JOURNAL OF VIROLOGY, Jan. 2010, p. 109-118
0022-538X/10/$12.00 doi:10.1128/JVI1.01428-09

Vol. 84, No. 1

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Conserved Residues in the UL24 Protein of Herpes Simplex Virus 1
Are Important for Dispersal of the Nucleolar Protein Nucleolin’
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The UL24 family of proteins is widely conserved among herpesviruses. We demonstrated previously that
UL24 of herpes simplex virus 1 (HSV-1) is important for the dispersal of nucleolin from nucleolar foci
throughout the nuclei of infected cells. Furthermore, the N-terminal portion of UL24 localizes to nuclei and can
disperse nucleolin in the absence of any other viral proteins. In this study, we tested the hypothesis that highly
conserved residues in UL24 are important for the ability of the protein to modify the nuclear distribution of
nucleolin. We constructed a panel of substitution mutations in UL24 and tested their effects on nucleolin
staining patterns. We found that modified UL24 proteins exhibited a range of subcellular distributions.
Mutations associated with a wild-type localization pattern for UL24 correlated with high levels of nucleolin
dispersal. Interestingly, mutations targeting two regions, namely, within the first homology domain and
overlapping or near the previously identified PD-(D/E)XK endonuclease motif, caused the most altered UL24
localization pattern and the most drastic reduction in its ability to disperse nucleolin. Viral mutants corre-
sponding to the substitutions G121A and E99A/K101A both exhibited a syncytial plaque phenotype at 39°C.
vUL24-E99A/K101A replicated to lower titers than did vUL24-G121A or KOS. Furthermore, the E99A/K101A
mutation caused the greatest impairment of HSV-1-induced dispersal of nucleolin. Our results identified
residues in UL24 that are critical for the ability of UL24 to alter nucleoli and further support the notion that

the endonuclease motif is important for the function of UL24 during infection.

The UL24 protein is conserved throughout the Herpesviridae
family, and to the best of our knowledge, a UL24 homolog has
been identified in all Herpesvirales genomes sequenced to date
with the exception of the channel catfish virus (9, 10, 19). UL24
of herpes simplex virus 1 (HSV-1) is required for efficient virus
replication both in vitro and in vivo and for reactivation from
latency in a mouse model of ocular infection (18). UL24 is one
of the few HSV-1 genes, along with gB, gK, and UL 20, in which
mutations have been identified that cause the formation of
syncytial plaques (2, 7, 34, 36, 39). The UL24-associated syn-
cytial phenotype is only partially penetrant at 37°C but is fully
penetrant at 39°C. Indications are that gK and UL20 have an
inhibitory effect on the formation of syncytia (1), while certain
mutations in gB entrain an uncontrolled fusogenic activity (11,
13, 15).

UL24 is a highly basic protein of 269 amino acids that is
expressed with leaky-late kinetics (31). Five homology domains
(HDs), which consist of stretches of amino acids with a high
percentage of identity between homologs, are present in the
UL24 open reading frame (ORF) (19). In addition, a PD-(D/
E)XK endonuclease motif has been identified that falls within
the HDs (20); however, a role for this motif has yet to be
demonstrated. In infected cells, UL24 is detected in the nu-
cleus and the cytoplasm and transiently localizes to nucleoli
(23). In the absence of other viral proteins, UL24 accumulates
in the Golgi apparatus and in the nucleus, where it usually
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exhibits a diffuse staining pattern, but in a minority of cells it is
detected in nucleoli (3).

During infection, the formation of the viral replication com-
partments in the nucleus and the action of several viral pro-
teins result in a remodeling of the nucleus. Chromatin is
marginalized (29, 40), promyelocytic leukemia bodies are dis-
persed (26, 27), and the nuclear lamina is disrupted (33, 37).
HSV-1 infection also affects the nucleolus, a prominent nu-
clear substructure implicated in the synthesis of rRNA, cell
cycle regulation, and nucleocytoplasmic shuttling (5). Nucleoli
become elongated following infection, and the synthesis of
mature rRNA is reduced (4, 38, 42). Several HSV-1 proteins
have been shown to localize to, or associate with, the nucleolus
(12). The viral protein VP22 associates with the nucleolus and
with dispersed nucleolin in HSV-I-infected cells (22), and
RL1, US11, and ICPO have also been shown to localize to
nucleoli (24, 30, 35). Previously we showed that nucleolin is
dispersed throughout the nucleus upon HSV-1 infection and
that UL24 is involved in this nuclear modification (23). We
further found that the N-terminal portion of UL24 is sufficient
to induce the redistribution of nucleolin in the absence of other
viral proteins (3).

In this study, we sought to test the hypothesis that the en-
donuclease motif, which is made up of some of the most highly
conserved residues in UL24, is important for the dispersal of
nucleolin. A panel of substitution mutations in UL24 was gen-
erated, and the impact on the function of UL24 was assessed.

