plasmid Construction

The DNA sequences of DPV US3, UL31, and UL34
were amplified from CHv strain genome and US3K213A

was obtained through overlap PCR. All of them were
cloned into the pCAGGS expression vector with a tag at
the C terminus, named pCAGGS-UL31-HA, pCAGGS-
UL34-Flag and pCAGGS-US3K213A-His. All primers
used in this study are listed in Table 1.
Construction of Recombinant Virus
US3K213A

Briefly, a fragment of US3K213A was amplified from
pCAGGS-US3K213A-His, and then the DNA fragment in
which the US3K213A sequence, an I-SceI site, a KanR cas-
sette and a 40-bp sequence duplication were flanked by
40-bp homology arms was obtained through overlap
PCR. Then, the DNA fragment was electroporated into
GS1783 containing pBAC-CHv-4US3 to induce the
first Red recombination through the 40-bp flanking
homology arms, resulting in the insertion of US3K213A

sequence and KanR cassette. Subsequently, the induc-
tion of I-SceI expression by L-arabinose and resulting
cleavage of the I-SceI site generated new substrates for
the second Red recombination, and then new substrates



Table 1. All primers in this study.

Primer name Sequence 50-30 Product

UL31-HA-F catcattttggcaaagaattcGCCACCATGGCCATGTCTGACTACGATACCACAA

UL31-HA
UL31-HA-R ttggcagagggaaaaagatctTTAAGCGTAATCTGGAACATCGTATGGGTAGCG

AGGAGGAGGAAAATCGT
UL34-Flag-F catcattttggcaaagaattcGCCACCATGGAACAGCTTTACCCATGT

UL34-FlagUL34-Flag-R ttggcagagggaaaaagatctTTACTTATCGTCGTCATCCTTGTAATCGATACGG
CCACCAAAAGGC

US3-His-F catcattttggcaaagaattcGCCACCATGGAAACGTGTCATACCGAT
US3K213A-HisUS3-His-R ttggcagagggaaaaagatctTTAATGATGATGATGATGATGCCCTTTGTGGGTAATAAC

mutUS3-F ATACACCGCGACGTAGCACTTGAAAATAT
mutUS3-R GCTACGTCGCGGTGTATTATTCCTCTTC
RUS3-F GATTGCTCATATCAAACGAGAACAAACATACAAAACTGCCGCGGACGCAGCT

CAAATGAAATGGAAACGTGTCATACCGAT US3/US3K213A

RUS3-R ACTCCTCCCATATATTAATTGTAATTTACCCTTTGTGGGTAATAAC
RUS3-Kan-F ATTACAATTAATATATGGGAGGAGTCAAGTTTGTAAAAAAGTGTATAAATTAGGG

ATAACAGGGTAATCGAT KanR
RUS3-Kan-R ATCGCCGCAACGCGCATAGCTACTTGTCTAATTTATACACTTTTTTACAAACTTGA

CTCCTCCCATATATTAATTGTAATTGTTACAACCAATTAACC
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were integrated through the 40-bp sequence duplication,
resulting in removal of the KanR cassette. Finally, con-
structed pBAC-CHv-US3K213A plasmid was extracted
and sequenced, and the confirmed plasmid was trans-
fected into DEF cells according to the introduction of
Lipofectamine 3000 transfection reagent (Thermo-
Fisher, Carlsbad, CA) to produce US3K213A virus.
Construction of the revertant virus (RUS3) was similar
to that of US3K213A, and the only difference was that
the DNA fragment has US3 sequence, not US3K213A

(Deng et al., 2020). Primers used in this study are shown
in Table 1. The rescued viruses were identified by west-
ern blot.
Western Blot Analysis

An anti-phospho-PKA rabbit monoclonal antibody
was used to detect DPV US3 protein kinase activity
through detecting phosphorylated substrates of pUS3
(Kato et al., 2009; Kato et al., 2011). Briefly, DEF cells
in 6-well plates were infected with 0.05 multiplicity of
infection (MOI) of WT, US3K213A, 4US3 and the
revertant virus. At 48 h postinfection (hpi), protein
lysates were collected in RIPA buffer with PMSF and
phosphatase inhibitor added in advance. All samples
were analyzed by western blot and detailed steps of
western blot have been described in our previous study
(He et al., 2020). Protein phosphorylation was detected
by anti-phospho-PKA antibody, mouse anti-US3 poly-
clonal antibody was used to analyze pUS3 expression,
rabbit anti-UL47 polyclonal antibody was used to detect
pUL47 as an internal viral control, and actin protein
was as a control for total proteins in cells.
Plaque Morphology

