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Abstract
Equine herpesvirus type 1 (EHV-1) UL11 is a 74-amino-acid tegument protein encoded by ORF51 of the EHV-1 genome. 
EHV-1 UL11 was previously reported by other researchers using the RacL22 and RacH strains to be nonessential for viral 
replication in cultured cells. Here, we constructed UL11 mutant viruses including a UL11 null mutant and three C-terminal 
truncated mutants, for further characterization of EHV-1 UL11 using bacterial artificial chromosome (BAC) technology 
based on the neuropathogenic strain Ab4p. EHV-1 Ab4p UL11 was localized to juxtanuclear and Golgi regions as reported 
by other researchers. We found that no progeny viruses were produced by transfection of fetal equine kidney cells and rabbit 
kidney (RK-13) cells with the UL11 null mutant and truncation mutant BAC DNAs. However, mutant viruses were generated 
after transfection of RK13-UL11 cells constitutively expressing EHV-1 UL11 with the mutant BAC DNAs. In conclusion, 
UL11 of EHV-1 Ab4p is essential for replication in cultured cells.

Introduction

Equine herpes virus 1 (EHV-1) belongs to the genus Vari-
cellovirus, subfamily Alphaherpesvirinae, family Herpesvir-
idae. The viral genome consists of a linear double-stranded 
(ds) DNA about 150 kbp (kilobase pairs) in size encoding 80 
open reading frames (ORFs) [30]. The viral genomic dsDNA 
is surrounded by three layers: a capsid, a tegument and an 
envelope containing embedded glycoproteins [22].

Tegument proteins of herpesviruses play diverse roles in 
viral replication, assembly and egress. UL11 is one of the 
tegument proteins conserved in all members of the family 
Herpesviridae [8, 13, 21]. However, functional studies have 
been limited to several herpesviruses, including herpes sim-
plex virus 1 and 2 (HSV-1 and HSV-2), pseudorabies virus 
(PrV), varicella-zoster virus (VZV), EHV-1, and human 
cytomegalovirus (HCMV). UL11 has been reported to be 
nonessential for replication of HSV-1 [2], PrV [15], VZV 
[25] and EHV-1 [27]. On the other hand, pp28 (UL99), a 
homolog of alphaherpesvirus UL11, has been shown to be 
essential for replication of the betaherpesviruses such as 
HCMV [5, 28]. UL11 of HSV-1 has been shown to play an 
important role in secondary envelopment of the virion and 
in efficient viral replication. UL11 is modified by acylation, 
including myristylation and palmitoylation. These modifica-
tions of UL11 have been shown to be required for cellular 
membrane targeting and binding of proteins, especially to 
the trans-Golgi network (TGN) [3, 4, 6, 16, 17, 24, 26].

EHV-1 UL11 is a 74-amino-acid (aa) protein encoded by 
ORF51. A part of ORF51 overlaps with the adjacent ORF50 
(UL12), such that the first 49 base pairs of ORF51 serve as 
the last 49 base pairs of ORF50 with a different reading fame 
[30]. Schimmer and Neubauer [27] reported that UL11 null 
mutants of the RacL22 and RacH strains of EHV-1 were 
constructed by replacing 67.4% of the ORF51 sequence 
with an E. coli lacZ cassette. The ORF51 sequence encoding 
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the first 24 amino acids, which overlaps with ORF50, was 
retained in their study. Their results indicated that no UL11 
truncated peptide was detected as an outcome of retaining 
the sequence encoding the first 24 aa. The rate of replication 
of the mutant viruses in RK13 cells was variably reduced 
compared to that of the parent viruses, indicating that UL11 
is nonessential for viral replication. On the other hand, the 
plaques produced by the mutant viruses were drastically 
reduced in diameter compared to parental virus plaques, 
suggesting that UL11 is involved in cell-to-cell spread [27].

We have been investigating EHV-1 tegument proteins, 
including EUL47 encoded by ORF13 [33] and VP22 
encoded by ORF11 [19, 20]. VP22 has various roles in her-
pesvirus replication [29]. VP22 and UL11 of HSV interact 
specifically with the cytoplasmic domain of gE [9]. EHV-1 
gE has been reported to be a virulence factor in experimental 
animal models [32] and in horses [31]. Furthermore, Han 
et al. [10] found a link between UL11 and VP22. To investi-
gate the interactions among EHV-1 VP22, gE and UL11, we 
constructed a UL11 null mutant with minimal changes in the 
viral genomic structure using our EHV-1 bacterial artificial 
chromosome (BAC) technology based on the neuropatho-
genic Ab4p strain [12]. The results with the EHV-1 UL11 
null mutant were to some extent unexpected. In the present 
study, we found that EHV-1 UL11 of the neuropathogenic 
EHV-1 strain Ab4p is essential for replication of this virus 
in cultured cells.

Material and methods

Viruses and cells

The EHV-1 Ab4p strain was kindly provided by Dr. A. J. 
Davison, Glasgow University, Scotland. Ab4p Cherry-VP22 
is a recombinant virus in which EHV-1 VP22 was fused 
with the red fluorescent protein (mCherry) [20]. RK13 cells 
and FHK-Tcl3.1 cells [1] were cultivated and viruses were 
propagated as described previously [20].