MATERIALS AND METHODS

Cells and viruses. Vero and COS-7 cells were propagated as described previ-
ously (3). The virus strains KOS and UL24XG (18) were generously provided by
Donald M. Coen (Harvard Medical School). For the plaque morphology assays,
infected cells were incubated in Dulbecco’s modified Eagle medium containing
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high glucose with 0.33% methylcellulose and supplemented with 2% newborn
calf serum, 50 U/ml of penicillin, and 50 pg/ml of streptomycin.

Plasmid construction. To generate mutations in the UL24 gene, PCR site-
directed mutagenesis was carried out on the plasmid pAGS5 (16) or pLB-HA-
UL24 (3). PCRs were performed using complementary sets of mutagenic oligo-
nucleotides. DNA from the reactions was digested with DpnI (Roche) to remove
the wild-type template DNA and ligated with T4 DNA ligase (New England
Biolabs). Following transformation into DH5a bacteria, plasmids were se-
quenced to verify the presence of the desired mutation and the absence of other
sequence changes in the UL24 ORF. DNA sequencing was carried out by the
McGill University and Genome Innovation Center. The different mutations and
the corresponding mutagenic oligonucleotides used are as follows (nucleo-
tide changes are represented by bold characters): for E69A/V70A,
UL24E69AV70Atop (5'-GTCACCTTAATATGCGCAGCGGACCTGGGAC
GGCGC) and UL24E69V70AAbot (5'-GCGCGGTCCCAGGTCCGCTGCGC
ATATTAAGGTGAC); for L72A, UL24L72Atop (5'-GCGAAGTGGACGCG
GGACCGCGCCG) and UL24L72Abot (5'-CGGCGCGGTCCCGCGTCCACT
TCGC); for R75A/D78A, UL24R75AD78Atop (5'-CCTGGGACCGGCCCGC
CCCGCCTGCATCTGC) and UL24R75AD78Abot (5'-GCAGATGCAGGCG
GGGCGGGCCGGTCCCAGG); for I197A/198A, UL24197AI9Atop (5'-
CTGGGCGGGGTTTGTGTCGCCGCAGAACTAAAGACATGC) and UL24
197A198Abot  (5'-GCATGTCTTTAGTTCTGCGGCGACACAAACCCCGCC
CAG); for E99A/K101A, UL24E99K101Atop (5'-GGGTTTGTGTCATCATAG
CACTAGCGACATGCAAATATATTTCTTCCG) and UL24E99AK101Abot
(5'-CGGAAGAAATATATTTGCATGTCGCTAGTGCTATGATGACACAA
ACCC); for Q117A, UL24Q117Atop (5'-CGCCAGCAAACGCGAGGCACGG
GCCACGGGGATG) and UL24Q117Abot (5'-CATCCCCGTGGCCCGTGCC
TCGCGTTTGCTGGCG); for G121A, UL24G121Atop (5'-GAGCAACGGGC
CACGGCGATGAAGCAGCTGCGC) and UL24G121Abot (5'-GCGCAGC
TGCTTCATCGCCGTGGCCCGTTGCTC); for QI24A/L125A, UL24
Q124/L125Atop (5'-GGGCCACGGGGATGAAGGCGGCGCGCCACTCCC
TGAAGC) and UL24Q124A/L125Abot (5'-GCTTCAGGGAGTGGCGCGCC
GCCTTCATCCCCGTGGCCC); for Q154A, UL24Q154Atop (5'-CCTGGTGT
TTGTCGCCGCACGGACGCTCCGCGTC) and UL24Q154Abot (5'-GA
CGCGGAGCGTCCGTGCGGCGACAAACACCAGG); for H22L, UL24
H22Ltop (5'-GCAGGGGTACGAAGCCTTACGCGCTTCTACAAG) and
UL24H22Lbot (5'-CTTGTAGAAGCGCGTAAGGCTTCGTACCCCTGC);
and for Y26A, UL24Y26Atop (5'-CGAAGCCATACGCGCTTCGCCAAGGC
GCTTGCCAAAG) and UL24Y26Abot (5'-CTTTGGCAAGCGCCTTGGCGA
AGCGCGTATGGCTTCG).

For all mutations other than H22L and Y26A, mutagenesis was performed on
the plasmid pAGS5, and the mutations were then subcloned into the mammalian
expression vector pLBPfl-HA-UL24. For the substitutions H22L and Y26A,
mutagenesis was performed on the plasmid pLB-HA-UL24, which was then
subcloned back into pLBPfl-HA-UL24 in case mutations had arisen in the rest of
the vector during the mutagenesis step.

