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Growing evidence indicates that herpes simplex virus type 1 (HSV-1) acquires its final envelope in the
trans-Golgi network (TGN). During the envelopment process, the viral nucleocapsid as well as the envelope
and tegument proteins must arrive at this site in order to be incorporated into assembling virions. To gain a
better understanding of how these proteins associate with cellular membranes and target to the correct
compartment, we have been studying the intracellular trafficking properties of the small tegument protein
encoded by the UL11 gene of HSV-1. This 96-amino-acid, myristylated protein accumulates on the cytoplasmic
face of internal membranes, where it is thought to play a role in nucleocapsid envelopment and egress. When
expressed in the absence of other HSV-1 proteins, the UL11 protein localizes to the Golgi apparatus, and
previous deletion analyses have revealed that the membrane-trafficking information is contained within the
first 49 amino acids. The goal of this study was to map the functional domains required for proper Golgi
membrane localization. In addition to N-terminal myristylation, which allows for weak membrane binding,
UL11 appears to be palmitylated on one or more of three consecutive N-terminal cysteines. Using membrane-
pelleting experiments and confocal microscopy, we show that palmitylation of UL11 is required for both Golgi
targeting specificity and strong membrane binding. Furthermore, we found that a conserved acidic cluster
within the first half of UL11 is required for the recycling of this tegument protein from the plasma membrane
to the Golgi apparatus. Taken together, our results demonstrate that UL11 has highly dynamic membrane-
trafficking properties, which suggests that it may play multiple roles on the plasma membrane as well as on
the nuclear and TGN 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
envelope known as the tegument (30). While it is generally
accepted that capsid assembly and genome packaging occur in
the nucleus, the compartment(s) in which tegument and enve-
lope are acquired is less well defined (30). As with other her-
pesviruses (e.g., pseudorabies virus, varicella-zoster virus, and
human cytomegalovirus), the most recent model for HSV-1
envelopment suggests that assembled nucleocapsids are shut-
tled out of the nucleus by a budding-fusion event on the inner
and outer nuclear membranes (respectively) and then travel
through the cytoplasm as unenveloped capsids until reaching a
trans-Golgi network (TGN)-derived vesicle (7, 12–14, 18, 31,
40, 43, 47). While 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 glycoproteins. 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 general
model for HSV-1 envelopment, the specific molecular mecha-

nisms by which the different components come together at the
TGN have yet to be defined. In particular, almost nothing is
known about how the tegument region of the virus is created
during assembly. Understanding how this occurs is important
because evidence suggests that the tegument proteins contain
all of the functions required for budding at the TGN (23, 29).
Therefore, determining how the tegument proteins travel to
the same cellular compartment and interact to form a stable
structure will provide insights into the overall mechanism of
HSV-1 assembly. As a start to these investigations, we have
been studying the trafficking properties of a small HSV-1 teg-
ument protein, UL11.

The UL11 gene of HSV-1 encodes a 96-residue, myristylated
protein (Fig. 1) that binds to the cytoplasmic face of internal
membranes within infected cells (2, 21). By associating with
these membranes, the UL11 protein is thought to play a role in
the envelopment and egress of viral nucleocapsids (3, 22);
however, the mechanism for this process has not been de-
scribed. Previous studies have shown that UL11 localizes to
both nuclear and cytoplasmic membranes in HSV-1-infected
cells (2), but when expressed in the absence of other HSV-1
proteins, UL11 localizes predominantly to the Golgi apparatus
(5). Mutational analyses have revealed that N-terminal my-
ristylation and only the first 49 amino acids of UL11 are re-
quired for proper membrane binding and Golgi localization.
Sequence alignment of several UL11 homologues (5) reveals
that this region contains a conserved acidic cluster motif, sim-
ilar to those found in membrane proteins that cycle between
the plasma membrane and the Golgi apparatus (e.g., furin and
cytomegalovirus gB) (6, 39, 41). The negatively charged amino
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acids of acidic clusters function by interacting with various
components of the clathrin sorting machinery at the plasma
membrane, endosomal, and Golgi compartments (9, 38, 42).
Although the mechanism is poorly understood, this cycling
process is typically dependent on the phosphorylation of a
serine or threonine residue(s) within the acidic cluster. One

exception, however, is the human immunodeficiency virus type
1 (HIV-1) Nef protein, which is a peripheral membrane pro-
tein that is recycled to the Golgi apparatus without requiring
phosphorylation (26).

In the present study, we have examined the roles of the
acidic cluster and other sequences in the first half of UL11 in
membrane trafficking. Using confocal microscopy, the acidic
cluster was found to be required for the retrieval of UL11 from
the plasma membrane to the Golgi apparatus but was not
required for Golgi accumulation. Instead, Golgi accumulation
was highly dependent upon three consecutive cysteines located
near the N terminus of UL11. These cysteines, which we found
to be required for the palmitylation of UL11, appeared to be
essential for both membrane-targeting specificity and strong
membrane binding. Thus, UL11 has dynamic trafficking prop-
erties, which suggests that it plays roles at multiple membrane
compartments during viral replication.

MATERIALS AND METHODS

Cells. A7 (human melanoma) cells, a gift from Gary Thomas (The Oregon
Health Sciences University, Portland) were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) (GIBCO) supplemented with 10% fetal bovine serum
(FBS) and antibiotics (42). COS-1 (simian) cells were grown in DMEM supple-
mented with 3% FBS, 7% calf bovine serum, and antibiotics (44).