Bacteria and plasmids

The bacteria used in this study were Escherichia coli DH10 
β harboring a BAC plasmid, pAb4pBAC, and a Red/ET 
expression plasmid, pRedET; E. coli BL21 harboring pGEX-
6P-1 (GE Healthcare, UK Ltd, England); and E. coli DH5α 
harboring pcDNA 3.1 (+) (Invitrogen, Life Techonologies, 
Tokyo, Japan).

Antibodies used in the present study

The antibodies used in this study were guinea pig anti-UL11 
polyclonal antibody, which was produced as described below 

in the present study; mouse anti-ICP4 (Okada, A. and Fuku-
shi H., manuscript in preparation); rabbit anti-VP22 [20], 
an anti-EHV-1 antibody that was prepared by immunizing 
a rabbit with purified EHV-1 HH1 virions and was kindly 
provided by Prof. R. Kirisawa, Rakuno Gakuen Univer-
sity, Japan [14]; mouse monoclonal anti-α-tubulin (Sigma, 
Tokyo, Japan); and mouse monoclonal anti-Golgi 58K pro-
tein (Sigma, Tokyo, Japan) as a Golgi apparatus marker. 
The conjugated antibodies used were FITC-conjugated goat 
anti-guinea pig IgG (MP Biomedicals, LLC, USA), Alexa 
Fluor 568–conjugated goat anti-mouse IgG (Invitrogen, Life 
Technologies, USA), Alexa Fluor 568–conjugated goat anti-
rabbit IgG (Invitrogen, Life Technologies, USA), HRP-con-
jugated goat anti-guinea pig IgG (BETHYL, Laboratories, 
INC, USA), HRP-conjugated goat anti-mouse IgG (MP Bio-
medicals, LLC, USA), and HRP-conjugated goat anti-rabbit 
IgG (MP Biomedicals, LLC, USA).

Production of anti‑UL11 polyclonal antibody

ORF51 was amplified using forward primer A (5′-CTAA-
GAA TTC ATG GGA CAG CGA CTC TCC  -3′) and reverse 
primer B (5′-GGCGCTC GAG TTA ATA GGG GTC TCG TCG 
TTT AGA AGG-3′), containing restriction sites for EcoRI and 
XhoI (underlined), respectively, and Ab4p virus DNA as a 
template. The amplified PCR fragment was cloned into the 
EcoRI and XhoI sites of pGEX-6P-1. The cloned plasmid 
was introduced into E. coli BL21by transformation. GST-
UL11 fusion protein expression was induced by adding 0.1 
mM IPTG (isopropyl-β-D-1-thiogalactopyranoside, Takara, 
Shiga, Japan) and cultivating at 25 °C. Fused protein was 
purified using glutathione-Sepharose 4B beads (GE Health-
care UK Ltd., England). The antigen used for immunization 
was prepared as an emulsion of the fusion protein solution 
and an equal volume of  TiterMax® Gold adjuvant (Funako-
shi, Tokyo, Japan). A 12-week-old SPF male guinea pig was 
injected intramuscularly with 100 μg of the fusion protein 
as an initial dose, followed by a booster dose of 150 μg after 
2 weeks. Two weeks after the second injection, serum was 
taken and examined for reactivity against UL11. The animal 
experiment was certificated (certification number 13061) 
and conducted according to the guidelines of the Commit-
tee of Animal Care and Welfare, Gifu University.

Establishment of an RK13 cell line constitutively 
expressing EHV‑1 UL11

RK13 cells were used to establish a cell line constitutively 
producing UL11. FHK-Tcl3.1 cells are very resistant to 
Geneticin. On the other hand, RK13 cells are sensitive to 
the drug in a dose-dependent manner. Furthermore, the 
transfection rate of RK13 cells is much higher than that of 
FHK-Tcl3.1 cells. ORF51 was amplified using the forward 
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primer C (5′-CTAAGAA TTC GAT ATG GGA CAG CGA 
CTC TCC-3′) containing an EcoRI restriction site (under-
lined) and the previously mentioned primer B using Ab4p 
virus DNA as a template. The amplicon was digested with 
EcoRI and XhoI and ligated into the pcDNA 3.1 (+) vec-
tor. The ligated DNA was used to transform E. coli DH5α. 
The cloned plasmid DNA was extracted, linearized, and 
introduced into RK13 cells by  transfection.  A killing 
curve was produced by growing native RK13 in MEM-α 
containing increasing concentrations of  Geneticin® (Wako 
Pure Chemical Industries, Ltd., Tokyo, Japan). A concen-
tration of 750 μg/ml was chosen to select resistant clones 
of transfected RK13 cells by limiting dilution. Resistant 
cell clones were propagated and assayed by western blot-
ting for expression of UL11. One of the clones, RK13-
UL11, was selected and used for further experiments.

