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Herpes simplex virus (HSV) pUL34 plays a critical role in virus replication by mediating egress of nucleo-
capsids from the infected cell nucleus. We have identified a mutation in pUL34 (Y68A) that produces a major
defect in virus replication and impaired nuclear egress but also profoundly inhibits cell-to-cell spread and
trafficking of gE. Virion release to the extracellular medium is not affected by the Y68A mutation, indicating
that the mutation specifically inhibits cell-to-cell spread. We isolated extragenic suppressors of the Y68A
plaque formation defect and mapped them by a combination of high-throughput Illumina sequencing and
PCR-based screening. We found that suppression is highly correlated with a nonsense mutation in the US9
gene, which plays a critical role in cell-to-cell spread of HSV-1 in neurons. The US9 mutation alone is not
sufficient to suppress the Y68A spread phenotype, indicating a likely role for multiple viral factors.

Dissemination of herpes simplex virus (HSV) during recur-
rent disease in the host is dependent upon efficient viral rep-
lication and on the ability of the virus to spread from cell to cell
in the face of the host innate and adaptive immune defenses.
Cytoplasmic envelopment of HSV-1 virions is followed by
vesicular transport of virions to the cell surface and secretion
by fusion of the vesicle membrane with the plasma membrane
(8, 23, 44). Transport of virions to cell membranes in contact
with the extracellular medium results in release of free virions.
Transport to surfaces apposed to other cells results in cell-to-
cell spread of virus infection. The mechanism by which virions
are sorted to junctional or basolateral surfaces in epithelial and
fibroblast cells is poorly characterized. About half of the virus-
encoded proteins play critical roles in virus replication, but
relatively few have been found to have specific functions in
cell-to-cell spread of virus. The essential components of the
virion entry apparatus, gB, gD, and gH/gL, are required for
cell-to-cell spread (7, 17, 30, 52). It is likely that this is because
cell-to-cell spread requires interaction of the virus entry pro-
teins with cellular receptors and subsequent fusion of the vi-
rion envelope with the plasma membrane of the naïve host cell.
A few additional viral proteins have been shown to be required
for efficient cell-to-cell spread at least in some cell types.
HSV-1 gE and gI form a heterodimeric complex that is re-
quired for efficient cell-to-cell spread in the nervous system in
vivo (10, 11, 21, 22, 36). The gE/gI complex is also required for
spread in cultured neuronal cells and in epithelial and fibro-
blast cells that form well-defined cell junctions (1, 10, 12, 36).
The gE spread phenotype in epithelial cells requires sequences
in the cytoplasmic tail of gE and also requires sorting of gE to
basolateral cell surfaces and adherens junctions, where it co-

localizes with �-catenin (12, 16, 37, 64). Deletion of US9 in
pseudorabies virus (PRV) is associated with failure of viral
spread in neuronal cultures and in vivo (5, 33). In HSV-1, the
effect of US9 deletion on neuronal spread is less clear, and
the degree of inhibition of neuronal spread may depend on the
experimental system (36, 60). The function of US9 appears to
be tied in neurons to sorting of virus components from the
neuronal cell body into axons (5, 33, 60, 63).

The HSV-1 UL34 gene, along with its homologs in other
herpesviruses, is required for efficient viral replication in all
cultured cells tested, presumably because it is required for
efficient egress of capsids from the infected cell nucleus (15, 25,
41, 43, 51). The UL34 protein (pUL34) is targeted specifically
to the inner nuclear membrane (INM) by a mechanism that
requires its interaction with HSV pUL31 (48, 49), and this
dependence is a conserved feature of herpesvirus envelopment
(18, 26, 48, 49, 55, 56, 65). In addition to their localization at
the nuclear envelope in infected cells, pUL31 and pUL34 of
HSV and PRV have been shown to be structural components
of the perinuclear virion (18, 25, 49). The proteins are lost
from the egressing virion upon deenvelopment at the outer
nuclear membrane (ONM), and pUL34 and pUL31 and their
homologs are not detected in mature virions (15, 18, 19, 25,
49). Localization of these two proteins at the INM results in
the recruitment of other proteins, including protein kinase C
delta and pUS3, to the nuclear membrane to form a nuclear
envelopment complex (NEC) (41, 45, 54). Deletion of the HSV
UL34 gene causes failure to disrupt the nuclear lamina and
essentially complete failure of nuclear egress, with accumula-
tion of nucleocapsids in the infected cell nucleus (3, 27, 38, 39,
45, 47, 51, 57, 58). The concentration of pUL34 and pUL31 at
the nuclear membrane during infection suggests that the nu-
clear envelope (NE) is likely to be their most important func-
tional site.

Complete deletion of any gene whose product is required at
multiple steps in infection will result in arrest of infection at
the first of those steps, making identification and analysis of
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later events impossible. Point mutations in that gene will some-
times result in proteins with full or partial function at early
steps and failure of function at later steps, thereby allowing
characterization of those later steps. This strategy has been
useful in analysis of UL34 gene function, since careful analysis
of point mutations has allowed identification of UL34 gene
functions in nuclear egress that follow nuclear lamina disrup-
tion, including mediation and regulation of membrane curva-
ture around capsids (50). Analysis of point mutations has the
additional advantage that extragenic suppressors of the mutant
phenotypes can be selected and mapped, allowing identifica-
tion of functionally important interactions. This genetic ap-
proach has had limited use in analysis of herpesvirus morpho-
genesis, principally because of the difficulty of mapping the
extragenic suppressor mutations by marker transfer. Applica-
tion of the method so far has yielded useful results only when
the position of the suppressor could be predicted based on
already known or suspected interactions (9, 20). Two recent
technical advances allow for more extensive and powerful use
of extragenic suppressor analysis. The first of these is the use of
high-throughput sequencing methods for rapid and convenient
sequencing of whole herpesvirus genomes for identification of
single nucleotide polymorphisms (SNPs) between the parental
and suppressor mutant viruses (61). The second is the use of
molecular clones of herpesvirus genomes in the form of bac-
terial artificial chromosomes (BACs) as the parent genomes
for marker transfer identification of the relevant SNP.

Here, we show that a mutation in UL34 that results in
substitution of alanine for a highly conserved tyrosine at
pUL34 position 68 results in a surprising phenotype. This mu-
tation is associated with a major virus replication defect and
inhibition of nuclear egress but also results in a profound
defect in virus cell-to-cell spread and in trafficking of gE. We
isolated extragenic suppressors of the cell-to-cell spread phe-
notype and showed by whole-genome sequencing and PCR-
based screening that phenotypic suppression is correlated with
a nonsense mutation in the US9 gene. This mutation alone is
not sufficient to suppress the UL34 Y68A phenotype.