Construction of UL11 acidic cluster mutants. The UL11 gene used for this
study was obtained from the HSV-1 KOS genome and cloned into the Clontech
pEGFP-N2 vector as previously described (5, 37). The pCMV.UL11.AC(�)
construct was made by first PCR amplifying the UL11 gene from immediately
downstream of the acidic cluster (AC)-coding sequence (nucleotide 129) to the
3� end of the gene with a forward primer containing an AatII site and a reverse
primer containing an EcoRI site. The resulting fragment was cut with AatII and
ligated to another fragment of the UL11 gene that extends from 100 bp upstream
of the UL11 start codon (�100) to a native AatII site that lies immediately
upstream of the acidic cluster-coding sequence (�103). The ligation product,
which represents the UL11 gene with a deletion in nucleotides 104 to 128, was
then amplified using PCR with a forward primer (containing an SstI site) com-
plementary to the sequence 100 bp upstream of the UL11 start codon and a
reverse primer (containing an EcoRI site) complementary to the 3� end of the
UL11 gene. This product was then cut with SstI and EcoRI and cloned into the
multiple cloning site (MCS) of the pEGFP-N2 vector, thereby producing a vector
that encodes a UL11-green fluorescent protein (GFP) fusion protein.

To make the constructs in which the membrane-binding domain of the Src
oncoprotein is fused to the N terminus of the UL11 protein [sUL11 and
sUL11.AC(�)], a similar strategy was employed. The 256-bp SstI-AatII fragment
cut from the previously described pSV.Src.HMG construct (5) was ligated to the
AatII-EcoRI fragment of UL11 [derived from either pCMV.UL11 or
pCMV.UL11.AC(�)]. The ligation products were PCR amplified, cut with SstI
and EcoRI, and cloned into the MCS of the pEGFP-N2 vector in order to make
the sUL11-GFP fusion protein.

The pCMV.CD4.UL11 and pCMV.CD4.UL11.AC(�) constructs were made
by inserting the UL11-coding sequence in place of the last 87 bp of the human
CD4 gene. To do this, a truncated CD4 gene [CD4T(�)], which encodes a
protein that lacks the majority of the cytoplasmic tail, was cut from the
pCMX.CD4T(�) vector (kindly provided by Chris Aiken, Vanderbilt University
School of Medicine, Nashville, Tenn.) with HindIII and BamHI and ligated into
the same sites in the pEGFP-N2 vector [pCD4T(�).GFP] (36). Next, the UL11-
coding sequence was PCR amplified with a forward primer (containing a BglII
site) that is complementary to the first 22 bp of the UL11 gene and a reverse
primer (containing a NotI site) that is complementary to the last 20 bp of the
UL11 gene. The resulting PCR fragment, which was cut with BglII and NotI, was
used to replace the BamHI-NotI fragment from the pCD4T(�).GFP vector. In
addition to removing a portion of the pEGFP-N2 MCS, this replacement re-
moves the entire coding sequence of GFP.

All nucleotide substitutions within the UL11 acidic cluster-coding sequence
were made by oligonucleotide-directed mutagenesis, as previously described
(19). The UL11 gene was cloned into M13mp19, and the resulting recombinant
phage genome was propagated to isolate single-stranded, uracil-containing tem-

FIG. 1. Mutational analysis of the acidic cluster region of UL11.
(A) Inactivation of the wild-type sequence. The 96-amino-acid UL11
sequence (open rectangles) is shown with the position of its acidic
cluster (AC) (solid black box). N-terminal myristylation (wavy line) is
a natural modification of UL11 and was also provided by the first 10
amino acids of the Src oncoprotein (solid rectangle with wavy line). All
constructs have the GFP protein (open oval) fused to their C termini.
(B) Replacement with foreign acidic cluster sequences. The wild-type
sequence of the UL11 acidic cluster is shown (residues 37 to 43).
Wild-type and mutant acidic cluster sequences from furin and Nef
were inserted in place of the UL11 sequence as shown. All constructs
were expressed as UL11-GFP chimeras.
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plate DNA. After mutagenesis, all mutants were subcloned from the M13 vector
into pCMV.UL11 with SstI-EcoRI and into pCMV.sUL11 with MluI-EcoRI.

Other substitutions within UL11. Mutations in the first half of UL11 (nucle-
otides 1 to 108) were made by a variety of methods. The Myr2sub.UL11 con-
struct, in which the first 10 amino acids of Myr2.Gag (a myristylated form of
Rous sarcoma virus Gag protein) (11, 44) were used to replace the first 10
residues of UL11, was made by PCR mutagenesis. In short, the sequence en-
coding the first 10 amino acids of Myr2.Gag (and �125 bp of noncoding up-
stream sequence) was PCR amplified and inserted in place of the first 30 bp of
the UL11-coding sequence (and 100 bp of upstream noncoding sequence) using
SstI and MluI (44). A similar strategy was employed to make the construct that
encodes a protein that has the first 10 amino acids of Myr2.Gag attached to the
N terminus of UL11 as an extension (Myr2ext.UL11). The Myr(�).UL11 con-
struct, which serves as a negative control for the palmitylation experiments, has
a glycine-to-alanine change at position 2 within the UL11 protein in order to
abolish myristylation. To make this mutant, a Myr(�).UL11 gene was PCR
amplified from the previously described pMyr(�).HMG construct, and the frag-
ment was cloned into the pEGFP.N2 vector with SstI and EcoRI (5). The fUL11
construct, which is the positive control for the palmitylation studies, was made by
attaching the sequence encoding the first 10 residues of the Fyn protein (which
is both myristylated and palmitylated) as an extension from the 5� end of the
UL11-coding sequence (immediately upstream of the ATG). This sequence was
PCR amplified out of a previously made pSV.Fyn.Gag construct (kindly provided
by Leslie Parent, Pennsylvania State University College of Medicine, Hershey)
and cloned into pCMV.sUL11 using the SstI and MluI enzymes.
pCMV.UL11.CCC(�) was made by oligonucleotide-directed mutagenesis using
an oligonucleotide coding for three alanines in place of the three consecutive
N-terminal cysteines (residues 11 to 13).

