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Herpes simplex virus type 1 (HSV-1) is a DNA virus that acquires an envelope by budding into the inner
nuclear membrane of an infected cell. Recombinant HSV-1 lacking the UL34 gene cannot undergo this event.
UL34 and UL31, another viral protein, colocalize in an infected cell and are necessary and sufficient to target
both proteins to the inner nuclear envelope. In order to define and characterize sequences of UL34 that are
necessary for primary envelopment to occur, a library of 19 UL34 charged cluster mutants and a truncation
mutant lacking the putative transmembrane domain (�TM) were generated. Mutants in this library were
analyzed in a complementation assay for their ability to function in the production of infectious virus. Seven
of the mutants failed to complement a UL34-null virus. The remainder of the mutants complemented at or near
wild-type UL34 levels. Failure of a mutant protein to function might be the result of incorrect subcellular
localization. To address this possibility, confocal microscopy was used to determine the localization of the UL34
protein in charged cluster mutants and �TM. In transfection-infection experiments, all of the functional UL34
mutants and four of the six noncomplementing mutants localized to the inner nuclear envelope in a manner
indistinguishable from that of wild-type UL34. All of the noncomplementing UL34 mutants mediated proper
localization of UL31. Charged clusters critical for UL34 function are dispersed throughout the protein sequence
and do not correlate well with highly conserved regions of the protein. These data suggest that UL34 has at least
one function in addition to mediating proper localization of UL31 in infected cells and provide further support
for the role of UL34 in mediating proper localization of UL31 in infected cells.

Herpes simplex virus type 1 (HSV-1) undergoes primary
envelopment, budding from the interior of the nucleus into the
perinuclear space, as one of the first steps in egress from the
cell (10, 29, 34). Herpesvirus egress is a complex process in-
volving many virus-encoded proteins (2–4, 12, 13, 18, 21, 26),
but only the UL34 protein and its homologs have been shown
to be required for primary envelopment in HSV-1 (35), pseu-
dorabies virus (22), herpes simplex virus type 2 (HSV-2) (39),
and most recently in equine herpesvirus type 1 (28). The
HSV-1 UL34 gene product is a 30-kDa membrane-associated
phosphoprotein that is a substrate for the virus-encoded pro-
tein kinase US3 (31, 32). The UL34 sequence contains a puta-
tive transmembrane domain of 14 to 17 amino acids near the C
terminus of the protein. While localization and membrane
association of the UL34 protein suggest that UL34 contains a
transmembrane anchor, biochemical tests have not been done
to verify the existence of such a domain. In addition, the
interaction of UL34 with another HSV-1 protein, the UL31
gene product, is necessary and sufficient to target both proteins
to the nuclear membrane, where they are thought to form a
complex (33). Colocalization of UL34 and UL31 at the nuclear
membrane is also seen in HSV-2 and pseudorabies virus (16,
43). Since the UL34 protein coding sequence is well conserved
in alphaherpesviruses for which sequences are available (11,

15, 40), it seems likely that UL34 protein function is also widely
conserved among herpesviruses.

Efficient primary envelopment in alphaherpesviruses is
linked to complete packaging of DNA into the capsid. Many
viral mutants that synthesize capsids but fail to correctly pack-
age their DNA are unable to envelop the empty capsids (1, 6,
7, 19, 25, 30, 36). Once genome packaging is complete, the
nucleocapsid must gain access to the inner nuclear membrane,
and this, in turn, likely requires a mechanism to break down
the nuclear lamina. It is currently unknown how HSV-1 gains
access to the nuclear membrane, but several lines of evidence
suggest that herpesvirus infection leads to alterations of nu-
clear envelope structure. Infection with HSV-1 has been re-
ported to lead to an increase in soluble lamin A/C, suggesting
at least limited disassembly of the lamina (38).

The UL34 homolog in murine cytomegalovirus, a betaher-
pesvirus, recruits cellular protein kinase C to the nuclear lam-
ina and induces lamin phosphorylation (27). Because lamin
phosphorylation leads to a breakdown of the nuclear lamina
during the normal cell processes of mitosis and apoptosis (17),
it is logical to hypothesize that cytomegalovirus exploits lamin
phosphorylation to promote access of nucleocapsids to the
inner nuclear membrane. Overexpressed UL34 alters the mor-
phology of the nuclear membrane so that the inner and outer
nuclear membranes are separated (45). This separation at least
superficially resembles the effects of HSV-1 infection on nu-
clear membrane morphology. Experiments with equine her-
pesvirus type 1 show that at early times in infection UL34 is
evenly distributed at the nuclear rim, but localization changes
to a punctate and filamentous pattern later in infection, further
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indicating that UL34 may be affecting the structure of the
nuclear envelope (28).