The plasmid pBamHIQeGFP was obtained by the insertion of an expression
cassette containing the cytomegalovirus (CMV) promoter driving the enhanced
green fluorescent protein (eGFP) gene into the Bsp119I site of pAGS. The
CMV-eGFP cassette was amplified from the template pEGFP-N1 (Clontech)
using the primers eGFP-CMVp-Start (5'-TTCGAATAGTTATTAATAGTAA
TCAATTACG-3") and eGFP-STOP-End (5'-TTCGAAATCTAGAGTCGCGG
CCGC-3'), which contain Bsp1191 sites at their 5’ ends. The PCR fragment was
inserted in the pCR-BluntII-TOPO vector (Invitrogen) and then digested with
Bsp119I (New England Biolabs) along with the vector pAGS; these were ligated
together using T4 DNA ligase.

Transfection and Western blotting. To assess expression of hemagglutinin
epitope (HA)-tagged UL24 proteins, 1.5 X 10° COS-7 cells were seeded per well
in six-well plates. The following day, cells were transfected with 3 g of pLBPfl-
HA-UL24 or a mutant version using the Lipofectamine transfection reagent
(Invitrogen) according to the manufacturer’s instructions. Two days posttrans-
fection, cells were washed with phosphate-buffered saline (PBS) and lysed in 150
wl of RIPA lysis buffer (500 mM NaCl, 1% Triton X-100, 0.5% deoxycholic acid,
0.1% sodium dodecyl sulfate, and 50 mM Tris [pH 8.0]). A 0.2-ug amount of a
B-galactosidase expression vector was cotransfected to normalize loading accord-
ing to transfection efficiency. B-Galactosidase activity was quantified using the
luminescent B-galactosidase detection kit II (Clontech), following the manufac-
turer’s instructions. Normalized volumes of lysate were resolved by polyacryl-
amide gel electrophoresis on a denaturing sodium dodecyl sulfate 12.5% gel. For
infected cell lysates, Vero cells were infected at a multiplicity of infection (MOT)
of 10 and lysed in RIPA lysis buffer at 18 h postinfection (hpi). Proteins were
transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore)
and analyzed by Western blotting using a monoclonal antibody directed against
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HA (Covance) and a secondary antibody conjugated to horseradish peroxidase
(Calbiochem). Detection was by enhanced chemiluminesence using ECL plus
reagents (GE-Amersham).

Construction of recombinant viruses. Recombinant viruses were produced by
homologous recombination essentially as described previously (16). The virus
vUL24-eGFP was obtained by cotransfecting KOS infectious DNA and the
transfer plasmid pBamHIQeGFP that had been linearized with Xbal (New
England Biolabs). Recombinant viruses with mutant versions of UL24 or, in the
case of the rescue virus, wild-type UL24 were obtained by cotransfection of
vUL24-eGFPb infectious DNA and the appropriate linearized transfer vector:
pAGS for the rescue virus and pKOS-UL24-E99A/K101A or pKOS-UL24-
G121A for the mutant viruses. DNA was transfected into Vero cells using
Lipofectamine (Invitrogen) according to the manufacturer’s instructions. Re-
combinant viruses engineered to express eGFP or to contain other forms of
altered UL24 genes were screened for the presence or absence of eGFP expres-
sion, respectively. The UL24 ORF of each recombinant virus was sequenced to
ensure the absence of undesired mutations.

Viral growth curves. Viral yield was assayed using one-step growth curves.
Vero cells (2.5 X 10°) were seeded in duplicate in cell culture tubes containing
2 ml of complete medium. The next day, cells were infected with the indicated
virus at an MOI of 5. At 6, 12, 18, and 24 hpi, the respective tubes were removed
from the incubator and placed at —80°C. Tubes were thawed and sonicated, and
total virus (cell associated and cell free) was titrated.

Southern blotting. The overall genome structures of vUL24-eGFPb and -c and
vUL24-eGFPResc were analyzed by restriction digest with BamHI. Viral
genomic DNA was isolated by phenol-chloroform extraction of isolated virions.
A 1.5-pg amount of viral DNA was digested with BamHI (New England Bio-
labs), as was 100 ng of the plasmid pAGS5, which contains the wild-type BamHI
Q fragment, and pBamH1QeGFP, which is the original transfer plasmid used
for the construction of vUL24-eGFP. Restriction digest products were run on
an agarose gel and transferred by capillarity action to a positively charged
nylon membrane. The membrane was then blotted with a digoxigenin-labeled
probe corresponding to the wild-type BamHI Q fragment in pBluescript 11
SK(+). The probe was generated using a random priming DNA labeling kit
(Roche) according to the manufacturer’s instructions. The signal was de-
tected using the substrate disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2'-
(5'-chloro)tricyclo[3.3.1.13,7]decan}-4-yl)phenyl phosphate (Roche).

