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ABSTRACT

The herpes simplex virus 1 (HSV-1) UL51 gene encodes a 244-amino-acid (aa) palmitoylated protein that is conserved in all her-
pesviruses. The alphaherpesvirus UL51 (pUL51) protein has been reported to function in nuclear egress and cytoplasmic envel-
opment. No complete deletion has been generated because of the overlap of the UL51 coding sequence 5’ end with the UL52 pro-

moter sequences, but partial deletions generated in HSV and pseudorabies virus (PrV) suggest an additional function in
epithelial cell-to-cell spread. Here we show partial uncoupling of the replication, release, and cell-to-cell spread functions of
HSV-1 pUL51 in two ways. Viruses in which aa 73 to 244 were deleted from pUL51 or in which a conserved YXX® motif near the
N terminus was altered showed cell-specific defects in spread that cannot be accounted for by defects in replication and virus
release. Also, a cell line that expresses C-terminally enhanced green fluorescent protein (EGFP)-tagged pUL51 supported normal
virus replication and release into the medium but the formation of only small plaques. This cell line also failed to support nor-
mal localization of gE to cell junctions. gE and pUL51 partially colocalized in infected cells, and these two proteins could be co-
immunoprecipitated from infected cells, suggesting that they can form a complex during infection. The cell-to-cell spread defect
associated with the pUL51 mutation was more severe than that associated with gE-null virus, suggesting that pUL51 has gE-inde-

pendent functions in epithelial cell spread.

IMPORTANCE

Herpesviruses establish and reactivate from lifelong latency in their hosts. When they reactivate, they are able to spread within
their hosts despite the presence of a potent immune response that includes neutralizing antibody. This ability is derived in part
from a specialized mechanism for virus spread between cells. Cell-to-cell spread is a conserved property of herpesviruses that
likely relies on conserved viral genes. An understanding of their function may aid in the design of vaccines and therapeutics.
Here we show that one of the conserved viral genes, UL51, has an important role in cell-to-cell spread in addition to its previ-
ously demonstrated role in virus assembly. We find that its function depends on the type of cell that is infected, and we show that
it interacts with and modulates the function of another viral spread factor, gE.

1 of the manifestations of herpes simplex virus (HSV) disease
result from the ability of the virus to spread from the initially
infected cell to other cells at mucosal surfaces and to and from
sensory neurons that enervate the site of primary replication. Sim-
ilarly, recurrence of symptoms and consequent spread of the virus
to new hosts require the ability to spread from neurons in the
sensory ganglion to cells at the periphery and among the cells on
the mucosal surface. Spread and shedding of the virus in recurrent
infection occur in the face of an adaptive immune response in-
cluding an antibody response, which should neutralize virus re-
leased from the cell. Therefore, the disease-causing properties and
transmission of HSVs depend on the mechanisms used for the
spread of the virus from cell to cell that protect the virus from
exposure to effectors of the adaptive immune response. The pas-
sage of virus between adjacent cells is the result of a specialized
process called cell-to-cell spread (CCS), in which virus is specifi-
cally trafficked to and released at junctional surfaces of cells.
While CCS has been most thoroughly explored in the alpha-
herpesviruses, the problem of viral spread in the presence of im-
mune effectors is common to most, and perhaps all, of the human
herpesviruses. The signature characteristic of herpesvirus infec-
tions is their ability to establish and then reactivate from latency.
Upon reactivation, these viruses may cause symptoms and can be
shed throughout the life of the host. Human cytomegalovirus
(HCMV) and Epstein-Barr virus (EBV) transmission is thought to
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result from virus shedding from productively infected epithelial
cells in a number of different tissues (1, 2). It is likely that this
productive epithelial infection also requires CCS and that there
may be a common herpesviral mechanism for accomplishing this.

Epithelial CCS in alphaherpesvirus replication has been shown
to depend on the function of glycoprotein E (gE) and gI, which
form a heterodimeric complex (3—7). The gE/gl complex is found
on most of the cytoplasmic membranes of infected cells, but it
concentrates at adherens junctions, where it colocalizes with beta-
catenin, and trafficking to junctions has been shown to be essential
for gE’s role in CCS (5, 8-10). Exactly how gE functions in epithe-
lial spread is unclear, but it apparently facilitates trafficking of
virions to cell junctions and may also interact with factors on the
surface of an adjacent cell.

While gE and gl play an important role in epithelial CCS, the
encoding genes are present only in the alphaherpesviruses and so
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cannot be at the root of any conserved CCS pathway. This raises
the question of whether there are conserved gene products in-
volved in CCS and, if so, which genes these are. We have reported
evidence that the product of the conserved UL34 gene is specifi-
cally required for CCS (11). This gene was the first of the so-called
“core” herpesvirus genes to have an unambiguously demonstrated
role in CCS. Identification of CCS functions for core genes repre-
sents one avenue for identifying conserved herpesviral CCS mech-
anisms.

Our studies on UL34 function in CCS highlighted two impor-
tant points. First, in studying multifunctional gene products, a
gene deletion will reveal the earliest important function and could
mask later functions. Second, we observed that reductions in rep-
lication as high as 50-fold compared to the replication of wild-type
(WT) virus did not affect CCS within epithelial cells, as measured
by plaque size. This led us to further explore the literature on HSV
assembly and egress proteins and identify other conserved genes
whose deletion results in a replication defect of <100-fold but that
nonetheless cause the formation of small plaques. The proteins
encoded by these genes include UL51, UL11, UL49, and possibly
others (12-15). These gene products are candidates for important
mediators of CCS. A specific function in CCS was recently dem-
onstrated for pULL1 (16), but UL51 function has not been well
characterized.

