
JOURNAL OF VIROLOGY, Aug. 2003, p. 9008–9019 Vol. 77, No. 16
0022-538X/03/$08.00�0 DOI: 10.1128/JVI.77.16.9008–9019.2003

Intracellular Trafficking of a Palmitoylated Membrane-Associated
Protein Component of Enveloped Vaccinia Virus

Matloob Husain and Bernard Moss*
Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, National

Institutes of Health, Bethesda, Maryland 20892-0445

Received 31 March 2003/Accepted 12 May 2003

The F13L protein of vaccinia virus, an essential and abundant palmitoylated peripheral membrane com-
ponent of intra- and extracellular enveloped virions, associates with Golgi, endosomal, and plasma membranes
in the presence or absence of other viral proteins. In the present study, the trafficking of a fully functional
F13L-green fluorescent protein (GFP) chimera in transfected and productively infected cells was analyzed
using specific markers and inhibitors. We found that Sar1H79G, a trans-dominant-negative protein inhibitor of
cargo transport from the endoplasmic reticulum, had no apparent effect on the intracellular distribution of
F13L-GFP, suggesting that the initial membrane localization occurs at a downstream compartment of the
secretory pathway. Recycling of F13L-GFP from the plasma membrane was demonstrated by partial colocal-
ization with FM4-64, a fluorescent membrane marker of endocytosis. Punctate F13L-GFP fluorescence over-
lapped with clathrin and Texas red-conjugated transferrin, suggesting that endocytosis occurred via clathrin-
coated pits. The inhibitory effects of chlorpromazine and trans-dominant-negative forms of dynamin and Eps15
protein on the recycling of F13L-GFP provided further evidence for clathrin-mediated endocytosis. In addition,
the F13L protein was specifically coimmunoprecipitated with �-adaptin, a component of the AP-2 complex that
interacts with Eps15. Nocodazole and wortmannin perturbed the intracellular trafficking of F13L-GFP, con-
sistent with its entry into late and early endosomes through the secretory and endocytic pathways, respectively.
The recycling pathway described here provides a mechanism for the reutilization of the F13L protein following
its deposition in the plasma membrane during the exocytosis of enveloped virions.

Poxviruses are large, enveloped DNA viruses that replicate
in the cytoplasm of host cells (43). The assembly and extracel-
lular release of vaccinia virus, the model poxvirus, can be
broadly divided into three phases: formation of membrane
crescents and their maturation into dense, brick-shaped, infec-
tious intracellular mature virions (IMV); wrapping of IMV
with cellular membranes derived from trans-Golgi or early
endosomal cisternae to form intracellular enveloped virions
(IEV); and transport of IEV along microtubules to the periph-
ery, where their outer membranes fuse with the plasma mem-
brane to form cell-associated enveloped virions (CEV), some
of which acquire motile actin tails and released extracellular
enveloped virions (EEV) (reviewed in references 44, 58, and
59).

Seven proteins have been identified in IEV- or EEV-specific
membranes. Of these, the two encoded by the F13L and B5R
open reading frames (ORFs) are required for the wrapping of
IMV to form IEV (11, 19, 70). The B5R protein is a glycosy-
lated type I integral membrane component of EEV (18, 31).
The F13L protein, the subject of the present study, is the most
abundant component of EEV membranes (27, 45). This non-
glycosylated protein is palmitoylated at cysteines 185 and 186,
a modification that is required for the association of the F13L
protein with membranes, proper intracellular targeting, and
IMV wrapping (13, 23, 24, 29, 56). Another feature of the F13L
protein is the presence of a variant of the HKD motif (which
is conserved in members of the phospholipase superfamily [34,

63]) that is required for the formation of the IEV membrane
(48). The F13L protein localizes in the Golgi network as well
as in endosomes and influences the intracellular location of
other viral envelope proteins (26, 28, 29, 55). Topological stud-
ies have indicated that the N and C termini of the F13L protein
face the cytoplasmic side of the outer IEV membrane and the
inner side of the inner IEV membrane, which is destined to
become the CEV or EEV envelope (30, 47, 56).