MATERIALS AND METHODS

Cells and viruses. Vero and HEp-2 cells were maintained as previously de-
scribed (51). The properties of HSV-1(F), vRR1072(TK�), and UL34(�) BACs
have been previously described (14, 51).

Plasmids and cell lines. pRR1072 and pRR1072Rep were previously de-
scribed (2, 51). To construct an infection-inducible UL34Y68A-expressing cell
line, we built the plasmid pRR1374. To achieve this, the 1,250-bp XbaI/Klenow-
BspEI fragment of pRR1293 that contains the Y68A UL34 gene on the
pRR1072Rep background was ligated into AseI/Klenow-NgoMIV-cut pTuner-
IRES2 (Clontech). The resulting plasmid expresses bicistronic pUL34-IRES2-
enhanced green fluorescent protein (EGFP) mRNA from the UL34 promoter/
regulatory sequences. Clonal cell line Y68A-DD was constructed by transfection
of pRR1374 into Vero cells followed by selection with G418 and isolation of
clones by limiting dilution. Expressing cell clones were initially screened by assay
for EGFP expression 20 h after infection with HSV-1(F). Cell clones that ex-
pressed EGFP were further screened for pUL34 expression by immunofluores-
cence assay of cells 20 h after infection with the UL34-null virus vRR1072(TK�).
Although several Y68A pUL34-expressing cell clones were isolated, only one,
Y68A-DD, expressed pUL34 after UL34-null virus infection at a level compa-
rable to that seen in wild-type (WT) virus infection. The Y68A-DD cells are
referred to in the remainder of this report simply as Y68A UL34-expressing cells.
The wild-type pUL34-expressing cell line, called RepAC, was previously de-
scribed (50), and these cells are referred to as WT UL34-expressing cells.

Plaque assays. Six-well tissue culture wells were seeded with 1.8 � 106 Vero
cells, WT UL34-expressing cells, or Y68A UL34-expressing cells the day before

infection. Infection was initiated by removal of growth medium and the addition
of 1 ml of virus diluted in V medium (Dulbecco’s modified Eagle medium
[DMEM] containing 1% heat-inactivated calf serum). The virus inoculum was
removed after 90 min and replaced with 2.5 ml V medium containing a 1:250
dilution of pooled human immunoglobulin as a source of HSV-neutralizing
antibody (GamaSTAN S/D; Talecris Biotherapeutics). At the indicated times
after infection, monolayers were washed twice with phosphate-buffered saline
(PBS) and then fixed by incubation for 15 min in 3.7% formaldehyde in PBS.
After fixation, monolayers were washed three times with 2 ml PBS. Plaques were
stained by indirect immunofluorescence using a 1:5,000 dilution of mouse mono-
clonal anti-gD DL6 (gift of Gary Cohen and Rosalyn Eisenberg) as the primary
antibody and a 1:1,000 dilution of Alexa Fluor 488 goat anti-mouse IgG (Invi-
trogen) as the secondary antibody.

Single-step growth measurement. Measurement of replication and release of
HSV-1(F), vRR1072(TK�), and Y68ARev viruses on Vero cells, WT UL34-
expressing cells, and Y68A UL34-expressing cells after infection at high multi-
plicity was performed as previously described (29).

Indirect immunofluorescence. Immunofluorescence was performed as previ-
ously described using either a 1:2,000 dilution of mouse monoclonal anti-gE
ascites fluid (gift of Lenore Pereira), a 1:500 dilution of mouse monoclonal
anti-emerin clone H-12 (Santa Cruz), or a 1:5,000 dilution of mouse monoclonal
anti-gD DL6 (2, 48).

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 either with a previously described chicken polyclonal antibody
directed against pUL34 (1:1,000) (48), followed by reaction with alkaline phos-
phatase-conjugated anti-chicken secondary antibody (Aves Laboratories), or
with mouse monoclonal antibody directed against the HSV-1 scaffolding protein
(1:2,000) (Serotec), followed by reaction with alkaline phosphatase-conjugated
anti-mouse secondary antibody (Sigma).

Transmission electron microscopy (TEM) of infected cells. Confluent
monolayers of Vero or Y68A UL34-expressing cells were infected with
vRR1072(TK�) at a multiplicity of infection (MOI) of 10 for 20 h and then fixed
by incubation in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 h.
Cells were postfixed in 1% osmium tetroxide, washed in cacodylate buffer,
embedded in Spurr’s resin, and cut into 95-nm sections. Sections were mounted
on grids, stained with uranyl acetate and lead citrate, and examined with a JEOL
1250 transmission electron microscope.

Sequencing of the Y68ARev genome. Y68ARev genomic DNA was isolated
from C capsids from infected HEp-2 cell nuclei purified on sucrose gradients as
previously described (51). Viral DNA was sequenced on an Illumina Genome
Analyzer II (GAII), as described previously (61). Briefly, viral nucleocapsid
DNA was prepared for sequencing using Illumina’s genomic DNA sample prep
kit, loaded onto one lane of a flow cell, and sequenced for 75 cycles using
standard data acquisition by the Illumina Pipeline software version 1.3. Sequence
reads were filtered to remove mononucleotides, and the human aligning se-
quence derived from the HEp-2 cells was used to prepare viral DNA. Then
sequence reads were aligned to the HSV-1(F) viral genome (GenBank identifier
GU734771) using the Mapping and Alignment with Qualities (MAQ) software
package (28). Default MAQ settings were used to call SNPs in the Y68ARev
sequence compared to the HSV-1(F) genome. Default MAQ filtering excludes
SNP calls in any region where sequence reads align to more than one location.
This situation occurs in the large inverted repeat regions of HSV-1, where
sequence reads can align to either the terminal or internal copy of the repeat. For
this reason, MAQ filtering was lifted for the repeat regions, and all potential SNP
calls were considered in the repeat regions, which includes the RS1, RL1, and
RL2 genes.

BAC construction. An HSV-1 BAC genome, carrying a UL34 gene deletion
and a mutation in the US9 gene creating an R58Stop substitution, was engi-
neered using Red recombineering on the background of a UL34-null BAC as
previously described (50, 62). The UL34-null BAC was mutagenized at the US9
locus by insertion and scarless excision of a gentamicin (Gm) resistance (Gmr)
cassette.