Construction of the UL11 null mutant, truncation 
mutants and revertant BACs

DH10β harboring the Ab4p bacterial artificial chromo-
some (pAb4p BAC) and the pRed/ET expression plasmid 
were used for EHV-1 UL11 construction of the null mutant 
and revertant BACs using the RED/ET recombination sys-
tem (counter-selection BAC modification system, Gene 
Bridges GmbH, Germany) as described previously [12]. 
An insertion fragment for replacing ORF51 with rpsL-neo 
gene was amplified by PCR using primers 1 and 2 and 
rpsL-neo template DNA (Table 1). The rpsL-neo cassette 
of pAb4p BAC ORF51/rpsL-neo was further replaced with 
either mutated or native ORF51 fragments. Replacement 
of pAb4p BAC ORF51 with the rpsL-neo cassette was 
confirmed by colony PCR using primers 3 and 4. A null-
mutated ORF51 fragment was amplified by PCR using 
primer 4 and primer 5. The nucleotide A of the initia-
tion codon of ORF51 was changed to a C, resulting in the 
codon CTG for leucine. The nucleotide C of the fourth 
codon, coding for arginine (CGA), was changed to a T, 
creating a stop codon (TGA) (Fig. 1). Three mutants of 
UL11 in which the protein was truncated after the first 
10, 17 and 24 amino acids, were constructed by changing 
each of the 11th, 18th and 25th codons of ORF51 into stop 
codons (Fig. 1). Three fragments were used to induce the 
mutations. Each fragment was amplified with each of three 
forward primers 7, 8 and 9 and reverse primer 10 for rpsL-
neo insertion; three forward primers 11, 12 and 13, each of 
which is composed of 50-bp homology arms and the fol-
lowing 24 bp of ORF51 with nucleotide substitutions; and 
primer 14 as the reverse primer for introducing nucleotide 
substitutions into the ORF51 gene. The revertant fragment 
was amplified using primer 4 and primer 6. Mutation and 
reversion were confirmed by sequencing.

Regeneration of infectious viruses from BAC DNA

Culture cells were seeded in 24-well plates to reach 
70-80% confluence at the time of transfection. BAC DNA 
was extracted from 200 ml of culture of E. coli harboring 
pAb4p BAC, using a Nucleo Bond BAC 100 Kit (MACH-
ERY NAGEL, USA). Cells were transfected with μg of 
BAC DNA per well, using Lipofectamine® LTX (Invitro-
gen, Life Technologies, USA) according to the manufac-
turer’s manual. The supernatant was collected after 5 days 
and used to inoculate new cells. After 60 min of adsorp-
tion, the cells were overlaid with MEM containing 1.5% 
of carboxymethylcellulose and incubated for 4-5 days at 
37 °C. The desired virus was identified using GFP fluores-
cence as a marker and selected using fluorescent micros-
copy. In order to recover a UL11 null mutant virus with-
out the BAC vector sequence, pAb4p UL11 null mutant 
BAC DNA was treated with Gateway LR Clonase enzyme 
mix (Invitrogen, Life Technologies, USA) as described 
in the manufacturer’s manual to remove the BAC vector 
sequence prior to transfection. The recovered virus was 
subjected to three rounds of plaque purification.

Table 1  Sequences of primers used for the construction of mutant 
BACs

Sequences in upper case represent the rpsLneo sequence
Bases in bold upper case with underlining are mutations

Primer Sequence

1 5′-gacattgagatcgagagtctcaccgcgttcaacaaaaccgccgacgcgat
GGC CTG GTG ATG ATG GCG GGA TCG -3′

2 5′-gccatcgccgggagtaccgatagcatcaacgtgccagtggtatacaaagg
TCA GAA GAA CTC GTC AAG AAG GCG -3′

3 5′-ggtgattgtggaccgcgagggttgctgggaagacattgagatcgagagtc-3′
4 5′-gccatcgccgggagtaccgatagcatcaacgtgccagtggtatacaaagg-3′
5 5′-gacattgagatcgagagtctcaccgcgttcaacaaaaccgccgacgcgat

CtgggacagTgactctcctgcggatg-3′
6 5′-gacattgagatcgagagtctcaccgcgttcaacaaaaccgccgacgcgat

atgggacagcgactctcctgcgga-3′
7 5′-aacaaaaccgccgacgcgatatgggacagcgactctcctgcggatgtttc

GGC CTG GTG ATG ATG GCG GGA TCG -3′
8 5′-tgggacagcgactctcctgcggatgtttcagaaccgaccagctcgtaact

GGC CTG GTG ATG ATG GCG GGA TCG -3′
9 5′-gatgtttcagaaccgaccagctcgtaactcactctggcgaagtggtatcc

GGC CTG GTG ATG ATG GCG GGA TCG -3′
10 5′-caacgtgccagtggtatacaaaggccatgaatctgcttacgctaccacgc

TCA GAA GAA CTC GTC AAG AAG GCG -3′
11 5′-aacaaaaccgccgacgcgatatgggacagcgactctcctgcggatgtttc

Tgaaccgaccagctcgtaactcac-3′
12 5′-tgggacagcgactctcctgcggatgtttcagaaccgaccagctcgtaact

TAAtctggcgaagtggtatccctg-3′
13 5′-gatgtttcagaaccgaccagctcgtaactcactctggcgaagtggtatcc

