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Experiments were conducted to analyze the equine herpesvirus 1 (EHV-1) gene 68 product which is encoded
by the EHV-1 US2 homolog. An antiserum directed against the amino-terminal 206 amino acids of the EHV-1
US2 protein specifically detected a protein with an Mr of 34,000 in cells infected with EHV-1 strain RacL11.
EHV-1 strain Ab4 encodes a 44,000-Mr Us2 protein, whereas vaccine strain RacH, a high-passage derivative of
RacL11, encodes a 31,000-Mr Us2 polypeptide. Irrespective of its size, the US2 protein was incorporated into
virions. The EHV-1 US2 protein localized to membrane and nuclear fractions of RacL11-infected cells and to
the envelope fraction of purified virions. To monitor intracellular trafficking of the protein, the green fluores-
cent protein (GFP) was fused to the carboxy terminus of the EHV-1 US2 protein or to a truncated US2 protein
lacking a stretch of 16 hydrophobic amino acids at the extreme amino terminus. Both fusion proteins were
detected at the plasma membrane and accumulated in the vicinity of nuclei of transfected cells. However,
trafficking of either GFP fusion protein through the secretory pathway could not be demonstrated, and the
EHV-1 US2 protein lacked detectable N- and O-linked carbohydrates. Consistent with the presence of the US2
protein in the viral envelope and plasma membrane of infected cells, a US2-negative RacL11 mutant (L11DUS2)
exhibited delayed penetration kinetics and produced smaller plaques compared with either wild-type RacL11
or a US2-repaired virus. After infection of BALB/c mice with L11DUS2, reduced pathogenicity compared with
the parental RacL11 virus and the repaired virus was observed. It is concluded that the EHV-1 US2 protein
modulates virus entry and cell-to-cell spread and appears to support sustained EHV-1 replication in vivo.

Equine herpesvirus type 1 (EHV-1), a member of the family
Alphaherpesvirinae, causes late-time abortions, respiratory dis-
ease, and neurological disorders in equines (1). EHV-1 pos-
sesses a type D herpesvirus genome which is composed of a
unique long (UL) region and a unique short (US) region, the
latter being bracketed by two inverted repeat regions (IRS and
IRT) (16, 47). Comparison of the nucleotide sequences of the
US-IRS region of strains Ab4p, KyA, and RacL11 and attenu-
ated modified live vaccine (MLV) strain RacH revealed some
genomic variation, and a 0.85-kbp deletion affecting genes 67
and 68 of RacH (the IR6 gene and the US2 homolog) was
identified (5, 19, 32, 43). The unique IR6 protein has been
shown to form rod-like structures in infected cells, and ability
to form these structures is correlated with the virulence of
EHV-1 Rac strains (32–34).

EHV-1 gene 68 is the homolog of the US2 gene of herpes
simplex virus type 1 (HSV-1) (5, 11, 26). According to nucleo-
tide sequences and the deduced amino acid sequences, EHV-1
strain Ab4p would encode a 47,000-Mr Us2 protein, whereas
wild-type strain RacL11 would encode a 34,000-Mr US2 pro-
tein. This difference in Mr is caused by a frameshift mutation in
strain Ab4p at position 125,540 (43) compared to RacL11 (19).

US2 homologs have been described in various members
of the subfamily Alphaherpesvirinae, e.g., in HSV-2 (13),
bovine herpesvirus 1 (24), canine herpesvirus (15), EHV-4
(42), and pseudorabies virus (PrV) (38, 44), as well as in the

avian members of the subfamily, i.e., Marek’s disease virus
(MDV) (7, 8, 40), herpesvirus of turkeys (49), and infectious
laryngotracheitis virus (48). In contrast, varicella-zoster virus
does not encode a US2 homolog (12). Analyses of a US2-
US3-negative HSV-1 mutant showed that deletion of the re-
spective genes resulted in an attenuated phenotype in a mouse
infection model (27). In addition, a US2-negative HSV-1 mu-
tant exhibited a small-plaque phenotype and grew to slightly
reduced titers after infection of cells at a low multiplicity of
infection (MOI) compared with the wild-type virus (46). The
Bartha and Norden strains of PrV contain genomic deletions
that encompass the US2-homologous gene (28K gene), yet they
are able to replicate efficiently in tissue culture and in the
natural host (28, 38). A 28K-negative mutant was not attenu-
ated in pigs (21), but the mutant virus exhibited delayed kinet-
ics of penetration into cells of the nasal mucosa (45). US2-
negative MDV retained the abilities to establish latent
infection and cause oncogenic transformation (36, 37).