Immunofluorescence. Transient transfection of COS-7 cells was performed as
described previously (3). For analysis of infected cells, 4 X 10* Vero cells were
seeded on glass coverslips the day before infection at an MOI of 10 and fixed 18
hpi. Cells were immunostained as described previously (3). The following pri-
mary antibodies were used, as needed: rat monoclonal anti-HA high affinity
(Roche), rabbit polyclonal anti-nucleolin (Abcam), and mouse monoclonal an-
tinucleolin (Santa Cruz). Secondary antibodies used were goat anti-rat Alexa-488
conjugated and goat anti-mouse or anti-rabbit Alexa-568 conjugated (Invitro-
gen), as appropriate. After immunostaining, cells were washed three times in
PBS and incubated with Draq5 (Biostatus) diluted 1:500 in PBS at 37°C for 30
min. The cells were then washed once in PBS, and coverslips were mounted on
glass slides using the Prolong Gold antifade reagent (Invitrogen). The slides were
visualized using a Bio-Rad Radiance 2000 confocal system with an argon-krypton
laser at 488 and 568 nm (diode, 638 nm) mounted on a Nikon E800 microscope
using a 60X objective, with an aperture of 1.4, and a 1.6X software magnification
in the Lasersharp software program (Bio-Rad). Images were prepared using
Adobe Photoshop CS4 software.

RESULTS

Replacement of highly conserved residues in UL24. The five
UL24 HDs in HSV-1 UL24 contain clusters of amino acids
that have a high degree of identity between UL24 proteins
encoded by different herpesviruses. Previously we deleted each
of these HDs individually and found that removal of any one
resulted in a protein that localized efficiently to nucleoli but no
longer caused the dispersal of nucleolin (3). We hypothesized
that this lack of activity was a result of misfolding of the protein
due to these relatively large deletions. Thus, in order to iden-
tify regions in UL24 that were important for its effect on
nucleoli, we undertook a strategy of site-directed mutagenesis.
We compared UL24 of HSV-1 (strain KOS) and several other
UL24 homologs. Based on this analysis, we generated a panel
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FIG. 1. Substitutions introduced into HSV-1 UL24. (A) The large rectangle represents the UL24 protein. Black boxes illustrate the positions
of the five homology domains, numbered one to five in Roman numerals. The different single and double substitutions studied are indicated above
or below the rectangle. (B) Expression of the different versions of HA-UL24 as detected by Western blot analysis of lysates prepared from
transiently transfected COS-7 cells, using an antibody directed against the HA tag. Positions of molecular mass markers are indicated to the left

of the panel.

of modified versions of UL24, where some of the most con-
served residues were replaced individually or in pairs, namely,
H22 (100% identity among 78 UL24 homologs), Y26 (99%
identity), E69 (100%)/V70 (94%), L72 (96%), R75 (100%)/
D78 (100%), 197 (58%)/198 (68%), E99 (100%)/K101 (100%),
Q117 (100%), G121A (100%), Q124A (99%)/L125A (97%),
and Q154 (92%). The mutations generated are represented in
Fig. 1A. The residues D78, E99, and K101 are part of the
PD-(D/E)XK endonuclease motif. H22 and Y26, while not
part of the motif, are residues that are conserved among sev-
eral members of this family of endonucleases and have been
proposed to play a role in substrate specificity (14, 20, 21).
Mutations in the HA-UL24 gene were introduced into the
mammalian expression vector pLBPfl-HA-UL24. To assess
protein expression, the vectors encoding different versions of
HA-UL24, either wild-type or with point mutations, were tran-
siently transfected into COS-7 cells. Western blot analysis was
carried out on cell lysates prepared 48 h posttransfection (Fig.
1B). We found that although levels of UL24-197A/I98A were
lower than those of the other proteins, all the different versions
of UL24 were expressed.

Differential impact of replacing conserved residues in UL24
on the dispersal of nucleolin. We next sought to test the impact
of the mutations on the ability of UL24 to induce the dispersal
of nucleolin. COS-7 cells were transiently transfected with
each of the various HA-UL24 expression vectors. Forty-eight
hours later, cells were fixed, permeabilized, and immuno-
stained for HA (green) and nucleolin (red) (Fig. 2). Localiza-
tion of HA-UL24 variants and of nucleolin was determined by
confocal microscopy. We found that all substitution-containing
forms of HA-UL24 exhibited strong perinuclear staining,
which we have previously demonstrated corresponds to the
Golgi apparatus, and speckled cytoplasmic staining, both sim-
ilar to what has been seen for wild-type HA-UL24 (3). How-
ever, we observed a range of nuclear staining patterns for the
different forms of HA-UL24. For the mutations H22L, Y26A,
197A/198A, and E99A/K101A, protein localization in the nu-
cleus was found predominantly in the nucleolus. In contrast,
the staining pattern for L72A was similar to that seen for
wild-type HA-UL24 in that there was diffuse nuclear staining
in the vast majority of cells, with few cells exhibiting punctate

