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The product of the UL11 gene of herpes simplex virus type 1 (HSV-1) is a 96-amino-acid tegument protein
that accumulates on the cytoplasmic face of internal membranes. Although it is thought to be important for
nucleocapsid envelopment and egress, the actual function of this protein is unknown. Previous studies focused
on the characterization of sequence elements within the UL11 protein that function in membrane binding and
trafficking to the Golgi apparatus. Binding was found to be mediated by two fatty acyl groups (myristate and
palmitate), while an acidic cluster and a dileucine motif were identified as being important for the recycling of
UL11 from the plasma membrane to the Golgi apparatus. The goal of the experiments described here was to
identify and characterize binding partners (viral or cellular) of UL11. Using both immunoprecipitation and
glutathione S-transferase (GST) pull-down assays, we identified a 40-kDa protein that specifically associates
with UL11 from infected Vero cells. Mutational analyses revealed that the acidic cluster and the dileucine motif
are required for this association, whereas the entire second half of UL11 is not. In addition, UL11 homologs
from pseudorabies and Marek’s disease herpesviruses were also found to be capable of binding to the 40-kDa
protein from HSV-1-infected cells, suggesting that the interaction is conserved among alphaherpesviruses.
Purification and analysis of the 40-kDa protein by mass spectrometry revealed that it is the product of the UL16
gene, a virion protein reported to be involved in nucleocapsid assembly. Cells transfected with a UL16-green
fluorescent protein expression vector produced a protein that was of the expected size, could be pulled down
with GST-UL11, and accumulated in a Golgi-like compartment only when coexpressed with UL11, indicating
that the interaction does not require any other viral products. These data represent the first steps toward
elucidating the network of tegument proteins that UL11 links to membranes.

During herpes simplex virus type 1 (HSV-1) assembly, over
30 different proteins come together to form three major struc-
tures: the nucleocapsid, the glycoprotein-containing envelope,
and the collection of proteins located between the capsid and
the envelope, known as the tegument (33). As with other her-
pesviruses, the most recent model for HSV-1 envelopment
suggests that assembled nucleocapsids are shuttled out of the
nucleus by budding and fusion events on the inner and outer
nuclear membranes, respectively, and then travel through the
cytoplasm until reaching trans-Golgi network (TGN)-derived
vesicles (reviewed in reference 27). At this site, nucleocapsids
are thought to acquire their final lipid bilayer in a process that
also results in the acquisition of the tegument and glycopro-
teins. The mature virions subsequently follow the secretory
pathway out to the cell surface, where they are released into
the extracellular medium. Although several lines of evidence
support this model, the specific molecular mechanisms by
which the different components arrive and interact at the TGN
have yet to be defined. As a start to understanding these
processes, we have been studying the small tegument protein
encoded by the UL11 gene of HSV-1.

The UL11 protein contains 96 amino acids and accumulates
on the cytoplasmic faces of both nuclear and Golgi apparatus-
derived membranes within infected cells (1, 24). Like other

alphaherpesvirus homologs, HSV-1 UL11 is thought to play a
role in nucleocapsid envelopment and egress; however, the
specific functions of this protein are unknown (3, 21, 25, 35).
Consistent with a role in budding at cytoplasmic locations,
UL11 localizes primarily to the Golgi apparatus when ex-
pressed in the absence of other viral proteins (5). Mutational
analyses have revealed that N-terminal myristylation and
palmitylation provide both membrane-binding strength and
Golgi-targeting specificity (5, 22), while a conserved acidic
cluster motif is required for UL11 to recycle from the plasma
membrane to the Golgi apparatus (22).

A major hindrance to understanding how UL11 functions
during virus assembly and budding is the lack of knowledge
concerning its interaction with other proteins. The difference
between its localization within infected cells (nucleus and
Golgi apparatus) and that within noninfected cells (Golgi ap-
paratus only) suggests that UL11 interacts with either a viral
protein or a virus-induced cellular protein; however, as with
many other HSV-1 structural proteins, the binding partner(s)
of this protein is unknown. As a start to elucidating the net-
work of tegument interactions that emanate from UL11 on mem-
branes, we set out to identify its binding partner(s) (viral or cel-
lular). The experiments described in this report show that UL11
associates with several infected-cell proteins, including a 40-kDa
protein identified as the product of the HSV-1 UL16 gene.