The aims of this study were to characterize the US2 homolog
of EHV-1 and to analyze the function of the US2 protein for
virus replication in vitro and in vivo. This was achieved by
generating a US2-specific antiserum which was used to exam-
ine the localization of the protein in infected cells and virions.
The intracellular localization of the EHV-1 US2 protein was
further assessed by analysis of constructs of the green fluores-
cent protein (GFP) fused to full-length or the amino-termi-
nally truncated US2 protein. Lastly, by engineering and testing
of US2-negative EHV-1, the role of the US2 gene product in
virus replication was examined.

Identification of the EHV-1 US2 protein. Previous studies
had shown that US2-encoding sequences vary between individ-
ual EHV-1 strains. To confirm previously published sequences
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of strains Ab4p (43), RacL11 (19), RacH (19), and KyA (5),
the US2 gene region of strains Ab4 (not plaque purified; kind-
ly provided by N. Edington), wild-type RacL11, MLV strain
RacH, and KyA (kindly provided by D. J. O’Callaghan) was
amplified by a standard PCR (39) using Pfu polymerase (Strat-
agene) and the primers listed in Table 1. The amplified se-
quences were cloned in pTZ18R (Amersham-Pharmacia) and
sequenced by cycle sequencing using fluorescent M13 primers
(MWG-Biotech) and Taq polymerase (Amersham-Pharma-
cia). The gene 68 (US2) sequence of strain Ab4 did not differ
from that reported for the corresponding sequence of plaque-
purified isolate Ab4p (43). Also, the reported RacL11 and KyA
US2 sequences (5, 19) were confirmed. MLV strain RacH
exhibited an 853-bp deletion in the IRS-US junction. This de-
letion leads to a frameshift in the US2 open reading frame
(ORF) compared with the wild-type RacL11 US2 sequence,
such that the carboxy-terminal 27 amino acids of the RacL11
US2 gene product are replaced with 11 missense amino acids in
strain RacH (data not shown; 19).

To specifically detect the EHV-1 US2 protein in infected
cells and purified virions, sequences encoding the amino-ter-
minal 206 amino acids of the RacL11 US2 ORF were amplified
by PCR (Table 1) and cloned into plasmid pQE30 (Qiagen)
(Fig. 1). The resulting recombinant plasmid, pQUS2, was trans-
formed into Escherichia coli M15 cells. The His-tagged US2
protein was overexpressed and purified by Ni21 affinity chro-
matography in accordance with the manufacturer’s instruc-
tions. After elution of the fusion protein using imidazole, a
24,000-Mr protein could be identified by Coomassie blue stain-
ing or Western blot analysis using the MRGS-His antibody
(Qiagen) (data not shown). The pQUS2 protein was dialyzed
against phosphate-buffered saline (PBS), emulsified in com-
plete (first immunization) or incomplete (booster immuniza-
tions) Freund’s adjuvant, and injected intramuscularly a total
of five times into a New Zealand White rabbit (Charles River).
The EHV-1 US2-specific antiserum obtained was used to in-
vestigate US2 expression in infected-cell lysates and purified
virions by Western blotting (22, 34). Rabbit kidney Rk13 cells

FIG. 1. Diagram of the recombinant plasmids and viruses used in this study. Shown is a BamHI map of EHV-1 strain RacL11 and a magnification of the US-IRS
junction. ORFs present at the US-IRS junction are indicated. The IR6 gene (gene 67) is a unique gene, gene 68 represents the US2 homolog, and gene 69 encodes the
US protein kinase (5, 31, 43). The construction of recombinant plasmids pQUS2, pUS2-GFP, phyUS2-GFP, and pDUS2b1 is detailed in the text. The His tag of pQUS2
is shown as a black box, and the 24,000-Mr pQUS2 protein was purified by Ni21 affinity chromatography. The enhanced GFP (EGFP) sequences of pUS2-GFP and
phyUS2-GFP are indicated. Restriction enzyme sites are given.