TAAaacgcggacacctttgaggaa-3′
14 5′-caacgtgccagtggtatacaaaggccatgaatctgcttacgctaccacgc

actactatagaaaaaataaaacac-3′
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Western blotting and indirect immunofluorescence 
antibody assay

Western blotting was done as described previously [20]. 
Samples were separated by SDS-PAGE using a 15% 
resolving gel for UL11 and VP22 and a 10% gel for ICP4 
and α-tubulin. Separated proteins were blotted onto a 
PVDF membrane (EMD Millipore, Billerica, MA, USA). 
Blots were blocked with 3% skim milk in PBS-T, incu-
bated with primary serum solutions overnight at 4 °C, and 
then incubated with the appropriate HRP-conjugated sec-
ondary antibodies for 1 hour. The bound antibodies were 

detected using chemiluminescence with ECL reagents (GE 
Healthcare, England).

The indirect immunofluorescence antibody assay was per-
formed as follows: Cultured cells were seeded on coverslips 
in 24-well plates, infected with the indicated viruses, fixed 
at 6 hpi using a cold mixture of equal volumes of acetone 
and methanol while keeping cells at - 20 °C for 10 min, 
blocked by incubation with 5% bovine serum albumin (BSA) 
overnight at 4 °C with shaking, washed, incubated with the 
primary antibodies for 1 h at 37 °C, washed, incubated 
with the appropriate secondary antibodies, and extensively 
washed again. Cover slips were processed for examination 

A

B

Fig. 1  Structures of the UL11 null mutant, truncation mutants and 
revertant viruses. The nucleotide and amino acid sequences of the 
initial part of UL11 and the overlapping part of UL12 are shown. 

The mutations prevent the expression of UL11 without affecting the 
deduced amino acid sequence of the overlapping part of UL12
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by mounting using Slow Fade® Gold antifade reagents (Life 
Technologies, Tokyo, Japan), sealed with nail polish and 
examined using an LSM700 microscope (Carl Zeiss, Ger-
many). Pre-immune serum was used as a negative control to 
confirm the specificity of the reaction. Furthermore, negative 
control samples, i.e., uninfected cells, were included in all 
IFA experiments. The specificity of the reaction was con-
firmed by the absence of a signal when using these negative 
control samples.

Results

Localization of UL11 in EHV‑1‑infected cells

Localization of UL11 in cultured cells was examined by 
indirect immunofluorescence assay using either wild-type 
Ab4p or Ab4p Cherry-VP22 viruses and both FHK-Tcl3.1 
and RK13 cells. UL11 was observed in the cytoplasm and 
was especially concentrated close to the nucleus in both 
FHK-Tcl3.1 cells and RK-13 cells infected with each virus 
(Fig. 2). UL11 co-localized with Cherry-VP22 in the cyto-
plasm, indicating possible interaction between UL11 and 
VP22. UL11 localized with the Golgi 58K protein (Fig. 3), 
demonstrating that UL11 localized to Golgi complex. These 
localizations of UL11 were consistent with a report by other 
researchers [27].

A B

a b

c d

a b

c d

Fig. 2  Intracellular localization of UL11 in infected cells. (A) FHK-
Tcl3.1 cells in 24-well plate infected with Ab4p Cherry-VP22 virus 
(MOI of 3), fixed at 6 hpi, and assayed by IFA using guinea pig anti-
UL11 followed by FITC-conjugated anti-guinea pig IgG. (B) RK-13 

cells infected with Ab4p Cherry-VP22 virus, fixed at 6 hpi, and 
assayed by IFA using guinea pig anti-UL11 followed by FITC-conju-
gated anti-guinea pig IgG. Scale bar, 20 μm. a, FITC fluorescence; b, 
mCherry fluorescence; c, DIC; d, merge

Fig. 3  RK-13 cells infected with wild-type Ab4p, fixed at 6 hpi, and 
simultaneously incubated with guinea pig anti-UL11 and mouse anti-
Golgi 58K as the primary antibodies, followed by FITC-conjugated 
anti-guinea pig IgG and Alexa Fluor–conjugated anti-mouse IgG as 
the secondary antibodies. a, FITC; b, Alexa Fluor; c, DIC; d, merge
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No recovery of infectious virus from UL11 null 
mutant BAC