Studies with fluid-phase tracers have indicated that recycling
between the endocytic and exocytic compartments is greatly
increased following vaccinia virus infection, making it difficult
to determine whether the membranes that wrap IMV are de-
rived from endosomal or trans-Golgi cisternae (55, 65). En-
hanced recycling could benefit virus replication by allowing
recovery of viral proteins that are deposited in the plasma
membrane either through the secretory pathway or by fusion
with the outer IEV membrane. Plasma membrane retrieval of
the B5R protein was shown by the internalization of a Fab
fragment that specifically bound to its extracellular domain;
the retrieval signals were identified in the cytoplasmic segment
(69). The topology of the F13L protein, specifically the absence
of an extracellular domain, precluded the direct approach used
to demonstrate recycling of the B5R protein. In the present
study, we employed specific markers and inhibitors of intracel-
lular trafficking to perturb the steady-state distribution of the
F13L protein in order to demonstrate recycling.

MATERIALS AND METHODS

Cells, viruses, and plasmids. HeLa and BS-C-1 cells were grown and subcul-
tured in Dulbecco’s modified Eagle medium (DMEM) and Earle’s modified
Eagle medium (EMEM), respectively, supplemented with 10% fetal bovine
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serum (FBS), penicillin, and streptomycin, at 37°C under 5% CO2. Recombinant
vaccinia virus vF13L-GFP and plasmid pF13L-GFP, which contain an enhanced
green fluorescent protein (GFP) coding sequence appended to the C terminus of
the F13L ORF, and recombinant vaccinia virus vF13LHAC and plasmid pF13L-
HA, which contain the F13L ORF with a C-terminal hemagglutinin (HA)
epitope tag, have been described previously (29, 30). pVSVG-GFP and
pSAR1H79G with an N-terminal HA tag were provided by Jennifer Lippincott-
Schwartz. To replace the HA tag with GFP, the SAR1H79G sequence was am-
plified by PCR and the product was inserted into plasmid pEGFP-C1 (Clontech).
Marc McNiven (14) generously provided wild-type Dyn2 (ab) and dominant-
negative Dyn2 (ab) K44A mutant cDNAs in plasmid pEGFP-N1 (Clontech).
DNAs encoding dominant-negative EH21 and the control D3�2 in plasmid
pEGFP-C2 (Clontech) were kind gifts from Alexandre Benmerah (5, 7).

Antibodies and chemicals. Mouse monoclonal antibody (MAb) HA.11 and
rabbit polyclonal antibody HA.11, which recognize the influenza virus HA
epitope, were purchased from Covance. A mouse anti-clathrin MAb and a goat
anti-clathrin polyclonal antibody were purchased from ICN Biomedicals. Mouse
anti-�-adaptin and anti-�-adaptin MAbs were purchased from Affinity Biore-
agents and Sigma, respectively. An anti-LAMP2 mouse MAb was obtained from
Thomas August. Anti-rabbit immunoglobulin G (IgG) conjugated to horseradish
peroxidase was purchased from Amersham. Rhodamine red-conjugated anti-
mouse IgG and tetramethyl rhodamine isothiocyanate-conjugated anti-goat IgG
were purchased from Jackson ImmunoResearch Laboratories. Texas red-conju-
gated transferrin (TR-Tfn) and the membrane probe FM4-64 were procured
from Molecular Probes. Chlorpromazine, nocodazole, and wortmannin were
from Calbiochem.

Transfection and infection. Plasmids were prepared using the Qiagen plasmid
preparation kit. HeLa cells were grown on glass coverslips until they reached 80
to 90% confluence. Routinely, 2 �g of Lipofectamine 2000 (Invitrogen) and 0.5
to 1 �g of DNA were diluted separately in Opti-MEM I medium (Invitrogen),
mixed, incubated at room temperature for 20 min, and added to the cells for 4
to 5 h at 37°C. The Lipofectamine-DNA complex was replaced with DMEM
supplemented with 10% FBS, and the incubation was continued for a total of
24 h.

Virus stocks, diluted in DMEM or EMEM supplemented with 2.5% FBS, were
added to cell monolayers on coverslips or in wells. After 1 to 2 h of incubation
at 37°C, the virus inocula were replaced with fresh medium containing 2.5% FBS,
and cells were incubated for a further 18 h.