MATERIALS AND METHODS

Viruses and cells. The viruses used in this study were strains KOS (37) and
17(�) (8) of HSV-1, a green fluorescent protein (GFP)-VP22-expressing HSV-1
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strain (166v) (12), strain Becker of pseudorabies virus (PRV), and Marek’s
disease virus (MDV). Vero cells (ATCC CCL-81) and A7 (human melanoma)
cells (41) were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
GIBCO) supplemented with 10% fetal bovine serum, penicillin (65 �g/ml), and
streptomycin (131 �g/ml). Infected cells were grown in DMEM supplemented
with 2% fetal bovine serum, 25 mM HEPES buffer, glutamine (0.3 �g/ml),
penicillin (65 �g/ml), and streptomycin (131 �g/ml).

Construction of UL11-GFP and UL16-GFP chimeras. All UL11 alleles were
cloned into the multiple cloning site of pEGFP-N2 (Clontech), thereby produc-
ing vectors that encode UL11-GFP fusions. Plasmids encoding UL11 from
HSV-1 fused to GFP (here designated UL11H.GFP) and an acidic cluster mutant
of this protein [UL11H.AC(�).GFP] were described previously (22). A mutant in
which leucine and isoleucine at residues 18 and 19, respectively, are replaced
with alanine (UL11H.L18A/I19A.GFP) was constructed by changing the corre-
sponding codons from CTC ATC to GCC GCC. A mutant in which the second
half of UL11 is deleted (UL11H.d51–96.GFP) was produced by removing codons
51 to 97, thereby leaving a truncated UL11 gene in frame with the GFP coding
sequence.

Plasmids encoding PRV UL11-GFP (UL11P.GFP) and MDV UL11-GFP
(UL11M.GFP) fusions were made by PCR. For the PRV construct, the UL11
gene was amplified from the PRV Becker genome with a forward primer (5�-G
CCTGCGAGATCTCCGTGCTGCTGATCGTCACG-3�) complementary to
the sequence 100 bp upstream of the start codon and a reverse primer (5�-CA
AACGGGTTTATTGGAATTCGTACGCCCGCGAG-3�) complementary to
the 3� end of the UL11 gene. The product was cloned into pEGFP-N2 with
BglII-EcoRI. The MDV construct was made by PCR amplification of the MDV
UL11 gene with a forward primer (5�-ACTCCCGAACAGAGCTCCCTTGTC
ATTCTAATC-3�) complementary to the sequence 100 bp upstream of the start
codon and a reverse primer (5�-ATGATTGTCGAATTCTTTATTAAACATC
ATAAC-3�) complementary to the 3� end of the UL11 gene. The product was
cloned into pEGFP-N2 with SstI-EcoRI.

The construct encoding an HSV-1 UL16-GFP fusion was made by PCR am-
plification of the UL16 gene from the HSV-1 KOS genome with a forward primer
(5�-CCTTAGGAATTCTCGCAAGGTGTCGTCCGGGA-3�) complementary
to the sequence 120 bp upstream of the start codon and a reverse primer
(5�-GGGCACTGGGATCCATTCGGGATCGCTTGAGGA-3�) complemen-
tary to the 3� end of the UL16 gene. The product was cloned into the EcoRI-
BamHI sites of pEGFP-N2.

Construction of GST-UL11 chimeras. UL11 alleles were amplified by PCR and
cloned into pGEX-4T-3 (Amersham Biosciences), thereby producing vectors
that encode glutathione S-transferase (GST)-UL11 fusions. For all constructs
except GST.UL11H.d51–96, a BglII site was inserted immediately upstream of
the UL11 start codon, while a NotI site was inserted immediately downstream of
the native stop codon. To make the plasmid that encodes GST.UL11H.d51–96,
the NotI site was inserted along with a stop codon which was placed after codon
50. PCR products were cut with BglII-NotI and cloned into the BamHI-NotI sites
of pGEX-4T-3.