Expression and metabolic labeling of UL11 mutants. A7 or COS-1 cells were
transfected by the calcium phosphate method, as previously described (8). To
measure the apparent molecular mass and expression level of each UL11 deriv-
ative, at approximately 24 h posttransfection the cells were starved for 15 min in
methionine-free DMEM and then metabolically labeled with 50 �Ci (�1,000
Ci/mmol) of L-[35S]methionine for 2.5 h. The cells were then mixed with lysis
buffer containing protease inhibitors (Sigma, product number P8340), and the
UL11 chimeras were immunoprecipitated with a polyclonal anti-GFP serum
(Clontech) (44).

Immunoprecipitated proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) on 12% polyacrylamide gels. The
gels were dried, and radiolabeled proteins were detected by autoradiography
with Kodak X-Omat AR5 film. Gels were exposed to film for 1 to 2 days.

To analyze UL11 phosphorylation in vivo, transfected COS-1 cells were met-
abolically labeled with [32P]orthophosphate at 24 h posttransfection. Cells were
starved in phosphate-free DMEM (GIBCO) for 10 min at 37°C and then labeled
with 250 �Ci of [32P]orthophosphate (�8,500 Ci/mmol) for 6 to 16 h at 37°C.
After medium was removed and the plates were washed once with Tris-buffered
saline, the cells were mixed with lysis buffer containing protease inhibitors, 2 mM
EDTA, 50 mM NaF, and 0.2 mM sodium vanadate (NaVO4). The UL11 proteins
were then immunoprecipitated and analyzed by autoradiography as described
above. Phosphorimager analysis was performed, and the phosphorylation effi-
ciency was quantitated by dividing the amount of UL11 labeled with
[32P]orthophosphate (phosphorylated protein) by the amount of UL11 labeled
with [35S]methionine (total protein).

To detect palmitylation of the UL11 derivatives, transfected COS-1 cells (in
35-mm-diameter plates) were metabolically labeled with [3H]myristic acid (62.5
�Ci/plate; 10 to 60 Ci/mmol) for 10 min at 37°C or with [3H]palmitic acid (156
�Ci/plate; 30 to 60 Ci/mmol) for 60 min at 37°C. After these incubations, cells
were mixed with lysis buffer containing protease inhibitors (Sigma, product
number P8340), and the UL11 chimeras were immunoprecipitated with a poly-
clonal anti-GFP serum. Immunoprecipitated proteins were then mixed with
sample buffer (�-mercaptoethanol was omitted to prevent release of palmitate)
(16) and were separated by SDS-PAGE on 12% polyacrylamide gels. Gels were
treated with Fluoro-Hance (Research Products Inc.) for 30 min prior to drying,
and radiolabeled proteins were detected by autoradiography with Kodak X-
Omat AR5 film. The gels were exposed to film for approximately 2 months.

Confocal microscopy of UL11 mutants. A7 or COS-1 cells were transfected
with the UL11-GFP chimeras as described above. At 12 to 36 h posttransfection,
cells were washed once with Tris-buffered saline and immediately viewed using
a Zeiss laser scanning microscope with a helium-argon laser (488-nm peak
excitation).

To study the trafficking of the CD4.UL11 chimeras, a standard endocytosis
assay was performed in A7 cells at 24 h posttransfection (39). The cells were
washed twice with cold phosphate-buffered saline (PBS) containing 3% bovine

serum albumin (BSA) (Sigma), and anti-human CD4 monoclonal antibody
(DAKO, product number M0716) was added at a 1:250 dilution in serum-free
DMEM. The cells were incubated for 40 min at 4°C and then washed three times
with cold PBS–3% BSA. Prewarmed DMEM supplemented with 10% FBS was
added to the cells, and the plates were incubated at 37°C (5% CO2) to allow for
endocytosis. At various times (0 min, 15 min, 30 min, 45 min, 1 h, and 2 h), the
cells were fixed with either 3% paraformaldehyde (20 min, 4°C) or 95% etha-
nol–5% acetic acid (20 min, 0°C) and then permeabilized with 0.1% Triton X-100
(10 min, 23°C). A goat anti-mouse immunoglobulin G secondary antibody con-
jugated to fluorescein isothiocyanate was then added at a dilution of 1:75 in
PBS–3% BSA. After being washed with PBS–3% BSA, cells were visualized by
confocal microscopy as described above.