The Gmr cassette with the mutant US9 flanking sequence was constructed in
several steps. First, a Gm resistance cassette containing the Gmr promoter,
protein coding sequence, and terminator flanked at the 5� end with an SceI
homing nuclease site was amplified as previously described (50). Second, PCR
products containing the 5� and 3� halves of the Gm resistance gene were ampli-
fied from the Gmr cassette template using the primers US9R58StGm For/Gm
mid Rev and Gm mid For/US9R58StGm Rev, respectively. The two resulting
PCR products overlap in the Gmr coding sequence. The complete Gm resistance
cassette with the US9 flanking sequence was then assembled in a PCR using the
overlapping partial genes and the primers US9R58St unique For and US9R58St

7204 HAUGO ET AL. J. VIROL.



unique Rev (Table 1). The resulting PCR product was recombined into the
UL34-null BAC, Gm-resistant recombinants were picked, and genomes were
tested for insertion of the Gm cassette by diagnostic PCR by using the flanking
primers US9 test Fwd and US9 test Rev (Table 1). Correct insertion of the Gm
cassette was confirmed by direct sequencing of the BAC DNA. Scarless excision
of the Gm cassette, leaving an intact US9 gene carrying the R568Stop mutation,
was carried out as described previously (50), and Gm-sensitive, kanamycin
(Kan)-resistant clones were tested for correct structure at both the US9 and
UL34 loci by diagnostic PCR using the UL34 test For, UL34 test Rev, US9 test
Fwd, and US9 test Rev primers. Correct structure was confirmed by direct
sequencing of the BAC DNA at both loci.

Viruses were rescued from the WT BAC, UL34-null BAC, and UL34-null/
US9R58Stop BAC by transfection into UL34-expressing complementing cells.
The sequence of the rescued UL34-null/US9R58Stop virus at the US9 locus was
verified by sequencing of a PCR product containing the US9 gene.

RESULTS

Y68A mutant pUL34 is deficient in its ability to support
virus production and cell-to-cell spread. We have previously
described a strategy for evaluation of mutant UL34 function
based on UL34-null virus infection of cell lines that express
mutant pUL34 (50). The Y68A mutant pUL34 was evaluated
as part of a larger effort to examine the function of UL34
mutants in which individual conserved amino acids were re-
placed with alanine. Tyrosine 68 is in the most conserved
region of pUL34 and is absolutely conserved among alphaher-
pesviruses (Fig. 1A). In order to evaluate the function of Y68,
we constructed a cell line that expresses Y68A pUL34 under
the control of its own promoter regulatory sequences. We
compared pUL34 expression relative to a previously con-
structed WT pUL34-expressing cell line, and to wild-type virus
infection, by infecting cells with 10 PFU/cell of either HSV-
1(F) or the UL34-null virus vRR1072(TK�) for 18 h. Total
protein was determined in each extract, and equivalent
amounts were separated on an SDS-PAGE gel, transferred to
nitrocellulose, and probed for pUL34 (Fig. 1B). HSV-1 scaf-
folding protein was used as a loading control. The UL34-null
virus-infected Y68A UL34-expressing cells expressed as much
pUL34 as WT virus-infected Vero cells (Fig. 1B, compare
lanes 1 and 4) and considerably more than UL34-null virus-
infected WT UL34-expressing cells (lane 3). We could, there-
fore, directly compare the activity of Y68A pUL34 to that of
WT pUL34 both in WT virus-infected cells and in WT UL34-
expressing cells. Y68A mutant phenotypes could not be as-
cribed to insufficient levels of the mutant protein.

Virus replication and spread were measured in single-step
growth and plaque formation assays (Fig. 2 and 3) with several

interesting results. Figure 2 shows single-step growth kinetics
and the sizes of representative plaques. Figure 3 shows the
results of measurement of plaque areas (note that the y axis of
Fig. 3 has a logarithmic scale). As expected, wild-type virus
grew efficiently and formed robust plaques on all cell lines
tested (Fig. 2A to D and 3A). This indicates that the Y68A
UL34-expressing cells show no UL34-independent defect in
virus growth and no dominant negative effect of the UL34
mutant on virus growth. UL34-null virus replication on Y68A
pUL34-expressing cells was less efficient than WT virus repli-
cation on any of the cell types, producing about 60-fold-less
virus at peak times (compare curves in Fig. 2A with the triangle
marker curve in Fig. 2E). Since roughly equivalent amounts of
pUL34 were expressed in both cases, this suggests that Y68A
pUL34 is deficient in its ability to support single-step growth of
HSV-1. This inhibition of single-step growth was, however,
much less than that seen in the absence of pUL34 (compare
triangle and circle marker curves in Fig. 2E).

Interestingly, the single-step growth of UL34-null virus on
Y68A UL34-expressing cells (triangle marker curve in Fig. 2E)
was very similar to that obtained on WT UL34-expressing cells
(square marker curve in Fig. 2E), probably because of the low
level of WT pUL34 expression (Fig. 1B). The latter observa-
tion was in striking contrast to the result of plaque formation
assays. While UL34-null virus formed robust plaques on WT
pUL34-expressing cells, it formed only tiny foci of one to a few
infected cells on Y68A pUL34-expressing cells (compare Fig.
2G and H and 3B). Y68A pUL34-expressing cells supported
plaque formation no better than cells that express no pUL34 at
all (compare Fig. 2F and H and 3B). Since infected cultures for
plaque formation assays were incubated in the presence of
HSV-neutralizing antibody to make plaque formation exclu-
sively dependent on cell-to-cell spread, this result suggests that
the Y68A mutation in UL34 results in a severe defect in cell-
to-cell spread. Spread of WT virus in Y68A UL34-expressing
cells was just as efficient as that in Vero cells (Fig. 2D and 3A),
indicating that Y68A UL34-expressing cells have no UL34-
independent defect in virus spread and showing that the Y68A
UL34 has no dominant negative effect on virus spread.