Coimmunoprecipitation and Western blotting. BS-C-1 cells infected with
vF13LHAC were harvested in cold phosphate-buffered saline (PBS). Cells were
lysed in cold nondenaturing lysis buffer (50 mM Tris-HCl [pH 7.5], 300 mM
NaCl, 5 mM EDTA, 1% Triton X-100) or radioimmunoprecipitation assay buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 0.1% sodium
dodecyl sulfate [SDS], 0.5% sodium deoxycholate). The lysis mixtures were
vortexed briefly, incubated on ice for 10 min, and centrifuged at 20,000 � g for
10 min at 4°C. Each supernatant was collected and used directly (cell lysate) or
mixed with 5 �l of MAb and incubated overnight at 4°C with constant shaking.
On the next day, 20 �l of protein G-Sepharose (Pierce) was added, and the
mixture was incubated as described above for 2 h. The Sepharose beads were
pelleted at 20,000 � g for 30 s at 4°C, washed four times with nondenaturing lysis
buffer, and lastly washed with PBS. SDS sample buffer was added to the beads,
and the extracted proteins were resolved by SDS–12% polyacrylamide gel elec-
trophoresis (SDS–12% PAGE).

For Western blotting, proteins were transferred to a nitrocellulose membrane
and incubated overnight in PBS with 5% milk at 4°C. The membrane was then
washed three times with PBS and incubated with the anti-HA polyclonal anti-
body diluted 1:500 in 5% milk in PBS for 1.5 h at room temperature with
constant shaking. After the membrane was washed four times with PBS contain-
ing 0.1% Tween 20, the membrane was incubated as described above for 1 h with
a horseradish peroxidase-conjugated anti-rabbit secondary antibody diluted
1:2,000. The membrane was washed as described above, and proteins were
visualized with the Super Signal chemiluminescence substrate (Pierce).

Confocal microscopy. Transfected or infected cells on coverslips were fixed
with cold 4% paraformaldehyde in PBS and then incubated at room temperature
for 20 min and permeabilized with 0.2% Triton X-100 in PBS for 5 min at room
temperature. The permeabilized cells were washed three times with PBS and
incubated with primary antibodies diluted in PBS containing 10% FBS for 1 h at
room temperature. The cells were again washed three times with PBS and then
incubated with a secondary antibody diluted in PBS containing 10% FBS for 30
min at room temperature. After further washing with PBS, the coverslips were
mounted in 20% glycerol. Fluorescence was examined with a Leica TCS NT
inverted confocal microscope, and images were overlaid using Adobe Photoshop,
version 5.0.2.

Endocytosis experiments. Endocytosis of TR-Tfn or membranes labeled with
FM4-64 was examined as described previously with little modification (5). At
24 h after transfection or 18 h after infection, HeLa cells were washed three to
four times with DMEM and incubated with 200 �g of TR-Tfn/ml or 16 �M
FM4-64 diluted in DMEM for 10 to 20 min at 37°C. The cells were rapidly cooled
to 4°C, washed twice with cold PBS, and fixed in cold paraformaldehyde as
described above. For inhibition studies, cells were pretreated with chlorproma-
zine (20 �g/ml), nocodazole (30 �M), or wortmannin (100 nM) for 10 min at
37°C. Equivalent amounts of dimethyl sulfoxide, used to dissolve the drugs, were
added to the media of untreated cells. After pretreatment, cells were incubated
with TR-Tfn as described above in the continuous presence of drugs or dimethyl
sulfoxide.