TABLE 1. Primers used for PCR amplification of the EHV-1 US2 gene to construct different plasmids

Plasmid Positiona 59 primer Position 39 primer

pQUS2 126,274 59-acgtggatccATGGGTGTGGTAATTAC-39 125,654 59-acgtgaattcGAGCTATGTTTGG-39
pUS2-GFP 126,274 59-acgtggatccATGGGTGTGGTAATTAC-39 125,365 59-tatactgcagACGTGTGGATGTCCGGCC-39
phyUS2-GFP 126,212 59-tataggatccATGAGTTCCATCGACGTCG-39 125,365 59-tatactgcagACGTGTGGATGTCCGGCC-39
US2 genes in pTZ18R 126,274 59-acgtggatccATGGGTGTGGTAATTAC-39 125,002 59-CGGGTTGAACAGGTGCTTAC-39

124,942 (RacH) 59-AGCTCTGGAGATCCAGCCGC-39

a Nucleotide positions are given in accordance with Telford et al. (43). Primers consisted of overhangs (lowercase letters), restriction enzyme cleavage sites (boldface
lowercase letters), and US2 sequences (capital letters).
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were infected with EHV-1 at an MOI of 5, and cell lysates were
prepared at 2, 4, 6, 8, 10, 14, 16, or 24 h postinfection (p.i.),
adjusted to equal protein concentrations by using the BCA kit
(Pierce), and separated by sodium dodecyl sulfate–12% poly-
acrylamide gel electrophoresis (PAGE) (23, 34, 41). From 8 to
24 h p.i., a 34,000-Mr protein was detected with the anti-US2
serum in cells infected with EHV-1 strains RacL11, RacM24,
RacM36 (19, 32, 33), and KyA. Consistent with the altered nu-
cleotide sequences, a 44,000-Mr US2-specific protein was de-
tected in Ab4-infected cell lysates, and the US2 protein of
MLV EHV-1 strain RacH exhibited an apparent Mr of 31,000.
In contrast, no US2-specific reactivity was detected in lanes
containing L11DUS2-infected cell proteins (Fig. 1) or in mock-
infected Rk13 cells (data not shown). Western blot analyses
using virions purified by sucrose gradient centrifugation (32)
were performed to analyze whether the EHV-1 US2 protein is
a structural component of virions. US2-specific reactivity was
detected in all of the virus strains investigated, irrespective of
the size of the US2 protein (Fig. 2A). However, the electro-
phoretic mobilities of the US2 proteins were slightly decreased
compared with those of infected-cell lysates, and a 35,000-Mr
protein was detected in RacL11 and KyA virions, a 32,000-Mr
protein was detected in RacH virions, and a 45,000-Mr poly-
peptide was detected in Ab4. No specific reaction with the anti-
US2 antibody was observed in lanes containing L11DUS2 virion
proteins (Fig. 2A).

In a series of experiments, the putative N- or O-glycosylation
of the EHV-1 US2 protein was analyzed because the amino
acid sequence of the EHV-1 US2 protein contains two N-
glycosylation consensus sites (5, 19, 43). Enzymatic deglycosy-
lation by using peptide-N-glycosidase F and endo-b-N-acetyl-
glucosaminidase H (Roche Molecular Biochemicals) or
incubation of infected cells in the presence of tunicamycin
(Roche Molecular Biochemicals) did not result in increased
electrophoretic mobility of the US2 protein, whereas increased
electrophoretic mobility of EHV-1 glycoprotein B (gB) was
readily detected in both experiments. Similarly, incubation of
purified RacL11 virions in the presence of O-glycosidase and
neuraminidase (Roche Molecular Biochemicals) did not result
in alteration of the apparent Mr of the US2 protein, whereas
the apparent Mr of EHV-1 gD was reduced by approximately 2
kDa after de-O-glycosylation (data not shown). From these ex-
periments, we concluded that the US2 protein does not contain
detectable N- or O-linked carbohydrates.