Membrane pelleting and quantitation of protein. At 12 to 24 h posttransfec-
tion, A7 cells were washed twice with and harvested into NTE buffer (10 mM
Tris, 100 mM NaCl, 1 mM Na2EDTA, pH 7.2). Intact cells were then pelleted for
5 min at 1,000 � g (4°C) and resuspended in 1 ml of hypotonic buffer (10 mM
Tris, 0.2 mM MgCl2, pH 7.4). After 30 min (on ice), cells were lysed by Dounce
homogenization (25 to 30 strokes), and lysates were centrifuged at 1,000 � g for
10 min to remove unbroken cells and nuclei. Postnuclear supernatants were then
subjected to centrifugation at 100,000 � g for 40 min in a Beckman Optima TLX
ultracentrifuge. Soluble and pellet fractions were collected and adjusted to 0.5%
Triton X-100 in NTE buffer (32). The amount of UL11 protein (linked to GFP)
present in each fraction was then quantitated using an Aminco-Bowman Series
2 fluorescence spectrophotometer with an excitation filter at 488 nm and an
emission filter at 514 nm. The percentage of protein pelleted was calculated by
dividing the amount in the pellet fraction (P) by the amount in both the soluble
fraction (S) and pellet fraction [P/(P � S)]. In addition, soluble and pellet
fractions were analyzed by Western blotting in order to confirm the fluorometric
data.

RESULTS

Although the UL11 protein accumulates at the Golgi appa-
ratus in both transfected and infected cells, the mechanism by
which this occurs is still unclear. Moreover, it is unknown
whether UL11 has a mechanism for direct Golgi targeting and
retention or is capable of traveling to other cytoplasmic mem-
branes from which it can be rapidly recovered and returned to
the Golgi apparatus. Previous studies suggest that the first 49
amino acids of UL11 contain all of the necessary information
for Golgi targeting (5), and a conserved acidic cluster within
this region (Fig. 1) is similar to those found in membrane-
spanning proteins that cycle between the plasma membrane
and the Golgi apparatus. Therefore, we began this study by
examining the importance of the acidic cluster sequence for
Golgi apparatus targeting.

Mutational analysis of the acidic cluster. To determine
whether the acidic cluster is required for Golgi targeting, we
examined the intracellular localization of two different mutants
which lack this motif. One mutant, UL11.AC(�), contains a
deletion of all seven residues (residues 37 to 43) from this
region, while the other, UL11.AC(n), has the five aspartic and
glutamic acid residues within the acidic cluster changed to
alanines (Fig. 1A). To detect these mutants in living cells, GFP
was linked to their C termini. A7 melanoma cells were used for
these experiments because they have been used previously in
other membrane-trafficking studies (26, 42), are easily trans-
fected, and can be productively infected by HSV-1 (data not
shown).

Expression of the wild-type and mutant UL11-GFP chime-
ras in A7 cells (Fig. 2A) and COS-1 cells (data not shown)
verified that all constructs were expressed well and were of the
expected molecular masses. Quantitation of protein band in-
tensities by phosphorimager analysis revealed that both mu-
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tants are expressed three to five times better than wild-type
UL11; however, the reason for this is not known.

To determine where the acidic cluster mutants localize when
transiently expressed in A7 cells, live-cell confocal microscopy
was performed. If the acidic cluster is required for direct Golgi
targeting and/or retention, then mutants lacking it should fail
to accumulate at the Golgi apparatus. We found that both
acidic cluster mutants [UL11.AC(�) and UL11.AC(n)] were
targeted to the Golgi apparatus in a manner similar to that for
the wild type (Fig. 2B, left panels); however, both mutants also
appeared to accumulate on the plasma membrane. This sug-
gests that the acidic cluster may be involved in retrieving UL11
from the plasma membrane rather than directly targeting it to
the Golgi apparatus.

If the acidic cluster is required for plasma membrane re-
trieval, then UL11 chimeras containing a plasma membrane-
targeting signal but no acidic cluster should accumulate only
on the plasma membrane. Because previous studies have dem-
onstrated that the first 10 residues of the Src oncoprotein are
sufficient for targeting heterologous proteins to the plasma
membrane (45), this peptide was attached as an extension to
the N termini of the acidic cluster mutants of UL11 (Fig. 1A).
Unlike the wild-type Src-UL11 chimera (sUL11), which local-
izes to both the plasma membrane and Golgi apparatus, the
mutants [sUL11.AC(�) and sUL11.AC(n)] localized to the
plasma membrane but failed to accumulate at the Golgi appa-
ratus, as would be expected if the acidic cluster is required for
recovery from the plasma membrane (Fig. 2B, right panels). In
addition, both mutants also localized (to various degrees) to
what appear to be dispersed cytoplasmic vesicles, which sug-
gests either that UL11 contains an endocytosis signal(s) or that
Src targets the mutants to some non-plasma membrane loca-
tions.

UL11 can direct an integral plasma membrane protein to
the Golgi apparatus. To test whether UL11 contains signals
that are sufficient for endocytosis, it or the AC(�) version was
inserted in place of the cytoplasmic tail domain of human CD4
(Fig. 3A). By providing UL11 with a surrogate transmembrane
and extracellular domain, it became possible to assay for en-
docytosis using established protocols (39). As a control, a CD4
mutant which has no cytoplasmic tail domain was also con-
structed [CD4T(�)]. All four constructs produced proteins of
the expected size; however, both of the CD4-UL11 chimeras
were expressed at levels that were lower (�50%) than wild
type (Fig. 3B).