RESULTS

Intracellular localization of F13L-GFP is not dependent on
endoplasmic reticulum (ER) cargo transport. In previous stud-
ies, we demonstrated that an F13L-GFP fusion protein was
fully functional and could replace the wild-type F13L protein
for vaccinia virus replication and spread (29). F13L-GFP was
detected by confocal microscopy in Golgi, endosomal, and
plasma membranes when expressed alone in transfected cells
or by a recombinant vaccinia virus in infected cells (29). This
steady-state distribution, however, did not preclude initial as-
sociation and export from the ER. Export of proteins from the
ER is mediated by the COPII coat machinery, which includes
the GTPase Sar1 and the Sec23/24 and Sec13/31 complexes (4,
40). We employed Sar1H79G-HA, a trans-dominant mutated
form of the Sar1 protein that is retained in the ER (3), to
determine whether the Golgi and endosomal membrane local-
ization of the F13L protein is dependent on export from the
ER. Both HA- and GFP-tagged versions of Sar1H79G were
used, with equivalent results. In the experiments described
below, plasmids expressing Sar1H79G, VSVG-GFP, or F13L-
GFP were transfected separately or in combinations. Expres-
sion of Sar1H79G-HA in transfected cells did not appear to
perturb the localization of endogenous p115, LAMP2, and
EEA1, markers of cis-Golgi membranes, late endosomes, and
early endosomes, respectively, during the time frame of the
transfection experiments (data not shown). VSVG-GFP, how-
ever, showed an ER-like staining pattern in the presence of
Sar1H79G-HA, indicating the failure of VSVG-GFP transport
to the juxtanuclear Golgi region (Fig. 1). In contrast, F13L-
GFP showed its typical cytoplasmic punctate staining pattern
in the presence of Sar1H79G-HA (Fig. 1), indicating that sig-
nificant amounts of F13L-GFP do not traffic from the ER to
the Golgi apparatus and endosomes through the established
cargo pathway. In the experiment described above, the
Sar1H79G-HA and F13L-GFP expression plasmids were trans-
fected simultaneously. However, similar results were obtained
even when the former was transfected 24 h before the latter
(data not shown).

Localization of F13L-GFP and endocytic markers in trans-
fected and infected cells. The association of F13L-GFP with
early endosomes, demonstrated by staining with an antibody to
early endosomal antigen 1 (EEA1), raised the possibility of
recycling from the plasma membrane (29). To evaluate this, we
used FM4-64, a water-soluble, nontoxic dye that fluoresces
after insertion into the outer leaflet of the plasma membrane
and becomes an endocytic marker (9). Transfected cells ex-
pressing F13L-GFP were first incubated in a medium contain-
ing FM4-64 and then fixed and examined by confocal micros-
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copy. Internalized FM4-64 localized in punctate structures,
some of which overlapped with F13L-GFP (Fig. 2). Complete
colocalization of an endocytic marker with F13L-GFP would
not be expected, as the latter is synthesized within the cell and
associates with Golgi membranes as well as endosomes. In cells
infected with vF13L-GFP, the structures most intensely la-
beled by FM4-64 were located in the periphery of the cell and
contained F13L-GFP (Fig. 2).

Because FM4-64 is a membrane marker, it provides no in-
dication of the internalization pathway. Many receptor-ligand
complexes accumulate at clathrin-coated pits on the plasma
membrane, which bud into the cytoplasm, forming tubules that
pinch off and fuse with early endosomes (37, 42). These vesi-
cles may be transported back to the plasma membrane or, via
sorting endosomes, to the perinuclear region, where they can
fuse with late endosomes. Clathrin-coated vesicles also bud
from the trans-Golgi network and fuse with late endosomes.
An anti-clathrin antibody stained vesicles of heterogeneous
sizes, some of which overlapped with F13L-GFP (Fig. 2).

The internalization of Tfn, which occurs via clathrin-coated
pits, provided a more-dynamic marking of the endocytic path-

way. After a 20-min incubation in a medium containing TR-
Tfn, punctate fluorescence was concentrated in the perinuclear
region of transfected (Fig. 2) or untransfected (data not
shown) cells. Partial colocalization of F13L-GFP and TR-Tfn
was noted (Fig. 2). In cells infected with vF13L-GFP, TR-Tfn
staining occurred mostly at the cell periphery, and here too
some coincidence of GFP and TR was seen (Fig. 2). Thus,
these studies were consistent with the clathrin-mediated recy-
cling of F13L-GFP from the plasma membrane in transfected
and infected cells.

Effects of drugs that inhibit clathrin-dependent endocytosis
on the localization of F13L-GFP. To further investigate the
recycling of F13L-GFP, we used drugs that inhibit the clathrin-
dependent endocytosis of Tfn in mammalian cells. Chlorprom-
azine, a cationic amphiphilic compound, induces the redistri-
bution of clathrin-coated components by removing the adaptor
protein AP-2 from the plasma membrane (60, 62, 68). Cells
transfected with pF13L-GFP were incubated with chlorprom-
azine and TR-Tfn (Fig. 3). After chlorpromazine treatment,
internalization of TR-Tfn was inhibited and a thick region just
below the plasma membrane was intensely fluorescent. F13L-