DEF cells in 6-well plates were infected with 0.001
MOI of US3K213A, 4US3, WT virus and the revertant
virus. After 2 h incubation at 37°C with 5% CO2, the
cells were washed and 1% methylcellulose (Solarbio, Bei-
jing, China) was added. At 72 hpi, fluorescent plaques
were observed and photographed under a microscope
(Nikon TI-SR, Japan), and the average plaque sizes
were measured and analyzed.
Viral Growth Curves

DEF cells in 24-well plates were infected with 0.05
MOI of US3K213A, 4US3, WT virus and the revertant
virus. Intracellular and supernatant viruses were har-
vested at 24, 48, and 72 hpi, respectively, and then viral
titers of all samples were detected using 50% tissue cul-
ture infectious dose (TCID50) on DEF cells. All experi-
ments were repeated 3 times.
Indirect Immunofluorescence Assay

At 6 h post transfection of pCAGGS-UL31-HA or
pCAGGS-UL34-Flag, DEF cells were infected with 0.01
MOI of US3K213A, 4US3, and WT virus. At 42 hpi,
the cells were washed with phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde overnight
at 4°C. Then, the cells were washed with PBS containing
0.1% Tween 20 (PBST) three times, permeabilized with
0.25% Triton X-100 for 30 min at 4°C, and incubated
with 5% BSA for 1 h at 37°C. The cells were washed
with PBST three times and incubated with mouse
anti-HA/Flag tag antibody overnight at 4°C, washed
three times with PBST, and subsequently incubated
with Alexa-568 goat anti-mouse IgG (Thermo Fisher)
for 45 min at 37°C. Finally, the cells were washed with
PBST, incubated with DAPI for 5 min at room tempera-
ture, and washed again. The coverslips were sealed with
glycerine buffer and photographed under a fluorescence
microscope (Nikon ECLIPSE 80i, Japan).
Electron Microscopy Analysis

DEF cells in 6-well plates were infected with 5 MOI of
US3K213A, 4US3 and WT virus. At 20 hpi, the cells
were scraped and collected in eppendorf tubes, centri-
fuged to pellet cells, and fixed with fresh 2.5% glutaral-
dehyde at 4°C for 2 h. Samples were sent to the Harbin
Veterinary Research Institute (Harbin, China) for
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analysis under a transmission electron microscope (Hita-
chi H-7650, Tokyo, Japan).
Coimmunoprecipitation (Co-IP) Assay

Transfected HEK 293T cells in 6-well plates with plas-
mids expressing pUS3 and pUL31 were lysed in IP lysis
buffer (1% Triton X-100 and 0.5% sodium deoxycholate
were dissolved in PBS) and incubated on ice for 30 min.
The lysates were transferred to eppendorf tubes and cen-
trifuged for 10 min at 4°C, and the supernatant was col-
lected and added anti-HA/Flag antibody. The samples
were incubated on a circular tube rotator overnight at 4°
C, and then Protein A+G agarose (Beyotime, China)
was added for 3 h incubation at 4°C again. The agarose
was centrifuged and washed 3 times with IP lysis buffer
at 4°C. Finally, the agarose was resuspended in 50 mL
protein loading buffer, heated for 10 min, and centri-
fuged to harvest supernatant to perform western blot
assay.
Mass Spectrometry

DEF cells in 10 cm dishes were infected with 0.05MOI of
recombinant virus US3-Flag. At 48 hpi, cells were lysed to
harvest protein samples for IP assay using anti-Flag anti-
body. Finally, the immunoprecipitated samples were sent
to PTM Biolabs (Hangzhou, China) for liquid chromatog-
raphy-tandemmass spectrometry (LC-MS/MS) analysis.
Statistical analysis