Failure in plaque formation could be due to specific inhibi-
tion of virion trafficking to cell junctions, or it could reflect
inhibition of virion trafficking to any cell surface. In order to
determine whether Y68A pUL34 is associated with a general
virion release defect, amounts of total infectious virus and
infectious particles released to the medium at 18 h after infec-

TABLE 1. Primers used for construction and analysis of mutant US9 BAC

Primer name Primer sequencea

US9R58StGm For ..........................5�-TCCTCGTACGCATGGGCCGCCAACAGTCGGTATTAAGGCGctagCGCAGACGCACCCGCTGCGT
GCTCGGATCCTAGGGATAACAGGG-3�

US9R58StGm Rev..........................5�-GACAGGCGATCACCATGCCGACGCAGCGGGTGCGTCTGCGctagCGCCTTAATACCGACTGTTG
TCTAGAGGCCGCGGCGTTG-3�

Gm mid For ....................................5�-GGTCGTGAGTTCGGAGACGTAGC-3�
Gm mid Rev....................................5�-CACTACGCGGCTGCTCAAACC-3�
R58St unique For ...........................5�-TCCTCGTACGCATGGGCCG-3�
R58St unique Rev ..........................5�–GACAGGCGATCACCATGCCGAC-3�
US9 test Fwd...................................5�-AGTCACTGCGACCGCAACTTCC-3�
US9 test Rev ...................................5�-AAGGCTGGGTGCAAATTGCGG-3�

a Underlined sequences have homology to the US9 gene. Lowercase indicates nucleotides altered to create the R58Stop mutation and an NheI restriction enzyme
cleavage site. Sequences not underlined have homology to the Sce-Gmr cassette.
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tion were measured in cells that express WT or Y68A pUL34
following infection with either UL34-null virus or Y68ARev
(Fig. 4). Again, virus replication was slightly depressed in
Y68A-expressing cells compared to that in cells that express
WT pUL34 (Fig. 4, gray bars). As is typical for Vero cells, only
a small fraction of total virus was released to the medium
(white bars). The amounts of virus released from UL34-null
virus-infected cells were the same regardless of whether WT or
Y68A pUL34 was expressed, indicating that the Y68A muta-
tion does not interfere with release of mature virus from the
cell. Furthermore, the efficiency of release (i.e., the fraction of
total virus produced that is released to the medium) from

UL34-null virus-infected Y68A UL34-expressing cells (0.33%)
is similar to that seen in wild-type virus infection of either Vero
(0.53%) or Y68A UL34-expressing (0.58%) cells. This indi-
cates that there is no UL34-independent inhibition of virus
release occurring in the UL34-expressing cell lines. Given the
severe inhibition of plaque formation, these data suggest that
the Y68A mutation is associated with a major defect in cell-
to-cell spread.

Y68A mutant pUL34 induces exaggerated disruption of the
nuclear envelope and a nuclear egress defect. The Y68A mu-
tation is outside the region of pUL34 that is necessary and
sufficient for nuclear envelope targeting (29). To test whether

FIG. 1. Position of the Y68A mutation and expression of pUL34 by cell lines. (A) Schematic diagrams of pUL34 showing the locations of
relevant sequence features. Protein sequence of pUL34 is indicated as a bar with the N terminus at the left. Sequences in pUL34 that mediate
nuclear envelope targeting of the NEC are indicated as a stippled region. Position of Y68 is indicated below the bar. Positions of conserved regions
are indicated immediately below each of the bars. The conservation plot shows conservation of biochemical properties of amino acids using all
available herpesvirus sequences aligned by using the program MUSCLE (13). (B) Expression of wild-type and Y68A mutant pUL34 by stable cell
lines. Digital images of Western blots are shown. Vero cells (lanes 1 and 2) or cells stably expressing WT pUL34 (lane 3) or Y68A pUL34 (lane
4) were infected with WT HSV-1(F) (lane 1) or UL34-null vRR1072(TK�) virus (lanes 2 to 4). Blotted infected cell proteins were probed for either
scaffolding protein (top) or pUL34 (bottom).
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the Y68A mutation interferes with proper localization of
pUL34, WT UL34-expressing cells and Y68A UL34-expressing
cells that were mock infected or infected with 10 PFU/cell of
HSV-1(F) or UL34-null viruses for 16 h were fixed and assayed
for localization of pUL34 or the host cell nuclear envelope
protein emerin by immunofluorescence (Fig. 5). As we have
seen with other cell lines that express pUL34 from its own
promoter/regulatory sequences, pUL34 expression in both
wild-type UL34- and Y68A UL34-expressing cells is strictly
dependent upon infection and therefore cannot be detected in
uninfected cells (Fig. 5A and D). As previously reported, wild-
type pUL34 was tightly localized to the nuclear rim in cells

FIG. 2. Single-step growth and plaque formation on Vero, WT
pUL34-expressing, or Y68A mutant pUL34-expressing cell lines. For
single-step growth replicate, cultures of Vero cells, WT UL34-express-

ing cells, or Y68A UL34-expressing cells were infected at an MOI of 5
with HSV-1(F) (A), the UL34-null virus vRR1072(TK�) (E), or
Y68ARev (I). Residual virus was removed or inactivated with a
low-pH wash, and at the indicated times total culture virus was titrated
on WT UL34-expressing cells. Virus yields are expressed as PFU per
milliliter. Each data point represents the mean of results from three
independent experiments. Error bars indicate the range of values. For
plaque formation assays, digital micrographs of infected cell monolay-
ers stained for glycoprotein D are shown. The cell line infected is
indicated to the left of each panel. In panels B to D, the infecting virus
was HSV-1(F). In panels F to H, the infecting virus was the UL34-null
virus vRR1072(TK�). In panels J to L, the infecting virus was
Y68ARev. All plaques were fixed and stained at 2 days after infection.
All plaque images are shown at the same magnification.

FIG. 3. Quantitation of plaque formation on wild-type and mutant
UL34-expressing cell lines. Histograms of mean plaque sizes on Vero,
WT pUL34-expressing, and Y68A pUL34-expressing cells are shown.
Plaques stained 2 days after infection, as described in the legend to Fig.
2, were photographed, and plaque areas in image pixels were de-
termined using ImageJ. For each bar, 20 randomly selected plaques
from two independent experiments (40 plaques total) were mea-
sured. Brackets indicate pairwise statistical comparisons performed
using a Student t test. All of the indicated comparisons showed a
highly significant difference (P � 0.001). Note that the y axis has a
logarithmic scale.
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infected with either UL34-null virus or HSV-1(F) (Fig. 5B and
C). Y68A pUL34 was also tightly localized to the nuclear rim,
but the appearance of the rim was changed such that there
were numerous, sometimes large blebs on the outer nuclear
envelope, indicating an exaggerated disruption of the architec-
ture of the NE (Fig. 5E). Interestingly, the same effect was
observed when Y68A pUL34-expressing cells were infected
with wild-type virus (Fig. 5F), indicating that the mutant phe-
notype dominates even when WT pUL34 is present. The blebs
formed in Y68A cells include the host NE protein emerin (Fig.
5H and I), and their induction depends upon infection since
the appearance of the nuclear envelope is normal in uninfected
cells (Fig. 5G). The exaggerated NE disruption due to the
Y68A mutation is not likely to contribute significantly to the
virus production or cell-to-cell spread defects, since WT HSV-
1(F) replicated normally on Y68A UL34-expressing cells (Fig.
2A) and formed plaques normally (Fig. 2D and 3), even though
the same degree of NE disruption was induced.