Having gained access to the inner nuclear membrane, the
capsid becomes wrapped in the inner nuclear membrane in the
perinuclear space (18). One simple mechanism for this process
might entail direct or indirect interaction between a protein on
the exterior of the capsid and a protein anchored in the inner
nuclear membrane. The protein(s) that mediates direct bind-
ing of the capsid to the nuclear membrane has not been de-
termined, but a recombinant UL34 fusion protein has been
shown to interact with VP5, the major capsid protein of HSV-1
(45). Once the capsid has been wrapped in the inner nuclear
membrane, membrane scission is necessary to form a free
enveloped virion between the two nuclear membranes. The
accumulation of partially enveloped capsids in cells infected
with a UL11 deletion virus, along with the presence of a pos-
sible PPPY consensus motif in the UL11 protein, suggests that
the UL11 protein may facilitate this event (24). In retroviruses,
the PPPY motif in envelope proteins is thought to recruit
proteins involved in vesicle scission to the site of budding (23).
The involvement of UL11 in vesicle scission does not, however,
rule out the possibility that other proteins that localize to the
nuclear membrane during viral infection, such as UL34, could
also be involved in this process.

Based on established properties of the UL34 protein and
experimental data regarding early events in viral envelopment,
UL34 may participate in primary envelopment in multiple
ways. UL34, either alone or in a complex with UL31, may
interact directly with capsids and with the inner nuclear mem-
brane to initiate the wrapping of the capsid. Alternatively,
UL34 could recruit other viral and/or cellular proteins neces-
sary for binding of capsids to the nuclear envelope. UL34 may
also play a role in the membrane scission event that completes
primary envelopment. In addition, UL34 could be facilitating a
disruption of the nuclear lamina, allowing the capsid access to
the inner nuclear membrane. These hypotheses are not mutu-
ally exclusive.

In this study we constructed a library of UL34 mutants and
analyzed them by a complementation assay and confocal mi-
croscopy.

MATERIALS AND METHODS

Cells and viruses. Vero, 143/1099E (derived from human osteocarcinoma
143B cell line), and HEp-2 cells were maintained as previously described (33, 35).
The properties of HSV-1(F) and vRR1072 (thymidine kinase positive) have also
been described previously (33).

Plasmids. Plasmid pRR1072rep, which was used as the parent vector for the
charged cluster mutants and �TM, was constructed by replacing the NcoI-BspEI
fragment of pRR1072 (35) containing the green fluorescent protein (GFP) gene
with the NcoI-BspEI fragment from pRR1099 containing the wild-type UL34
sequence.

Three methods were used to introduce mutations into the UL34 coding se-
quence. Mutants CL01, CL02, CL05, and CL06 were created by PCR megaprim-
ing (37). This method uses the product of the first PCR to prime the second PCR.
Mutants CL03, CL04, CL07, CL08, CL09, CL10, CL11, CL12, and CL16 were
constructed by unique-site elimination mutagenesis (5) as described in the Trans-
former site-directed mutagenesis kit (Clontech). Mutants CL13, CL14, CL15,
CL17, CL18, and CL19 were constructed by site-directed PCR mutagenesis.
Primers flanking the UL34 gene along with primers in the middle of the gene that
contained the mutation and introduced a restriction site were used to amplify the
gene in two pieces. After cutting with a restriction enzyme, the two halves of the
gene were ligated and amplified by primers flanking the gene. The primers used

for UL34 mutagenesis, the restriction site introduced by mutagenesis, and the
amino acids changed in the charged cluster mutants are shown in Table 1.

The �TM mutant plasmid was constructed by inserting the double-stranded
oligonucleotide produced by annealing �TM1 (5�-TTAAGCACCTACGGATT
GGCCCCCCCGCGTAA-3�) and �TM2 (5�-TTAATTACGCGGGGGGGCCA
ATCCGTAGGTGC-3�) into the AflII site in pRR1072Rep.

UL34 complementation assay. We transfected 24-well cultures of Vero cells at
70% confluence with 0.125 �g of pCMV�, expressing the �-galactosidase gene,
and 0.125 �g of wild-type or mutant UL34 plasmid with Lipofectamine as de-
scribed by the manufacturer (Gibco-BRL) and incubated at 37°C overnight. The
cells were then infected with 10 PFU of the UL34 deletion virus vRR1072 per cell
and incubated at 37°C for 90 min. Monolayers were washed three times with
Dulbecco’s modified Eagle’s medium and then washed three times with pH 3
sodium citrate buffer (50 mM sodium citrate, 4 mM potassium chloride, adjusted
to pH 3 with hydrochloric acid) to eliminate residual virus. Cells were washed
with V medium (Dulbecco’s modified Eagle’s medium, penicillin-streptomycin,
1% heat-inactivated calf serum) until the pH returned to a normal level (about
two to three times).