The EHV-1 US2 protein is membrane associated. Two ap-
proaches were taken to address the localization of the EHV-1
US2 protein. Firstly, viral envelopes were separated from nu-
cleocapsids by incubation of purified RacL11 virions with 2%
(final concentration) Triton X-100 for 20 min at 45°C (31). The
resulting suspension was centrifuged for 30 min at 100,000 3 g.
The pellet containing viral nucleocapsids and the supernatant
(viral envelopes) were examined by Western blot analysis using
the US2-specific antiserum. Anti-EHV-1 gB monoclonal anti-
body (MAb) 3F6 (2; kindly provided by G. P. Allen) and an
IR6-specific antiserum which detects the nucleocapsid-associ-
ated IR6 protein (31) were used to control the prepared frac-
tions. gB- and US2-specific reactivities were detected in lanes

FIG. 2. Western blot analysis of the US2 protein. Purified virions, as well as
subcellular or subviral fractions, were separated by sodium dodecyl sulfate–12%
PAGE (23), transferred to nitrocellulose (22), and probed with the indicated
antibodies. (A) Detection of the US2 protein with the generated US2-specific
antiserum in virions purified by sucrose gradient centrifugation. The US2-nega-
tive RacL11 virus (L11DUS2) served as a negative control. (B) Analysis of Triton
X-100-treated virions. Purified RacL11 virions were incubated with 2% Triton
X-100 and subjected to ultracentrifugation. Pellet and supernatant (Sup.) frac-
tions were loaded onto individual lanes of a polyacrylamide gel and analyzed with

anti-US2 serum, MAb 3F6 (2), or an anti-IR6 antibody (31). (C) Cells infected
with RacL11 were harvested at 14 h p.i., and subcellular fractionation (4) was
performed. Isolated fractions were separated and probed with anti-US2 serum.
Anti-EHV-1 gB MAb 3F6 served as a control antibody. An unspecific 30,000-Mr
band reacting in the cytoplasmic fraction with the anti-US2 antibody is marked
with a circle. Prestained molecular weight marker (Gibco-BRL) sizes are indi-
cated in thousands.
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containing the Triton X-100-soluble proteins (Fig. 2B), where-
as the IR6 protein localized to the nucleocapsid fraction (Fig.
2B), as was demonstrated previously (32). The reduced signal
intensities of the detected viral proteins in subviral fractions
relative to whole virion lysates were probably caused by the
incubation at 45°C, because identical amounts of lysates were
loaded on the gel. Secondly, to investigate the subcellular lo-
calization of the EHV-1 US2 protein, infected cells were frac-
tionated (4). Briefly, 107 Rk13 cells were infected with RacL11
at an MOI of 5 and harvested at 14 h p.i. Cells were washed
with PBS, scraped into fractionation buffer (5 mM Na phos-
phate [pH 7.5], 2 mM MgCl2, 0.5 mM CaCl2, 1 mM phenyl-
methylsulfonyl fluoride), and broken with a Dounce homoge-
nizer. After addition of sucrose (final concentration, 0.3 M),
still-intact cells, nuclei, and large membrane fragments were
pelleted (P-1) by low-speed centrifugation (800 3 g, 10 min).
Supernatants were collected and centrifuged (10 min, 10,000 3
g) to eliminate residual nuclei and cellular debris. The resulting
supernatant was centrifuged (100,000 3 g, 1 h, 4°C). The su-
pernatant from this centrifugation step represented the soluble
components of the cytoplasm, whereas the pellet contained
plasma membrane fragments and vesicles from the endoplas-
mic reticulum and Golgi network. To enrich infected-cell nu-
clei, P-1 was redissolved in fractionation buffer containing 0.3
M sucrose and centrifuged twice through a 1.62 M sucrose
cushion (2,100 3 g, 15 min). The resulting pellet was dissolved
in fractionation buffer containing 0.5% Triton X-100 and cen-
trifuged for 15 min at 1,000 3 g and contained mainly infected-
cell nuclei.

All fractions were adjusted to the same protein concentra-
tion, and the fractions—soluble cytoplasmic proteins and nu-
clear and membrane fractions—were subsequently analyzed by
Western blotting. MAb 3F6 and the IR6-specific antiserum
served as control antibodies to confirm the identities of the
fractions. The anti-US2 antibody specifically reacted with the
34,000-Mr US2 protein in membrane and nuclear fractions only
(Fig. 2C). The same subcellular distribution, i.e., reactivity with
gB-specific bands in nuclear and membrane fractions but not in
the soluble cytoplasmic fraction, was observed with anti-gB
MAb 3F6 (Fig. 2C). IR6-specific reactivity was not detected in
the membrane fraction, whereas the 33,000-Mr IR6 protein
was detected in the soluble cytoplasmic fraction and the nu-
clear fraction, as reported previously (32; data not shown).
Taken together, these results indicated that the EHV-1 US2
protein is associated with viral and cellular membranes. Be-