The comparisons between the different groups were made
by t tests with GraphPad Prism 6 software. The data was
presented as the mean § standard deviation (SD). P value
(*P)<0.05was considered significantly difference.
Figure 1. Construction of DPV US3K213A virus. (A) Amino acid sequ
logs in other alphaherpesviruses. Lys-213 that was altered in this study i
US3K213A-infected cells. DEF cells were infected with US3K213A, 4US3
RIPA buffer and western blot analysis was performed. Protein phosphory
pUS3, pUL47 and actin was also tested using the corresponding antibodies.
control for whole proteins in host cells.
RESULTS

Construction of A DPV US3 Kinase-inactive
Mutant

In our previous report, we described the effects of
pUS3 on DPV replication through a DPV US3-deleted
mutant, and found that DPV pUS3 promoted virus cell-
to-cell spread and virion nuclear egress (Deng et al.,
2020). To further investigate the role of the kinase activ-
ity of pUS3 in DPV replication, we aligned the predicted
catalytic domain of DPV US3, comprising residues 207
to 218, with its homologs in other alphaherpesviruses
(Figure 1A), and chose Lys at site 213 as a target due to
its high conservation and its demonstrated importance
in MDV pUS3 kinase activity (Schumacher et al., 2008).
We constructed a DPV US3K213A mutant where the
Lys-213 was substituted by Ala based on BAC system
as described in the materials and methods, and then con-
ducted western blot assays to test pUS3K213A kinase
activity by using an anti-phospho-PKA antibody, which
has been reported for detecting phosphorylated sub-
strates of pUS3 in other alphaherpesviruses (Kato et al.,
2009; Kato et al., 2011). As shown in Figure 1B, some
significant phosphorylated bands were detected by the
anti-phospho-PKA antibody in WT- and the revertant
virus-infected cells, while the corresponding bands disap-
peared in 4US3- or US3K213A-infected cells. It indi-
cates that the anti-phospho-PKA antibody was able to
detect phosphorylated substrates of DPV pUS3 and
there was no pUS3 kinase activity in US3K213A- and
4US3-infected cells. In addition, pUS3 was only
expressed in US3K213A-, WT- and the revertant virus-
infected cells but not in4US3-infected cells as expected,
and pUL47 was expressed in all groups.
Growth Characteristics of US3K213A Mutant

To examine the effects of pUS3 kinase activity on viral
growth properties, plaque morphology of US3K213A
ence alignment of catalytic domains of DPV US3 protein and its homo-
s shown in red marker. (B) Identification of pUS3 kinase activity in
, WT and revertant virus. At 48 hpi, protein lysates were collected in
lation was detected using anti-phospho-PKA antibody. Expression of
pUL47 was used as a control for viral proteins and actin was used as a



Figure 2. Plaque morphologies. (A) Green fluorescent plaques of US3K213A, 4US3, WT and the revertant virus. DEF cells were infected with
0.001 MOI of US3K213A,4US3, WT and the revertant virus. After 2 h incubation with virus, the cells were washed and added 1% methylcellulose.
At 72 hpi, the cells were fixed and fluorescent plaques were photographed. (B) and (C) Statistical analysis of twenty randomly selected viral green
fluorescent plaques of US3K213A,4US3, WT and the revertant virus. Error bar represents the standard error of the mean. ****P < 0.0001.
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mutant was monitored at 72 hpi. We already reported
that DPV 4US3-infected cells showed significantly
reduced plaque sizes (Deng et al., 2020). Similarly, the
plaque sizes of US3K213A were also observably smaller
than those of WT virus and the revertant virus
(Figure 2A). Moreover, 20 randomly selected plaques
generated by US3K213A, 4US3, WT or the revertant
virus were statistically analyzed. As shown in Figure 2B
and C, the plaque sizes of US3K213A were significantly
smaller than those of WT virus (P < 0.0001), but there
was no significant difference in plaque sizes between
US3K213A and 4US3. Therefore, the results suggested
that the lack of pUS3 kinase activity impaired viral cell-
to-cell spread.