Construction of untagged UL11 expression vectors. To produce wild-type
UL11 and UL11.AC(�) constructs that have no GFP tag, UL11 alleles which
contain stop codons at their 3� ends were inserted in place of the GFP gene
cassette (with SstI and NotI) within vector pEGFP-N2.

Antibodies. UL11- and VP22-specific antisera, which were produced by Co-
calico Biologicals, Inc., were obtained from rabbits that had been injected with
purified GST-UL11 and GST-VP22 fusions, respectively. The specificity of the
antibodies for their respective antigens was shown by their ability to detect
UL11-GFP and VP22-GFP fusions in immunoblot and immunoprecipitation
experiments (data not shown). The GFP-specific antibody was obtained from
Clontech (product number 8367-1).

Coimmunoprecipitation assay. Confluent monolayers of Vero cells (60-mm
plates) were infected with HSV-1 KOS at a multiplicity of infection of 30. At 5 h
postinfection, the cells were starved for 15 min in methionine-free DMEM
(GIBCO) and metabolically labeled with EXPRE35S35S protein labeling mixture
(Perkin-Elmer NEG-072) (85 �Ci/ml; �1,000 Ci/mmol) for 3 h (42). The cells
were mixed with NP-40 lysis buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl
[pH 8.0]) containing protease inhibitors (Sigma product number P8340), and the
infected-cell lysates were precleared overnight with protein A-agarose beads
(Roche). UL11 and its associated proteins were immunoprecipitated with poly-
clonal anti-UL11 serum and separated by electrophoresis in sodium dodecyl
sulfate (SDS)–10% polyacrylamide gels. The gels were subsequently dried and
subjected to autoradiography with Kodak X-Omat AR5 film for 1 to 2 days to
detect the radiolabeled proteins.

GST pull-down assay. GST fusion proteins were purified from 100-ml cultures
by using glutathione-Sepharose beads (Amersham Biosciences product number

27-4574-01) according to the manufacturer’s instructions. Vero cells were in-
fected with herpesviruses and then labeled and lysed as described above for the
coimmunoprecipitation assay. The lysates were precleared with glutathione-
Sepharose 4B beads overnight and then incubated with purified GST proteins on
glutathione-Sepharose beads for 2 h at room temperature. The beads were
washed three times with NP-40 lysis buffer and one time with 10 mM Tris-HCl
(pH 7.6). Proteins bound to the GST constructs were separated by SDS–10%
polyacrylamide gel electrophoresis (PAGE), and radiolabeled proteins were
detected by autoradiography as described above.

To analyze the UL11-UL16 interaction within transfected cells, a similar GST
pull-down assay was used. The calcium phosphate method was used to transfect
A7 melanoma cells (10) with a plasmid that encodes a UL16-GFP fusion. A7
cells were used instead of Vero cells because they are more easily transfected and
have been used elsewhere to express HSV-1 tegument protein-GFP chimeras (7,
22). At 24 h posttransfection, the cells were harvested in NP-40 lysis buffer. After
the lysates were precleared for 2 h with glutathione-Sepharose beads, purified
GST-UL11 fusions were added and the beads were washed as described above.
Proteins bound to the GST constructs were separated by SDS–9% PAGE and
electrotransferred to nitrocellulose membranes. To detect UL16-GFP, standard
enhanced chemiluminescence-based Western blot assays were performed with
anti-GFP serum.

Confocal microscopy. A7 cells were transfected as described above. At 18 h
posttransfection, cells were washed once with Tris-buffered saline and immedi-
ately viewed by using a Zeiss laser scanning microscope with a helium-argon laser
(488-nm peak excitation).