Recombinant viruses containing deletions or stop mutations
in the UL51 gene orthologs of HSV, pseudorabies virus (PrV), and
human cytomegalovirus (in which the homologous gene is UL71)
have been characterized (14, 15, 17, 18). In each case, deletion
results in a more or less severe replication defect that is apparently
due to a defect in secondary envelopment in the cytoplasm. In
each case, the replication defect is accompanied by the formation
of small plaques, suggesting the possibility of a CCS defect. We
tested the hypothesis that partial deletion or point mutation of the
UL51 gene might reveal a specific defect in CCS. We find that
pUL51 does indeed have a specific function in CCS and that dif-
ferent mutations affect spread differently in different cell types.

MATERIALS AND METHODS

Cells and viruses. HEp-2 and Vero cells were maintained as previously
described (19). The properties of HSV-1 strain F [HSV-1(F)] were de-
scribed previously (19, 20).

Generation of anti-pUL51 antiserum. A PCR amplicon was gener-
ated from purified HSV-1(F) viral DNA by using primers ATATCTCGA
GTGCGGTTGGGGAGGCTGTAGC and ATATGAATTCAGGAGGCC
CTGGCGGTCGTT. The product, which contained codons 36 to 244 of
UL51, was digested with Xhol and EcoRI (sites in the primers are under-
lined) and cloned into the same restriction sites within the multiple-clon-
ing region of pPGEX 4T-2 such that the UL51 coding sequences were placed
in frame with the gene encoding glutathione S-transferase (GST). The
GST fusion protein was expressed in the BL21 strain of Escherichia coli and
purified on glutathione-Sepharose beads. Two New Zealand White rab-
bits were inoculated with the fusion protein emulsified in complete
Freund’s adjuvant, followed by 3 injections 2 weeks apart of the protein
emulsified in incomplete Freund’s adjuvant. Two weeks later, rabbit an-
tisera were collected and tested for reactions with UL51 by immunoblot-
ting.

Construction of a UL51 complementing cell line. Plasmid pRR1117
was constructed by ligation of the 11.44-kb Bcll fragment of HSV-1(F)
into the BamHI site of pGEM-3Z(F+). pRR1382, containing the UL51
gene, was constructed by digesting pRR1117 with HindIII and Stul, blunt-
ing the fragments by treatment with Klenow enzyme in the presence of
deoxynucleoside triphosphates (ANTPs), and then ligating the 1.42-kb
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fragment between the Nrul and EcoRYV sites of pcDNA3. The resulting
plasmid lacks the CMV promoter and has the complete UL51 coding
sequence driven by its own promoter/regulatory sequences. Clonal cell
line UL51#39 was constructed by transfection of pRR1382 into Vero cells,
followed by selection with G418 and isolation of clones by limiting dilu-
tion. Clones were initially screened for their ability to complement plaque
formation by a UL51 deletion virus.

Construction of recombinant mutant viruses. Viruses that carried
various alterations to the UL51 and gE coding sequences were con-
structed. Viruses encoding C-terminally truncated UL51 (UL51A73—
244), C-terminally FLAG-tagged WT UL51, a deletion of sequences en-
coding amino acids (aa) 1 to 335 of gE, or FLAG-tagged gE were
constructed by using an HSV-1(F) bacterial artificial chromosome
(BAC) and methods reported previously by Tischer et al. (21), as pre-
viously described (11). The virus encoding FLAG-tagged UL51 with a
substitution of alanine for tyrosine 19 (UL51Y19A) was constructed by
sequentially introducing the C-terminal FLAG tag into UL51 and then
mutating the codon encoding tyrosine 19. The virus encoding FLAG-
tagged gE and HA-tagged UL51 was constructed by sequentially intro-
ducing the FLAG tag sequence into US8 and then introducing the
hemagglutinin (HA) tag sequence into UL51. The sequences of prim-
ers used for virus construction are available upon request. Proper
structure of the recombinant BACs was determined by sequencing of
the UL51 and/or gE gene region. The structures of the altered UL51
and gE genes are indicated in Fig. 1.

Recombinant viruses were reconstituted by transfection of BAC DNA
into Vero cells. Viruses containing alterations of the UL51 gene sequence
were amplified on UL51-complementing cells to minimize selection for
phenotypic revertants. Maintenance of mutations in the amplified recom-
binant viruses was confirmed by PCR amplification and sequencing of the
UL51 region.

Construction of a pUL51-EGFP-expressing cell line. To construct an
infection-inducible UL51-enhanced green fluorescent protein (EGFP)-
expressing cell line, we built plasmid pRR1381. A PCR product was am-
plified from the HSV-1(F) genome containing UL51 gene sequences from
position —400 (with respect to the UL51 start codon) down to, but not
including, the stop codon and flanked by Asel and Agel restriction sites.
This product was cloned between the Asel and Agel sites of pEGFP-C1
(Clontech). The resulting plasmid expresses UL51 using its own promot-
er/regulatory sequences following HSV infection. Clonal cell line UL51-
EGFP#9 was constructed by transfection of pRR1381 into Vero cells, fol-
lowed by selection with G418 and isolation of clones by limiting dilution.
Expressing cell clones were screened by assays for EGFP expression 20 h
after infection with HSV-1(F).

Single-step growth measurements. Measurement of replication of
HSV-1(F), UL51A73-244, and UL51Y19A viruses on Vero and HEp-2
cells after infection at a high multiplicity of infection (5 PFU/cell) was
performed as previously described (19). Virus release efficiency was cal-
culated as PFU in the culture medium at 24 h (Vero) or 48 h (HEp-2)
postinfection (p.i.)/peak PFU produced in the total culture. The statistical
significance of single-step growth data was determined by using a Student
t test.