Simultaneously, viral growth curves of these strains
were also investigated. As shown in Figure 3, the
growth efficiency of WT virus and the revertant virus
Figure 3. Viral growth curves. DEF cells were infected with 0.05 MO
(A) and supernatant (B) viral titers were measured for the TCID50 at 24, 48
was at a similar level regardless of the intracellular
source or supernatant source. However, viral titers of
US3K213A from intracellular source were signifi-
cantly lower than those of WT virus, with an
approximately 25-fold reduction at 48 hpi and 7-fold
at 72 hpi (Figure 3A). In Figure 3B, viral titers of
US3K213A from supernatant source decreased nearly
20-fold at 48 hpi and 63-fold at 72 hpi compared to
those of WT virus, with greater difference in super-
natant compared to intracellular source at 72 hpi,
indicating that the lack of pUS3 kinase activity
might inhibit the release of infectious virions to
supernatant. In addition, the growth curve of
US3K213A had a slightly higher rate than that of
4US3, suggesting that other domains besides the
catalytic domain of pUS3 were functional in DPV
replication.
I of US3K213A, 4US3, WT and the revertant virus, and intracellular
, and 72 hpi. All experiments were repeated three times.



Figure 4. Accumulation of PEVs in WT-, 4US3-, and US3K213A-infected cells. DEF cells infected with 5 MOI of WT, 4US3, and US3K213A
were fixed at 20 hpi, and analyzed by electron microscopy. White boxes indicate PEVs accumulation and black arrows indicate the ONM evagina-
tions. (A) WT virus. (B)4US3 mutant. (C) US3K213A mutant.
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Accumulation of PEVs in US3K213A-infected
Cells

To investigate the role of pUS3 kinase activity in
virion nuclear egress, US3K213A-infected cells were ana-
lyzed using electron microscopy. As shown in Figure 4A,
in WT virus-infected cells, the nuclear membranes
showed a smooth appearance with occasional perturba-
tion by an egressing capsid, and no PEV accumulation
was observed. In contrast, US3-deleted mutant caused
an accumulation of PEVs trapping in the nucleus
(Figure 4B, white boxed areas), indicating that pUS3
was functional in capsids nuclear egress, which is
consistent with our previous work (Deng et al., 2020). In
Figure 4C, we also observed PEVs accumulation in
US3K213A-infected cell (white boxed areas), implying
that the kinase activity was necessary for pUS3-regu-
lated nucleocapsids egress. To further confirm, a quanti-
tative analysis of virions at different morphogenetic
stages between WT virus and US3K213A virus was per-
formed based on 19 infected cells. As presented in
Table 2, cells infected with WT virus showed that 39%
of virions were found in the nucleus and only 0.9% were
seen in the perinuclear space (PNS), with most virions
(60.1%) observed in the cytoplasm and extracellular
space. However, in US3K213A-infected cells, 59.8% of



Table 2. Virions observed in WT or US3K213A virus-infected DEF cells.

Virus

% of virions in morphogenetic stage (of virions in stage)

Total counted
(virions/cells)

Nucleus
Cytoplasm and
extracellularIntranuclear PNS

DPVWT 39% (278) 0.9% (6) 60.1% (429) 713/19
DPV US3K213A 59.8% (367) 4.4% (27) 35.8% (220) 614/19
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virions were found in the nucleus, around 1.5-fold higher
than those of WT virus, and 35.8% were in the cyto-
plasm and extracellular space, approximately 1.7-fold
decrease compared to WT virus. Particularly, there
were 4.4% of virions observed in the PNS in US3K213A-
infected cells, almost 5-fold increase compared to
those of WT virus, further indicating that capsids
nuclear egress regulated by pUS3 relied on its kinase
activity. Additionally, it is worth noting that big,
localized perturbations caused by evaginations of the
ONM were also observed in US3K213A-infected cells
(Figure 4C, black arrows), which were rarely found
in WT virus-infected cells. Interestingly, Gao et al.
put forward a new viewpoint about HSV pUS3 func-
tion in capsids nuclear egress that the lack of pUS3
was the cause of the INM herniation rather than
PEVs accumulation (Gao et al., 2020). Therefore, it
might explain our results that the absence of pUS3
kinase activity possibly caused evaginations of the
ONM.
Figure 5. NE deep invagination in US3K213A-infected cells. DEF cells
analyzed by electron microscopy. (A) WT virus. (B) US3K213A virus. Bla
with NE deep invagination.
NE Deep Invagination in US3K213A-infected
Cells