cause the EHV-1 US2 protein could be solubilized from
pelleted membranes with 1% Triton X-100 and with 0.1 M
Na2CO3 (pH 11.0) (9), we concluded that the EHV-1 US2
protein most likely represents a peripheral membrane protein
(data not shown). To examine whether the US2 protein is
secreted from infected cells, Rk13 cells were grown in medium
without addition of fetal calf serum and infected at an MOI of
5 with wild-type strain RacL11. At 16 h p.i., the cell culture
supernatant was harvested and cleared from cellular debris and
virions by ultracentrifugation, and the protein concentration
was enriched by acetone precipitation. Western blot analyses
with the US2-specific antiserum did not detect US2 protein in
the supernatant of infected cells (data not shown).

Analysis of US2-GFP and hyUS2-GFP fusion proteins. Plas-
mids encoding fusion proteins consisting of GFP and the full-
length US2 protein or a US2 mutant protein lacking the amino-
terminal 20 amino acids containing a possible transmembrane
sequence (amino acids 1 to 16) (5, 26) were constructed to
monitor the intracellular trafficking of the US2 protein. Full-
length or truncated US2 genes were produced by PCR (39)
(Table 1) and cloned into vector pEGFP-N1 (Clontech). The
resulting plasmids, pUS2-GFP and phyUS2-GFP (Fig. 1), were
transfected into Rk13 cells seeded on coverslips (33, 34). At
different times posttransfection (p.tr.), cells were fixed with 3%
paraformaldehyde in PBS–0.3% Triton X-100. Nuclear DNA
was stained with 1026 M propidium iodide (PI), and indirect
immunofluorescent staining using an anti-g-adaptin MAb (Sig-
ma) or anti-EHV-1 gB MAb 3F6 was done as previously de-
scribed (34). Coverslips were analyzed by using a confocal laser
scanning microscope (Zeiss LSM 510). Green (GFP) and red
(PI, Cy3) fluorescences were recorded separately by using ap-
propriate filters (34). Fluorescence signals were readily de-
tected in cells transfected with either plasmid starting at 8 h
p.tr. At 24 h p.tr., both the US2-GFP and hyUS2-GFP fusion
proteins accumulated in the vicinity of nuclei and at the plasma
membrane of transfected cells. Intranuclear staining, however,
was not observed (Fig. 3). The distribution of the fusion pro-
teins within transfected cells did not significantly change with
time, and at 48 h p.tr., the same pattern of fluorescence was
observed in cells transfected with either pUS2-GFP or phyUS2-
GFP. In pEGFP-N1-transfected cells, bright and homoge-
neously distributed nuclear and cytoplasmic fluorescence was
observed at 24 h (Fig. 3) and also at 48 h p.tr. To examine the
possible presence of the GFP fusions in the secretory pathway
of transfected cells, colocalization studies using a g-adaptin an-

FIG. 3. Confocal laser scanning image of Rk13 cells transfected with pUS2-GFP (A), phyUS2-GFP (B), or pEGFP-N1 alone (C). Cells were transfected with 5 mg
of the indicated plasmid and fixed at 24 h after transfection. Cellular DNA was counterstained with 1026 M PI. Green and red fluorescences were recorded separately
by using appropriate filters, merged, and printed. Magnification, 31,000.
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tibody, a marker of the trans-Golgi network, were performed.
Colocalization of US2-GFP or hyUS2-GFP signals with g-
adaptin was not observed at any time p.tr. Similarly, colocal-
ization of the GFP fusion proteins with gB was not observed
after infection of previously transfected cells with RacL11
(data not shown).