Immunostaining of plaques. Cell monolayers containing the wild
type and syncytial variants of HSV-1(F) were fixed by incubation for 15
min in 3.7% formaldehyde in phosphate-buffered saline (PBS). After fix-
ation, monolayers were washed three times with 2 ml PBS. Plaques were
stained by indirect immunofluorescence using a 1:5,000 dilution of
mouse monoclonal antibody DL6 directed against HSV gD (kind gift of G.
Cohen and R. Eisenberg) as a primary antibody and a 1:1,000 dilution of
alkaline phosphatase-conjugated goat anti-mouse IgG (Invitrogen) as a
secondary antibody.

Quantitative plaque size assays. Six-well tissue culture plates were
seeded with 1.8 X 10° Vero or 2.5 X 10° HEp-2 cells the day before
infection. Infection was initiated by removal of the growth medium and
addition of 1 ml of virus diluted in V medium (Dulbecco’s modified Eagle

jviasm.org 4059


http://jvi.asm.org

Roller et al.

A

b uL IRL IRS us RS
1 —t e ———————
uLs2 uLs1 UL50 Us7 (gJ) US8 (gE)
2 HSV-1(F) WT — e S — = =e—"""—""""""—
Us8.5
UL52 UL51473-244 Kan® uL50
3 uLs1a73-244 — == — == wT
uLs2 uL51 FLAG Kan uLso
4 UL51-FLAG — == —— " —==— wT
UL52 Y19A  UL51(Y19A) FLAG KanR uL50
5  UL51(Y19A)}-FLAG —&= ——==— wTt
US7 (gJ) FLAG US8 (gE)
6 FLAG-gE wT
[ —— |
Us8.5
uLs2 uLs1 HA  UL50 US7 (gJ) FLAG US8 (gE)
7 UL51-HA/FLAG-gE — &= ==HIe=—s | —=a—
Uss.s
US7 (gJ) US8 (gE)
8 AgE wT EE - —-—-—-—-————— E —— ——
[ —— |
Us8.5
5 09 % g 3 3
B g ¢ C S D :: ¢
- N P~ o [ [d
S 3 & & 2 o : « £ 05 L 5
e ¥ % 2z 2 2 3 oy 3 § 3 & § &
o< ¥ 9 5 o L 4 o T H T 5 = 5
o i o I - - - 0 : 0
= ™ = ~ > > x 1 - (&) -
s I £ 3 F gz S 53 © < R
[ wn n wn wn n
S = i e | = I =) ™ =] i
g 3 3 3 3 3 oy W anti-ULS1 WB
i L i )
ICP27 e T ey s anti-gE WB Vero UL51Comp
anti-FLAG WB
W& |anti-UL51 WB

FIG 1 Construction of recombinant viruses. (A) Schematic diagram of the HSV-1(F) genome (line 1) and of the recombinant viruses constructed for this study.
The positions of the terminal and internal repeats that flank the long genome component (TRL and IRL, respectively) and the short genome component (IRS and
TRS, respectively) are indicated with gray bars. (Line 2) The structures of the wild-type sequences in the regions of UL51 and US8 are shown. (Line 3) The
UL51A73-244 virus carries a stop codon and a kanamycin resistance cassette in place of the sequences coding for amino acids 73 to 244 of pUL51. (Line 4) The
UL51-FLAG virus carries a FLAG tag at the C terminus of UL51 followed by a kanamycin resistance cassette. (Line 5) The UL51(Y19A)-FLAG virus was
constructed by mutating the Y19 codon in the context of the UL51-FLAG virus shown in line 4. (Line 6) The FLAG-gE virus was constructed by the insertion of
a FLAG-coding sequence between the codons for amino acids 20 and 21 of gE. This was predicted to yield an N-terminally FLAG-tagged gE protein after signal
peptide cleavage. (Line 7) The UL51-HA/FLAG-gE virus was constructed by introducing an HA epitope-coding sequence at the C terminus of the UL51
protein-coding sequence in the context of the FLAG-gE virus shown in line 6. (Line 8) the AgE virus was constructed by scarless removal of the sequences
encoding amino acids 1 to 335 of gE. (B) Expression of UL51 by mutant recombinant viruses. Lysates from Vero cells infected for 16 h with the indicated viruses
were probed for either ICP27 to control for the extent of infection and loading (top) or UL51 using anti-UL51 polyclonal antiserum (bottom). (C) Expression
of epitope-tagged proteins by recombinant viruses. Lysates from Vero cells infected for 16 h with the indicated viruses were probed for gE (top), the FLAG epitope
(middle), or UL51 (bottom). (D) Expression of UL51 by a complementing cell line. Lysates of either Vero or UL51-complementing cells that had been infected
with the indicated viruses were probed with anti-UL51 polyclonal antiserum. WB, Western blot.

medium [DMEM] containing 1% heat-inactivated calf serum). The virus
inoculum was removed after 90 min and replaced with 2.5 ml V medium
containinga 1:250 dilution of pooled human immunoglobulin as a source
of HSV-neutralizing antibody (GammaSTAN S/D; Talecris Biotherapeu-
tics). At 2 days after infection, monolayers were washed twice with PBS
and then fixed by incubation for 15 min in 3.7% formaldehyde in PBS.
After fixation, monolayers were stained as described above, except using
1:2,500 dilution of mouse monoclonal anti-HSV 45-kDa protein (scaf-
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folding protein) antibody (Serotec) as a primary antibody and a 1:1,000
dilution of Alexa Fluor 488 goat anti-mouse IgG (Invitrogen) as a second-
ary antibody. Plaques were photographed by using an inverted fluores-
cence microscope. Plaque images were opened in Image]J and outlined by
using the freehand tool. The number of pixels contained within the out-
line was used as the plaque area. Since plaque areas were not always nor-
mally distributed, the nonparametric, distribution-free Kolmogorov-
Smirnov test, rather than a t test, was used to determine statistical
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significance, using a Web-implemented version (http://www.physics
.csbsju.edu/stats/KS-test.html).