From our electron microscopy results, NE deep invag-
ination was observed in US3K213A-infected cells,
another phenotype that was noted. As shown in
Figure 5A, the NE was only disturbed slightly in a small
area in WT-infected cell. However, the nuclear morphol-
ogy in US3K213A-infected cells had dramatic altera-
tions with NE deep invagination in multiple areas
(Figure 5B, black arrowheads). To further identify, a
quantification analysis of cells with NE deep invagina-
tion was performed. Shown in Figure 5C, 21.4% of cells
(28 cells in total) infected with WT virus showed NE
deep invagination, whereas 51.9% of cells infected with
US3K213A mutant (27 cells in total) were observed
with NE deep invagination, almost 2.5-fold increase.
Therefore, these results revealed that the lack of DPV
pUS3 kinase activity might cause NE deep invagination
in infected cells.
infected with 5 MOI of WT and US3K213A were fixed at 20 hpi, and
ck arrowheads indicate NE deep invagination. (C) Percentage of cells



Table 3. MS analysis of the enrichment of pUS3.

Protein names Gene names MW [kDa] Protein score Sequence coverage (%) # Unique peptides # PSMs

Tegument protein VP22 UL49 27.85 290.20 44.66 8 13
Protein kinase US3 42.94 276.40 24.16 9 15
Tegument protein UL47 UL47 87.92 242.13 17.77 12 12
US10 US10 36.01 208.48 16.46 4 5
Tegument protein UL37 UL37 118.22 149.35 6.10 6 6
LORF-3 LORF3 53.87 148.43 12.29 5 6
LORF4 LORF9 36.01 144.32 15.53 6 6
Alkaline nuclease UL12 63.63 100.77 11.92 5 5
Nuclear egress protein 1 UL31 35.74 93.73 6.13 2 2
Multifunctional expression regulator UL54 51.72 91.27 7.21 3 3
LORF5 LORF5 27.45 77.49 10.00 3 3
Nuclear egress protein 2 UL34 31.02 68.62 17.39 5 5
Envelope glycoprotein B UL27 113.84 46.89 3.90 3 3
Cytoplasmic envelopment protein 1 UL7 36.00 32.51 3.74 1 1

Note: Nuclear egress proteins UL31 and UL34 were bolded.

Figure 6. Localization of pUL31 and pUL34 in infected cells. DEF
cells were transfected with the plasmid expressing fusion protein UL31-
HA or UL34-Flag, and then infected with US3K213A, 4US3 and WT
at 6 h post-transfection. At 42 hpi, the cells were fixed to perform
immunofluorescence assays. (A) Representative images of localization
of pUL31 and pUL34 in WT-, 4US3-, or US3K213A-infected cells.
(B) Proportion of cells with punctate distribution of pUL31 and pUL34
in the NE.
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Effects of pUS3 Kinase Activity on The
Localization of pUL31 and pUL34

A mass spectrometry (MS) assay was carried out to
identify potential proteins that might interact with
pUS3. Some data are presented in Table 3. Several viral
proteins were detected in the enrichment of DPV pUS3,
including UL49, UL47, US10, UL37, LORF3, LORF4,
UL12, UL31, UL54, LORF5, UL34, gB, and UL7. Due
to the indispensable role of pUL31 and pUL34 in herpes-
virus nuclear egress involving in their proper localization
(Reynolds et al., 2001; Ryckman and Roller, 2004; Mou
et al., 2009; Mettenleiter et al., 2013), we focused on pro-
teins UL31 and UL34 and investigated their subcellular
localization in WT-, 4US3- and US3K213A-infected
cells by fluorescence microscopy assays. There were no
anti-UL31 and anti-UL34 antibodies in our lab, there-
fore, the plasmid expressing fusion protein UL31-HA or
UL34-Flag was used. These fusion protein expression
plasmids were transfected into DEF cells first, and then
the DEF cells were further infected with WT, 4US3
and US3K213A viruses at 6 h post-transfection. Repre-
sentative images are shown in Figure 6A. Compared to
WT virus-infected cells where pUL3l and pUL34 exhib-
ited a smooth pattern throughout the NE, cells infected
with 4US3 virus and US3K213A mutant were observed
with more punctate aggregates of pUL31 and pUL34 in
the NE. We randomly selected 10 fields of view and
counted the cells with punctate aggregates of pUL31
and pUL34. As shown in Figure 6B, 17.2% of WT-
infected cells were observed with punctate localization
of pUL31 in the NE. In comparison, 59.1% and 52.8% of
cells infected with 4US3 and US3K213A were seen with
punctate localization respectively, almost three-fold
increase from WT. Similarly, 4.4% cells infected with
WT had punctate aggregates of pUL34 in the NE,
whereas it was observed in 66.7% of 4US3- and 81.7%
of US3K213A- infected cells, at least 15-fold increase
compared to WT. Therefore, these results indicated that
the lack of pUS3 kinase activity caused an aberrant dis-
tribution of pUL31 and pUL34 in the NE with punctate
aggregates, suggesting an essential role of DPV pUS3
kinase activity in proper localization of pUL31 and
pUL34.
The interaction of pUS3 and pUL31