One milliliter of V medium was added to each well, and after 18 h of incu-
bation at 37°C, cell lysates were prepared by freezing and thawing followed by
sonication for 20 s at power level 2 with a Fisher sonic dismembrator. The
amount of infectivity in each lysate was determined by titration on 143/1009E
cells as described previously (35). Part of each cell lysate was assayed for �-ga-
lactosidase expression as described below.

To assay for �-galactosidase activity, 100 �l of Z buffer (60 mM Na2HPO4, 40
mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM �-mercaptoethanol, adjusted
to pH 7) containing 0.27% �-mercaptoethanol and 0.2% Triton X-100 was added
to 100 �l of cell lysate, and the mixture was vortexed for 30 s. Cell debris was
pelleted by centrifuging at 14,000 rpm in a microcentrifuge for 30 s. Then 160 �l
of the supernatant was transferred to a 96-well plate and reacted with 40 �l of
4-mg/ml o-nitrophenyl-�-D-galactopyranoside (ONPG) stock at 30°C. The reac-
tions were stopped by adding 80 �l of 1 M NaCO3, and the absorbance was read
at 420 nm.

Western blotting. HEp-2 cells were transfected with 0.25 �g of a charged
cluster mutant plasmid and 0.25 �g of pCMV� with Lipofectamine (as described
above) and incubated at 37°C overnight. The cells were then infected with the
UL34-null virus at a multiplicity of infection (MOI) of 5 for 16 h. For the charged
cluster mutants, the total cellular protein was harvested with a small-scale,
whole-cell, high-salt extraction procedure. Briefly, cells were washed with phos-
phate-buffered saline (PBS) and then resuspended in 500 �l of PBS and pelleted
for 20 s at 14,000 rpm in a microcentrifuge. The pellet was resuspended in 50 �l
of 20 mM HEPES–0.5% NP-40–2 mM MgCl2 and incubated on ice for 5 min.
Then 5 M NaCl was added to a final concentration of 0.4 M, and the reaction
mixes were incubated on ice for 30 min. After spinning for 10 min at 17,000 rpm,
the supernatant was mixed with 4� sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer and heated at 70°C for 10 min.

For the �TM mutant, transfected, superinfected 10-cm2 cultures were washed
once with PBS, scraped into PBS, and pelleted at 3,000 rpm in a microcentrifuge.
Cells were resuspended in 75 �l of water and lysed by addition of 25 �l of 4�
SDS-PAGE sample buffer. All samples were heated to boiling for 10 min and
then separated by SDS-PAGE. Following electrophoresis, proteins were trans-
ferred to nitrocellulose and membranes were blocked overnight in 10% nonfat
milk in T-TBS (20 mM Tris [pH 7.5], 500 mM NaCl, 0.05% Tween) with 10%
BlokHen II (Aves Labs, Portland, Oreg.). Primary chicken anti-UL34 antibody
was diluted 1:2,000 in GT-TBS (0.5 g of gelatin in 50 ml of T-TBS; 1:1,000 for the
�TM blot) and detected with 1:1,000-diluted goat anti-chicken immunoglobulin
G-horseradish peroxidase conjugate. Chemiluminescence was captured with the
ECL Western blotting detection system (Amersham Biosciences, London, En-
gland).

Calculation of complementation indices. A complementation index for each
mutant was calculated with the formula [(PFU of charged cluster mutant/nor-
malization factor)/(PFU of wild-type UL34/normalization factor)]. The normal-
ization factor was used to correct for differences in transfection efficiency and was
derived from the results of the �-galactosidase assay as follows. Absorbance
values for each sample were divided by the lowest absorbance value for any
sample in that experiment. For example, if sample A has a reading of 0.45 and
sample B has a reading of 0.9, the normalization factor for sample A is 1 and for
sample B is 2. This signifies that sample B had a transfection efficiency that was
twice as high as that of sample A.

Indirect immunofluorescence. Indirect immunofluorescence was performed as
previously described (33). Briefly, cells were fixed with 2% formaldehyde for 20
min and washed with PBS. They were permeabilized by incubation with immu-
nofluorescence buffer and washed in PBS. The cells were blocked in 1:10

7602 BJERKE ET AL. J. VIROL.



BlokHen II (Aves Laboratories) in PBS and washed with PBS. The chicken
anti-UL34 antibody was diluted 1:4,000 in immunofluorescence buffer and de-
tected with Texas Red-conjugated donkey anti-chicken immunoglobulin anti-
body. For the experiments in which UL34 and UL31 were detected simulta-
neously, cells were fixed with cold methanol for 20 min and then incubated with
immunofluorescence buffer. Cells were blocked with 10% human serum in 1%
bovine serum albumin in PBS and washed. The UL34 antibody was used as
described above. The UL31 antibody was used at a 1:10 dilution in immunoflu-
orescence buffer and detected by fluorescein isothiocyanate-conjugated goat
anti-rabbit immunoglobulin G (Jackson Immunoresearch Laboratories). Slofade
II (Molecular Probes, Eugene, Oreg.) was used to mount coverslips on glass
slides. All confocal microscopy was done with a Zeiss 510 confocal microscope.