The pAb4p UL11 null mutant BAC was constructed by mak-
ing two nucleotide substitutions in ORF51 that changed ATG 
(start codon) to CTG (leucine) and changed CGA (fourth 
codon) to TGA (stop codon). These changes were designed 
to stop ORF51 translation without affecting the amino acid 
sequence of the overlapping part of ORF50 encoding UL12 
(Fig. 1). A pAb4p UL11 revertant BAC was also constructed. 
After confirming these changes by sequencing, DNA of each 
BAC was extracted and incubated with Gateway LR Clonase 
enzyme mix to remove the BAC vector sequence. Trans-
fection was then performed to recover the null mutant and 
revertant viruses. However, none of the transfections using 
pAb4p UL11 null mutant BAC DNA resulted in successful 
generation of an infectious virus (five trials in RK13 cells 
and two trials in FHK-Tcl3.1 cells), while all transfection 
experiments using pAb4p UL11 revertant BAC DNA pro-
duced infectious viruses (two trials in RK13 cells and one 
trial in FHK-Tcl3.1 cells). To confirm that the transfection 
with the null mutant BAC DNA was successful, transfection 
of BAC DNAs was performed without prior treatment with 
LR Clonase enzyme mix. In this experiment, the BAC vector 
sequence containing the EGFP gene was retained and the 
EGFP fluorescence could be used as a marker for success-
ful transfection. EGFP fluorescence was clearly observed in 
both transfections in FHK-Tcl3.1 cells (Fig. 4) and RK13 
cells (data not shown). A cytopathic effect (CPE) was also 
apparent in FHK-Tcl3.1 and RK13 cells transfected with 
parental and revertant BACs, as indicated by excessive GFP 
expression and widespread cell destruction. On the other 
hand, cells transfected with null mutant BAC DNAs showed 
EGFP fluorescence in individual cells over time, and no CPE 
(Fig. 4), indicating that no infectious virus was generated 
by transfection with null mutant BAC DNA. These results 
suggested that ORF51 is essential for generating infectious 
EHV-1 in cultured cells.

Lack of infectious progeny virus production 
from truncated UL11 mutants

UL11 of the RacL22 and RacH strains of EHV-1 has been 
reported to be nonessential by other researchers [27], who 
constructed a UL11 deletion mutant virus by inserting 
a LacZ cassette into ORF51, leaving only the sequence 
encoding amino acids 1 to 24 of UL11 and an SV40 poly-
adenylation signal. Therefore, we examined the possibil-
ity that a mutant DNA possessing the sequence encoding 
the 24 amino acids of Ab4p UL11 would yield progeny 
virus. We constructed Ab4p UL11-truncated mutant BACs 
that retained the sequences encoding the first 10, 17, and 

24 amino acids of UL11 by changing the 11th, 18th and 
25th codons, respectively, to stop codons, (Fig. 1B). The 
changes were confirmed by sequencing. Each of the BAC 
DNAs was introduced into FHK-Tcl3.1 and RK13 cells by 
transfection without removing the BAC vector sequence. 
In FHK-Tcl3.1 cells, transfection was successful (Fig. 4). 
Expression of EGFP was observed only in single cells at 
24 and 48 hpt. No CPE was observed in any of the cells 
transfected with DNA with truncation mutations. Cells 
were collected after freezing and thawing three times and 
inoculated into FHK-Tcl3.1 cells. Neither CPE nor EGFP 
fluorescence was observed. Transfection of RK13 cells 
gave the same results. These data indicate that the first 10, 
17 or 24 amino acids of UL11 are not enough to express 
its function in viral replication.

Fig. 4  Transfection of FHK-Tcl3.1 cells with parent (pAb4p BAC), 
pAb4p UL11 null mutant BAC (null UL11), truncated mutants BACs 
of UL11(1-10), UL11(1-17) and UL11(1-24), and revertant BACs. 
FHK-Tcl3.1 cells were transfected with each BAC DNA and exam-
ined by confocal microscopy at 24, 48, 72 and 96 hpt. CPE appeared 
in cells transfected with parental and revertant BACs by 72 h and 
increased afterwards, while cells transfected with null and truncated 
mutants continued to express GFP in single cells. Scale bar, 200 μm
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Generation of infectious viruses from RK13‑UL11 
cells transfected with null and truncation mutant 
BACs

The UL11 null mutant BAC DNA and   the  truncation 
mutant, UL11(1-24), BAC DNA were introduced into the 
parent RK13 and complementary RK13-UL11 cells by 
transfection. CPE appeared in the transfected RK13-UL11 
cells, accompanied GFP expression by the end of the sec-
ond day post-transfection (dpt), and complete cell lysis was 
observed at 5 dpt (Fig. 5). On the other hand, transfection of 
native RK13 resulted in GFP expressed in single cells and 
did not cause any CPE. Cell culture supernatant was recov-
ered from RK13-UL11 cells transfected with UL11 null 
mutant BAC DNA from which the BAC vector sequence had 
been removed. The supernatant was inoculated onto RK-13 
cells to observe the expression of UL11 by double immu-
nofluorescence assay using both anti-UL11 and anti-EHV-1 
antibodies. Both EHV-1 and UL11 antigens were detected 
in cells infected with wild-type Ab4p. EHV-1 antigens, but 
not UL11, were observed in cells infected with Ab4p UL11 
null mutant, indicating that infectious virus, which could 
not produce infectious progeny viruses in the parent culture 
cells, was present in the supernatant of RK13-UL11 cells 
transfected with UL11 null mutant BAC DNA.