FIG. 1. Intracellular distribution of VSVG-GFP and F13L-GFP in cells expressing Sar1H79G-HA. HeLa cells were transfected with plasmids
that expressed VSVG-GFP or F13L-GFP in the presence or absence of plasmids that expressed Sar1H79G-HA. After 24 h, the cells were fixed and
permeabilized, stained with an anti-HA MAb followed by rhodamine red-conjugated anti-mouse IgG, and examined by confocal microscopy. Bars,
10 �m.
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FIG. 2. Localization of F13L-GFP and markers of endocytosis. HeLa cells were transfected with pF13L-GFP or infected with vF13L-GFP.
After 24 h of transfection or 18 h of infection, the cells were incubated with FM4-64 or TR-Tfn for 20 min at 37°C. The cells were then fixed and
either directly analyzed by confocal microscopy or first permeabilized and stained with an anti-clathrin antibody followed by tetramethyl rhodamine
isothiocyanate-conjugated anti-goat IgG. Arrows points to the colocalization of F13L-GFP with FM4-64, clathrin-staining vesicles, or TR-Tfn.
Green, GFP; red, rhodamine, Texas red, or FM4-64; yellow, overlap of green and red. Bars, 10 �m.
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GFP also exhibited enhanced fluorescence below the plasma
membrane, but with some vesicles in the cytoplasm. Similarly,
when cells infected with vF13L-GFP were treated with chlor-
promazine, TR-Tfn as well as F13L-GFP accumulated under
the cell membrane (Fig. 3). The juxtanuclear fluorescence may
represent F13L-GFP associated with Golgi membranes and
IEV.

Nystatin, an inhibitor of caveola-dependent endocytosis (50,
51), did not perturb the intracellular distribution of F13L-GFP
in transfected cells (data not shown), suggesting that caveolae
are not involved in the recycling of this viral protein.

Effects of dominant-negative protein inhibitors of clathrin-
mediated endocytosis on the localization of F13L-GFP. Be-
cause drugs can exert multiple effects, we used dominant-neg-
ative protein inhibitors of endocytosis to confirm and extend
the above findings. Dynamin is a GTPase with an essential role
in clathrin-mediated endocytosis (41). A K44A point mutation
of Dyn2 (ab), an isoform of dynamin, converts the protein into
a dominant-negative inhibitor of clathrin-mediated endocyto-
sis (15, 57). In control experiments, we transfected cells with
plasmids expressing either wild-type or mutated Dyn2 (ab)
fused to GFP and then incubated the cells with TR-Tfn. TR-
Tfn internalization occurred normally in cells expressing wild-
type but not mutated dynamin (Fig. 4). In the presence of

mutated Dyn2 (ab), TR-Tfn remained associated with the
plasma membrane. Similarly, the intracellular distribution of
F13L-HA was normal when it was coexpressed with wild-type
dynamin, but F13L-HA was mostly associated with the plasma
membrane when it was coexpressed with mutated dynamin
(Fig. 4).

Eps15 is a constituent of clathrin-coated pits that is associ-
ated with AP-2 (6, 64). EH21 (E�95/295) and D3�2 are mu-
tated forms of Eps15; the former acts as a dominant-negative
inhibitor of clathrin-mediated endocytosis when overex-
pressed, whereas the latter has no such effect and is used as a
control (5, 64). EH21 causes a severe reduction in the number
of coated pits on the plasma membrane and induces a cyto-
plasmic distribution of clathrin (5). For this reason, we de-
tected very little TR-Tfn associated with cells expressing EH21,
whereas the distribution of TR-Tfn was unaffected by the ex-
pression of D3�2 (Fig. 5). The intracellular distribution of
endogenously synthesized F13L-HA was also unaffected by
coexpression of D3�2, whereas most F13L-HA was associated
with the plasma membrane when EH21 was overexpressed
(Fig. 5). Taken together, the data obtained with the dominant-
negative mutated proteins indicated that the F13L protein
recycles from the plasma membrane via clathrin receptors.