Selection of syncytial variants of HSV-1(F). HSV-1(F) was plated
onto Vero cells, and several thousand plaques were screened to find 12
well-isolated plaques that showed syncytial phenotypes of various severi-
ties. Plaques were picked and then reisolated twice more to obtain virus
populations that each had a uniform syncytial phenotype.

Indirect immunofluorescence. Immunofluorescence for colocaliza-
tion was performed as previously described, using either a 1:2,000 dilution
of mouse monoclonal anti-gE ascites (Goodwin Cancer Institute) or a
1:1,000 dilution of mouse monoclonal anti-FLAG M2 antibody (Sigma)
(22, 23).

Immunopurification. FLAG-gE and pUL51-FLAG were purified
from Vero or HEp-2 cells that had been infected with 5 PFU/cell of wild-
type or recombinant HSV-1 encoding tagged protein for 16 h. Infected
cell monolayers from 100-mm cultures were washed with 5 ml of PBS and
then scraped into 3 ml of PBS and pelleted at 1,200 rpm for 10 min. The
cell pellets were resuspended in 1.5 ml coimmunoprecipitation (co-IP)
buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1X Sigma protease inhibitor cocktail), transferred into microcen-
trifuge tubes, and incubated on ice for 3 min. Nuclei and other cellular
debris were pelleted by centrifugation at 10,000 rpm in a microcentrifuge
for 10 min, and the supernatant was transferred into a fresh tube. After
removal of a fraction of the sample as a lysate control, 15 pl of an anti-
FLAG magnetic bead suspension (Sigma) was added to the remainder of
each sample, and the tubes were placed in an end-over-end rotator at 4°C
overnight. Magnetic beads were separated from the lysate by using a mag-
netic separator, and the supernatant containing unbound proteins was
discarded. Magnetic beads were washed three times each with 1.5 ml of
co-IP buffer, and bound proteins were then eluted with three washes of
co-IP buffer containing 100 pg/ml competitor 3XFLAG peptide (Sigma).
Lysate and purified protein samples were separated on SDS-PAGE gels,
followed by immunoblotting.

Immunoblotting. Nitrocellulose sheets bearing proteins of interest
were blocked in 5% nonfat milk plus 0.2% Tween 20 for at least 2 h. The
membranes were probed with either a rabbit polyclonal antiserum raised
against a UL51-GST fusion protein (1:1,000 dilution), a rabbit polyclonal
antiserum raised against gE (kind gift of H. Friedman) (1:500), mouse
anti-FLAG M2 monoclonal antibody (1:1,000; Sigma-Aldrich), or goat
polyclonal anti-HA antiserum (1:1,000), followed by reaction with an
alkaline phosphatase-conjugated secondary antibody.

RESULTS

Deletion of most of the UL51 protein-coding sequence causes
cell-specific defects in virus replication, release, and cell-to-cell
spread. Nozawa et al. reported that the deletion of all but the
N-terminal 42 amino acids of HSV-1 UL51 resulted in a roughly
100-fold single-step growth defect and the formation of very small
plaques (15). Klupp et al. reported that deletion of all but the first
62 amino acids of pseudorabies virus (PrV) UL51 resulted in only
a 6-fold growth defect (14). While those results were obtained by
using different viruses in different cell types, they suggested the
hypothesis that growth and spread functions of pUL51 might be
partially or completely uncoupled by a partial deletion of the
UL51 protein-coding sequence. To determine whether the two
functions could be uncoupled, we made two independently con-
structed viruses in which the sequences coding for amino acids 73
to 244 were deleted and replaced by a kanamycin resistance cas-
sette (Fig. 1A). These viruses did not express UL51 protein that
could be detected by Western blotting (Fig. 1B). We measured
virus single-step growth and CCS compared to those of wild-type
HSV-1(F) and a recombinant virus in which the full-length
pULS1 protein was FLAG tagged at the C terminus. The C-termi-
nally FLAG-tagged UL51 virus showed a significant defect in sin-
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gle-step growth on Vero cells (Fig. 2A), achieving a peak titer
roughly 10-fold lower than that of the WT control. This defect
may be due to a somewhat lower expression level of FLAG-tagged
UL51 than of the untagged protein (Fig. 1B and C), or it may be
that the presence of the FLAG tag interferes with pUL51 function.
The deletion viruses also showed a significant growth defect on
Vero cells (Fig. 2A). The deletion viruses took a few hours longer
to reach their peak titer but achieved nearly the same peak titer as
the UL51-FLAG virus.

As is normal in Vero cell infections, all viruses released only a
small fraction of infectivity into the medium. The addition of a
FLAG tag did not impair the efficiency of virus release, since WT
and UL51-FLAG viruses released similar fractions of the infectiv-
ity produced (4.0% versus 2.7% at 24 h). The deletion viruses,
however, showed an additional release defect. Even though they
produced roughly the same peak titer as the UL51-FLAG virus,
they released roughly 10-fold less virus (0.3% for deletion 1 and
0.4% for deletion 2) (Fig. 2B).

The plaques formed by the deletion viruses were almost 100-
fold smaller than those formed by the wild-type virus (Fig. 2C).
This difference in plaque size between the deletion and wild-type
viruses might be due to a specific effect on CCS, or it might be a
result of the single-step replication and release defects in the dele-
tion viruses. However, the same difference in plaque area was
observed between the UL51-FLAG virus and the deletion viruses
despite the similar single-step replication of these viruses. This
suggests that pUL51 plays a critical role in CCS in Vero cells and
that this function can be partly uncoupled from its previously
described role in virus replication and from the virus release func-
tion observed here. The defect in plaque formation was due spe-
cifically to the deletion in pUL51, since it was identical in the two
independently constructed deletion recombinants and since it was
completely corrected in the complementing cell line that expresses
wild-type pUL51 (Fig. 2D).