To assay for endocytosis, A7 cells expressing the CD4 de-
rivatives were treated at 4°C with a monoclonal antibody raised
against the human CD4 protein, shifted to 37°C to allow for
internalization of the antibody-CD4 complexes, and then fixed,
permeabilized, and stained with a fluorescently labeled anti-
mouse serum (39). Unlike wild-type CD4, which was efficiently
internalized and incorporated into vesicles, the CD4T(�) mu-
tant remained largely localized to the plasma membrane (Fig.
3C). When wild-type UL11 was inserted in place of the CD4
cytoplasmic tail domain, the chimera was efficiently internal-
ized and targeted to a perinuclear compartment reminiscent of
the Golgi apparatus. In contrast, the CD4.UL11.AC(�) con-
struct did not accumulate at the Golgi apparatus, although it
was internalized from the plasma membrane (Fig. 3C). Thus, it
appears that UL11 indeed contains endocytic signals and that

FIG. 2. Expression of UL11 mutants with inactivated acidic clus-
ters. (A) Biochemical analysis. A7 melanoma cells transfected with the
indicated constructs were labeled for 2.5 h with L-[35S]methionine, and
UL11-GFP chimeras were immunoprecipitated from cell lysates with a
polyclonal antibody specific for GFP. Proteins were separated by SDS-
PAGE and visualized by autoradiography. The position of the 45-kDa
molecular mass marker is indicated. (B) Subcellular localization. Plas-
mids were transfected into A7 cells as in panel A, and UL11-GFP
chimeras were visualized by live-cell confocal microscopy at approxi-
mately 18 h following transfection.
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the role of the acidic cluster is to direct the molecule back to
the Golgi apparatus after being removed from the plasma
membrane.

Lack of a role of phosphorylation in UL11 transport. Recy-
cling of various cellular and viral glycoproteins (e.g., furin and
varicella-zoster virus gE) to the Golgi apparatus is dependent
upon phosphorylation of a serine or threonine residue within
an acidic cluster (1, 38, 42). Inhibition of phosphorylation often
results in the accumulation of protein in the endosomal com-
partment and prevents recycling to the Golgi apparatus. To
establish whether or not UL11 is phosphorylated on the serine
located within its acidic cluster, in vivo phosphorylation exper-
iments were performed. While both wild-type UL11 and a
serine point mutant (UL11.S40A) were expressed well (Fig.
4A, left panel), metabolic labeling with [32P]orthophosphate
demonstrated that UL11 was efficiently phosphorylated and
that UL11.S40A was not (Fig. 4A, right panel). Quantitation of
the bands by phosphorimager analysis revealed that mutating
serine 40 to an alanine reduces phosphorylation by 60% 	 7%
(n 
 4) compared to wild-type UL11. These data suggest that
serine 40 represents a major site of phosphorylation in UL11.

To determine whether phosphorylation within the acidic
cluster is required for UL11 recycling, the serine point mutant
was expressed as a chimera with the Src peptide (Fig. 1B,
sUL11.S40A) and confocal microscopy was performed. Similar
to wild-type sUL11, the serine point mutant appeared to effi-
ciently recycle to the Golgi apparatus (Fig. 4B). Furthermore,
when expressed without the Src peptide on its N terminus, the
serine point mutant behaves the same as the wild type (data
not shown). Together, these results suggest that phosphoryla-
tion within the acidic cluster is not needed for UL11 recycling,
as is also the case for the Nef protein (26)

Acidic clusters from other proteins can substitute for that of
UL11. If the acidic cluster is needed for retrieval of UL11 from
the plasma membrane, then our mutants should regain the
ability to return to the Golgi apparatus when well-character-
ized acidic clusters from other recycled proteins are inserted
into UL11. The acidic clusters of the furin and HIV-1 Nef
proteins (SDSEEDE [42] and EEEE [26], respectively) were
added to UL11 in the same position as the native acidic cluster,
and the mutants were expressed as chimeras with the Src pep-
tide (Fig. 1B). Resolution of these chimeras by SDS-PAGE
revealed that all were expressed well and were of the expected
sizes (Fig. 5A, lanes 2 to 4 and 6). Similar to sUL11, both
chimeras were found to efficiently recycle to the Golgi appa-
ratus when sent to the plasma membrane via Src (Fig. 5B,
sUL11.furAC and sUL11.nefAC). Moreover, both were local-
ized to the Golgi apparatus in the absence of the Src peptide
(data not shown), which is expected since acidic clusters do not
appear to be involved in direct Golgi targeting (see above). In
addition, these chimeras provide further evidence that UL11FIG. 3. Recovery of CD4-UL11 chimeras from the plasma mem-

brane. (A) CD4-UL11 constructs. The 458-amino-acid human CD4
protein (shaded rectangle) contains a large extracellular domain, a
hydrophobic transmembrane domain (tm), and a short cytoplasmic
domain. The wild-type UL11 sequence or the acidic cluster (AC)
deletion mutant (open rectangles) was attached to the CD4 protein in
place of the last 29 residues of the cytoplasmic tail, but in this case,
GFP was not included. (B) Biochemical analysis. A7 cells were trans-
fected and metabolically labeled with [35S]methionine for 2.5 h. The
CD4 derivatives were immunoprecipitated with a monoclonal antibody
specific for CD4, separated by SDS-PAGE, and visualized by autora-
diography. The positions of molecular mass markers (in kilodaltons)