In-gel trypsin digestion and MS analysis of the 40-kDa protein. The 40-kDa
species was pulled out of unlabeled, infected-cell lysates (two 60-mm plates) by
using GST.UL11H.d51–96 as described above and then separated by SDS–10%
PAGE. After visualization of proteins with a negative zinc stain (Bio-Rad), the
40-kDa band was cut from the gel and placed into a siliconized 0.65-ml Eppen-
dorf tube. The gel slice was fixed and destained overnight in a 5% methanol–7%
acetic acid solution. The fixative was removed, and the slice was dehydrated twice
for 40 min each time in 200 mM NH4HCO3 (pH 8.0)–50% acetonitrile (AcN)
(15, 34). After the gel slice was dried in a Speed-vac for 20 min, the 40-kDa
protein was reduced for 15 min with 2 mM Tris(2-carboxyethyl)phosphine
(TCEP) in 25 mM NH4HCO3 (pH 8.0). TCEP was removed, and the protein was
alkylated for 30 min (in the dark) with 20 mM iodoacetamide in 25 mM
NH4HCO3 (pH 8.0). The gel slice was washed three times with 25 mM
NH4HCO3 (pH 8.0), dried in the Speed-vac for 25 min, and rehydrated in 25 mM
NH4HCO3 (pH 8.0) containing 0.02 �g of sequencing-grade modified trypsin
(Promega)/�l. After 1 h, unabsorbed trypsin was removed, and the gel slice was
covered with 100 �l of 25 mM NH4HCO3 (pH 8.0). To allow for efficient trypsin
cleavage, the gel slice was incubated overnight at 37°C with agitation. The
solution was saved, and the gel slice was washed with 50 �l of 50% AcN–50% 25
mM NH4HCO3 (pH 8.0) and with 50 �l of 50% AcN– 2% trifluoroacetic acid
(two times) in order to fully elute the tryptic peptides from the gel. These last
three washes were saved and added to the first solution, and the sample was
placed in a Speed-vac until only 35% of the original volume remained. The
tryptic peptides were purified and concentrated by using a strong-cation-ex-
change ZipTip cleanup kit (Millipore) according to the manufacturer’s instruc-
tions. The purified peptides were spotted onto a stainless steel plate, overlaid
with an alpha-cyanohydroxycinnamic acid (Sigma) matrix, and analyzed by ma-
trix-assisted laser desorption ionization–time of flight (MALDI-TOF) mass spec-
trometry (MS) with an Applied Biosystems 4700 proteomics analyzer at the core
facility at the College of Medicine, The Pennsylvania State University. The 10
most abundant peptide fragments on the spectra were identified and further
analyzed by tandem MS-MS ion fragment analysis. The resulting MS-MS spectra
of a 1,646-Da fragment which was present in duplicate trypsin digests were
examined for matches to theoretical spectra from all known proteins by using the
Applied Biosystems GPS Explorer program. The search was carried out against
all SwissProt entries, with no limitations as to species, protein size, or pI.

RESULTS

Identification of UL11-binding partners by a coimmunopre-
cipitation assay. As a start to identifying its binding partners
(viral or cellular), UL11 was immunoprecipitated from HSV-
1-infected cell lysates (Fig. 1). As in previous reports (1, 24),
UL11 was found to migrate as a triplet of bands between 20
and 22 kDa, suggesting that it exists in multiple modified forms
(Fig. 1A). At least four additional proteins appeared to coim-
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munoprecipitate with UL11. These proteins, which have ap-
parent molecular masses of 31, 34, 37, and 40 kDa, were not
pulled out of mock-infected cell lysates or HSV-1-infected cell
lysates when no antibody or preimmune serum was used. Any
larger coimmunoprecipitating proteins that may have been
present were obscured by background bands. A second immu-
noprecipitation assay was carried out with UL11-specific anti-
serum from a different rabbit (Rb73). While the 37- and 40-
kDa proteins were again detected, the 31- and 34-kDa proteins
failed to coimmunoprecipitate with UL11 (Fig. 1B), suggesting
that the first antiserum (Rb72) may contain antibodies that
happen to cross-react with two irrelevant proteins. Alterna-
tively, the second antiserum may contain antibodies that block
interactions between UL11 and the 31- and 34-kDa proteins.

Identification of UL11-binding partners by a GST pull-down
assay. To further identify UL11-binding partners, a pull-down
assay was performed with a purified GST-UL11 fusion protein
(Fig. 2A and B). Unlike GST by itself, the GST.UL11H con-
struct reproducibly pulled down 40- and 69-kDa proteins from
HSV-1-infected cell lysates (Fig. 2C). Treatment with 1 M
NaCl and 100 mM EDTA had no effect on either interaction,
indicating that both are relatively stable (data not shown).
Because a 40-kDa protein was identified by both the coimmu-
noprecipitation assay and the GST pull-down assay, it was
chosen for further characterization.