Using a Western blot assay, we investigated the expres-
sion of UL11 together with other essential ICP4 and non-
essential VP22 EHV-1 proteins in native RK13 cells infected 
with the UL11 null mutant, parent and revertant BAC 
viruses, all of which were prepared using RK13-UL11 cells 

(Fig. 6). As expected, UL11 was detected in cells infected 
with the parent or revertant, but not in cells infected with the 
null mutant virus. On the other hand, ICP4 and VP22 were 
detected in cells infected with the parent, UL11 null mutant, 
and revertant viruses (Fig. 6). No reaction was detected 

A B

Fig. 5  Transfection of native RK13 or Rk13-UL11 cells with mutant 
BACs. (A) Although GFP expression was observed in some indi-
vidual RK13 cells transfected with the UL11 null mutant BAC DNA 
and UL truncated mutant of UL11(1-24) BAC DNA, extensive GFP 
expression and spreading CPE were observed in RK13-UL11 cells 

transfected with each BAC. Scale bar, 200 μm. (B) Plaque morphol-
ogy of RK13 or RK13-UL11 cells infected with the parent, UL11 
null mutant and revertant viruses. Plaques of UL11 null mutant virus 
on RK13-UL11 were very clear. Scale bar, 200 µm

Fig. 6  Expression of EHV-1 proteins in infected cells. RK13 cells 
were infected with parental, UL11 null mutant, and revertant BAC 
viruses at an MOI of 1. Virus- and mock-infected cells were collected 
at 14 hpi for western blotting assay using the following antibodies 
and dilutions: guinea pig anti-UL11 (1:4000 PBS-T), mouse anti-
ICP4 (1:5000) and rabbit anti-VP22 (1:10000). Mouse anti-α-tubulin 
(1: 4000) was also used for detection of cellular α-tubulin as a load-
ing control. After incubation with the primary antibodies, samples 
were incubated with the appropriate HRP- conjugated secondary anti-
bodies. Lanes: parent- (1), null-mutant- (2), revertant- (3) and mock- 
(4) infected cells. Protein molecular weight markers are shown on the 
left
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when examining the pre-serum as the primary antibody and 
uninfected cells as antigen. These results suggest that the 
absence of UL11 did not affect synthesis of the other viral 
proteins in cells infected with the null mutant virus.

Discussion

Previous studies have indicated that UL11 is non-essential 
for replication of HSV-1 [2], PrV [15] and EHV-1 [27]. In 
the present study, our goal was to obtain an EHV-1 mutant 
virus lacking UL11 to better understanding its role. To this 
end, we constructed a pAb4p UL11 null mutant BAC by 
changing two nucleotides in ORF51 that do not affect the 
overlapping aa sequence of ORF50. Although transfection 
of cultured cells with pAb4p UL11 null mutant BAC was 
successful, no CPE occurred and no progeny viruses were 
recovered. These results suggested that the UL11 protein is 
essential for EHV-1 replication in cultured cells.

UL11 of Ab4p was co-localized with VP22 in the cyto-
plasm of infected cells. HSV-1 VP22 and UL11 have been 
reported to interact with glycoprotein E (gE) [9], and it has 
been speculated that UL11 and VP22 form higher-order 
structures involving other tegument proteins in HSV-infected 
cells [9]. Han et al. [10] reported that deletion of UL11 had 
an effect on VP22 in which the packaging of VP22 was 
reduced. Other reports indicated that UL11 might co-local-
ize with VP22 but no direct molecular interactions have been 
demonstrated [18]. It is unclear whether EHV-1 VP22 and 
UL11 interact with gE. Using the UL11 null mutant, we 
tried to investigate the interactions of UL11, VP22 and gE. 
However, our present study indicated that UL11 is essential 
for EHV-1 replication in cultured cells.

UL11 of Ab4p was found to be localized in the Golgi 
apparatus in infected cells. These results are in agreement 
with a previous report that showed concentration of UL11 
at the area of the TGN in RacH- or RacL22-infected cells 
[27]. In RK13-UL11 cells, UL11 alone showed the same 
localization seen in infected cells as well as localization to 
the Golgi complex (data not shown), implying that the pro-
tein is self-targeted to the Golgi without the need for other 
viral proteins. The localization of UL11 implies a role of this 
protein in the Golgi apparatus during the maturation process 
of EHV-1 replication.

Contrary to our present results suggesting that UL11 is 
essential for EHV-1 replication in cultured cells, Schimmer 
and Neubauer [27] obtained null mutant viruses from the 
RacL22 and RacH strains of EHV-1. They constructed UL11 
null mutant viruses by inserting a polyadenylation signal 
sequence and a lacZ cassette after the sequence encoding 
the first 24 aa of UL11 in order to avoid the overlapping 
area in UL11 and UL12. Although no truncated protein was 
detected in that study, we speculated that viral replication 

might require the N-terminal 24 amino acids of UL11. 
However, our truncation mutants of UL11 did not produce 
progeny virus in cultured cells. These results provide further 
evidence that UL11 is essential and showed that preserving 
the sequence encoding for the first 24 aa of the N-terminus 
of UL11 was not sufficient to produce progeny virus.