are indicated. (C) Subcellular localization. A7 cells transfected with
the indicated constructs were incubated with a monoclonal antibody
specific for CD4 for 40 min on ice. After excess antibody was washed
away, the cells were shifted to 37°C for 60 min to allow for endocytosis.
To detect internalized antibody, the cells were fixed, permeabilized,
stained with fluorescein isothiocyanate-labeled secondary antibody,
and visualized by confocal microscopy.
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recycling is not regulated by phosphorylation within the acidic
cluster, since the Nef acidic cluster (Fig. 1B, EEEE), which
contains no serines or threonines, and a derivative of the furin
acidic cluster which lacks serines (Fig. 1B, ADAEEDE) both
enabled UL11 to be recovered from the plasma membrane
(Fig. 5B).

Given the simplicity of the four consecutive glutamic acid
residues in the Nef acidic cluster, it was of interest to see
whether still-shorter sequences were sufficient for recycling of
UL11 (Fig. 1B). Surprisingly, an acidic cluster consisting of

only two glutamic acidic residues (Fig. 5B, EEAA) was able to
direct UL11 from the plasma membrane to the Golgi appara-
tus, although the efficiency was reduced relative to more acidic
motifs. No recycling was seen with a single acidic residue (Fig.
5B, EAAA).

Targeting information is not found within the first 10 resi-
dues of UL11. If the acidic cluster is required only for recovery
from the plasma membrane, then what in the first half of UL11
is responsible for Golgi-specific targeting? It is well established
that myristate alone is insufficient for stable or specific mem-
brane interactions (25, 27) and that additional information
must be provided by the amino acids within the polypeptide
sequence. For instance, in the case of the Src protein, basic
residues near the N terminus provide stabilizing interactions
with acidic phospholipids found in the plasma membrane (27).
Although UL11 contains only one basic residue near its N
terminus (Fig. 6A), we were interested in determining whether
its first 10 amino acids contain direct Golgi-targeting informa-
tion. However, because myristylation itself requires certain
N-terminal amino acids, it is not possible to alter this region
without potentially eliminating myristylation (27). Therefore,
to preserve this modification, a foreign myristylation signal,
Myr2 (Fig. 6A), which lacks specific membrane-targeting in-
formation (11, 44) was inserted as either a substitution
(Myr2sub.UL11) or an extension (Myr2ext.UL11) from the N
terminus of UL11 (Fig. 6B). In spite of the drastic changes
made in the N-terminal sequence of UL11 (Fig. 6A), both
chimeras accumulated with high efficiency on the Golgi-de-
rived membranes (Fig. 6C). Thus, the first 10 residues of UL11
do not appear to contain the direct Golgi targeting informa-
tion, although myristylation is required (5).

Targeting is dependent on palmitylation at N-terminal cys-
teines. To locate the region that is responsible for Golgi ac-
cumulation, extensive substitution analysis was performed on
residues 11 to 37 of UL11. Specifically, the following substi-
tutions were introduced: R9A, CCC11,12,13AAA, R14A,
NN15,16AA, LI18,19AA, D21A, D22A, E24A, H31A, D32A,
F33A, and D34A. While the majority of these substitutions had
little or no effect on Golgi accumulation (data not shown),
replacement of the three N-terminal cysteines (residues 11 to
13) with alanines (Fig. 7A) had a profound effect on the ability
of UL11 to specifically localize to the Golgi apparatus. In
contrast to the wild type, which accumulates efficiently in the
Golgi apparatus, the triple cysteine mutant [UL11.CCC(�)]
appeared to reside in membranes dispersed throughout the
cytoplasm (Fig 7B). This result suggests that the three cys-
teines are involved in directing UL11 specifically to the Golgi
apparatus.

Cysteine residues near the N termini of peripherally bound
membrane proteins often serve as sites of modification with
palmitic acid. Addition of this 16-carbon fatty acid to the sulf-
hydryl group of cysteine residues (27) increases the protein’s
affinity for membranes and has been shown to be required for
membrane binding specificity (46). Although the mechanism
for this is not known, it is thought that palmitylation serves to
lock proteins into the membrane compartment where palmi-
toyl acyl transferases (PATs) are located (27) (see Discussion).

To determine whether UL11 is palmitylated in vivo, trans-
fected cells were metabolically labeled with [3H]palmitic acid.
While the wild type appeared to be labeled efficiently with