nuclear staining. The pattern for E69A/V70A, R75A/D78A,
Q117A, G121A, Q124A/L125A and Q154A was intermediate
in that many cells showed the presence of weak nuclear foci of
staining; however, the shape was distorted compared to the
typical nucleolar staining pattern. We next quantitated the
impact of the UL24 mutations on the distribution pattern seen
for nucleolin in these cells. For each mutation, we counted the
number of cells expressing HA-UL24 that retained nuclear foci
of nucleolin staining. In each case, the status of nucleolin
staining was determined for more than 100 transfected cells in
three independent assays. Each result presented represents the
average from the three experiments and the standard deviation
(Fig. 3). We found that the localization of nucleolin also varied
depending on the UL24 substitution analyzed. For wild-type
UL24, only =~16% of cells expressing HA-UL24 exhibited the
characteristic punctate nucleolar staining for nucleolin, similar
to what we have previously shown. For the mutations, three
groups were observed. The substitutions H22L, Y26A, I97A/
198A, and E99A/K101A severely affected the ability of UL24
to modify nucleoli, such that the number of cells retaining clear
foci of nucleolin staining was greater than 60%. The E69A/
V70A, R75A/D78A, Q117A, GI121A, QI124A/L125A, and
QI154A mutations had only a slight to moderate effect, with
between 20 and 45% of cells exhibiting the typical strong foci
of nucleolin staining while the majority of cells showed only
weak, distorted foci of staining or diffuse staining. Interest-
ingly, the L72A mutation did not appear to have any effect on
the ability of UL24 to induce the dispersal of nucleolin in that
only 9% of cells retained foci of nucleolin staining. Thus,
highly conserved residues in UL24 were of variable importance
for the ability of this protein to modify nucleoli.
Construction and characterization of vUL24-eGFP. To al-
low for quick screening of recombinant viruses with muta-
tions in UL24, we first constructed a virus where UL24 was
disrupted by insertion of the gene for eGFP driven by a
CMV promoter (Fig. 4A). The resulting virus, vUL24-
eGFP, produced eGFP but no longer had a functional UL24
gene. Two independent isolates of vUL24-eGFP (b and c)
were produced. To ensure that any phenotypes we ulti-
mately observed in viruses engineered to contain UL24 mu-
tations were due to the inserted mutations and not to a
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FIG. 2. Impact of UL24 variants on the localization of nucleolin. Confocal images of COS-7 cells transiently expressing different forms of

HA-UL24 with the indicated amino acid substitutions or with the wild-type UL2¢

sequence and immunostained for HA-UL24 (green) and

nucleolin (red). In each set of three panels, the left, middle, and right panels correspond to HA-UL24, nucleolin, and the merged image,
respectively. Colocalization of the two signals is indicated by the yellow color in the merged panels.

change in the starting virus, we also constructed a rescue
virus for vUL24-eGFPb. vUL24-eGFPbResc was generated
by cotransfection of infectious DNA from vUL24-eGFPb
with a transfer plasmid containing wild-type UL24. We char-
acterized vUL24-eGFP prior to using it as the starting virus
for the generation of the UL24 substitution mutants. The
genome integrity of the viruses was confirmed by restriction
digest and Southern blot analysis. Viral genomic DNA from
KOS, vUL24-eGFPb and -c, vUL24-eGFPbResc, and the

plasmids pAG5 and pBamHIQeGFP was digested with
BamHI and resolved on an agarose gel (Fig. 4B). No dif-
ference in the overall digestion pattern was detected for the
different viruses. The DNA was then transferred to a posi-
tively charged nylon membrane and analyzed by Southern
blotting with a probe corresponding to pAGS, which con-
tains the BamHI Q fragment in pBluescript II SK(+) (Fig.
4C). As expected, a band of approximately 3.5 kb was de-
tected for each virus (see Fig. 4A), and an additional band
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FIG. 3. Quantification of nucleolin distribution patterns in cells
expressing HA-UL24 variants. COS-7 cells were transiently transfected
with vectors expressing the HA-UL24 wild type or the substitution-
containing forms indicated. Two days posttransfection, cells were
costained for HA and nucleolin. The graph shows the percentage of
cells expressing HA-UL24 that exhibited clear foci of nucleolin stain-
ing with little or no diffuse staining in the nucleus. Each result shown
represents the average for three independent experiments, where
more than 100 cells were analyzed for each mutation in each experi-
ment. Error bars represent the standard errors of the means.

of 1.4 kb was seen for vUL24-eGFPb and -c. Thus, the
overall genome organization for vUL24-eGFP was as ex-
pected.

A virus yield assay was carried out with the two vUL24-
eGFP isolates and the rescue virus (Fig. 4D). We found that
vUL24-eGFPb and -c replicated to titers half a log,, lower
than those of the wild-type virus KOS. This is consistent with
what has been shown previously for UL24-deficient viruses
(18). In contrast, the rescue virus replicated to levels similar to
those of KOS. To determine plaque phenotypes, Vero cells
were infected at a low MOI, overlaid with medium containing
methylcellulose, and incubated at 34, 37, or 39°C. Two days
postinfection, images of the plaques were taken using a phase-
contrast microscope (Fig. 4E). At 34°C, we did not detect a
difference between the viruses. At 37°C, UL24X and vUL24-
eGFPb and -c appeared to form somewhat smaller plaques
than KOS or vUL24-eGFPResc. As expected, we found that
both isolates of vUL24-eGFP (b and c) formed syncytial
plaques at 39°C, similar to those observed with the UL24-null
virus UL24X. In contrast, both the KOS virus and the rescue
virus formed nonsyncytial plaques at 39°C. We concluded that
our starting virus, vUL24-eGFPb, did not contain any muta-
tions other than the eGFP insertion that impaired replication
in cell culture or conferred a syncytial phenotype.