In HEp-2 cells, there was no significant virus replication defect
for any of the viruses compared to the wild type (Fig. 2E). The
UL51-FLAG virus and the two deletion viruses showed a small but
significant (P < 0.05) release defect compared to the wild type but
were not significantly different from each other (Fig. 2F). The two
deletion viruses did, however, show a CCS defect compared to
both the wild-type and UL51-FLAG viruses (Fig. 2G). This defect
was not as dramatic as that seen on Vero cells. Mutant virus
plaques were about 6-fold smaller than the plaques formed by the
wild-type and UL51-FLAG viruses. Since the deletion viruses and
the UL51-FLAG virus did not differ from each other in single-step
growth or virus release, this suggests that the difference in plaque
size is due to the loss of a specific CCS function of pUL51 in the
deletion viruses.

UL51 contains a highly conserved YXX® motif near the N
terminus. The UL51 protein is thought to localize to the cytoplas-
mic face of Golgi membranes, and this localization suggests a pos-
sible function in trafficking of viral proteins or virions in transport
vesicles that bud from this compartment. We hypothesized that
pUL51 contains sequence motifs for this function. A search of the
UL51 protein sequence using the Eukaryotic Linear Motif online
resource (24) revealed several membrane-trafficking motifs that
might be expected to play a role in virion or virus glycoprotein
sorting for CCS. Many of these motifs, however, have very low
sequence complexity and thus might be expected to appear by
chance, regardless of protein function. To identify likely func-
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FIG 2 Growth and spread of UL51 deletions on Vero and HEp-2 cells. (A) Single-step growth of BAC-derived HSV-1(F), UL51-FLAG, and two independently
isolated UL51 deletion viruses was measured on Vero cells. Stocks were prepared from the total infected culture (cells and medium). (B) Virus released into the
medium during the single-step growth experiment shown in panel A. (C) Sizes of plaques formed by wild-type and mutant viruses on Vero cells. Plaque areas
were measured 2 days following low-multiplicity infection as described in Materials and Methods. Each oval represents the area of a single plaque. Twenty plaques
were measured for each virus. Note that the y axis has a logarithmic scale. (D) Same as panel C except that plaques were measured on Vero and UL51-
complementing cells, as indicated below the graph. (G to H) Same as panels A to C except that measurements were performed by using HEp-2 cells. Note that
the y axis in panel F has alinear scale. For replication and release measurements (A, B, E, and F), each point represents the mean of three independent experiments,
and the error bars represent the ranges of values obtained. Statistical significance for replication and release experiments, where noted in the text, was determined
by using a Student ¢ test, as implemented in Microsoft Excel. Panels C and F are each representative of three independent experiments. The differences in plaque
sizes between the HSV-1(F) BAC and the UL51 deletion mutants shown in panel G are significant, with P values of <0.01 determined by using a Kolmogorov-
Smirnov test.

tional motifs, an alignment of UL51 proteins was created from
sequences of all herpesviruses for which a UL51 sequence is avail-
able. One motif, a YXX® sequence found at residues 19 to 22 in
HSV-1UL51, is found at a very similar position in all herpesvirus
pUL51 homolog sequences from all subfamilies of the Herpesviri-
dae (Fig. 3), with the single exception of PrV, suggesting that this
motif might carry out a conserved function.

Mutation of the YXX® motif results in a cell-specific defect
in CCS. To test for the function of the YXX® motif in CCS, we

4062 jvi.asm.org

constructed two independent recombinant viruses in which we
mutated the tyrosine codon at position 19 to an alanine codon in
the context of the UL51-FLAG recombinant virus (Fig. 1A). Both
viruses expressed FLAG-tagged pUL51 at the same level as the
parent UL51-FLAG virus (Fig. 1B). The Y19A recombinant
showed no detectable defect in single-step growth (Fig. 4A and D)
or the efficiency of virus release into the medium (Fig. 4B and E)
on either Vero or HEp-2 cells, suggesting that the YXX® motif is
not important for the virus replication or release functions of
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HSV-2 IRA-AAPPSEAEPR
HSV-1 IRA-AVPPSEAEPR
vzv [RVNTHPQGAALLR
EBV PE-EPETFECPDR
KSHV GD---PLEGCPER
HCMV QP----SEDVELR
HHV6 CS----SDDLETE
HHV7 Y= SELSEQE

FIG 3 Alignment of N-terminal sequences of UL51 homologs from human
herpesviruses. Homologs of UL51 from all herpesviruses for which sequences
are available were aligned by using the MUSCLE sequence alignment program
(52). The alignment from the N terminus of the human herpesvirus homologs
is shown. The positions of the conserved cysteine residue that is the palmitoyl-
ation site (26) and of the conserved YXX® motif are boxed. VZV, varicella-
zoster virus; Kaposi’s sarcoma-associated herpesvirus; HHV6, human herpes-
virus 6.

pULS1. Despite the strong effect of the pUL51 deletion on spread
in Vero cells, the Y19A mutant showed no evident spread defect
(Fig. 4C). The mutant did, however, have a spread defect in HEp-2
cells that was just as large as the defect induced by the UL51A73—
244 virus. This suggests that the YXX® motif has a cell-specific
function in CCS.