It was reported that HSV pUL31 is the major sub-
strate of pUS3 kinase responsible for regulating the
localization of pUL31/pUL34 at the nuclear rim (Mou
et al., 2009). Therefore, interaction of DPV pUS3 and
pUL31 was detected by Co-IP assay. As shown in
Figure 7A, both pUS3 and pUL31 were expressed nor-
mally in the transfected cells. pUS3 was found in the
enrichment of pUL31 (Figure 7B, black arrow), and
pUL31 was also observed in the enrichment of pUS3 in a



Figure 7. Interaction between pUS3 and pUL31. HEK 293T cells were transfected with plasmids expressing pUS3 and pUL31. At 48 h post-
transfection, the cells were lysed and protein samples were harvested to perform Co-IP and western blot. (A) Expression of pUS3 and pUL31 in
transfected cells. (B) Detection of pUS3 in the enrichment of pUL31. Black arrow indicates the band of pUS3. (C) Detection of pUL31 in the enrich-
ment of pUS3.
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reciprocal experiment (Figure 7C), indicating that DPV
pUS3 interacted with pUL31 directly. In addition, we
didn’t detect phosphorylation of pUL31 caused by pUS3
kinase activity using the anti-phospho-PKA antibody
(data not shown). It is possible that the anti-phospho-
PKA antibody couldn’t react with pUL31 because of its
substrate specificity. All data suggest that maybe pUS3
regulates the localization of pUL31/pUL34 to promote
nucleocapsids egress through targeting pUL31.
DISCUSSION

In this study, to investigate the roles of pUS3 kinase
activity in DPV replication, we constructed a US3
kinase-inactive mutant (US3K213A) where Lys at site
213 of pUS3 was substituted with Ala, and then assessed
the mutant’s biological characteristics. Our data suggest
that the effects of pUS3 on DPV replication are con-
nected to its kinase activity, including viral titers, cell-
to-cell spread and capsids nuclear egress (Figures 2−4).
However, US3K213A mutant had a slightly higher
growth curve than that of 4US3 (Figure 3), indicating
that there might be other domains, such as autophos-
phorylation areas, in pUS3 that also play a role in DPV
replication. In addition, a decrease of pUL47 expression
was observed in 4US3 or US3K213A-infected cells
(Figure 1B), which was also found in our recently pub-
lished report where it interpreted that DPV pUS3 phos-
phorylated pUL47 resulting in a possibility of increased
stability of pUL47 in the cytoplasm (Deng et al., 2022).

Electron microscopy analysis (Figure 4) showed PEVs
accumulation and the ONM evaginations in US3K213A-
infected cell. It has been widely hypothesized that PEVs
accumulation caused by herpesvirus US3-related
mutants is a consequence of the failure of capsids de-
envelopment at the ONM (Reynolds et al., 2002; Schu-
macher et al., 2008; Wisner et al., 2009; Proft et al.,
2016), which involves pUS3-related gB phosphorylation
(Wisner et al., 2009; Johnson and Baines, 2011). How-
ever, Gao et al recently proposed a new theory that the
lack of pUS3 causes INM herniation rather than PEVs
accumulation, and the INM herniation is independent of
PEVs accumulation because they were still formed in
4UL16/4US3-infected cells where no PEVs were gener-
ated (Gao et al., 2020). Therefore, in addition to gB-reg-
ulated de-envelopment at the ONM, it is possible that
PEVs accumulation observed in DPV US3K213A- or
4US3-infected cells was caused by the ONM evagina-
tions. Moreover, in a PRV study, PEVs accumulation
was also observed when a significant enlarged PNS was
generated by overexpression of a dominant negative
SUN2 protein (Klupp et al., 2017), which might further
explain that PEVs accumulation observed in our
results was due to enlarged PNS caused by the ONM
evagination.
In addition, Figure 5 showed that more cells with