To map the region of UL11 that is required for the interac-
tion with the 40-kDa protein, several mutants were examined.
The same GST pull-down assay was used to test whether re-
moval of the acidic cluster [GST.UL11H.AC(�)] or replace-
ment of the dileucine motif with alanines (GST.UL11H.L18A/
I19A) would have any effect on the interaction with the 40-kDa
protein (Fig. 2A). These mutants were chosen because both
acidic clusters and dileucine mutants function as binding sites
for a variety of proteins, including members of the clathrin
adaptor family (14). When equal amounts of mutant GST
fusion proteins were used (Fig. 2B), neither the acidic cluster
nor the dileucine motif associated with the 40-kDa protein
(Fig. 2C). Surprisingly, the acidic clusters of furin and HIV-1
Nef could not replace the native acidic cluster in this assay
(data not shown), in spite of their ability to restore Golgi
apparatus recycling to an UL11 acidic cluster mutant (22). In
contrast, deletion of the entire second half of UL11
(GST.UL11H.d51–96) had no effect on the interaction (Fig.
2C), indicating that the site important for the interaction with
the 40-kDa protein is within the first half.

To determine where the different UL11 mutants localize
when transiently expressed as GFP fusions, live-cell confocal
microscopy was performed. Like the previously characterized
UL11H.AC(�).GFP mutant (22), the UL11H.L18A/I19A.GFP
mutant localized to the Golgi apparatus but also accumulated
abnormally on the plasma membrane (Fig. 2D), suggesting
that it fails to be internalized from the cell surface during
retrieval to the Golgi apparatus. In contrast, the UL11H.d51–
96.GFP mutant localized to the Golgi apparatus in a manner
similar to that of wild-type UL11H.GFP, consistent with a
previous study suggesting that all of the trafficking information
is contained within the first half of the protein (5).

UL11 homologs from other herpesviruses can associate with
the 40-kDa protein. To further address the specificity of the
UL11–40-kDa protein interaction, UL11 proteins from other

FIG. 1. Coimmunoprecipitation assay with anti-UL11 serum. Vero
cells infected with HSV-1 KOS for 5 h were metabolically labeled with
[35S]methionine-cysteine for 3 h and harvested with NP-40 lysis buffer.
The UL11 protein (indicated by a bracket) was immunoprecipitated with
anti-UL11 serum, separated by SDS-PAGE, and visualized by autoradiog-
raphy. Specific coimmunoprecipitated proteins are indicated by arrow-
heads (40 kDa) and asterisks (31, 34, and 37 kDa). Plus and minus signs
denote HSV-1-infected cells and noninfected cells, respectively. (A) Rab-
bit anti-UL11 serum Rb72. (B) Rabbit anti-UL11 serum Rb73.
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herpesviruses were tested for their ability to pull down the
40-kDa protein from HSV-1-infected cell lysates. Homologs
from the alphaherpesviruses PRV and MDV were chosen be-
cause they have divergent primary sequences (Fig. 3A) but still
traffic to the Golgi apparatus in a manner similar to that of
HSV-1 UL11 (Fig. 3B). Despite these sequence differences,
GST-UL11 fusion proteins derived from both PRV
(GST.UL11P) and MDV (GST.UL11M) bound to the 40-kDa
protein (Fig. 3C).

Identification of the 40-kDa protein. Three observations
suggested that the 40-kDa protein is of viral origin. First, it is
never observed in mock-infected cell lysates (Fig. 1; GST-
UL11 pull-down data, not shown). Second, the radiolabeled

40-kDa protein is readily obtained from infected cells even
though most cellular proteins are down-regulated by certain
HSV-1 gene products (32). Finally, UL11 from PRV, which
binds to the 40-kDa protein from HSV-1-infected Vero cells
(Fig. 3C), pulls down a slightly smaller (36-kDa) protein from
the same type of cells when they are infected instead with PRV
(Fig. 3D).