Expression of a pUL51-EGFP fusion specifically inhibits CCS
and disrupts normal gE localization and function. In an attempt
to create a complementing cell line for propagation of a full UL51
deletion, we stably transfected Vero cells with a construct that
expresses a pUL51-EGFP fusion under the control of pUL51 pro-
moter-regulatory sequences. Stable transfectant clones were iso-
lated, which did not express detectable pUL51-EGFP unless in-
fected with HSV-1. Surprisingly, we noted that HSV-1(F) formed
significantly smaller plaques in these cell lines than in untrans-
fected Vero cells. We therefore characterized one of these lines
with respect to the replication, release, and spread of wild-type
HSV-1(F) (Fig. 5). We found that the pUL51-EGFP-expressing
cells supported single-step replication and virus release as well as
normal Vero cells (Fig. 5A). However, the wild-type virus formed
only small plaques on the pUL51-EGFP-expressing cells (Fig. 5B).
This effect is specific for the expression of the pUL51-EGFP fu-
sion, since the expression of wild-type unfused pUL51 did not
inhibit spread (Fig. 2D). This further shows that virus replication
and spread functions for pUL51 can be distinguished genetically
and suggests that the pUL51-EGFP construct is a specific domi-
nant negative inhibitor of the CCS function of pUL51.

The degree of inhibition of spread seen in cells that express
pUL51-EGFP is similar to that previously reported for deletions of
the US8 gene, which encodes gE (4, 5, 25), suggesting that muta-
tion of UL51 might interfere with gE function. We therefore tested
for disruptions of two other correlates of gE function: localization
at cell junctions and support of syncytium formation. gE function
in epithelial cell spread is correlated with its ability to localize to
cell junctions. To test the hypothesis that pUL51-EGFP might
disrupt gE function, we determined the localization of pUL51-
EGFP, pUL51-FLAG, and gE in Vero and pUL51-EGFP-express-
ing cells infected with the UL51-FLAG virus (Fig. 6). In normal
Vero cells, gE is concentrated in several locations, including the
nuclear envelope and cytoplasmic membrane aggregates, and at
cell junctions (Fig. 6A, white arrowheads). pUL51-FLAG localizes
in the same cytoplasmic membrane aggregates as gE, but it does
not concentrate as gE does at either the nuclear membrane or cell
junctions. This localization of pUL51 is consistent with its previ-
ously reported localization to Golgi membranes in transfected
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cells (26). In contrast to pUL51-FLAG, most pUL51-EGFP is
found dispersed in both the cytoplasm and nucleoplasm and lin-
ing small spherical membranes in the cytoplasm, although some is
found in cytoplasmic membrane aggregates, where it colocalizes
with pUL51-FLAG and gE (Fig. 6B). Interestingly, while gE is still
concentrated on the nuclear envelope and in cytoplasmic mem-
branes in pUL51-EGFP-expressing cells, it no longer concentrates
at cellular junctions (compare red staining in Fig. 6A and B),
suggesting that the expression of pUL51-EGFP interferes with
gE localization and thereby with the spread function of gE.

HSV-1 gE function is required for syncytium formation by
viral syncytial mutants (3, 16). To determine whether this func-
tion of gE is disrupted in pUL51-EGFP-expressing cells, we iso-
lated 12 syncytial variants of HSV-1(F) and tested for their ability
to form syncytial plaques on Vero and UL51-EGFP-expressing
cells. Two examples are shown in Fig. 7. On Vero cells, the 12
syncytial variants showed variable syncytial plaque morphology,
ranging from plaques that were collections of small syncytia to
plaques in which all of the cells were apparently fused into a single
syncytium (Fig. 7, left). None of the syncytial variants were able to
form a syncytial plaque on the UL51-EGFP-expressing cell line
(Fig. 7, right), instead forming smaller plaques consisting of
rounded cells only, suggesting that gE function in syncytium for-
mation may also be impaired by the expression of pUL51-EGFP.

pULS51 interacts with gE. The observations that gE and pUL51
partially colocalize and that expression of a pUL51-EGFP fusion
disrupts gE localization suggested that pUL51 and gE might phys-
ically interact. We constructed recombinant viruses carrying af-
finity purification tags on either gE, pUL51, or both to allow effi-
cient purification and asked whether the proteins were copurified
from infected cells (Fig. 8). gE was FLAG tagged by the insertion of
a FLAG epitope-coding sequence immediately following the sig-
nal peptide cleavage site so that mature gE was tagged at its N
terminus. We found that the addition of the tag did not change gE
localization or the ability to support the formation of wild-type-
sized plaques (data not shown). In the dually tagged virus, gE was
FLAG tagged and pUL51 was HA tagged at the C terminus. Puri-
fication of FLAG-tagged gE resulted in the copurification of HA-
tagged pUL51 (Fig. 8A), and in the reciprocal experiment, purifi-
cation of FLAG-tagged pUL51 resulted in the copurification of
untagged gE (Fig. 8B), suggesting that gE and pUL51 can form a
complex in infected cells. Other abundant virion proteins, includ-
ing VP16 and gD, did not copurify with pUL51 (not shown).