FIG. 3. Effects of chlorpromazine on the endocytosis of TR-Tfn and intracellular localization of F13L-GFP. HeLa cells were transfected with
pF13L-GFP (upper panels) or infected with vF13L-GFP (lower panels). At 24 h after transfection or 18 h after infection, the cells were pretreated
with chlorpromazine for 10 min and then incubated with TR-Tfn for 20 min in the continued presence of chlorpromazine. The cells were then fixed
and viewed by confocal microscopy. GFP and Texas red fluorescence is shown in the left and right panels, respectively. Bars, 10 �m.
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F13L-HA coprecipitated with �-adaptin. We used coimmu-
noprecipitation to investigate possible interactions between
F13L-HA and proteins associated with clathrin. Lysates from
vF13LHAC-infected cells were incubated with a MAb to
�-adaptin, �-adaptin, or clathrin. Immune complexes captured
on protein A beads were resolved by SDS-PAGE, transferred
to a nitrocellulose membrane, and probed with an anti-HA

polyclonal antibody. The antibody reacted with a band corre-
sponding to F13L-HA that immunoprecipitated with the anti-
�-adaptin MAb but not with the anti-clathrin or anti-�-adaptin
MAb, indicating the specificity of the interaction (Fig. 6).
�-Adaptin, a component of the AP-2 complex, is required for
the targeting of AP-2 to the plasma membrane, where it inter-
acts with Eps15 and plays a major role in the organization and

FIG. 4. Coexpression of F13L with a trans-dominant-negative dynamin mutant. HeLa cells were transfected or cotransfected with plasmids
expressing F13L-HA, functional Dyn 2 (ab)-GFP, or dominant-negative Dyn 2 (ab) K44A-GFP. After 24 h, cells were incubated with TR-Tfn for
20 min and then either fixed and examined by confocal microscopy or first permeabilized and stained with an anti-HA MAb followed by rhodamine
red-conjugated anti-mouse IgG. Bars, 10 �m.
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FIG. 5. Coexpression of F13L with a dominant-negative Eps15 mutant. HeLa cells were transfected or cotransfected with plasmids expressing
F13L-HA, D3�2, or EH21. After 24 h, the cells were incubated with TR-Tfn for 20 min and then either fixed and examined by confocal microscopy
or first permeabilized and stained with an anti-HA MAb followed by rhodamine red-conjugated anti-mouse IgG. Bars, 10 �m.
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function of clathrin-coated pits (46). Attempts to perform the
reverse experiment, coimmunoprecipitation of �-adaptin with
F13L-HA using the anti-HA polyclonal antibody followed by
Western blotting with the anti-�-adaptin MAb, failed. We at-
tribute this failure to the large excess of the abundant
F13L-HA viral protein over �-adaptin as well as to the poor
ability of the anti-�-adaptin MAb to work in Western blotting.

Effects of wortmannin and nocodazole on the intracellular
distribution of F13L-GFP. Additional inhibitors were used to
perturb the endocytic recycling pathways. Wortmannin, a
phosphatidylinositol 3-OH kinase inhibitor, accelerates the
rate of internalization of Tfn and slows down endocytic recy-
cling, resulting in the concentration of Tfn in the perinuclear
recycling compartment (39). To determine the effect of this
drug on the intracellular localization of F13L-GFP, transfected
cells were first treated with wortmannin and then incubated
with TR-Tfn. As shown in Fig. 7, TR-Tfn was concentrated in
the central region of the cell, with relatively little at the pe-
riphery, and a similar distribution was found for F13L-GFP.
Comparable results were obtained with infected cells except
for the masses of F13L-GFP at the periphery, which likely
represent IEV (Fig. 7).

Nocodazole, a microtubule-depolymerizing drug, inhibits
the maturation of early endosomes to sorting endosomes (33,
36) without affecting the internalization and recycling of pro-
teins to the plasma membrane (32, 53). When cells expressing
F13L-GFP were first treated with nocodazole and then incu-
bated with TR-Tfn in the presence of the drug, the punctate
fluorescence of TR-Tfn appeared mainly at the periphery of
the cell, as would be expected if maturation of early endosomes
into sorting endosomes was blocked (Fig. 7). This pattern
contrasted with the perinuclear pattern that occurred with

wortmannin (Fig. 7). In cells treated with nocodazole, punctate
F13L-GFP fluorescence was scattered in the cytoplasm, with
some in the juxtanuclear area, possibly representing fragmen-
tation and reorganization of Golgi vesicles caused by the drug,
as well as endosomes (Fig. 7). Some of the punctate F13L-GFP
fluorescence at the periphery of the cell, however, overlapped
with TR-Tfn-stained early endosome vesicles, consistent with
recycling from the plasma membrane (Fig. 7). Overlap of
F13L-GFP fluorescence with TR-Tfn also occurred in virus-
infected cells (Fig. 7).