RESULTS

Charged cluster mutations in the UL34 gene. All of the
known or proposed functions for the UL34 protein suggest that
it interacts with other viral or cellular proteins. To address the
role of the UL34 protein in viral envelopment, we developed a
library of mutants carrying amino acid substitutions designed
to disrupt protein-protein interactions. The UL34 protein does
not contain any domains homologous to previously character-
ized protein-protein interaction domains, making it difficult to
predict which regions of the protein are necessary for protein
function and protein interactions. To circumvent this problem,
we chose to mutagenize the protein by introducing selected
charged cluster mutations. A charged cluster mutation is de-
fined as two or more charged amino acids within a five-amino-

acid stretch (42). Charged cluster mutations disrupt exposed
areas of the protein, increasing the chance that protein inter-
actions will be disrupted (8). These mutations avoid disrupting
hydrophobic amino acids, and therefore disruption of the pro-
tein secondary structure is not predicted and a greater number
of mutant proteins are expressed at substantial levels (9, 42).
Charged cluster mutations are often used to locate positions of
ligand contact on proteins (41). In addition, this type of mu-
tagenesis often results in high percentages of temperature-
sensitive mutations (14, 20).

In addition to the charged cluster mutants, we also created
a mutant UL34 protein in which a stop codon was inserted
immediately upstream of the putative transmembrane domain.
The hypothesis that UL34 acts as an anchor for a number of
proteins involved in primary viral envelopment and/or facili-
tates capsid interactions predicts that such a mutant should be
unable to function in envelopment.

Complementation assay identifies UL34 charged clusters
necessary for protein function. UL34 charged cluster mutants
and a �TM mutant were created as described in Materials and
Methods. Figure 1A shows the amino acid sequence of the
UL34 gene, the location and name given to each charged clus-
ter, the position of the proposed phosphorylation site, and the
placement of the putative transmembrane domain. The sche-
matic in Fig. 1B shows the spatial arrangement of the UL34

TABLE 1. Primers used for site-directed mutagenesis of UL34a

Charged
cluster
mutant

Primer sequence (5�33�) Restriction site
introduced

Wild-type
amino acid
sequence

Mutant amino
acid sequence

CL01 GAACGAGACCCgCGAAGGCGgCACCTGGGTGGCC HphIb GDAFE GAAFA
CL02 GGGACGATAAGcgcAATTgcCTGAAGCAGACCCTCG MfeI QRIRL QAIAL
CL03 CGTCCCATCTACGTTGgccGGCGGGGcCGGGGAGGCG NgoMIV LRGGD LAGGA
CL04 ACGTTGCGGGGCGGGGcCGGGGctGCaGGCCCCTACTCTCCC PstI DGEAG AGAAG
CL05 GGGAAACGACgCGgCGGACCCGgCATGGCCATGAAAC PleIb DGSDE AGSAA
CL06 GCCCAGTCGTTCATAAGCgctAgcACATACgCGATGGGAAACG NheI IEYVL IAYAL
CL07 ATCGAGTATGTACTGgcGCTTATGAACGcgTGGGCCGAGGTCCCG MluI RLMND ALMNA
CL08 CTGTCCCTCGGCGcgCTaGcCACCATCAAGGGG NheI GDLDT GALAT
CL09 GGCGACCTGGcCACCATCgcGGGGCGGCTCG MscI LDTIK LATIA
CL10 CCTGGACACCATCgcGGGagcGCTCGGCCTGG AfeI IKGRL IAGAL
CL11 CCATCAAGGGGgcGCTCGGCCTGGcgGCCCGGCCGATG HaeII RLGLD ALGLA
CL12 GCGGCTCGGCCTGGcTGCggcGCCGATGATGGCCAG KasI LDARP LAAAP
CL13 R:ATCAGCTGCTTTGTGgcCATGCCtgcaGTGCAGCTCGCGTTT PstI VRMPR VAMPA

L:CAAACGCGAGCTGCACtgcaGGCATGgcCACAAAGCAGCTGA

CL14 L:CAGGATCCGTCTCGTCgcTCCGGCtgCagCGGGGCCCATGAACCG PstI EDAGR AAAGA
R:CGGTTCATGGGCCCCGctGcaGCCGGAgcGACGAGACGGATCCTG

CL15 R:CCCGAAGATGCCGGAgcGACtgcAgcGATCCTGTGCCGCGCCG PstI GRTGG GATAA
L:CGGCGCGGCACAGGATCgcTgcaGTCgcTCCGGCATCTTCGGG

CL16 GCCGGACGGACGAGAgcGATCCTGTGCgcCGCCGCCGAGCAGGCT BamHIb RILCR AILCA
CL17 R:GAGCAGGCTATTACCgcTgcCgcTgcAACCCGGCGGTCCCGG HpyCH4IV RRRRT RRSRE

