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The Tyr-X-X-Leu (YxxL) motif of the vaccinia virus F13L protein was examined for late (L) domain activity.
The ability of an F13L deletion virus to form plaques was restored by PCR products containing single alanine
substitutions within the motif and a YAAL construct but not by constructs lacking both the Y and L residues.
Recombinant viruses possessing alanine substitutions in place of the tyrosine or the leucine residue in the YxxL
motif demonstrated small, asymmetrical plaques. RNA interference-dependent depletion of Alix and TSG101
(host proteins involved in L domain-dependent protein trafficking) diminished extracellular enveloped virion
production to various degrees, suggesting that the YxxL motif is a genuine L domain.

Viral late assembly domains (L domains) are tetrapeptide
motifs thought to mediate the assembly and egress of viral
particles. The Pro-Thr-Ala-Pro (PTAP) motif was first identi-
fied in the p6 Gag protein of human immunodeficiency virus
type 1 (HIV-1) as a requirement for viral budding (14, 22).
Since then, two additional retroviral L domain motifs, Pro-Pro-
X-Tyr (PPxY) and Tyr-X-X-Leu (YxxL), have been discovered
(reviewed in reference 11). Mutation of these motifs reduces
secretion of HIV particles in certain cell types by arresting
virus budding through the plasma membrane. Electron micros-
copy shows virus particles tethered to the plasma membrane on
“stalk-like” structures, consistent with a defect in the assembly/
budding process. Additional studies have revealed several cel-
lular components involved in protein trafficking that interact
with L domains, suggesting that the assembly of virus particles
utilizes established host pathways for egress (reviewed in ref-
erences 10 and 30). Furthermore, it is now accepted that L
domains are likely important for viruses outside the Lentiviri-
dae family as well (8, 9, 32, 34, 39).

Vaccinia virus (VV), a member of the Orthopoxvirus genus,
is among the largest of the DNA viruses. During replication,
VV undergoes three distinct stages of gene expression, the
products of which are referred to as early, intermediate, and
late proteins. It is mainly the late proteins that provide the
virion with structural elements, the trafficking and assembly of
which are regulated by modifications such as acylation, myris-
toylation, and palmitoylation as well as processing by host cell
and virally encoded proteases (1, 5, 7, 16, 17, 18, 21, 26, 42).

Mature VV assumes four infectious forms: the intracellular
mature virus (IMV), the intracellular enveloped virus (IEV),
the cell-associated enveloped virus (CEV), and the extracellu-
lar enveloped virus (EEV). Both CEV and EEV originate from
IEV, which are IMV particles swathed in membranes derived
from trans-Golgi or endosomal cisternae (reviewed in refer-
ences 36 and 37). The major antigen located on the surface of

IEV is F13L, the product of the F13L open reading frame
(ORF) (3, 19, 20). F13L is a 372-amino-acid palmitoylprotein
(15) that contains a centrally located YxxL L domain-like motif
(residues 153 to 156). F13L has been shown to be involved in
viral envelopment and egress (15). The YPPL sequence is
100% conserved in the F13L protein of all strains of VV, as
well as in the F13L homologs within the Orthopoxvirus genus.
It is also highly conserved in F13L homologs throughout the
entire Poxviridae family (Table 1), suggesting that this domain
may convey an essential biological advantage to the virus.

In the present study, we sought to determine whether the
tetrapeptide motif located within the VV strain WR F13L
protein functions in an L domain-like capacity. VV lacking a
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TABLE 1. Viruses in which the YxxL motif is conserveda

Virus Motif residue
position Conserved motif

Orthopoxviruses
Vaccinia virus 153–156 VYSDYPPLATDL
Variola virus 153–156 VYSDYPPLATDL
Camelpox virus 153–156 VYSDYPPLATDL
Monkeypox virus 153–156 VYSDYPPLATDL
Cowpox virus 153–156 VYSDYPPLATDL
Taterapox virus 153–156 VYSDYPPLATDL

Other poxviruses
Squirrelpox virus 153–156 LYSEYAPLARDL
Myxoma virus 153–156 VYSTYAPLAADL
Lumpy skin disease

virus
154–157 IYSTYAPLALDL

Sheeppox virus 154–157 IYSTYAPLALDL
Swinepox virus 154–157 IYSTYKPLATDL
Yaba-like disease virus 153–156 IYSDYPPLASDL
Fowlpox virus 162–166 MDLYFRSLDYKI
Canarypox virus 186–189 LATQYHLLKSHN
Bovine papular

stomatitis virus
215–218 FLGFYRTLDEDL

Orf virus 215–218 FLGFYRTLDEDL
Crocodilepox virus 162–165 RFGDYLALARRG
Deerpox virus 157–160 IYSTFPPLAIDL

218–221 ILGFYRTLDADV

a Conserved motifs are underlined.
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functional F13L ORF do not produce EEV and therefore form
very small plaques over an extended incubation period (re-
viewed in reference 31). Thus, the introduction of a PCR
product containing a functional F13L ORF into cells infected
with an F13L deletion mutant virus (vv�F13LGFP) should
restore the ability of the virus to form plaques. In order to
determine the requirement for the YxxL motif, we designed a
trans complementation assay in which BSC40 cells were in-
fected with 150 PFU/well of vv�F13LGFP (the F13L ORF was
inactivated by the insertion of green fluorescent protein [GFP]
at nucleotide 19) for 1 h at 37°C. Subsequently, the viral inoc-
ulum was replaced with fresh medium, and cells underwent
liposome-mediated transfection overnight with a PCR product
encoding an F13L-GFP fusion protein containing a wild-type
or a mutant YxxL motif (Fig. 1A). The medium was then
removed and replaced with fresh growth medium containing
1% methylcellulose. At 3 days postinfection, cells were fixed
with 5% glutaraldehyde and stained with 0.1% crystal violet.