Previously, we showed that F13L-GFP partially colocalized
with the LAMP2 protein, a marker for late endosomes and
lysosomes (29). At that time, we had mainly considered traf-
ficking from the trans-Golgi network to late endosomes. How-
ever, proteins can also associate with late endosomes via the
endocytic route (16, 61). Both routes may be used by F13L-
GFP, as evidenced by the fact that some punctate F13L-GFP
fluorescence overlapped with the LAMP2 late-endosomal/ly-
sosomal marker in transfected and infected cells even in the
presence of nocodazole, which blocks the endocytic route (Fig.
8).

DISCUSSION

The intracellular trafficking of the F13L protein is of special
interest, as the protein is highly conserved among poxviruses
and is essential for the wrapping of IMV with trans-Golgi or
endosomal membranes to form the IEV (11). The conserved
palmitoylation (23, 24, 29) and phospholipase motifs (29, 48)
are required for the proper intracellular trafficking of the F13L
protein. Previous data have suggested that the F13L protein
induces the formation of vesicles that contain other viral en-
velope proteins and are precursors of the wrapping membranes
(28, 29). The F13L protein can also serve as a model for the
trafficking of a cytoplasmic, lipid-modified peripheral mem-
brane protein. For example, the F13L protein has palmitoy-
lated residues located in its central domain (24), similar to
those of the 25-kDa synaptosome-associated protein (SNAP-
25), a t-SNARE that functions in the fusion and exocytosis of
secretory vesicles (25). Like the F13L protein, SNAP-25 accu-
mulates in the trans-Golgi network and is transported by ves-
icles to the plasma membrane (21, 22). The cellular mecha-
nisms involved in palmitoylation are poorly understood (10),
and the site at which this occurs may be different for different
proteins, since palmitoyltransferases are associated with the
plasma membrane as well as with membranes derived from the
ER, intermediate compartment, Golgi network, and mitochon-
dria (12, 17, 35, 49, 67). Proteins known to be palmitoylated in
the early secretory pathway are integral transmembrane pro-
teins.

To assess a possible requirement that the F13L protein traf-
fic through the ER, we coexpressed a trans-dominant mutated
form of the Sar1 protein that is retained in the ER (3) together
with F13L or VSVG. Sar1H79G prevented VSVG from exiting
the ER but had no effect on the intracellular distribution of the
F13L protein, implying that palmitoylation of F13L occurs in a
post-ER compartment. Palmitoylation could occur in the Golgi
network, as has been suggested for SNAP-25 (22), but this
remains to be demonstrated.

Although the importance of endocytosis in virus entry is well

FIG. 6. Coimmunoprecipitation of F13L with �-adaptin. BS-C-1
cells infected with vF13LHAC were harvested and lysed. The lysate was
incubated with an antibody to �-adaptin, clathrin, or �-adaptin, and
immune complexes were captured on protein A beads, resolved by
SDS-PAGE, and transferred to a nitrocellulose membrane. The mem-
brane was probed with an anti-HA polyclonal antibody to detect the
F13L protein. A sample of the cell lysate was also analyzed directly.
The masses of marker proteins (in kilodaltons) are given on the left.
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FIG. 7. Effects of wortmannin and nocadazole on the internalization of TR-Tfn and intracellular localization of F13L-GFP. HeLa cells were
transfected with pF13L-GFP or infected with vF13L-GFP. At 24 h after transfection or 18 h after infection, the cells were pretreated with
wortmannin (Wort) or nocadazole (Noc) for 10 min and then incubated in the continued presence of the drug with TR-Tfn for 20 min. Cells were
then fixed and analyzed by confocal microscopy. Arrows point to the overlap of F13L-GFP with TR-Tfn. Green, GFP; red, Texas red; yellow,
overlap of green and red. Bars, 10 �m.
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known, recent studies suggest additional roles for this process
in the virus life cycle (38). Endocytosis may allow the retrieval
and reuse of viral membrane proteins; at the same time, it
lowers their cell surface expression, which otherwise could
enhance the visibility of infected cells to the immune system.
Human immunodeficiency virus, simian immunodeficiency vi-
rus, herpes simplex virus, varicella-zoster virus, and human
cytomegalovirus encode glycoproteins with endocytosis signals
which reduce their concentrations on the cell surface (1, 2, 8,
20, 52, 54, 66). The vaccinia virus B5R glycoprotein has endo-
cytosis signals that are not required for virus envelopment but
that allow recycling of the protein from the plasma membrane
(69). The above proteins all have transmembrane and extra-
cellular domains. Relatively few studies of endocytosis have