NE deep invagination were observed in US3K213A
infection, compared to WT virus, with around 2.5-
fold increase (Figure 5C). The NE with aberrant fold-
ing in US3K213A-infected cells resembled type II
nucleoplasmic reticulum (NR), which involves in the
whole NE invagination including the INM, the ONM
and a diffusion-accessible cytoplasmic core (Malhas et
al., 2011). However, the correlation between pUS3
and type II NR has never been reported so far. Per-
haps the NE deep invagination in US3K213A-infected
cells was apoptosis-induced nuclear morphological
changes. It has been reported that pUS3 is a viral
anti-apoptotic protein in herpesvirus, and it blocks
apoptosis by phosphorylating procaspase-3, Bad, NF-
kB, AKT, and PAKs which are all related to apopto-
sis pathways (You et al., 2017). Therefore, the lack
of pUS3 kinase activity might promote apoptosis,
resulting in the nuclear morphological changes in
US3K213A-infected cells.
NEC containing viral pUL31 and pUL34 is sufficient

for herpesvirus nuclear egress. In this process, proper
localization of NEC with smooth and uniform distribu-
tion in the NE is important, because the discrete and
round foci distribution of NEC has been shown to
restrict potential envelopment sites (Mou et al., 2007).
In our results, DPV nuclear egress was impaired by the
lack of pUS3 kinase activity with capsids trapping in the
nucleoplasm and PNS in the US3K213A-infected cells
(Table 2). Moreover, pUL31 and pUL34 were detected



10 DENG ET AL.
in the enrichment of pUS3 according to MS analysis
(Table 3). Therefore, we investigated the localization of
pUL31 and pUL34 in the absence of pUS3 kinase activ-
ity. Figure 6 showed that the localization of pUL31 and
pUL34 was observed in an aberrant punctate distribu-
tion in 4US3- and US3K213A-infected cells. Figure 7
showed an interaction of pUS3 and pUL31. They sug-
gested that maybe the localization of pUL31/pUL34
was regulated by pUS3 kinase activity to promote nucle-
ocapsids egress through the interaction of pUS3 and
pUL31.

Interestingly, there were many viral proteins observed
in our MS analysis (Table 3). In addition to UL47 (Kato
et al., 2011), UL12 (Daikoku et al., 1995), UL31 (Mou et
al., 2009), UL34 (Ryckman and Roller, 2004), gB (Kato
et al., 2009), and UL7 (Shibazaki et al., 2020) which had
been found to be phosphorylated substrates of pUS3 in
other alphaherpesviruses, other proteins including
UL49, US10, UL37, UL54, LORF3, LORF4, and
LORF5 have still not been reported to interact with
pUS3. Among these proteins, LORF3, LORF4 and
LORF5 are unique genes in avian herpesviruses. There-
fore, this result is really useful to explore different func-
tions of DPV pUS3. In addition, it’s surprising that
there was no UL13 protein detected in the enrichment of
pUS3. In HSV, pUL13 phosphorylated pUS3 and regu-
lated the localization of NEC, but pUL13-mediated
phosphorylation of pUS3 was not required for optimal
pUS3 kinase activity (Kato et al., 2006). Maybe the
function of pUL13-mediated phosphorylation of pUS3 is
not conserved in herpesvirus, therefore, the interaction
of pUS3 and pUL13 was not found in our results.

Overall, we investigated the effects of pUS3 kinase
activity on DPV replication in this study, and found
DPV viral titers, cell-to-cell spread, and capsids nuclear
egress were regulated by pUS3 kinase activity, which
might be involved in proper localization of NEC in the
NE through the interaction of pUS3 and pUL31.
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