FIG. 4. Phosphorylation of UL11. (A) Biochemical analysis. Dupli-
cate plates of COS-1 cells were transfected with the indicated con-
structs. Approximately 18 h later, cells were labeled with either
[35S]methionine for 2.5 h or [32P]orthophosphate for 16 h. The labeled
proteins were immunoprecipitated with anti-GFP serum, subjected to
SDS-PAGE analysis, and visualized by autoradiography. (B) Subcel-
lular localization. The indicated constructs were transfected into A7
cells, and 18 h later, the sUL11-GFP chimeras were visualized by
confocal microscopy.
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FIG. 5. Expression of UL11 chimeras having foreign acidic cluster sequences. (A) Biochemical analysis. A7 cells were transfected with the
indicated constructs and labeled with [35S]methionine for 2.5 h. The labeled proteins were immunoprecipitated with anti-GFP serum, subjected
to SDS-PAGE analysis, and visualized by autoradiography. (B) Subcellular localization. Constructs were transfected into A7 cells, and 18 h later,
the UL11-GFP derivatives were visualized by confocal microscopy.
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[3H]palmitic acid in vivo (Fig. 7C, right panel, lane 1), the
construct that lacks all three cysteine residues was not (Fig. 7C,
right panel, lane 5). Similar to the wild type, UL11.AC(�) and
a construct that contains the first 10 residues of the myristy-
lated and palmitylated Fyn protein (Fig. 7A, fUL11) both
appear to be palmitylated (Fig. 7C, right panel, lanes 3 and 4),
whereas a mutant that lacks the myristylation signal
[Myr(�).UL11] and thus the ability to be palmitylated on
membranes was not labeled to any detectable level (Fig. 7C,
right panel, lane 2). As controls, cells expressing the different
UL11 derivatives were also labeled with [35S]methionine and
[3H]myristic acid. All constructs appeared to be expressed to
levels equal to or greater than wild type (Fig. 7C, left panel)
and all derivatives containing a myristylation signal were la-
beled efficiently with [3H]myristic acid (Fig. 7C, center panel).
Taken together, these data demonstrate that loss of the three

cysteines inhibits UL11 palmitylation in vivo and suggest that
one or more of these cysteines represents the site of palmity-
lation within UL11.

To determine whether or not palmitylation of UL11 affects
the strength of membrane binding, standard membrane-pellet-
ing experiments were performed (32). As shown in Fig. 8A,
almost 70% of the wild-type UL11 and fUL11 protein (positive
control) pelleted with cellular membranes, compared to only
about 20% of the Myr(�).UL11 protein (negative control).
This suggests that when UL11 contains both fatty acid modi-
fications, it associates very strongly with membranes, and when
it contains neither, it is essentially soluble. Interestingly, an
intermediate phenotype is observed when UL11 is myristyl-
ated but not palmitylated. For instance, about 35% of
UL11.CCC(�) pelleted with cellular membranes, suggesting
that it binds to membranes with less affinity than wild-type
UL11. Similar patterns were observed when the soluble and
pellet fractions were directly analyzed by Western blot analysis
(Fig. 8B) rather than indirectly by fluorometry (Fig. 8A).
Taken together, these data demonstrate that palmitylation of
UL11 is required for both membrane binding specificity and
membrane binding strength.

DISCUSSION

While the intracellular localization of many tegument pro-
teins has been well described, little is known about how they
are targeted to the compartment in which they accumulate. In
this report, we have provided evidence that the tegument pro-
tein UL11 utilizes multiple pathways in order to efficiently
accumulate in the Golgi apparatus. In particular, it appears
that UL11 is first targeted directly to the Golgi in a process that
requires palmitylation (primary targeting), then sent to the
plasma membrane from the Golgi by some unknown mecha-
nism (discussed below), and then recovered from the plasma
membrane and targeted to the Golgi via the acidic cluster
(secondary targeting). While the mechanism of acidic cluster-
mediated trafficking has been well characterized in other recy-
cled proteins, the relationship between palmitylation and
membrane targeting is less understood.

Palmitylation and membrane targeting. Most of the evi-
dence linking palmitylation to targeting comes from studies in
which disruption of a palmitylation signal within a membrane-
associated protein leads to a decreased ability to bind to mem-
branes and/or target to the correct compartment (for example,
see reference 46). Although the mechanism for this is not
known, two independent models have been proposed. In one
model, proteins containing a single acyl group (e.g., myristate)
are palmitylated in one compartment and then travel to other
compartments through interactions with carrier proteins and
receptors. Indeed, several palmitylated proteins (e.g., Ras and
Src family kinases) are known to form interactions with both
cytoplasmic and membrane-bound proteins and thus may rely
on these interactions for their targeting specificity. The other
model, known as the kinetic bilayer trapping model (35), pro-
poses that proteins containing either a myristate or farsenyl
moiety transiently associate with multiple intracellular mem-
branes until reaching a compartment which contains a specific
PAT. At this site, the protein is palmitylated and stably an-

FIG. 6. Analysis of the first 10 residues of UL11. (A) Sequence
comparison. The first 10 amino acids of the UL11 protein and a
myristylated form of the Rous sarcoma virus Gag protein are shown.
The glycine residue at the second position is the site of myristylation
for both proteins, but otherwise the sequences are highly divergent.
(B) Myr2-UL11 chimeras. The first 10 residues of the Myr2.Gag pro-
tein (black rectangle) and its associated myristate (wavy line) were
either substituted in place of the first 10 residues of UL11
(Myr2sub.UL11) or attached to the N terminus as an extension
(Myr2ext.UL11). Both constructs have the GFP protein (open oval)
fused to their C termini. (C) Subcellular localization. The constructs
were transfected into A7 cells, and 18 h later, the UL11-GFP chimeras
were visualized by live-cell confocal microscopy.
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chored as a result of the strong binding energy that a palmitate
residue provides.

Although a few groups have reported the identification and
purification of PATs from various mammalian cell lines, little
is known about the localization and specificity of these en-
zymes (27). In support of the kinetic bilayer trapping model,
one study reported purification of PATs that are enriched in
the plasma membrane and that are responsible for the palmi-
tylation of the plasma membrane-resident Src family kinases
and G� proteins (4, 10). In contrast, although several palmi-
tylated proteins have been found to be localized to the TGN,
no one has identified or purified PATs enriched in these mem-
branes. Further characterization of the mechanism and cellular
location of palmitylation will be important for a more complete
understanding of both cellular and viral processes.