L:CCGGGACCGCCGGGTTgcAgcGgcAgcGGTAATAGCCTGCTC

CL18 R:CGTCGCCGCCGAACCgcGgcGTCCgctGcaGCGTACGGGGCCGAG PstI RRSRE AASAA
L:CCGGCCTCGGCCCCGTACGCtcGagcGGACgcCgcGGTTCGGCGGCG

ACGGGTAA

CL19 R:GCCGGAACGGGTTTCgcGGCtgcaGGGGcCGGTTTTGGCCCGCTC PstI RARGD AAAGD
L:GAGCGGGCCAAAACCGgCCCCtgcaGCCgcGAAACCCGTTCCGGC

a Lowercase letters indicate bases that differ from the wild-type HSV-1 sequence.
b Restriction site was eliminated in the mutant.

VOL. 77, 2003 HSV UL34 CHARGED CLUSTER MUTANT ANALYSIS 7603



charged clusters, along with the putative transmembrane do-
main, the US3 phosphorylation consensus site, and amino acid
residues of invariant regions for HSV-1, varicella-zoster virus,
and equine herpesvirus type 1.

The 20 mutants were analyzed by a complementation assay
designed to test the functionality of each mutant UL34 protein.
Vero cells were transfected with plasmids encoding either wild-
type or mutant UL34 proteins and pCMV� (a plasmid carrying
the �-galactosidase gene driven by the cytomegalovirus pro-
moter) to normalize transfection efficiency. The monolayers
were infected with a UL34-null virus, and after 18 h of infec-
tion, virus stock was prepared from each culture and titrated
on complementing cells. A complementation index was calcu-
lated for each of the charged cluster mutants and pRR1072, a
plasmid carrying a deletion of most of the UL34 gene. For each
experiment, the complementation index for pRR1072rep (a
plasmid carrying the wild-type UL34 sequence) was set equal to
1. Figure 2 shows the complementation indices for each of the
UL34 charged cluster mutants and �TM (from three experi-
ments). Mutants CL01, CL03, CL07, CL08, CL09, CL11,
CL12, CL14, CL15, CL16, CL17, CL18, and CL19 were able to
complement at levels not much different from that of wild-type
UL34. Mutants CL02, CL04, CL06, CL10, CL13, and �TM

complemented at levels equivalent to that of pRR1072, sug-
gesting that a functional UL34 protein is not produced in these
mutants. Only one of the mutants, CL05, functioned at an
intermediate level, complementing 10-fold less efficiently than
the wild-type protein.

All of the noncomplementing charged cluster mutant and
�TM UL34 proteins are expressed at levels comparable to
wild-type UL34. It is possible that some of the mutants were
unable to complement a UL34-null virus because they failed to
express mutant UL34 protein in sufficient amounts. In order to
test for UL34 protein expression, 10-cm2 cultures of HEp-2
cells were transfected with plasmids encoding wild-type and
mutant UL34 proteins and infected with the UL34-null virus.
Cellular extracts were prepared, and proteins were separated
by SDS-PAGE, blotted to nitrocellulose, and probed with an-
tibody directed against UL34. As shown in Fig. 3, all of the
noncomplementing charged cluster mutants produced full-
length proteins at levels similar to that of pRR1072Rep, which
encodes wild-type UL34. The �TM mutant expressed a protein
that migrated slightly faster than wild-type UL34, consistent
with loss of the putative transmembrane domain. The accumu-
lation of mutant UL34 proteins in amounts similar to that of
the wild-type protein suggests that differences exhibited by

FIG. 1. Locations of charged cluster mutations within the UL34 gene. (A) Nucleotide and amino acid sequences of the UL34 gene, showing the
positions of charged cluster mutations. Each charged amino acid in a charged cluster was changed to an alanine. The location of a phosphorylation
site recognized by US3 protein kinase is denoted by circles, and the putative transmembrane domain is indicated by the boxed region. (B) Schematic
depiction of the sequence arrangement and location of charged clusters in the UL34 protein of HSV-1. The positions of the putative transmem-
brane domain (grey box), US3 phosphorylation consensus (hatched box), and residues invariant between HSV-1, varicella-zoster virus, and equine
herpesvirus type 1 (black boxes) are indicated. Each of the black dots above the schematic represents the location of a charged cluster mutation
within the gene. The mutations were numbered from 1 to 19, starting at the N terminus.
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these mutants in the complementation assay are not due to
differences in the level of protein expression but rather to
defects in the intrinsic properties of the mutant proteins (i.e.,
either function, localization, or both).