Construction and characterization of vUL24-E99A/K101A
and vUL24-G121A. In order to assess whether the impact of
the UL24 mutations in transfected cells reflected the impact in
the context of infection, we selected two mutations, for which
we constructed the corresponding mutant virus. We chose to
introduce the mutation E99A/K101A, which targets the endo-
nuclease motif and had a large impact on the ability of UL24
to disperse nucleolin, into the viral genome. We also chose a
mutation, G121A, of another highly conserved residue that is
not predicted to be part of this motif and which had only a
moderate affect on nucleolin dispersal. Each of these residues
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is invariant among all the predicted UL24 proteins from the
different herpesviruses sequenced to date. (There are currently
78 complete sequences of herpesvirus UL24 homologs avail-
able in the NCBI database.) For consistency, all recombinant
viruses were made using vUL24-eGFPb as a starting virus. Two
independent isolates of each virus were produced. Expression
of the modified forms of UL24 was confirmed by Western blot
analysis of cell lysates harvested 18 hpi (Fig. SA and B). The
blot was probed for UL24 and then stripped and probed for
ICP8 as an internal control. We noted that vUL24-E99A/
K101A migrated slightly faster than wild-type UL24. We often
detected a similar shift in lysates from transiently transfected
cells. However, both UL24-E99A/K101A and UL24-G121A
were expressed at levels similar to those of UL24 in KOS.

We carried out a viral yield assay on the UL24 mutant
viruses. We found that the E99A/K101A mutation reduced
viral titers by approximately half a log,, (Fig. 5C); however, the
G121A mutation resulted in replication levels similar to those
of KOS (Fig. 5C). We next tested whether the mutations af-
fected the plaque phenotype (Fig. 5D and E). We found that
both vUL24-E99A/K101A and vUL24-G121A, which have mu-
tations in different HDs, resulted in the formation of syncytial
plaques at 39°C, similar to those formed by UL24X. Thus,
substitutions targeting highly conserved residues in different
HDs conferred a syncytial plaque phenotype, while only the
mutation affecting the endonuclease motif appeared to affect
viral replication.

Substitution of highly conserved residues in UL24 causes
defects in HSV-1-induced dispersal of nucleolin. To determine
whether the effect of the UL24 substitutions on nucleolin in
transfected cells reflected the importance of the residues dur-
ing infection, we tested the impact of the mutations on the
ability of HSV-1 to modify nucleoli. Vero cells were grown on
coverslips and either mock infected or infected with vUL24-
E99A/K101Aa and -b, vUL24-G121Aa and -b, KOS, or
UL24X. Cells were fixed at 18 hpi and immunostained for
nucleolin (green), and the nuclei were stained with Draq5
(blue) (Fig. 6A). As we have seen previously, we observed foci
of nucleolin in very few KOS-infected cells (less than 2%),
while the majority of cells infected with UL24X retained foci of
nucleolin (73%). vUL24-E99A/K101A resembled UL24X in
that the majority of infected cells showed foci of nucleolin
staining (60%), and vUL24-G121A exhibited an intermediate
phenotype in that we detected clear foci of nucleolin in only
28% of infected cells (Fig. 6B). Hence, we found that the effect
of these mutations on the ability of UL24 to disperse nucleolin
in the context of infection followed a trend similar to that
observed in transfected cells. Our results are consistent with
the notion that highly conserved residues in the endonuclease
motif are particularly important for the ability of UL24 to
induce the dispersal of nucleolin.

DISCUSSION

We previously demonstrated that UL24 is involved in the
HSV-1-induced dispersal of nucleolin and that it plays an es-
sential role in this process (3, 23). In this study, we furthered
our investigation to identify residues important for this func-
tion and to test the hypothesis that the previously identified
endonuclease motif was important for this activity.
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Effect of replacing highly conserved residues on subcellular
localization of UL24. In transiently transfected COS-7 cells, all
of the modified HA-UL24 proteins retained perinuclear local-
ization similar to that seen for the wild-type form of the protein
(3). This result is consistent with our previous finding that the
C-terminal portion of the protein alone localizes to the Golgi
apparatus. The different nuclear staining patterns observed for
the various substitution-containing forms of the protein corre-
lated with that observed for nucleolin. Typically, in those cells
where a particular HA-UL24 variant was present in clear nu-
cleolar foci, nucleolin was also localized to nucleoli. In con-
trast, in cells where HA-UL24 was diffuse in the nucleus, we
found that nucleolin staining was dispersed. Because we have
previously shown that nucleolar localization is retained upon
deletion of any one of the HDs, we conclude that the substi-
tutions studied here did not affect the targeting of HA-UL24 to
nucleoli. Rather, it is likely that all of the substitution forms
tested localized to nucleoli but forms that retained the ability
to alter nucleoli exhibited a concomitant change in the distri-
bution pattern as this organelle was modified.