The lack of agreement between our present study and 
the other report might be due to the difference in the strains 
used: Ab4p in the present study and RacH and RacL22 
in the previous study. The sequence of Ab4p UL11 is the 
same as that of the RacH strain (data not shown). It has 
been reported that the restriction patterns of the RacH and 
RacL22 strains are different in comparison with Ab4, with 
a shorter left UL terminus and a lack of BamHI sites [11]. 
Moreover, RacH has a deletion of 0.85 kbp in both cop-
ies of the inverted repeat regions [11]. One possibility is 
that other viral proteins can compensate for the functions 
of UL11 in Rac strains and not in Ab4p. Other reports on 
VP22 have shown that the absence of VP22 in mutant null 
viruses can be compensated for by a redistribution of minor 
virion components in HSV-1 [23] and by cellular actin in 
PrV [7]. Therefore, molecular interactions between UL11 
and other proteins needed to be studied in a comparison of 
various EHV-1 strains, including Ab4p, RacL22 and RacH.

In conclusion, the present results imply that UL11 plays 
an essential role in the virus life cycle, the elucidation of 
which might reveal important aspects of EHV-1 virology 
that could provide new insights for identifying novel antivi-
ral targets and/or different vaccine design strategies that can 
be used to improve the current approaches for the control of 
EHV-1 infection.

Acknowledgements YB was supported by the Ministry of Higher Edu-
cation in Egypt. We appreciate the technical support of Samy Kasem 
and Mohamed Nayel. This work was supported in part by a Grant-
in-Aid for Scientific Research of the Ministry of Education, Culture, 
Sports, Science and Technology (MEXT) of Japan (KAKENHI no. 
24380165 to HF).

References

 1. Andoh K, Kai K, Matsumura T, Maeda K (2009) Further develop-
ment of an equine cell line that can be propagated over 100 times. 
J Equine Sci 20:11–14

 2. Baines JD, Roizman B (1992) The UL11 gene of herpes simplex 
virus 1 encodes a function that facilitates nucleocapsid envelop-
ment and egress from cells. J Virol 66:5168–5174

 3. Baird NL, Yeh PC, Courtney RJ, Wills JW (2008) Sequences 
in the UL11 tegument protein of herpes simplex virus that con-
trol association with detergent-resistant membranes. Virology 
374:315–321

 4. Bowzard JB, Visalli RJ, Wilson CB, Loomis JS, Callahan EM, 
Courtney RJ, Wills JW (2000) Membrane targeting properties of 
a herpesvirus tegument protein-retrovirus gag chimera. J Virol 
74:8692–8699



607Equine herpesvirus type 1 ORF51 encoding UL11

1 3

 5. Britt WJ, Jarvis M, Seo J, Drummond D, Nelson J (2004) Rapid 
genetic engineering of human cytomegalovirus by using a lambda 
phage linear recombination system: demonstration that pp28 
(UL99) is essential for production of infectious virus. J Virol 
78:539–543

 6. Chiu Y, Sugden B, Chang P, Chen L, Lin Y, Lan Y, Lai C, Liou 
J, Liu S, Hungb C (2012) Characterization and intracellular traf-
ficking of Epstein-Barr Virus BBLF1, a protein involved in virion 
maturation. J Virol 86:9647–9655

 7. del Rio T, DeCoste CJ, Enquist LW (2005) Actin is a component 
of the compensation mechanism in pseudorabies virus virions 
lacking the major tegument protein VP22. J Virol 79:8614–8619

 8. Diefenbach RJ (2015) Conserved tegument protein complexes: 
essential components in the assembly of herpesviruses. Virus Res 
210:308–317

 9. Farnsworth A, Wisner TW, Johnson DC (2007) Cytoplasmic resi-
dues of herpes simplex virus glycoprotein gE required for sec-
ondary envelopment and binding of tegument proteins VP22 and 
UL11 to gE and gD. J Virol 81:319–331

 10. Han J, Chadha P, Meckes DG Jr, Baird NL, Wills JW (2011) Inter-
action and interdependent packaging of tegument protein UL11 
and glycoprotein E of herpes simplex virus. J Virol 85:9437–9446

 11. Hubert PH, Birkenmaier S, Rziha H-J, Osterrieder N (1996) 
Alterations in the equine herpesvirus type-1 (EHV-1) strain RacH 
during attenuation. J Vet Med B 43:1–14

 12. Kasem S, Yu MH, Yamada S, Kodaira A, Matsumura T, Tsujimura 
K, Madbouly H, Yamaguchi T, Ohya K, Fukushi H (2010) The 
ORF37 (UL24) is a neuropathogenicity determinant of equine 
herpesvirus 1 (EHV-1) in the mouse encephalitis model. Virology 
400:259–270

 13. Kelly BJ, Fraefel C, Cunningham AL, Diefenbach RJ (2009) Func-
tional roles of the tegument proteins of herpes simplex virus type 
1. Virus Res. 145:173–186

 14. Kirisawa R, Kobayashi T, Uematsu R, Ikeda A, Kuroiwa R, 
Urakami A, Iwai H (2003) Growth of recombinant equine her-
pesvirus 1 (EHV-1) replaced with passage-induced mutant gene 
1 and gene 71 derived from an attenuated EHV-1 in cell cultures 
and in the lungs of mice. Vet Microbiol 95:159–174

 15. Kopp M, Granzow H, Fuchs W, Klupp BG, Mundt E, Karger A, 
Mettenleiter TC (2003) The pseudorabies virus UL11 protein is 
a virion component involved in secondary envelopment in the 
cytoplasm. J Virol 77:5339–5351