To directly identify the 40-kDa protein, it was first pulled out
of HSV-1-infected-cell lysates by using the GST.UL11H.d51–
96 construct and then separated from other proteins by SDS-
PAGE. (GST.UL11H.d51–96 was used instead of full-length
GST.UL11H because the latter nearly comigrates with the un-
known 40-kDa protein [Fig. 2B].) The 40-kDa species (Fig.

FIG. 2. Identification of UL11-binding partners by a GST pull-down assay. (A) Diagrams of UL11 constructs. The 96-amino-acid UL11
sequence from HSV-1 is shown; the positions of the acidic cluster (AC) and the dileucine motif (LI) are indicated. N-terminal myristylation and
palmitylation are denoted by wavy lines. (B) Coomassie blue-stained gel of GST fusion proteins. The UL11 constructs shown in panel A were fused
to the C terminus of the GST protein and purified from Escherichia coli cells. Approximately equal amounts of proteins were used in all reactions.
(C) Proteins pulled down by the GST-UL11 constructs. Purified GST fusion proteins were incubated with radiolabeled, HSV-1-infected cell lysates
and washed with NP-40 lysis buffer. Proteins bound to the GST constructs were separated by SDS–10% PAGE, and radiolabeled proteins were
detected by autoradiography. The asterisk and the arrowhead denote the 69- and 40-kDa proteins, respectively. (D) Subcellular localization. The
UL11 constructs shown in panel A were fused to the N terminus of GFP, expressed in A7 cells, and visualized 18 h later by live-cell confocal
microscopy.
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4A) was cut from the gel and digested with trypsin, and the
tryptic peptides were analyzed by MS. The 10 most abundant
peptide fragments on the spectra were identified and further
analyzed by tandem MS-MS ion fragment analysis. In partic-
ular, a 1,646-Da peptide was chosen for further characteriza-
tion because it was clearly present in duplicate trypsin digests.
The resulting MS-MS spectrum of the 1,646-Da fragment (Fig.
4B) was used to determine its peptide sequence (Fig. 4B,
inset), which was then examined for matches with the se-
quences of all known proteins. With over 99% confidence
(data not shown), the 40-kDa protein was identified as the
product of the HSV-1 UL16 gene, a virion protein that has
been reported to be involved in nucleocapsid assembly and
maturation (29, 31). Consistent with these findings, the 36-kDa
protein that was pulled out of PRV-infected cell lysates by
PRV UL11 (Fig. 3D) was about the size predicted for PRV
UL16 (Lynn Enquist, personal communication).

Interaction between UL11 and UL16 in the absence of other
viral proteins. To test whether UL11 and UL16 can associate
with one another in the absence of other viral proteins, a GST
pull-down assay was performed with lysates derived from cells
transfected with a UL16-GFP expression vector. Similar to
what was found with infected cells, the UL16-GFP chimera was
pulled down by the GST.UL11H and GST.UL11H.d51–96 con-
structs but not by GST alone or by the acidic cluster and
dileucine motif mutants (Fig. 5A). These findings show that the
UL11-UL16 interaction does not require other viral proteins;

however, it remains possible that cellular proteins play some
role in mediating the interaction. Further evidence for the
interaction comes from cotransfection experiments in which
the UL16-GFP chimera was expressed in the presence or ab-
sence of an untagged UL11 protein (Fig. 5B). When UL16-
GFP was expressed by itself, it was present throughout cells;
however, when it was coexpressed with wild-type UL11, a por-
tion of UL16 was relocalized to a punctate, perinuclear com-
partment that is reminiscent of the TGN. This relocalization
was abolished when the acidic cluster of UL11 was deleted, as
predicted by the mapping experiments. Thus, the interaction of
UL11 and UL16 seen in vitro also occurs within intact cells.

DISCUSSION

Although many tegument proteins have been found to be
important for viral replication, very little has been done to
elucidate the network of interactions that connect them. Of the
�20 HSV-1 proteins that constitute the tegument, only three
capsid-tegument (26, 31, 40), four tegument-tegument (11, 36,
44), and two tegument-glycoprotein (30, 45) interactions have
been identified. Similarly, very few interactions have been
identified among the tegument proteins of other alphaherpes-
viruses, such as PRV (13, 20) and varicella-zoster virus (23, 38,
39). As a result, the structural organization and function of
most herpesvirus virion proteins still remain a mystery.