Importance of PD-(D/E)XK endonuclease motif for ability
of UL24 to disperse nucleolin. Our results support the notion
that the endonuclease motif is especially important for the
effect of UL24 on nucleoli. Substitutions targeting the putative
catalytic domain (E99A/K101A) or immediately adjacent to it
(I97A/198A), as well as residues that have been proposed to be
important for substrate specificity (H22L and Y26A) (14, 20,
21), had the most dramatic effect. Although all substitution-
containing forms of UL24 were expressed in COS-7 cells, we
noted that UL24-197A/I98A repeatedly exhibited reduced ex-
pression levels as determined by Western blot analysis on ly-
sates from transiently transfected cells. Its expression, how-
ever, could easily be detected in our immunofluorescence assay
and at an intensity apparently similar to that seen with the
other modified versions of UL24. Regardless, we cannot ex-
clude the possibility that the reduction in nucleolin dispersal
seen for UL24-197A/I98A was partially due to a reduced level
of expression. Interestingly, several residues that were as well
conserved as E99, K101, H22, and Y26, such as L72, Q117, and
G121, did not appear to be of great importance for the ability
of UL24 to disperse nucleolin.

Importance of highly conserved residues in UL24 during
infection. The importance of the endonuclease motif for the
dispersal of nucleolin also held true in the context of infection.
Two independently derived isolates were obtained for each of
the recombinant viruses vUL24-E99A/K101A and vUL24-
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G121A. We found that each pair of isolates behaved similarly.
The E99A/K101A mutation caused a decrease in HSV-1-in-
duced dispersal of nucleolin similar to that seen with the
UL24-null virus. In contrast, the G121A mutation had only a
moderate impact. These findings were consistent with our re-
sults in the transient transfection assays. Thus, the E99A/
K101A mutation affects a site in the protein that is important
for the effect of UL24 on nucleoli during infection. Further-
more, this mutation also caused a decrease in viral titers, sug-
gesting that it affected a function important for efficient repli-
cation. UL12 is another HSV-1 protein with a nuclease motif
and for which nuclease activity has been confirmed. UL12 may
play a role in resolving X and Y DNA structures arising during
viral DNA replication and in encapsidation (32). Nuclease
activity has not yet been reported for UL24; however, the
discovery that the motif is important for the function of the
protein suggests that UL24 may indeed possess a nuclease
function. Evidence is accumulating that the nucleolus is an
organelle often targeted by viruses to increase their replication
efficiency and circumvent cellular control systems (12, 17).
Adenovirus induces the redistribution of the nucleolar proteins
nucleolin and B23 to the cytoplasm (25), and poliovirus also
causes the relocalization of nucleolin to the cytoplasm (41).
The nucleolus is involved in cell cycle regulation, and the
coronavirus N protein binds nucleolin and disrupts cytokenesis
(8, 43). A role for nucleolar localization and viral mRNA
transport to the cytoplasm has been shown for the human
immunodeficiency virus protein Rev (28) and herpesvirus
samiri ORF57 (6). Further experiments will be required to
establish the mechanism underlying the effect of UL24 on
nucleoli and the function of this cellular modification in infec-
tion.

Replacement of highly conserved residues in UL24 causes
syncytial plaques. vUL24-E99A/K101A was impaired for viral
replication in cell culture, while vUL24-G121A replicated to
titers similar to those seen for KOS. However, both the E99A/
K101A and G121A mutations caused a syncytial plaque phe-
notype at 39°C. Therefore, even though the G121A change is
a conservative substitution, it did have an impact on at least
one function of the protein during infection. Thus, the E99A/
K101A mutation resulted in a phenotype resembling that of a
UL24-null virus, while the G121A mutation appeared to affect
only the formation of syncytia. In transient transfection assays,
both UL24-E99A/K101A and UL24-G121A localized to the
Golgi apparatus in a manner similar to that seen for the wild-
type protein. This perinuclear localization was consistent with