 16. Loomis JS, Bowzard JB, Courtney RJ, Wills JW (2001) Intracel-
lular trafficking of the UL11 tegument protein of herpes simplex 
virus type 1. J Virol 75:12209–12219

 17. MacLean CA, Clark B, McGeoch DJ (1989) Gene UL11 of herpes 
simplex virus type 1 encodes a virion protein which is myristy-
lated. J Gen Virol 70:3147–3157

 18. Mettenleiter TC, Klupp BG, Granzow H (2009) Herpesvirus 
assembly: an update. Virus Res 143:222–234

 19. Okada A, Izume S, Ohya K, Fukushi H (2015) Equine herpesvirus 
type 1 tegument protein VP22 is not essential for pathogenicity 

in a hamster model, but is required for efficient viral growth in 
cultured cells. J Vet Med Sci 77:1293–1297

 20. Okada A, Kodaira A, Hanyu S, Izume S, Ohya K, Fukushi H 
(2014) Intracellular localization of equine herpesvirus type 1 tegu-
ment protein VP22. Virus Res 192:103–113

 21. Owen DJ, Crump CM, Graham SC (2015) Tegument assem-
bly and secondary envelopment of alphaherpesviruses. Viruses 
7:5084–5114

 22. Paillot R, Case R, Ross J, Newton R, Nugent J (2008) Equine 
herpes virus-1: virus, immunity and vaccines. Open Vet Sci J 
2:68–91

 23. Pomeranz LE, Blaho JA (2000) Assembly of infectious herpes 
simplex virus type 1 virions in the absence of full-length VP22. J 
Virol 74:10041–10054

 24. Resh MD (1999) Fatty acylation of proteins: new insights into 
membrane targeting of myristoylated and palmitoylated proteins. 
Biochim Biophys Acta 1451:1–16

 25. Sadaoka T, Yoshii H, Imazawa T, Yamanishi K, Mori Y (2007) 
Deletion in open reading frame 49 of varicella-zoster virus 
reduces virus growth in human malignant melanoma cells but 
not in human embryonic fibroblasts. J Virol 81:12654–12665

 26. Sanchez V, Sztul E, Britt WJ (2000) Human cytomegalovirus 
pp28 (UL99) localizes to a cytoplasmic compartment which over-
laps the endoplasmic reticulum-golgi-intermediate compartment. 
J Virol 74:3842–3851

 27. Schimmer C, Neubauer A (2003) The equine herpesvirus 1 UL11 
gene product localizes to the trans-golgi network and is involved 
in cell-to-cell spread. Virology 308:23–36

 28. Silva MC, Yu Q, Enquist L, Shenk T (2003) Human cytomegalo-
virus UL99-encoded pp28 is required for the cytoplasmic envelop-
ment of tegument-associated capsids. J Virol 77:10594–10605

 29. Tanaka M, Kato A, Satoh Y, Ide T, Sagou K, Kimura K, Hasegawa 
H, Kawaguchi Y (2012) Herpes simplex virus 1 VP22 regulates 
translocation of multiple viral and cellular proteins and promotes 
neurovirulence. J Virol 86:5264–5277

 30. Telford EAR, Watson MS, McBride K, Davison AJ (1992) The 
DNA sequence of equine herpesvirus-1. Virology 189:304–316

 31. Tsujimura K, Shiose T, Yamanaka T, Nemoto M, Kondo T, Mat-
sumura T (2009) Equine herpesvirus type 1 mutant defective in 
glycoprotein E gene as candidate vaccine strain. J Vet Med Sci 
71:1439–1448

 32. Tsujimura K, Yamanaka T, Kondo T, Fukushi H, Matsumura T 
(2006) Pathogenicity and immunogenicity of equine herpesvirus 
type 1 mutants defective in either gI or gE gene in murine and 
hamster models. J Vet Med Sci 68:1029–1038

 33. Yu MH, Kasem S, Yoshizaki N, Pagamjav O, Yamaguchi T, Ohya 
K, Fukushi H (2012) Functional characterization of EUL47 in 
productive replication, morphogenesis and infectivity of equine 
herpesvirus 1. Virus Res 163:310–319


	Equine herpesvirus type 1 ORF51 encoding UL11 as an essential gene for replication in cultured cells
	Abstract
	Introduction
	Material and methods
	Viruses and cells
	Bacteria and plasmids
	Antibodies used in the present study
	Production of anti-UL11 polyclonal antibody
	Establishment of an RK13 cell line constitutively expressing EHV-1 UL11
	Construction of the UL11 null mutant, truncation mutants and revertant BACs
	Regeneration of infectious viruses from BAC DNA
	Western blotting and indirect immunofluorescence antibody assay

	Results
	Localization of UL11 in EHV-1-infected cells
	No recovery of infectious virus from UL11 null mutant BAC
	Lack of infectious progeny virus production from truncated UL11 mutants
	Generation of infectious viruses from RK13-UL11 cells transfected with null and truncation mutant BACs

	Discussion
	Acknowledgements 
	References