The goal of the present study was to identify and character-

FIG. 3. Analysis of UL11 homologs. (A) Sequence alignment of UL11 homologs from HSV-1, MDV, and PRV. Amino acids that are identical
are indicated by asterisks, whereas residues that are conserved are denoted by a period (lower conservation) or a colon (higher conservation). The
locations of the dileucine motif and the acidic cluster within HSV-1 UL11 are indicated by solid lines. (B) Subcellular localization. A7 cells
expressing UL11-GFP chimeras were visualized 18 h posttransfection by confocal microscopy. (C) GST pull-down assay with HSV-1-infected cell
lysates. Purified GST-UL11 fusion proteins were incubated with radiolabeled, HSV-1-infected cell lysates. Bound proteins were separated by
SDS–10% PAGE and detected by autoradiography. The arrowhead denotes the position of the 40-kDa protein. (D) GST pull-down assay with
PRV-infected cell lysates. The assay was performed as described for panel C, except that GST fusion proteins were incubated with either HSV-1-
or PRV-infected cell lysates.
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ize binding partners for membrane-bound tegument protein
UL11. In addition to several minor protein species, an abun-
dant 40-kDa protein appeared to strongly associate with UL11
in both immunoprecipitation and GST pull-down assays. Based
only on its size and evidence that suggested a viral origin, the
40-kDa protein could have been any of the following eight
HSV-1 proteins: VP22, glycoprotein K, thymidine kinase,
UL16, glycoprotein L, UL50, VP22a, and UL40 (4, 6, 16, 17,
19, 29). Of these proteins, we initially considered VP22 to be
the likeliest candidate because it is a very abundant tegument
protein that associates with membranes and localizes to a cel-
lular compartment similar to where UL11 localizes (7). How-
ever, when the GST-UL11 pull-down assay was carried out
with a mutant HSV-1 strain (166v) that expresses a 65-kDa
GFP-VP22 fusion protein instead of native VP22, the 40-kDa
protein was still detected, indicating that it is not VP22 (data
not shown). Instead of testing each of the other seven candi-
dates individually, the 40-kDa protein was analyzed directly by
MS and shown to be the product of the HSV-1 UL16 gene.

The herpesvirus UL16 gene family encodes a group of small
(33- to 40-kDa), conserved proteins that are produced late in
the viral life cycle and packaged into virions (9, 29, 31, 43).
Members of this protein family, which includes HSV-1 UL16,
cytomegalovirus UL94, Epstein-Barr virus BGLF2, and vari-
cella-zoster virus ORF44, contain potential Zn finger domains
in the conserved C terminus and a potential nuclear localiza-
tion signal in the N terminus (43). Within infected cells, HSV-1
UL16 localizes to both the cytoplasm (diffuse) and discrete
intranuclear inclusions referred to as assemblons (29, 31). Al-
though the actual function of the protein is still unknown,
UL16 has been predicted to play a role in genome packaging
and nucleocapsid maturation due to its weak association with
mature, DNA-containing type C capsids (31), its ability to bind

to single-stranded DNA in vitro (31), and its potential Zn
finger domains (43). Consistent with a role in viral replication,
cells infected with an HSV-1 UL16 deletion mutant produce
10-fold fewer virions than those infected with wild-type virus
(2).

The finding that UL16 interacts with UL11 may provide
clues as to how both proteins function during viral replication.
Based on the evidence that UL16 associates with nucleocapsids
(31) and UL11 peripherally binds to TGN membranes (5), it is
possible that the interaction between these two proteins func-
tions to target nucleocapsids for tegument acquisition and en-
velopment at the site of assembly. Consistent with this hypoth-
esis, cells infected with a UL11 knockout mutant produce large
amounts of nucleocapsids which enter the cytoplasm but fail to
become enveloped at the TGN (3). Furthermore, the relocal-
ization of UL16 to a punctate, perinuclear compartment in the
presence of UL11 (Fig. 5B) suggests that UL11 has the ability
to recruit UL16 to cytoplasmic membranes. Whether or not
UL11 can recruit nucleocapsid-associated UL16 to cytoplasmic
membranes within infected cells remains to be determined.