Examination of Y68A pUL34-expressing cells that were in-
fected with UL34-null virus by TEM revealed two interesting
phenotypes. First, as suggested by the immunofluorescence
localization experiments above, there was blebbing of the nu-

clear membrane into the cytoplasm (Fig. 6A, white arrow-
heads). These blebs were formed by distension of both inner
and outer nuclear membranes into the cytoplasm. In some
cases, we also observed multilamellar structures containing
multiple thicknesses of nuclear envelope separated by an elec-
tron-dense layer (Fig. 6B, white arrowheads). In all these cy-
toplasmic structures, the inner and outer nuclear envelopes
appeared to be properly spaced, suggesting distortion of the
nuclear envelope as a whole rather than just the inner or outer
nuclear membranes. This phenotype is in distinct contrast to
the behavior of UL34-null mutants in cells that express no
pUL34, where the nuclear envelope is generally of uniform
shape (27, 51). Second, in most Y68A UL34-expressing cells
infected with UL34-null virus, we observed no cell surface
virions or cytoplasmic egress intermediates despite the pres-
ence of numerous A, B, and C capsids in the infected cell
nucleus (C capsids are indicated in Fig. 6A, black arrowheads).
In this regard, Y68A-expressing cells were similar in appearance
to UL34-null mutant-infected cells that express no UL34 at all,
suggesting that the Y68A mutation causes a major defect in nu-
clear egress. The lack of surface virions and cytoplasmic egress
intermediates was unsurprising given the magnitude of the single-

FIG. 4. Virus release to the medium mediated by wild-type and mutant pUL34. Replicate cultures of Vero, wild-type pUL34-expressing, or
Y68A mutant pUL34-expressing cells were infected at an MOI of 5 with wild-type virus HSV-1(F), UL34-null virus vRR1072(TK�), or Y68ARev.
Residual virus was removed or inactivated with a low-pH wash, and at 18 h after infection total culture virus (gray bars) or culture supernatant
(white bars) was titrated on WT UL34-expressing cells. Virus yields are expressed as PFU/ml. Each data point represents the mean of results from
three independent experiments. Error bars indicate the range of values. The values in parentheses above each pair of bars indicate the percentages
of total virus released to the medium calculated as the mean amount of released virus divided by the mean amount of total virus times 100. Low
pH wash completely removed residual extracellular virus, as the titer of culture supernatant at 2 h postinfection was undetectable.
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step growth defect associated with the Y68A mutation (Fig. 2).
Even in EM examination of wild-type virus-infected Vero cells,
we would ordinarily observe less than 50 such structures per cell.
Our failure to observe extranuclear virus here was consistent with
the 60-fold single-step growth defect conferred by the Y68A mu-
tation and suggests that the single-step growth defect is due
largely or entirely to a defect in nuclear egress.

pUL34 function is required for proper localization of glyco-
protein E. Cell-to-cell spread of HSV-1 is correlated with traf-
ficking of glycoprotein E, and probably virions, to cell junc-
tions. While gE is not required for cell-to-cell spread in Vero
cells, we reasoned that alterations in its localization might
reflect defects in proper trafficking of viral or cellular compo-
nents required for cell-to-cell spread. To determine whether
pUL34 function is necessary for proper gE sorting, we infected
Vero and WT or mutant pUL34-expressing cells and assayed
for gE and gD localization at 16 h after infection by immuno-
fluorescence (Fig. 7). In Vero cells infected with wild-type virus
(Fig. 7A), gE was localized on intracellular membranes, includ-
ing the nuclear membrane in some cells. It was most promi-
nent, however, on the plasma membrane, especially at junc-
tional surfaces (Fig. 7A, arrowheads). In Vero cells infected
with UL34-null virus, plasma membrane staining was much less
prominent. Instead, gE accumulated in large membrane aggre-
gates in the cytoplasm (Fig. 7B, arrowheads), and in most cells,
junction staining was not evident. Plasma membrane and junc-
tion staining was restored when Vero cells that express WT
pUL34 were infected with UL34-null virus (Fig. 7C), indicating
that abnormal gE trafficking was due to lack of pUL34 expres-
sion. Infection of cells that express Y68A pUL34 with UL34-
null virus resulted in an intermediate phenotype (Fig. 7D). gE
accumulated more on cytoplasmic membranes than in a wild-
type infection, but there was more cell surface and junctional
staining than what was seen in infections with no pUL34.
In addition, Y68A pUL34 expression resulted in more pro-
nounced nuclear rim staining (Fig. 7D, arrowhead) than that
seen in infections with wild-type or with no pUL34. These
effects on gE trafficking did not reflect general disruption of
cell surface trafficking of viral glycoproteins, since gD localized
normally to the plasma membrane regardless of pUL34 expres-

FIG. 5. Localization of WT pUL34, Y68A mutant pUL34, and
emerin in infected cells. Digital confocal images of WT UL34-express-
ing cells (A to C) or Y68A UL34-expressing cells (D to I) are shown.
Cells were mock infected (A, D, and G) or infected for 16 h with
UL34-null virus (B, E, and H) or with HSV-1(F) (C, F, and I) and then
fixed and immunofluorescently stained for pUL34 (A to F) or emerin
(G to I). All images are shown at the same magnification.

FIG. 6. TEM analysis of cells that express Y68A UL34. Digital micrographs show Y68A UL34-expressing cells infected with the UL34-null
virus vRR1072(TK�) for 20 h. White arrowheads in panel A point to examples of blebbing of the nuclear membrane into the cytoplasm. Black
arrowheads point to examples of C capsids in the nucleus. The boxed area in panel A is enlarged (�4) in panel B. The white arrowheads in panel
B point to an instance of a bleb with two thicknesses of nuclear envelope separated by an electron-dense layer.
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sion (Fig. 7E and F). gB and gH also did not differ in local-
ization in WT and UL34-null virus-infected cells (not shown).