Growth characteristics of US2-negative EHV-1 in vitro. The
US2-negative EHV-1 mutant L11DUS2 was constructed (30,
33) by cotransfection of 1 mg of RacL11 DNA and 10 mg of
recombinant plasmid pDUS2b1 (Fig. 1). Plasmid pDUS2b1

contains a 3.3-kbp PstI fragment comprising the US-IRS junc-
tion, the entire US2 gene, and flanking sequences of EHV-1
strain RacL11, in which the US2-coding sequences for amino
acids 12 to 221 were replaced with a b-galactosidase expression
cassette (29) (Fig. 1). After addition of Bluo-Gal (Gibco-
BRL), blue-staining virus plaques were picked and purified to
homogeneity. The repaired virus R-L11DUS2 was isolated af-
ter cotransfection of L11DUS2 DNA and the 3.3-kbp PstI frag-
ment (Fig. 1) by purification of white virus plaques in the
presence of Bluo-Gal. Recombinant viruses were tested by
Southern blot analyses using a US2 probe and a lacZ probe
(Fig. 1), and the expected genotypes of both recombinant vi-
ruses were confirmed. Isolation of L11DUS2 on noncomple-
menting Rk13 cells demonstrated that the US2 gene is non-
essential for virus replication in vitro. To characterize the
growth properties of L11DUS2 in detail, a series of experi-
ments was performed. Growth kinetics of the mutant virus

after infection with different MOIs were determined. Rk13
cells (106) were infected at an MOI of 1, 0.1, or 0.01 with
L11DUS2, RacL11, or R-L11DUS2. At 24 h p.i., infectious
virus was harvested by freeze-thawing and titrated on Rk13
cells. In all cases, L11DUS2 grew to titers which were compa-
rable to those produced by RacL11 and R-L11DUS2 (Fig. 4A).
To determine single-step growth kinetics, 106 Rk13 cells were
infected with the indicated viruses at an MOI of 5. After 1.5 h
of incubation at 37°C, extracellular viruses were inactivated
with a citrate buffer (pH 3.0) for 2 min (17). At different times
p.i., supernatants were harvested and virus titers were deter-
mined on Rk13 cells. The results of the single-step growth
kinetics corroborated the findings reported above, and no
significant differences in the amount of infectious viruses
produced were observed among RacL11, L11DUS2, or the
repaired virus (Fig. 4B). Plaque sizes of L11DUS2, however,
were slightly but significantly smaller than those observed in
the case of either RacL11 or R-L11DUS2 (Fig. 4C). To test
whether the US2 gene plays a role in viral entry, virus pene-
tration assays were performed (17, 30). It could be shown that
whereas 50% of RacL11 or R-L11DUS2 infectivity was pro-
tected from acid treatment at 35 min after a temperature shift
to 37°C, only 30% of L11DUS2 infectivity was protected at this
time point. After 2 h of incubation at 37°C, approximately 90%
of the input RacL11 and R-L11DUS2 viruses, but only 60% of
L11DUS2 virions, had entered the cells (Fig. 4D). It should be
noted that virus adsorption assays using purified virions la-

FIG. 4. Analysis of US2-negative EHV-1 in vitro. (A) Replication of RacL11, L11DUS2, and R-L11DUS2 at different MOIs. Rk13 cells (106) were infected at an
MOI of 1, 0.1, or 0.01 and treated for 2 min with citrate buffer (pH 3.0) at 2 h p.i. (17). Viral titers were determined at 24 h p.i. The values are means of three
independent experiments, and standard deviations (error bars) are given. (B) Single-step growth kinetics of the different viruses. Rk13 cells (106) were infected at an
MOI of 5, and at the indicated times p.i., infected-cell supernatants were harvested and titrated. The values are means and standard deviations of three independent
experiments. (C) Rk13 cells seeded in six-well plates were infected with the indicated viruses (200 PFU/well), and plaque sizes were determined. The values are means
of 150 individual plaques each. RacL11 plaque diameters were set to 100%. Error bars indicate standard deviations. (D) Penetration kinetics of RacL11, L11DUS2,
and R-L11DUS2 into Rk13 cells. The values are means of four independent experiments. The error bars indicate standard deviations.
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beled with [methyl-3H]thymidine did not reveal significant
differences in adsorption kinetics between L11DUS2 and pa-
rental virus RacL11 or R-L11DUS2 (data not shown). From
these experiments, it was concluded that the US2 gene product
modulates viral penetration and cell-to-cell spread but does
not influence virus titers, even at a low MOI.