A similar type of recruitment mechanism has been described
for other HSV-1 tegument proteins. The membrane-associated
VP22 protein can interact with and relocalize the normally
diffuse VP16 protein to a perinuclear compartment that re-
sembles the TGN (7, 11). In addition, like UL16, a significant
fraction of the VP16 protein within HSV-1-infected cells is
associated with nonenveloped, cytoplasmic capsids (28). Thus,
it is possible that the UL11-UL16 and VP22-VP16 interactions
both play a role (redundantly) in recruiting nucleocapsids to
the TGN for tegument formation and envelopment. Redun-
dancy of this function would explain why UL11 knockout mu-
tants still retain a high level of infectivity (3, 25).

Another hypothesis for the role of UL16 is that it serves to

FIG. 4. Direct analysis of the 40-kDa protein by MS. (A) Visualization of the 40-kDa band by zinc staining. The 40-kDa protein (denoted by
an arrowhead) was pulled out of unlabeled, HSV-1-infected cell lysates with GST.UL11H.d51–96 and separated by SDS-PAGE. The gel was
negatively stained with a Bio-Rad zinc stain kit; the isolated 40-kDa band was cut from the gel, digested with trypsin, and analyzed by MALDI-TOF
MS. Asterisks denote the positions of the GST derivatives on the gel. Plus or minus signs indicate that GST proteins were mixed with
HSV-1-infected cell lysates or not, respectively, prior to being loaded on the gel. Numbers at left indicate kilodaltons. (B) MS-MS spectrum of the
1,646-Da tryptic peptide. The 10 most abundant peptide fragments on the MS spectrum were identified and further analyzed by tandem MS-MS
ion fragment analysis. The resulting MS-MS spectrum of the 1,646-Da peptide was used to determine its sequence (inset), which was then examined
for matches with the sequences of all known proteins. Residue numbers within the HSV-1 UL16 protein are indicated below the inset. Asterisks
denote MS-MS peaks that were used in elucidating the 1,646-Da peptide sequence.
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regulate the trafficking and localization of UL11. The acidic
cluster and the dileucine motif within UL11 are required for its
trafficking from the plasma membrane to the Golgi apparatus
(22). These types of sequence motifs are known to serve as
binding sites for the PACS-1 protein (41) as well as members
of the clathrin adaptor family (e.g., AP-1 and AP-2) (18),
which function to link cargo membrane proteins to clathrin
coats at specific compartments. Since these trafficking signals
within UL11 also appear to be required for its interaction with
UL16 (Fig. 2), it is possible that UL16 acts as an adaptor-like
protein and competes with cellular proteins for binding to
UL11 at these sites. In doing so, UL16 may alter the subcel-
lular localization of UL11. If UL16 is an adaptor-like protein,
one may expect it to have sequence similarity to one or more
of the adaptor proteins. Primary sequence alignments of UL16
with the PACS-1 protein and the cargo interaction subunits of
the AP-1, AP-2, and AP-3 proteins have revealed no obvious
homology (data not shown); however, functional homology
may exist.

Equally important to understanding why the UL11 and
UL16 proteins interact is elucidating how they interact. As a
start to this goal, it will be essential to determine whether
UL11 and UL16 interact directly or are bridged by other pro-
teins. Because the interaction can occur within transfected
cells (Fig. 5), bridging proteins, if there are any, cannot be virus
encoded. Experiments are in progress to ascertain whether a
direct interaction is involved. Another question which remains
to be addressed is what regions within the two proteins are
responsible for the association. Data presented in this report
demonstrate that the binding site for UL16 is within the first 50
residues of UL11 and that the acidic cluster and the dileucine
motif within this region are required for the interaction (Fig.
2). However, it is not known whether these motifs serve as the
actual binding site for UL16 or whether our mutations some-
how altered the structure of UL11, rendering the true binding
site nonfunctional. In addition to mapping of the binding site
within UL11, experiments are under way to identify the se-
quences within UL16 that mediate its association with UL11.
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