Isolation and characterization of an extragenic suppressor
of the Y68A mutation. Plaque formation defects allow selection
of extragenic suppressors of the growth defect. In order to
isolate suppressors, 10 replicate cultures of Y68A UL34-ex-
pressing cells were infected with 1 � 107 PFU of the UL34-null
recombinant vRR1072(TK�) for 24 h. At the end of the in-
fection, virus stocks were prepared and serial dilutions were
plated onto Y68A UL34-expressing cells. Suppressors were
rare; after 3 days, only one of the selection stocks gave rise to
minute plaques on the mutant pUL34-expressing cells. The
suppressor virus (designated Y68ARev) was plaque purified
twice on Y68A UL34-expressing cells and then amplified to a
high titer stock on WT pUL34-expressing cells. The behavior
of the Y68ARev virus in single-step growth and plaque forma-
tion are shown in Fig. 2I and J and in Fig. 3C. In single-step
growth, Y68ARev replicated only slightly less well in Y68A
UL34-expressing cells than in the WT UL34-expressing cells
and much less well in cells that express no pUL34 at all (Fig.
2I). In this respect, Y68ARev behaves exactly the same as its

UL34-null virus parent, indicating that the suppressor muta-
tion(s) do not improve virus replication.

Y68ARev could form plaques on Y68A UL34-expressing
cells, but those plaques were minute (Fig. 2L and 3C). The
plaques formed by the Y68ARev virus in Y68A UL34-express-
ing cells were about 15-fold larger than those formed by UL34-
null virus in the same cells but about 25 times smaller than
those formed by WT virus. These results indicate that the
Y68A plaque formation phenotype is suppressed, albeit inef-
ficiently, by mutations in the Y68ARev virus. The Y68ARev
virus formed robust plaques in WT pUL34-expressing cells
(Fig. 2K and 3), indicating that the genetic changes leading to
suppression do not interfere with the function of WT pUL34.
We further compared virus production and extracellular re-
lease by Y68ARev and found levels comparable to those of its
UL34-null parent strain (Fig. 4). Taken together, these data
suggest that genetic changes in the Y68ARev strain might
provide insight specifically into the cell-to-cell spread (plaque
formation) defect of the Y68A UL34 mutation.

Extragenic suppression of the Y68A mutation correlates
with a mutation in US9. Suppression of the plaque formation
defect of Y68A UL34 was not strong enough to allow mapping
of the relevant mutation(s) by marker transfer. Accordingly,
we sequenced the whole genome of the Y68ARev virus and
compared it to the recently published HSV-1(F) genomic se-
quence (61). Surprisingly, we found 139 SNPs compared to the
sequence of HSV-1(F), 34 of which produce amino acid
substitutions in known viral proteins (Table 2). We further
reasoned that many of these SNPs would have accumulated
during the multistep construction of the UL34-null virus,
vRR1072(TK�), which was the immediate parent of Y68ARev
(51). Since these were far too many SNPs to test individually by
construction of recombinant viruses, we chose to focus on 11
gene products with known roles in virus assembly, egress, or
cell-to-cell spread (indicated by boldface in Table 2). We
PCR amplified the relevant regions from the genome of
vRR1072(TK�) to determine which of the SNPs were found
only in the suppressor virus genome and found that eight of the
SNPs were suppressor specific (Table 2). Finally, we repeated
the suppressor selection procedure in five separate experi-
ments to isolate an additional five Y68A suppressor viruses.
We then PCR amplified and sequenced the regions containing
suppressor-specific SNPs to see which, if any, were present in
most or all suppressor genomes (Table 2). Only one SNP,
found in the US9 protein coding sequence, was present in
more than one of the suppressor genomes. This SNP, which
changes the arginine codon at position 58 to a stop codon, was
found in five of the six independently selected suppressors,
suggesting that this substitution might be responsible for phe-
notypic suppression.

To test this hypothesis, we introduced a stop codon at posi-
tion 58 in the US9 sequence into our previously characterized
UL34-null BAC (50) and rescued mutant virus on WT pUL34-
expressing complementing cells. The replacement of the UL34
gene with the kanamycin resistance gene cassette in the UL34-
null and UL34-null/US9R58Stop viruses was confirmed by
PCR amplification of the UL34 locus, and PCR products of the
expected sizes were produced (Fig. 8). To confirm the presence
of the expected mutation at the US9 locus and to assess the
purity of the rescued virus, the US9 gene was PCR amplified

FIG. 7. Wild-type pUL34 expression is required for normal local-
ization of gE but not gD. Vero cells (A, B, E, and F), WT UL34-
expressing cells (C), and Y68A UL34-expressing cells (D) were in-
fected with HSV-1(F) (A and E) or UL34-null virus (B to D and F) for
16 h and then fixed and immunofluorescently stained for gE (A to D)
or gD (E and F). Arrowheads in panel A point to junctional surfaces,
where gE concentrates in wild-type infection. Arrowheads in panel B
point to cytoplasmic membranes, where gE concentrates during UL34-
null infection. Arrowhead in panel D points to the nuclear envelope.
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from the rescued virus genome and digested with HincII re-
striction enzyme. Introduction of the US9R58Stop mutation
resulted in elimination of an HincII restriction enzyme site.
PCR amplification of the US9 locus from UL34-null and
UL34-null/US9R58Stop mutant viruses resulted in a product
of 395 bp, as expected (Fig. 8, lanes 2 and 4). The wild-type
US9 product from the UL34-null virus was cut by HincII into
two fragments of 216 and 179 bp, as expected, but no digestion
products were detected from the UL34-null/US9R58Stop (Fig.
8, compare lanes 3 and 5). The UL34-null, UL34-null/
US9R58Stop, and Y68ARev viruses were tested for suppres-
sion in a plaque assay on Y68A pUL34-expressing cells in
which plaques were allowed to develop for 1 week (Fig. 9).
UL34-null virus formed only minute plaques after 1 week,
whereas the Y68ARev virus forms quite large plaques with this
extended growth time (compare Fig. 9A and B). However,
addition of the US9R58Stop mutation to the UL34-null virus
does not improve its ability to form plaques on Y68A UL34-
expressing cells (Fig. 9C). This suggests that the phenotypic
improvement in plaque size in the Y68ARev strain is polygenic

and that the UL34-null/US9R68Stop virus will be an important
tool in mapping additional contributors to this phenotype.

DISCUSSION

Mutation of conserved tyrosine 68 of pUL34 reveals new
functions for pUL34. It has been clear for some time that the
nuclear envelopment complex (NEC) consisting of pUL34,
pUL31, and other viral and cellular proteins is multifunctional.
HSV-1 pUL34 and pUL31 have each been shown to have the
ability to disrupt the nuclear lamina and to function at multiple
steps in capsid envelopment, including capsid docking, curva-
ture of the membrane around capsids, and deenvelopment at
the outer nuclear membrane (3, 24, 27, 40, 45, 47, 50, 51, 58,
59). All of these functions are consistent with the concentra-
tion of pUL34 and pUL31 at the nuclear envelope in infected
cells and consistent with a role as master regulators of the
nuclear egress process. Tyrosine 68 is one of the most con-
served residues in pUL34, and therefore it is unsurprising that
it may be important for multiple pUL34 activities.