Some UL34 charged cluster mutants are able to localize
correctly but fail to complement. Proper localization of both

the UL34 and UL31 proteins is dependent upon the expression
of both proteins and their interaction in an infected cell (33).
Nonfunctional UL34 mutants might fail to interact with UL31
as necessary for their localization to the nuclear envelope.
Such mutant UL34 proteins should fail to localize properly in
an infected cell. Alternatively, proper localization of a mutant
UL34 protein might suggest that the protein interacts appro-
priately with UL31. To determine whether noncomplementing
UL34 proteins localized correctly, Vero cells were transfected
with plasmids encoding wild-type or mutant UL34 and then
infected with the UL34-null virus vRR1072. Twelve hours later,
the cells were fixed with formaldehyde and processed for im-
munofluorescence with an anti-UL34 antibody. The UL34 an-
tibody was detected with a Texas Red-conjugated secondary
antibody, and infected cells were identified by GFP expression
from the UL34-null virus (Fig. 4).

All charged cluster mutants that showed wild-type comple-
mentation levels also localized to the inner nuclear membrane.
Figures 4A and 4B show the localization pattern of wild-type
UL34 in cells infected with HSV-1(F) and in cells transfected
with the wild-type plasmid pRR1072rep and infected with
vRR1072, respectively. Figure 4C shows CL12, which is repre-
sentative of the group of mutants that complemented to wild-
type levels. For all these mutants and for the wild-type control,
many transfected-infected cells were seen showing a typical
localization for UL34, in which the protein appears exclusively
confined to the nuclear envelope. However, we also observed
some transfected-infected cells in which a small percentage of
the UL34 protein was distributed in the cytoplasmic structures
typically seen in UL34-transfected cells. Thus, there was a
range of UL34 localization in transfected-infected cells, which
remained the same for both complementing and noncomple-
menting mutants. These results suggest that the influence of

FIG. 2. Complementation indices of charged cluster mutants. Complementation index (log scale) versus charged cluster mutants. Vero cells
were transfected with plasmids encoding pRR1072rep (wild-type UL34), UL34 charged cluster mutants (CL01 to CL19), �TM, or pRR1072 (a
plasmid encoding GFP driven off the UL34 promoter) and then infected with a UL34-null virus. (A) Analysis of charged cluster mutants CL01 to
CL12 and CL16. (B) Analysis of charged cluster mutants CL13 to CL15, CL17, and CL18. (C) Analysis of charged cluster mutant CL19 and �TM.
Error bars represent the maximum and minimum complementation indices obtained from three independent experiments; the bar height
represents the average complementation index.

FIG. 3. Western blot of UL34 protein in noncomplementing cells
transfected with charged cluster mutants or the �TM mutant. (A) For
lanes 1 to 7, noncomplementing cells were transfected with plasmids
encoding wild-type UL34 or the indicated charged cluster mutants and
then infected with a UL34-null virus at an MOI of 5. In lanes 8 and 9,
noncomplementing cells were infected with vRR1072 or HSV-1(F),
respectively, at an MOI of 5. Protein was extracted as described in
Materials and Methods. A Bradford assay was used to determine
protein concentrations prior to gel loading; approximately 50 �g of
protein was loaded in each lane. A �-galactosidase assay was used to
determine relative transfection efficiencies, and sample amounts were
normalized according to these results so that each lane contained
equivalent amounts of transfected cells. (B) Lane 1 is a mock-infected
control. For lane 2, noncomplementing cells were infected with
vRR1072 at an MOI of 5. For lanes 3 and 4, noncomplementing cells
were transfected with either �TM or pRR1072rep and then infected
with a UL34-null virus at an MOI of 5. For these samples, cells were
solubilized directly in SDS-PAGE sample buffer, and the entire sample
was loaded on the gel. Panels A and B represent two independent
experiments, in which the gels were run for different amounts of time,
which accounts for the differences in size between the mutant UL34
proteins.
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viral factors provided by infection on the localization of plas-
mid expressed UL34 is not always complete. This may depend
upon the level of UL34 expression in the transfected cell.

Five of the six charged cluster mutants (CL02, CL04, CL05,
CL10, and CL13) that failed to complement to wild-type levels
were able to localize correctly in infected cells (Fig. 4D, E, G,
I, and J, respectively). One of the charged cluster mutants that
failed to complement, CL06, along with �TM, also failed to
localize to the inner nuclear membrane (Fig. 4H and K). CL06
localized to large, irregular areas around the nucleus, but a
tight ring around the nucleus never formed, and it was unclear
whether UL34 was targeted to the nuclear membrane. There
was also more cytoplasmic staining than was typically seen with
wild-type UL34 localization. In contrast, �TM appeared to
localize almost entirely inside the nucleoplasm. The localiza-
tion of the �TM mutant did not depend on whether the trans-
fected cell had been infected or not, suggesting that the in-
tranuclear localization of this mutant protein was independent
of viral factors. All of the mutant UL34 proteins accumulated
to easily detectable levels in transfected-infected cells, con-
firming that failure to complement was not due to failure to
accumulate UL34 protein.