UL51 mutant spread phenotypes cannot be accounted for by
defects in gE function. Both gE and pUL51 are required for effi-
cient CCS, and one hypothesis to explain the relationship might be
that the sole function of pUL51 is to ensure the proper localization
and function of gE. If so, the effect of mutations in UL51 on CCS
could never be larger than that of a deletion of gE. To test this
hypothesis, we generated two independently isolated recombi-
nant viruses in which amino acids 1 to 335 of gE were deleted and
compared their spread phenotype with that of our UL51A73-244
mutant. As expected, the gE-null viruses did not express detect-
able gE and could be amplified to high titers on noncomplement-
ing cells (not shown). They also formed small plaques that were
about one-fourth of the size of the plaques of the wild-type virus
on Vero cells (Fig. 9). They formed much larger plaques, however,
than those formed by the UL51A73-244 mutant, suggesting that
pUL51 has one or more functions in CCS that do not rely on gE
expression.
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FIG4 Growth and spread of UL51(Y19A) mutants on Vero and HEp-2 cells. (A) Single-step growth of UL51-FLAG and two independently isolated UL51(Y19A)
mutant viruses measured on Vero cells. Stocks were prepared from the total infected culture (cells and medium). (B) Virus released into the medium during the
single-step growth experiment shown in panel A. (C) Sizes of plaques formed by control and mutant viruses. Twenty plaques were measured for each virus. Note
that the y axis has a logarithmic scale. (D to F) Same as panels A to C except that measurements were performed with HEp-2 cells. Note that the y axis in panel
F has a linear scale. For replication and release measurements (A, B, D, and E), each point represents the mean of three independent experiments, and the error
bars represent the ranges of values obtained. Panels C and F are each representative of three independent experiments. The differences in plaque sizes between
UL51-FLAG and the UL51(Y19A) mutants shown in panel F are significant, with P values of <0.01.
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FIG 5 Growth, release, and spread of HSV-1(F) on pUL51-EGFP-expressing
cells. (A) Single-step growth and supernatant virus curves for HSV-1(F) on
Vero cells (circles) and a stably transfected clonal Vero cell line that expresses
pUL51-EGEFP in response to infection. (B) Sizes of plaques formed by HSV-
1(F) on Vero or pUL51-EGFP-expressing cells. Horizontal bars indicate the
median plaque sizes. Data from one of three representative experiments are
shown. The difference in plaque sizes is significant, with a P value of <0.001
determined by using a Kolmogorov-Smirnov test.

DISCUSSION

UL51 is conserved in all herpesviruses, and its function has been
examined in several herpesvirus systems. It is reported to be a
virion tegument component and to localize to cellular membranes
(26-28). In cells that transiently express pUL51 from a plasmid,
pULS51 localizes to the Golgi apparatus, whereas in infected cells,
pULS51 localizes to both Golgi and non-Golgi cytoplasmic mem-
branes, suggesting that other factors in infected cells influence its
localization (26). Membrane association of pULS51 requires its
palmitoylation at a cysteine located at position 9 (26). Since there
is no signal sequence, and since pUL51 is found in the tegument of
the mature virion, pUL51 is likely displayed on the exterior of

UL51-EGFP UL51-FLAG

Vero

Vero UL51-EGFP

HSV UL51 Function in Cell-to-Cell Spread

FIG 7 Morphology of syncytial HSV-1(F) variants on Vero and pUL51-
EGFP-expressing cells. Representative plaques immunostained by using an
anti-gD monoclonal antibody are shown.

cytoplasmic membranes. From this position, it could participate
in both virion assembly and vesicular trafficking interactions. In
HSV-1, PrV, and HCMV, where recombinant viruses have been
used to explore the function of pUL51 or its homolog pUL71,
mutant phenotypes have indicated an important function in virus
assembly at the point of secondary envelopment of capsids in the
cytoplasm (14, 15, 17, 18). All of the mutant viruses previously
studied showed small-plaque phenotypes as well, consistent with a
role in CCS.

Here we show that partial deletion of HSV-1 UL51 results in a
small-plaque phenotype that cannot be accounted for by single-
step growth or release defects in two different cell lines. While the
UL51A73-244 mutant does have both growth and release defects
on Vero cells, it achieves final titers and release efficiencies similar
to those obtained by a UL51-FLAG virus but forms plaques almost
100-fold smaller (Fig. 2). On HEp-2 cells, there is a smaller CCS

Merge

FIG 6 Change in gE localization in pUL51-EGFP-expressing cells. Localizations of pUL51-EGFP, pUL51-FLAG, and gE were determined 16 h after infection of
Vero (A) or pUL51-EGFP-expressing (B) cells with the UL51-FLAG virus. pUL51-FLAG was detected with anti-FLAG antibody (blue), and gE was detected with
mouse monoclonal anti-gE (red). Arrowheads point to sites of gE staining at cell junctions.
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FIG 8 Copurification of gE and pUL51. Images of Western blots are shown.
(A) Flag-tagged gE was purified from lysates of Vero cells infected with the
indicated viruses using anti-FLAG magnetic beads, and samples of the unfrac-
tionated lysates and of the purified proteins were separated by SDS-PAGE,
blotted onto nitrocellulose, and probed as indicated at the left. (B) Same as
panel A except that FLAG-tagged pUL51 was purified.

defect but no significant growth or release defect. Furthermore,
the CCS function of pUL51 can be specifically inhibited in Vero
cells by the expression of a pUL51-EGFP fusion (Fig. 3).

While pUL51 evidently facilitates CCS in different cell types,
the mechanism apparently differs to some extent. The highly con-
served YXX® motif found near the N terminus of pUL51 is critical
for CCS function in HEp-2 cells, since mutation of this motif
results in a CCS defect comparable to that caused by a deletion of
most of the protein. The same effect is not seen in Vero cells, where
the plaques formed by the YXX® mutant are not significantly
smaller than those formed by the UL51-FLAG control virus.
YXX® motifs function by binding to the w subunits of adapter
protein (AP) complexes that direct coated-vesicle trafficking to a
variety of cellular destinations, including the basolateral plasma
membrane from the frans-Golgi network and endosomes (re-
viewed in reference 29). In HEp-2 cells, it is possible that the trans-
portof virions to junctional surfaces of cells for CCS is mediated in
part by the binding of one of the AP complexes to pUL51. Inter-
estingly, a number of viral proteins have YXX® motifs, including
the cytoplasmic domains of gE and gB (30, 31), raising the possi-
bility that redundant signals can help mediate CCS.