FIG. 4. vUL24-eGFP. (A) Schematic representation of the insertion of an eGFP expression cassette in the UL24 ORF and the resulting BamHI
fragments. The gray boxes represent the genes present in the BamHI Q fragment of the HSV-1 genome and the inserted eGFP expression cassette.
The UL24 OREF is denoted by a white box. The black box between the CMV promoter and the eGFP gene represents the multiple cloning site
from the plasmid pEGFP-NI. The top section represents the wild-type BamHI Q fragment and the insertion site of the eGFP cassette. The middle
section represents the BamHI Q fragment following insertion. The bottom section shows the fragments obtained after BamHI digestion.
(B) Genome analysis of vUL24-eGFPb and -c and vUL24-eGFPbResc. The ethidium bromide-stained agarose gel shows fragments generated
following BamHI digestion of viral DNA and control plasmids. Plasmids contained either the wild-type BamHI Q fragment (pAGS5) or the
fragment containing the eGFP insertion (pBamH1QeGFP). Positions of the molecular mass markers are indicated to the left of the panel.
(C) Southern blot analysis using a probe corresponding to the BamHI Q fragment in pBluescript II SK(+). The arrow to the right of the panel
indicates the position of the fragment generated due to the insertion of the eGFP cassette. (D) Characterization of vUL24-eGFP viruses and
vUL24-eGFPResc in a one-step growth curve. Results shown represent the average for two independent experiments done in duplicate. Error bars
represent the standard errors of the means. (E) Plaque morphology was assessed for the different viruses on Vero cells 2 days postinfection grown
at the indicated temperatures.
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FIG. 5. Characterization of vUL24-E99A/K101A and vUL24-G121A. (A) Western blot showing expression of UL24 in Vero cells infected with
vUL24-E99A/K101A (a and b) (top panel). The blot was stripped and reblotted for the viral protein ICPS as a control (bottom panel). (B) Western
blot showing expression of UL24 in cells infected with vUL24-G121Aa and -b (top panel). The blot was stripped and reblotted for the viral protein
ICP8 as a control (bottom panel). The positions of molecular mass markers are indicated to the left of each panel. Arrows to the right of the panels
mark the position of the protein. (C) One-step growth analysis of vVUL24-E99A/K101A (isolates a and b) and vUL24-G121A (isolates a and b)
compared to the wild-type virus KOS and the UL24-deficient virus UL24X. (D) Analysis of plaque morphology for vUL24-E99A/K101Aa and -b
or (E) for vUL24-G121Aa and -b on Vero cells at 2 days postinfection grown at the indicated temperatures.
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vUL24-G121Ab

VUL24-E99A\K101Aa

% of cells with nucleolin foci

FIG. 6. Distribution pattern of nucleolin in Vero cells infected with UL24 mutants. (A) Confocal images of cells either mock infected or
infected with the indicated virus. Cells were immunostained for nucleolin (green), and nuclei were stained with Draq5 (blue). Left-hand panels
show nucleolin localization, center panels show stained nuclei, and merged images are shown in the right-hand panels. (B) Quantification of the
distribution pattern for nucleolin in cells infected with the indicated UL24 mutants. Cells were either mock infected or infected at an MOI of 10
and stained for nucleolin at 18 hpi. Cells were analyzed by confocal microscopy, and the number of cells showing clear foci of nucleolin staining
was scored. Each result shown represents the average for two independent experiments in which the localization of nucleolin in more than 150 cells

was analyzed for each mutant virus. Error bars represent the standard errors of the means.

our previous observation that the C-terminal portion of UL24
is sufficient to target the Golgi apparatus (3). However, this
result also suggests that the conserved N-terminal region of
UL24 is dispensable for Golgi localization yet is important for
the ability of UL24 to inhibit aberrant cell fusion during infec-
tion. Furthermore, because vUL24-G121A replicated to titers
similar to those of wild-type virus, this also suggests that the
UL 24-associated syncytial phenotype is not inextricably asso-
ciated with a reduction in HSV-1 replication in cell culture.
The results from this mutagenesis study support the hypoth-
esis that UL24 has at least two distinct functions during infec-
tion: namely, a role in HSV-1-induced nucleolar modifications

and a role in modulating membrane fusion. The UL24 protein
is detected both in the nucleus and in the cytoplasm of cells (3,
23, 31). In our model, UL24 transiently localizes to nucleoli
and participates in the remodelling of this organelle during
infection. We have shown that this function depends on the
endonuclease motif, and we propose that it contributes to the
efficiency of a nuclear event in the viral life cycle, possibly by
releasing cellular factors involved in viral DNA replication or
gene expression. This would explain why a mutation targeting
the endonuclease motif resulted in a decrease in viral yield. A
second role for UL24 would be in the cytoplasm, where the
protein localizes to Golgi-related vesicles and affects mem-
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brane fusion events related to virion morphogenesis. In the
absence of UL24, we propose that the function of viral or
cellular proteins involved in fusion is altered, leading to aber-
rant fusion events and the formation of syncytia while not
inhibiting the formation of new infectious viral particles.

In summary, our mutational analysis has established the
importance of the endonuclease motif in UL24 for the dis-
persal of nucleolin. Although our results are consistent with a
link between UL24-dependent dispersal of nucleolin and the
efficiency of viral replication, further studies will be required to
establish such a correlation and to determine whether UL24
possesses an endonuclease activity.
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