Two of the noncomplementing mutants, CL04 and CL05,
localized correctly in transfected-infected cells but did not ex-
hibit a typical localization for UL34 in transfected uninfected
cells. These mutant UL34 proteins were localized in extensive,
rope-like structures that were present throughout most of the
cytoplasm, as shown in Fig. 4F. Because these structures were
present throughout the cell, we postulated that this pattern of
UL34 staining might reflect attachment to a cytoskeletal ele-
ment. However, the UL34 protein produced by these two mu-
tants did not colocalize extensively with antitubulin, antivimen-
tin, or phalloidin-stained cells, suggesting that these structures
are not microtubules, microfilaments, or intermediate fila-
ments (data not shown). In addition, UL34 localization did not
coincide with similar rope-like structures formed by GFP-pro-
caspase domain fusions (from caspases 1, 8, and 10), mitochon-
dria, or endoplasmic reticulum structures in the cell (data not
shown).

UL34 charged cluster mutants colocalize with UL31. Be-
cause UL34 and UL31 are necessary and sufficient to target
each other to the nuclear membrane (33), mutants that were
able to localize to the inner nuclear envelope were assumed to
be interacting with UL31. To determine whether noncomple-
menting UL34 mutants could mediate correct localization of
UL31, Vero cells were transfected with plasmids containing
wild-type or mutant UL34 and then infected with the UL34-null
virus vRR1072. Twelve hours later, the cells were fixed with
methanol and processed for immunofluorescence with both
anti-UL31 and anti-UL34 antibodies. The anti-UL34 antibody

was detected with a Texas Red-conjugated secondary antibody,
and anti-UL31 antibody was detected with fluorescein isothio-
cyanate-conjugated secondary antibody (Fig. 5). All of the
noncomplementing charged cluster mutants colocalized exten-
sively with the UL31 protein, suggesting that the interaction
between UL34 and UL31 is maintained in these mutants (Fig.
5D to J). UL34 proteins from all of the complementing charged
cluster mutants also colocalized exclusively with UL31 (data
not shown). UL34 and UL31 proteins in mutant CL06 localized
to the same irregular areas around the nucleus, indicating that
the association between these two proteins is likely maintained
even though proper localization is not (Fig. 5G).

DISCUSSION

The creation of a UL34 charged cluster mutant library was
an effective strategy for generating stable mutant proteins; all
19 charged cluster mutants expressed nearly wild-type levels of
UL34 protein in transfected and superinfected cells. Six of 19
charged cluster mutants were unable to fully complement a
UL34 deletion virus in transfection-infection experiments,
showing that this strategy effectively revealed residues of the
UL34 protein that are important for function. Interestingly, all
of the noncomplementing charged cluster mutations except
CL06 occurred in regions of the UL34 protein coding sequence
that are not conserved among alphaherpesviruses (Fig. 1).
Conversely, many complementing charged cluster mutations
were present in conserved areas of the UL34 protein, indicat-
ing that charged interactions in these areas of the protein are
not necessary for protein function. These observations are
consistent with two different hypotheses: (i) UL34 proteins in
different herpesviruses may have separate, unique, essential
functions in addition to a universal function conserved by all
UL34 proteins, and (ii) different UL34 proteins may all have
the same function, such as interaction with other viral proteins
(e.g., UL31), but through coevolution with those other viral
proteins, critical functions of UL34 are conserved without con-
servation of the sequence. Mutant CL06, the mutation of
which is located in a highly conserved area of UL34 (Fig. 1), is
also the only one of the noncomplementing charged cluster
mutants that failed to correctly localize to the nuclear mem-
brane (Fig. 4), possibly because the mutant UL34 protein can
no longer interact with a conserved cellular protein(s) that is
required for localization.