Importance of the EHV-1 US2 protein in vivo. To analyze the
influence of the US2 protein on EHV-1 virulence, experiments
in a murine model of infection were performed (3, 19, 35).
Three- to 4-week-old BALB/c mice (Charles River) were di-
vided into groups of 14 and infected intranasally with 105 PFU
(in 30 ml) of RacL11, L11DUS2, or R-L11DUS2 virus per
mouse. Six control mice were inoculated with 30 ml of super-
natant of uninfected Rk13 cells. The results are summarized as
follows (Fig. 5). (i) RacL11- and R-L11DUS2-infected mice
lost approximately 30% of their mean body weights until day
7 p.i., and three animals died as a consequence of the infection.
(ii) In contrast, none of the L11DUS2-infected mice died, al-
though they also showed typical signs of EHV-1 infection, such
as ruffled fur and dyspnea from day 2 p.i. A decrease in mean
body weight of up to 20% was observed in this group. How-

ever, L11DUS2-infected animals recovered significantly faster
than RacL11- and R-L11DUS2-infected mice and gained body
weight from day 4 p.i. When pairwise testing of groups was
done by the method of Bonferroni (18), a significant difference
between the groups infected with RacL11 or R-L11DUS2 and
the animals infected with L11DUS2 could be demonstrated
from days 4 to 8 p.i. Mock-infected animals did not show any
signs of illness and gradually gained weight during the duration
of the experiment (Fig. 5A). Determination of viral titers of
individual mice necropsied on days 1 to 5 p.i. demonstrated
that infected mice exhibited viral titers of up to 107 per lung on
day 1 p.i., irrespective of the inoculum. Therefore, viral rep-
lication must have occurred, since only 105 PFU were ad-
ministered to each animal (Fig. 5B). Viral titers in lungs of
mice infected with L11DUS2 were reduced on day 3 after in-
fection compared to those of mice infected with RacL11 or
R-L11DUS2. On day 5 p.i., a 100-fold decrease in virus titers
was determined in lungs of L11DUS2-infected mice compared
to mice infected with the other viruses (Fig. 5B). In addition,
blood was obtained by cardiac puncture on day 3 p.i. and
viremia could be detected in all infected animals, although the
viral load in the peripheral blood of L11DUS2-infected animals
was approximately 50-fold lower than that of RacL11- or R-
L11DUS2-infected mice. Virus could never be isolated from
blood of mock-infected animals (data not shown). From these
data, we concluded that the EHV-1 US2 gene is nonessential
for EHV-1 replication in vivo but is required for a sustained
virus load in murine lungs at later times after infection.

Conclusions. In this communication, an initial characteriza-
tion of the EHV-1 US2 protein is presented. The salient find-
ings are that the EHV-1 US2 protein (i) varies in size between
selected EHV-1 strains, (ii) predominantly localizes to the
membrane fraction of infected cells, (iii) is present in the en-
velope fraction of purified virions, (iv) is nonessential for virus
growth in cultured cells but contributes to virus penetration
and efficient cell-to-cell spread, and (v) plays a role in sus-
tained virus replication in vivo. Sequence analyses of selected
EHV-1 strains had suggested that the size of the EHV-1 US2
ORF is variable (5, 19, 43). It was shown that strain Ab4
encodes a 44,000-Mr US2 protein in infected cells, whereas
another wild-type EHV-1 strain, RacL11, encodes a 34,000-Mr
US2 protein. The fact that the Ab4 sequence determined here
and that reported previously for plaque-purified Ab4p (43) are
identical indicates that the frameshift mutation relative to wild-
type strain RacL11 was not caused by serial passage, as is the
case for MLV strain RacH (19, 25). Mutations in both Ab4 and
RacH are located in the carboxy-terminal half of the molecule,
which exhibits much less homology within the subfamily Al-
phaherpesvirinae than does the amino-terminal portion (7, 26,
42, 43). Because no differences in the behavior of the different
EHV-1 US2 proteins with regard to subcellular localization or
virion incorporation were observed, the functional domains
appear to map to the amino-terminal 224 amino acids of the
US2 protein. The EHV-1 US2 protein localized to the mem-
brane fraction of infected cells and the envelope fraction of
purified virions. All US2 homologs share a highly conserved
stretch of 16 hydrophobic amino acids at the extreme amino
terminus, and it was suggested that the US2 homologs may
encode a secreted or an N-terminally anchored transmem-
brane (glyco)protein (5, 26). However, several lines of evi-
dence do not support the hypothesis that the US2 protein is
translated at membrane-bound ribosomes. Firstly, the US2
protein lacks carbohydrate modification. Secondly, localization
of the EHV-1 US2 protein to the secretory pathway could not
be demonstrated by using a US2-GFP fusion protein and a
marker of the trans-Golgi network (g-adaptin). Thirdly, a fu-