Many viruses are known to encode palmitylated proteins
that play important roles in the assembly process. One partic-
ularly interesting example of a virus that does this is vaccinia
virus. Of the six palmitylated proteins that this virus encodes,

four are known to be important in either envelopment, egress,
or cell-to-cell spread (15). In addition, the two palmitylated
glycoproteins of Sindbis virus (17) and HSV-1 UL11 (charac-
terized in this study) represent palmitylated proteins from
other viruses that are known to function in assembly and en-
velopment. In all, it will be interesting to determine if other
HSV-1 proteins are palmitylated and whether they are also
important for viral assembly.

Role of additional signals in UL11 trafficking. Although our
studies on the acidic cluster have provided clues as to how
UL11 trafficks within the cell, they have raised a number of
further questions. For instance, does UL11 exit the Golgi ap-
paratus by bulk secretory flow, or does it contain additional
sequences that direct it out? Studies with furin have demon-
strated that sorting signals within its cytoplasmic tail (e.g.,
YXXL and LI) interact with the clathrin sorting machinery at
the Golgi apparatus to mediate vesicle formation and exocy-
tosis at a rate that is greater than that provided by bulk flow (9,
38, 42). Because UL11 is a viral protein that is required for

FIG. 7. Palmitylation of UL11. (A) Mutational analysis of the CCC motif. The wild-type UL11 protein (top) is myristylated (wavy line) and
contains the acidic cluster (AC) (residues 37 to 43, indicated by a black box) along with a cluster of three cysteines (residues 11 to 13). An
N-terminal 10-amino-acid sequence from the Fyn protein (hatched box) is known to be sufficient for both myristylation and palmitylation (double
wavy line). All constructs have the GFP protein (open oval) fused to their C termini. (B) Subcellular localization. The indicated constructs were
transfected into COS-1 cells, and 18 h later, the UL11-GFP chimeras were visualized by confocal microscopy. (C) Biochemical analysis.
Transfected COS-1 cells were labeled with either [35S]methionine for 2.5 h, [3H]myristic acid for 10 min, or [3H]palmitic acid for 60 min. Cell lysates
were prepared, and UL11-GFP proteins were immunoprecipitated, mixed with sample buffer (without �-mercaptoethanol), resolved by SDS-
PAGE, and visualized by autoradiography.
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efficient nucleocapsid egress, it might also contain signals that
direct it out of the Golgi (3). In fact, UL11 does contain a
dileucine motif (LI) within the first half of the protein (resi-
dues 18 and 19) that may serve this purpose. Additionally,
UL11 also contains three DXE motifs, which have the poten-
tial to accelerate export through the secretory pathway and
increase protein expression on the cell surface (20, 24, 34)

In addition to exiting the Golgi apparatus, UL11 must be
internalized from the plasma membrane in order to recycle
back to the Golgi apparatus. Deletion of the acidic cluster
results in an increase of protein on the plasma membrane,
suggesting that the acidic cluster may play some role in endo-
cytosis (Fig. 2B). However, because acidic cluster deletion mu-
tants are still internalized when directly sent to the plasma
membrane (Fig. 2B and 3C), we know that the acidic cluster is
not the only endocytosis signal. Studies are under way to de-
termine whether the LI motif is also involved in this process.

Role for UL11 trafficking in HSV-1-infected cells. The ob-
servation that UL11 is able to recycle suggests that it may serve
functions on membranes other than the TGN and nuclear
membrane, where it has been previously observed in HSV-1-
infected cells. For instance, it is possible that UL11 interacts
with other HSV-1 proteins (or cellular proteins) on the plasma
membrane and directs them to the proper site of envelopment.
By doing this, UL11 may be serving to recruit one or more
essential “budding” factors to this site. Although there is no
direct evidence for this recruitment mechanism, data pre-

sented here and in other studies do suggest that UL11 interacts
with something in HSV-1-infected cells. In particular, it has
been observed that UL11 localizes primarily to the Golgi ap-
paratus when expressed in the absence of other HSV-1 pro-
teins but localizes to both the Golgi apparatus and the nuclear
membrane in HSV-1-infected cells (2, 5). This difference pro-
vides evidence for an interaction of UL11 with either a viral
protein(s) or a virally induced cellular protein(s). Based on a
sequence alignment of different UL11 homologues, we predict
that the nonconserved C terminus of UL11 is the region of the
protein that is responsible for forming these interactions, but
further experimentation is required to test this.

Although it is likely that UL11 trafficking is important for
virus envelopment and/or egress, it is possible that recycling of
UL11 serves some other purpose. For example, retrieval from
the plasma membrane may simply represent a way in which
UL11 remains concentrated in the Golgi apparatus and en-
sures its incorporation into assembling virions. Alternatively,
UL11 trafficking may be required for the downregulation of
other molecules (cellular or viral) from the cell surface. In-
deed, the peripheral membrane protein HIV-1 Nef, which is
recycled to the Golgi apparatus in a manner similar to that for
UL11, binds to and downregulates both CD4 and class I major
histocompatibility complex from the cell surface in HIV-1-
infected cells (28, 33). Studies to determine whether UL11
performs similar functions are under way.
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