been carried out with viral or cellular proteins that associate
peripherally with the cytoplasmic side of the plasma mem-
branes via a lipid anchor, such as the F13L protein. In this
report, we provide the first evidence for the recycling of the
F13L protein from the plasma membrane.

Several lines of evidence indicated that endocytosis of the
F13L protein from the plasma membrane is clathrin mediated.
Thus, the F13L protein showed overlap with vesicles that
stained with antibodies to clathrin and to Tfn, which is known
to traffic via clathrin-coated pits. Moreover, drugs as well as
trans-dominant-negative inhibitors of clathrin-mediated endo-
cytosis prevented recycling of the F13L protein. In addition,
the F13L protein coimmunoprecipitated with �-adaptin, a
component of the clathrin-associated adaptor complex AP-2.

FIG. 8. Effect of nocodazole treatment on the colocalization of F13L-GFP with LAMP2. HeLa cells were transfected with pF13L-GFP or
infected with vF13L-GFP. At 24 h after transfection or 18 h after infection, cells were either left untreated or treated with nocodazole (Noc) for
30 min. The cells were then fixed, permeabilized, and stained with an anti-LAMP2 MAb followed by rhodamine red-conjugated anti-mouse IgG.
Arrows point to the overlap of F13L-GFP with LAMP2. Green, GFP; red, rhodamine red; yellow, overlap of green and red. Bars, 10 �m.
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The latter is part of the vesicle coat, which forms at the cyto-
solic leaflet of the plasma membrane bilayer (46). Since AP-2
is composed of four chains, the immunoprecipitation results do
not necessarily indicate that the F13L protein interacts directly
with �-adaptin. Inspection of the F13L protein sequence re-
vealed several sites containing dileucine or tyrosine residues
that could interact with the adaptor complex. Mutagenesis of
these motifs individually, however, did not greatly affect the
intracellular distribution of the F13L protein, suggesting re-
dundancy of interaction sites (M. Husain, unpublished data).

Upon internalization from the plasma membrane, most pro-
teins enter sorting endosomes, where they may be delivered to
late endosomes and lysosomes or to a separate tubular recy-
cling compartment (42). However, proteins may also enter late
endosomes and lysosomes more directly from the trans-Golgi
network. The F13L protein may use the latter pathway as well
as the recycling pathway, as revealed by the partial colocaliza-
tion of the F13L protein with LAMP2 even after nocadazole
treatment, which is known to inhibit the maturation of early
endosomes (33, 36).

Based on previous and present studies of the F13L protein,
we propose the following intracellular trafficking scheme. The
F13L protein is expressed as a cytoplasmic protein and asso-
ciates transiently with membranes, probably in the Golgi net-
work, where it becomes palmitoylated by membrane-associ-
ated transferases (30). The F13L protein then induces vesicle
formation by a mechanism that is dependent on its phospho-
lipase motif (28, 29). The induced vesicles contain additional
viral membrane proteins and form cisternae that wrap the
IMV. The resulting IEV are transported to the peripheries of
the cells, where the outer viral membrane fuses with the
plasma membrane. These viral membrane proteins, and addi-
tional quantities that may traffic to the plasma membrane by a
direct secretory path, would be unavailable for further IEV
production unless retrieved. The F13L protein, as well as the
cytoplasmic domain of the B5R protein (69), interacts with the
clathrin complex, and the associated plasma membrane
pinches off to form early endosomal vesicles and tubules. The
early endosomes mature into sorting endosomes, which enter
the perinuclear recycling compartment, and into vesicles that
follow a retrograde path to late endosomes and the trans-Golgi
network, a process that appears to be greatly enhanced during
vaccinia virus infection (55, 65). Cisternae, containing recycled
F13L and other IEV proteins, are used for wrapping IMV to
form additional IEV.
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