The UL51A73-244 viruses exhibit better single-step growth
than that seen by Nozawa et al. for a UL51 deletion that could
express only the first 42 amino acids (15). The UL51A73-244 virus
single-step growth kinetics are more similar to those shown by the
PrV deletion described previously by Klupp et al., which allowed
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FIG 9 Comparison of spread phenotypes of gE and UL51 deletions. Plaques
formed by each of the indicated viruses on Vero cells were measured and
plotted as described in the legend of Fig. 2. Dark bars represent the median
plaque size. The difference between the HSV-1(F) BAC and the gE-null viruses
was significant, with a P value of <0.001.

expression of the first 62 amino acids of pUL51 (14). Klupp et al.
could not detect truncated pUL51 in Western blots, and we would
not expect to have detected a truncated pUL51 because our anti-
serum was raised against C-terminal sequences. However, one
possible explanation for the difference between our results and
those of Nozawa et al. is that a truncated product is expressed and
retains some of the UL51 function needed for single-step growth.

Studies of gE/gl function in HSV suggest that epithelial CCS
has at least two specific components. Several lines of evidence
suggest that one component is the engagement of cellular recep-
tors at cell junctions by gE/gl. Mutations in the extracellular do-
main of gE can specifically inhibit CCS, consistent with a role in
binding to cell surface factors (32). The extracellular domain of gE
can concentrate at cellular junctions, suggesting that it binds to
cellular factors there (10). Expression of truncated gE that lacked
the cytoplasmic tail inhibited epithelial CCS, suggesting that this
truncated construct might compete for binding to host cell recep-
tors for CCS (33).

Trafficking of mature virions and perhaps other viral factors to
junctional surfaces of cells probably forms a second component of
CCS. Even in nonpolarized Vero cells, nascent virions are not
released uniformly from the surface of the cell but rather are re-
leased from specialized sites on the basal surface where viral gly-
coproteins are concentrated (34), indicating that virions are spe-
cifically trafficked from the site of secondary envelopment. CCS
probably relies on specific trafficking to junctional surfaces where
the nascent virions are sterically protected from immune effectors,
including neutralizing antibody. A gE deletion virus failed to de-
liver mature virions to the junctional surfaces of epithelial cells
(35), and delivery of gE to cell junctions is necessary for CCS (8).

pUL51 is not displayed on the surface of cells or virions, mak-
ing it unlikely that it participates directly in the engagement of
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FIG 10 Schematic drawing of a possible mechanism for pUL51 function.
Exposure of pUL51 on the exterior face of cytoplasmic membranes positions it
to participate in multiple functions late in infection. It is positioned to interact
with other tegument components to facilitate secondary envelopment. It may
also mark the exterior of transport vesicles that bud from the envelopment
compartment and interact with cell-specific cargo adapters to facilitate traf-
ficking of virion proteins, including gE, or the virions themselves for CCS or
for release.

specialized CCS receptors (26-28). Rather, the localization of
pUL51 on the exterior face of the Golgi and other cytoplasmic
membranes positions it to participate both in cytoplasmic envel-
opment and as a marker for trafficking on the exterior of transport
vesicles that bud from the envelopment compartment (Fig. 10).
Therefore, it seems likely that pUL51 is a critical mediator of traf-
ficking of components for CCS. The effect of the pUL51-EGFP
fusion on gE localization suggests that pULS51 participates in gE
trafficking to cell junctions. However, the greater severity of the
UL51 mutation phenotype on CCS suggests that it is responsible
for the trafficking of other critical components as well, possibly
including the viral particles themselves. Depending upon the cell
type, pUL51 on the exterior of transport vesicles may interact with
other viral or cellular cargo adapters to direct those vesicles along
pathways for apical release, for delivery to junctional surfaces for
CCS, or both.

Several conserved herpesvirus gene products have been impli-
cated in CCS, including pUL34, pUL11, pUL16, pUL21, and now
pULS51 (11, 13, 16). For all of these proteins, CCS function is
correlated with their effects on gE function and localization.
pULI11 binds directly to the gE cytoplasmic tail, where pULI1,
pUL16, and pUL21 form a complex that is required for proper g
trafficking to cell junctions (16, 36). Our data suggest that the
same may be true for pUL51, although whether all of these pro-
teins form a single complex on the gE tail is not clear at this time.

Both epithelial CCS and spread from neurons apparently re-
quire specialized virion-sorting mechanisms, but the viral factors
that are required differ. gE/gl is not essential for epithelial CCS in
HSV but is apparently crucial for anterograde neuronal spread in
both HSV and PrV (6, 37-39). The US9 gene is also required for
efficient transneuronal spread but has little or no effect on epithe-
lial CCS (40-45). Both proteins function in transneuronal spread
by promoting trafficking of virion components into axons (44,
46-48). In PrV infection, both gE/gl and US9 promote interac-
tions of virion components with transport motors via KIF1A (49).
pUL51 may have a complementary trafficking function in epithe-
lial CCS in that it is clearly crucial for CCS in some epithelial cell
lines. While its function in neuronal spread has not been thor-
oughly explored, partial deletion of PrV UL51 has only a minor

April 2014 Volume 88 Number 8

HSV UL51 Function in Cell-to-Cell Spread

effect on neuroinvasiveness, suggesting that pUL51 does not play
a critical role in spread between neurons (50).

The HCMV UL71 protein is required for efficient cytoplasmic
virion assembly and may also be required for spread (17, 18). The
secondary envelopment function of pUL71 is tied to leucine zip-
per-dependent oligomerization of the protein (51). The leucine
zipper motif is not, however, well conserved among the herpesvi-
ruses and is not present in HSV or PrV pUL51 proteins, suggesting
that either pUL51 oligomerization is unnecessary in alphaherpes-
viruses or it is mediated by other structural features of the protein.
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