TABLE 2. Amino acid sequence-altering SNPs in Y68ARev compared to the HSV-1(F) sequence

Genea SNPb Codon changec Amino acid changed Suppressor
specifice

Frequency in 5 additional
Y68A suppressors

UL8 C to T (�) GCG to GTG A51V
UL15 G to A (�) AGC to AAC S497N Y 0/5
UL15 G to T (�) GCC to GTC A704V N
UL18 T to G (�) ATC to ACC I160T Y 0/5
UL21 C to T (�) GCC to GTC A41V
UL23 C to A (�) GCC to GTC A272V
UL26 G to A (�) GAA to AAA E249K Y 0/5
UL26/26.5 G to A (�) GAT to AAT D626/319N Y 0/5
UL28 G to A (�) GTG to ATG T112 M N
UL36 A to G (�) CTG to CCG L3099P N
UL36 C to T (�) GCA to ACA A3082T N
UL36 G to A (�) CGC to TGC R2646C Y 1/5
UL36 G to A (�) ACG to ATG T2584 M N
UL36 T to C (�) ATG to GTG M2439V N
UL36 G to A (�) TCG to TTG S2368L N
UL37 G to A (�) CGT to TGT R651C N
UL37 G to A (�) CGG to TGG R531W N 0/5
UL38 T to C (�) TGC to CGC C35R
UL39 C to T (�) GCT to GTT A474V
UL42 G to A (�) AGC to AAC S349N
UL42 G to A (�) AGC to AAC S358N
UL48 T to C (�) ACG to GCG T212A Y 0/5
UL50 C to A (�) CCC to ACC P134T
UL51 G to A (�) ACG to ATG T74 M Y 0/5
UL52 C to T (�) GCT to GTT A655V
US8 C to T (�) GCG to GTT A441V N
US9 C to T (�) CGA to TGA R58Stop Y 4/5
US9 C to T (�) CTC to TTC L89F N
RS1 A to C (�) CAG to CCG Q163P
RS1 A to C (�) GAG to GCG E266A
RS1 G to A (�) CGC to CAC R267H
RS1 G to A (�) ACC to GCG A272T
RS1 G to C (�) GCG to CCG A273P
RS1 A to G (�) GAC to GGC D712G

a Genes indicated in boldface have reported functions related to virus assembly, egress, or cell-to-cell spread and were tested to determine whether they were
suppressor specific.

b All SNPs are listed as nucleotide changes on the top strand of the prototype arrangement of the HSV-1(F) genome. In some cases, this will be the sense strand
(�), in other cases, this will be the antisense strand (�), and in the case of RS1, both.

c All codons are rendered on the sense strand of the gene.
d Amino acids are numbered from the first amino acid encoded by the open reading frame. Amino acid differences indicated in boldface also occur in the published

sequence of HSV-1 (17) (GenBank accession NC_001806).
e Y, yes; N, no.
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While most of the functions of NEC components have been
identified using analysis of deletion mutants, functional anal-
yses can be greatly enhanced by analysis of more subtle muta-
tions. Analysis of small insertion mutations in the murine cy-
tomegalovirus homologs of UL34 and UL31 (M50 and M53,
respectively) has allowed identification of functional domains
of these proteins required for their interaction with each other,
nuclear envelope localization, capsid envelopment, and capsid
maturation (6, 32, 46, 53). These studies showed that the res-
idue homologous to HSV-1 Y68 (M50 residue Y57) is critical
for function of the protein (6). Surprisingly, however, the effect
of mutation at this site is to disrupt interaction with M53 and
consequently prevent proper localization of M50 and M53 at
the nuclear envelope (6). In HSV pUL34, the sequences re-
quired for interaction with pUL31 and proper localization to
the nuclear envelope have been mapped to a different part of
the protein (29), and we observed no defect in recruitment of
pUL34 to the nuclear envelope (Fig. 5). This suggests that
despite its conservation, tyrosine 68 has different functions in
different herpesvirus families. Those functions may, however,
overlap. Because M50 function is disrupted very early by mu-

tation of Y57, downstream functions, including possible roles
in capsid envelopment and virus spread, may be masked.

Our data show three phenotypes for the Y68A substitution
mutation in pUL34. (i) There is an exaggerated disruption of
nuclear envelope structure, resulting in the formation of blebs
that protrude from the nucleus into the cytoplasm. These ap-
pear from EM analysis to be extensions of both INM and
ONM, still properly spaced with respect to one another, into
the cytoplasm. Blebs like this are seen during normal infections
with the wild-type virus and are likely the result of disconnec-
tion of nuclear envelope from the underlying lamina (44).
Their much more extensive formation in infection with Y68A
pUL34 suggests that this mutation may result in exaggerated
disruption of the structure of the lamina. The lamina disrup-
tion activity of the NEC is tightly controlled and limited, pre-
sumably to maintain nuclear functions necessary for virus rep-
lication (3, 39). Lamina disruption is limited in part by the
pUS3 protein kinase activity (3), but it is unsurprising that
intrinsic sequence features of pUL34 might also play a role. (ii)
There is a major defect in virus replication, and EM analysis
suggests that this defect is caused by inhibition of nuclear
egress, since capsids were only rarely observed outside the
nucleus. Y68A mutant pUL34 accumulates normally at the
nuclear envelope, suggesting that it makes a normal targeting
interaction with pUL31. Since nuclear envelope disruption was
observed, but no nuclear egress intermediates (e.g., docked
capsids, perinuclear virions, etc.) accumulated, the Y68A nu-
clear egress defect likely follows lamina disruption but pre-
cedes docking of DNA-containing capsids at the inner nuclear
membrane. (iii) There is a major defect in cell-to-cell spread of
virus infection. This cannot be accounted for by the Y68A
replication defect, since a similar growth defect that is associ-
ated with low-level wild-type pUL34 expression is not accom-
panied by inhibition of plaque formation. The spread defect

FIG. 8. Characterization of mutation at the UL34 and US9 loci.
Digital images show electrophoretically separated PCR products.
(A) Amplification products from the UL34 locus using genomes from
rescued viruses as the template. The BAC used for rescue is indicated
above each lane. The sizes of the PCR products are indicated to the
right of the gel. Lambda BstEII digest size standards are shown in lane
1, and the sizes of standard bands are indicated to the left of the gel.
(B) Amplification products from the US9 locus that are either undi-
gested (lanes 2 and 4) or digested with restriction enzymes HincII
(lanes 3 and 5). A 100-bp ladder is shown in lane 1.