FIG. 5. Analysis of US2-negative EHV-1 in vivo. (A) Fourteen BALB/c mice
per group were infected with RacL11, L11DUS2, or R-L11DUS2, and six mice
were mock infected. Body weights of individual mice were recorded daily from
the day of infection (day 0) until day 13 after infection, and mean body weights
on day 0 were set to 100%. Mean body weights (in relation to day 0) and standard
deviations (error bars) are shown. Decreasing numbers of mice were weighed on
days 0 and 1 (14), days 2 and 3 (12), days 4 and 5 (9), and days 6 to 13 (6). Two
mice in the RacL11 group and one in the R-L11DUS2 group died. (B) Virus titers
of the lungs of two (days 1 and 5) or three (day 3) mice necropsied on day 1, 3, or
5 after infection. Mean virus titers and standard deviations (error bars) are given.
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sion protein consisting of GFP and US2 lacking the amino-
terminal 20 amino acids of the protein did not behave differ-
ently from US2-GFP after transient expression: both fusion
proteins were detectable at the plasma membrane and ap-
peared clustered around the nuclei of transfected cells but did
not exhibit the prominent granular appearance that is typical
of endoplasmic reticulum or Golgi vesicles. It should be noted
that the US2-GFP and hyUS2-GFP fusion proteins appeared in
the same subcellular fractions as the native US2 protein and
were also present in the Triton X-100-soluble fraction of pu-
rified virions after infection of transfected cells with L11DUS2.
This was demonstrated by Western blotting using the US2-
specific antiserum and anti-GFP antibodies (data not shown).
So far, however, the exact posttranslational processing and
trafficking of the EHV-1 US2 protein is not entirely clear, and
localization to the secretory pathway in infected cells cannot be
formally excluded. We were not able to visualize the native
US2 protein in infected cells because the antiserum did not
react in indirect immunofluorescence assays or immunopre-
cipitations. Therefore, GFP fusions were used to monitor the
intracellular trafficking of the US2 protein. Previous reports on
herpesviral proteins fused to GFP have demonstrated that the
properties of the viral proteins, especially their subcellular
localization, did not differ from those of the native protein (6,
14).

Nevertheless, it is possible that the US2 protein needs an-
other viral protein for translocation to the secretory pathway,
although a disulfide-linked complex of the US2 protein with a
viral or cellular partner is very unlikely, as concluded from
analyses using two-dimensional PAGE under nonreducing and
reducing conditions (10, 20; data not shown). The HSV-1 US2-
encoded protein and the PrV and MDV homologs are non-
essential for virus growth in vitro (36, 37, 45). Similarly, the
EHV-1 US2 protein is nonessential for virus growth, but the
US2-negative RacL11 mutant is slightly impaired in virus pen-
etration and cell-to-cell spread. These findings correlate well
with the presence of the US2 protein in the membrane fraction
of infected cells and in the Triton X-100-soluble fraction of
purified virions. In addition, restricted growth of L11DUS2 in
infected animals at late times p.i. was observed. Despite these
properties of US2-negative RacL11, it is very unlikely that the
alteration of the last 27 amino acids of the US2 protein of MLV
strain RacH accounts for its apathogenicity because (i) RacH
entirely lacks the direct neighbor of US2, the IR6 gene, which
has been shown to be involved in virulence (33); (ii) EHV-1
strains RacM24 and RacM36 expressing a wild-type US2 pro-
tein but carrying mutations in the IR6 gene are completely
apathogenic (19, 25); and (iii) preliminary results indicate that
a RacH virus in which the wild-type US2 gene has been insert-
ed is still completely apathogenic for mice. In contrast to the
effects of the deletion of the US2 gene reported here, HSV-1,
PrV, and MDV mutants with deletions in the US2 homologous
genes retain their pathogenicity (27, 36, 37, 45, 46). Whether
these differences are caused by distinct functions of the US2
proteins in the context of both different viruses and different
hosts remains to be analyzed.
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