Confocal microscopy studies of the charged cluster library
showed that the majority of mutants, whether they comple-
mented or not, localized to the inner nuclear envelope. All of
the mutants that complemented were able to correctly localize
UL34 to the nuclear membrane; this suggests that correct lo-
calization is a prerequisite for complementation. A small

FIG. 4. Digital confocal images showing the localization of wild-type and mutant UL34 proteins in transfected Vero cells infected with a UL34
deletion virus. (A) Vero cells were infected with wild-type HSV-1(F) at an MOI of 5. (B to K) Vero cells were transfected with plasmids encoding
either the wild-type UL34 gene (B), charged cluster mutants (C to J), or the �TM mutant (K). After 24 h, cells were infected with a UL34-null
virus at an MOI of 5. Panel F represents a cell that was only transfected, based on the absence of GFP expression, although other cells on the same
coverslip were transfected and infected. For all panels, at 12 h postinfection the cells were fixed with formaldehyde, immunostained with chicken
anti-UL34 antibody, and detected with donkey anti-chicken immunoglobulin-Texas Red conjugate or goat anti-chicken immunoglobulin-Alexa Red
524 conjugate. All experiments were performed independently a minimum of three times. The images shown are representative. (A) HSV-1(F),
(B) pRR1072rep, (C) CL08, (D) CL02, (E and F) CL04, (G) CL05, (H) CL06, (I) CL10, (J) CL13, and (K) �TM.
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amount of the UL34 protein from noncomplementing mutant
CL06 was able to localize to the nuclear envelope, but most of
the protein appeared in irregular areas within the cytoplasm
(Fig. 4). The identity of these cytoplasmic structures was not
determined.

Both complementing and noncomplementing charged clus-

ter mutants were able to colocalize with UL31 to the inner
nuclear envelope, suggesting that the interaction between
UL34 and UL31 proteins may be maintained in these mutants.

We found that the �TM mutant was unable to complement
and localized to the interior of the nucleus but was expressed
in the transfection-infection experiment at levels equivalent to

FIG. 5. Digital confocal images showing colocalization of UL34 and UL31 in transfected Vero cells infected with a UL34-null virus. Vero cells
were infected with wild-type HSV-1(F) (A), UL34 null virus (B), or mock-infected (C) at an MOI of 5. (D to J) Vero cells were transfected with
plasmids encoding noncomplementing UL34 charged cluster mutations and infected after 24 h with a UL34-null virus at an MOI of 5. For all panels,
at 12 h postinfection, the cells were fixed with cold methanol and immunostained with chicken anti-UL34 detected with goat anti-chicken
immunoglobulin-Alexa 524 conjugate and rabbit anti-UL31 detected with goat anti-rabbit immunoglobulin-fluorescein isothiocyanate conjugate.
Differences in morphological preservation between this figure and Fig. 4 are due to the different fixation techniques used. (A) HSV-1(F),
(B) vRR1072, (C) mock infected, (D) CL02, (E) CL04, (F) CL05, (G) CL06, (H) CL10, (I) CL13, and (J) �TM.
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those of pRR1072rep (Fig. 2 to 4). Although this mutant failed
to correctly localize to the nuclear envelope, colocalization
between UL34 and UL31 in the nucleus was observed. How-
ever, since UL31 normally localizes to the nucleus (33), and the
�TM mutant also localizes to the nucleus without infection
(i.e., in the absence of UL31), it is possible that the �TM
mutant and UL31 protein reach the interior of the nucleus
independently of each other. Failure of the �TM UL34 protein
to localize at the nuclear membrane was not surprising, since
the putative transmembrane domain was removed and associ-
ation with membranes was presumed to rely on the presence of
this section of the protein.

More surprising was the failure of the �TM mutant to com-
plement a UL34 deletion virus. Ye and Roizman (44) tested a
similar mutation in the context of a recombinant HSV-1. Their
mutant was able to grow almost as well as wild-type virus on
noncomplementing cells, and the mutant protein accumulated
to levels only slightly lower than those of the wild-type protein
(44). Since these experiments used a recombinant virus to
express the mutant UL34 protein, it is possible that the mutant
UL34 was functional because compensatory secondary muta-
tions were introduced elsewhere in the virus. Alternatively, the
transfection-infection experiments used in this study may have
produced mutant UL34 proteins with different expression ki-
netics than would be seen in the context of a viral infection.

The localization of two other charged cluster mutants, CL04
and CL05, in transfected uninfected cells revealed a previously
unseen pattern of UL34 localization, rope-like chains of pro-
tein throughout the cytoplasm of cells. We attempted to iden-
tify these structures in the hope that they might reveal previ-
ously uncharacterized interactions of UL34 protein with other
cellular factors. We did not see extensive colocalization of
these structures with previously characterized cytoskeletal el-
ements, membranous structures, or procaspase aggregates.
These structures may represent ordered aggregates of UL34
protein alone. Interestingly, when procaspase-GFP fusion pro-
teins were transfected into cells and infected with wild-type
HSV-1(F), the rope-like chains were relocalized into the nu-
cleus (data not shown). Perhaps the procaspases were inter-
acting with other HSV-1 proteins.

The properties of the mutants analyzed in this study suggest
that UL34 protein has at least one essential function in addi-
tion to its role in proper targeting of the essential UL31 protein
and that the essential functions of UL34 protein are dependent
upon its transmembrane domain. It seems likely that an addi-
tional UL34 protein function(s) is based on interactions with
other viral or cellular proteins.
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