FIG. 9. Growth of BAC-derived UL34-null and US9R58Stop virus
on WT and mutant pUL34-expressing cells. Digital micrographs are
shown of representative plaques formed for 1 week on Y68A pUL34-
expressing cells. Plaques were immunofluorescently stained for gD.
The infecting virus is indicated in each panel.
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also cannot be accounted for by a general inhibition of virus
release from the cell, since the efficiency of release in cells that
express Y68A pUL34 is just the same as that seen in cells that
express WT pUL34 and that form robust plaques. The defect
in cell-to-cell spread also cannot be accounted for by some
UL34-independent peculiarity of the Y68A UL34-expressing
cell line. These cells support completely normal replication
and plaque formation by WT HSV-1, indicating that they have
no general defect in the ability to support growth and cell-to-
cell spread. The spread phenotype is evident only upon infec-
tion with UL34-null virus, clearly demonstrating that the
spread phenotype is tied to the function of the mutant pUL34.

pUL34 in cell-to-cell spread. pUL34 is the first viral protein
other than those required for viral entry that is required for
efficient cell-to-cell spread in Vero cells, and its effect on
spread is far more dramatic than that seen for gE/gI in epithe-
lial or fibroblast cells. The pUL34 mutant cell-to-cell spread
defect seems not to be mediated by a pathway that requires
either gE or US9, since deletion of either of these genes has no
apparent effect on growth or spread in Vero cells (10, 31). A
role for pUL34 in cell-to-cell spread is unexpected, since its
localization at the nuclear envelope makes it unlikely to par-
ticipate directly in trafficking of virions or viral components to
the cell surface. It is more likely that the phenotype is indirect
and reflects defective synthesis or trafficking of other essential
viral or cellular components in the mutant-infected cell.

pUL34 expression is also required for proper localization of
gE (Fig. 7). gE is required for efficient cell-to-cell spread in
some cells (not including Vero cells), and this activity requires
gE sorting to junctional surfaces, where it colocalizes with
�-catenin (12, 16, 37, 64). The mechanism of sorting is not
characterized but requires sequences in the cytoplasmic tail of
gE (64). The requirement for gE in cell-to-cell spread is not
absolute; gE-null mutants have only moderately diminished
plaque sizes in all cells tested. Since gE is not essential for
efficient spread in Vero cells, the pUL34 effect on gE local-
ization is not likely the root of the spread defect. However,
it suggests that localization of proteins at the cell periphery
can be influenced by pUL34. The target(s) of pUL34 func-
tion that affects cell-to-cell spread in Vero cells remains to
be discovered.

Mapping of extragenic suppressors. To our knowledge, this
is the first demonstration of the use of high-throughput se-
quencing (HTS) to facilitate mapping of extragenic suppressor
mutations in HSV-1. As anticipated, this method revealed po-
tential interactors with the UL34 pathway that would not have
been considered in a candidate-based approach. The availabil-
ity of sequences from several different HSV-1 strains allowed
us to filter down the list of potential candidate mutations
further, and this approach will be further aided as additional
HSV-1 genomes are added to the databases. As sequencing
technology and analysis improve, it may become practical to
apply this technique further, for example, to an HTS screen in
parallel with the parental strain and the additional five Y68A
suppressors described here. Although it is beyond the scope of
this paper, this approach might reveal a polygenic basis to the
observed phenotype, if for example the additional suppressors
shared not only the US9 R58Stop mutation tested for by PCR
but also an untested SNP from Table 2 or even a noncoding
mutation. The UL34-null/US9R58Stop strain generated

here provides an important substrate for further testing of
such mutations, since conserved candidates from further
HTS screening can be added sequentially to the BAC and
tested phenotypically. Since polygenic mutations are typically
lost from mutant and suppressor screens due to failure to
complement, future application of HTS may greatly improve
this aspect of mutational mapping.

The appearance of a US9 nonsense mutation in five out of
six pUL34 Y68A suppressor mutants is consistent with the
observed cell-to-cell spread phenotype for the Y68A mutant. It
was unexpected, however, because pUS9 is not thought to
influence cell-to-cell spread in cells other than neurons, and
there is no other evidence for a physical or functional interac-
tion between pUS9 and pUL34. pUS9 is a type II membrane
protein found on cytoplasmic membranes, including Golgi
membranes, whereas pUL34 is highly concentrated at the nu-
clear membrane (4, 34, 48).

Phenotypic suppression of missense mutations can occur by
several mechanisms. True reversion (restoration of the original
UL34 sequence) and intragenic suppression (restoration of
function by other mutations in UL34) were eliminated by our
selection strategy. Extragenic suppressors are mutations in a
different gene, and the US9 mutation is a candidate for this
type of suppressor. In some cases of extragenic suppression, an
initial mutation in one protein disrupts a critical functional
interaction with a second protein, and the suppressor mutation
changes the sequence of a second protein, restoring the inter-
action or its functional consequence. In this scenario, however,
deletion of either gene would be expected to result in the same
defective phenotype. Deletion of US9 has no cell-to-cell
spread phenotype in Vero cells, making it unlikely that pUS9
and pUL34 interact in some way. A more likely possibility is
that the US9 nonsense mutation is a bypass suppressor. This
suppressor class opens an alternative pathway for achievement
of the same biological result (35).

How US9 mutation might open an alternative spread path-
way depends on the effect of the R58Stop mutation. The exact
R58Stop mutation described here as correlated with the
Y68ARev phenotype has been previously found by Negatsch
and colleagues in the supposedly wild-type strain HSV-1 KOS
(42). They showed that the truncated protein is not detectable
in HSV-1 KOS-infected cells and suggested that the mutation
creates a null allele. If the US9R58Stop mutant is indeed a null
allele of US9, it may be that US9 expression normally inhibits
the function of an alternative cell-to-cell spread pathway that is
exposed only in a US9-null infection. However, there are many
single nucleotide substitutions that would result in even more
severely truncated proteins and abrogate US9 expression.
Truncation of US9 in the same position in these disparate
strains suggests that this specific mutation is advantageous for
viral growth in some circumstances, that the viral DNA has
features facilitating mutation at this position, or both. This
truncation preserves US9’s endocytosis motif and key phos-
phorylation sites but removes its transmembrane domain and
the preceding cluster of basic, positively charged amino acids.
It is possible that the truncated protein, even if expressed at
very low levels, might interact in interesting ways with virion
trafficking pathways.
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