All constructs included a 1-kbp region of flanking DNA on
either side of the fusion to allow for transient expression of the
fusion protein and to facilitate recombination between the
F13L deletion mutant virus and the PCR product. Results
from this trans complementation assay demonstrated that the
capability of the deletion mutant to form plaques was restored
by the wild-type PCR product as well as PCR products con-
taining mutations Y153A, P154A, P155A, and, to a lesser de-
gree, L156A (Fig. 1B). A double-proline mutant also demon-
strated wild-type levels of rescue. In contrast, no appreciable
rescue was observed for constructs lacking both the Y and L
residues as well as for constructs containing the deletion of the
YxxL motif. Replacement of the YxxL motif with PTAP also
failed to rescue.

Previous studies of other YxxL L domains have demon-
strated that residues Y and L are critical for viral budding (8,
33). To determine if the F13L motif behaved similarly, recom-
binant viruses were isolated and plaque purified (hereafter

FIG. 1. trans complementation of an F13L deletion mutant virus. (A) Panel of F13L PCR products. �, the approximate location of the YxxL
motif within F13L. (B) Six-well plates containing BSC40 cells seeded at a density of 2 � 105 cells/well were infected with an F13L deletion mutant
virus for 1 h and then transfected with a PCR product containing one of several F13L YxxL mutations. Twenty-four hours postinfection, the
transfection inoculum was replaced with medium containing 1% methylcellulose and incubated for an additional 48 h. The cells were fixed, and
plaques were visualized by staining with 0.1% crystal violet.
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referred to as vvY153AGFP, vvP154AGFP, vvP155AGFP, and
vvL156AGFP). The plaque phenotype associated with each
mutant relative to those of both the wild-type F13L-GFP re-
combinant virus (vvF13LGFP) and the WR parental strain was
then examined. The fusion of GFP to the C terminus of F13L
has been shown to be fully functional (13), although virus
particles encoding the GFP fusion construct produce slightly
smaller plaques. This phenomenon may be due to a less effi-
cient interaction of F13L with other viral factors as a result of
the GFP tag, or perhaps the presence of a C-terminal GFP
fusion interferes with the viral mechanism of release. In this
experiment, BSC40 cells were infected with 50 PFU/well of
either a mutant virus or one of the controls for 1 h at 37°C. The
viral inoculum was removed and replaced with fresh growth
medium containing 1% methylcellulose. At 3 days postinfec-
tion, cells were fixed with 5% glutaraldehyde and stained with
0.1% crystal violet. Each mutant virus exhibited a distinct
plaque phenotype, with vvP154AGFP and vvP155AGFP pro-
ducing large plaques reminiscent of those observed for VV
WR (Fig. 2). The fact that these mutants produced plaques
that are larger than those of the parental vvF13LGFP strain of
virus was an unexpected result and is currently under investi-
gation. In contrast, mutants lacking either the Y or the L
residue produced extremely small plaques, suggesting a reduc-

tion in extracellular virus production. Furthermore, plaque
development for each virus was photographed under UV light
on a daily basis. Both vvY153AGFP and vvL156AGFP dis-
played an asymmetric pattern of spread, while the proline-
deficient mutants maintained a circular symmetry characteris-
tic of wild-type virus (data not shown). To verify if these
observations could be related to decreased stability of the
fusion protein as a result of the mutations within the YxxL
motif, we conducted an immunoblot analysis of F13L-GFP
expression levels for each mutant recombinant virus and com-
pared them to that of vvF13LGFP. Differences in steady-state
expression levels were observed for the various mutants (a
fivefold reduction for vvY153AGFP, a twofold reduction for
vvP154AGFP, a sixfold reduction for vvP155AGFP, and no
reduction for vvL156AGFP) (data not shown); however, this
does not appear to correlate with the plaque phenotypes.
vvL156AGFP, which demonstrated a slight increase in F13L-
GFP expression relative to that of the wild-type recombinant
virus, rescued the least efficiently and exhibited a small plaque
phenotype. Thus, it is unlikely that these amino acid changes
lead to the destabilization of protein structure that causes the
observed plaque phenotypes.

The plaque phenotypes coupled with the rescue data suggest
that the YxxL motif located within F13L may possess L domain
activity. Phenotypic differences in plaques created by the re-
combinant mutants and plaques produced by way of the rescue
assay may be due to the transient nature of F13L expression
associated with the rescue assay. It is likely that the mutant
PCR products were successful in the rescue of viral release but
that the particles formed were defective in that they contained
the more abundant F13L-deleted genome.

To confirm the apparent function of the F13L YxxL motif in
EEV release, the roles of several endogenous trafficking com-
ponents were examined. AIP1/Alix (hereafter referred to as
Alix) was first identified as a novel mouse protein that under-
goes calcium-dependent interaction with the apoptosis-linked-
gene 2 (ALG-2) protein (29). Alix has also been shown to play
a role in the formation of late endosomes and in endocytic
membrane trafficking (31). Studies involving equine infectious
anemia virus (EIAV), which contains the most extensively
characterized viral YxxL-type L domain, have demonstrated
that a lack of Alix expression results in a dramatic decrease in
the production of EIAV virions (27, 38). The YxxL-Alix rela-
tionship has also been established in HIV-1 and murine leu-
kemia virus, although to a lesser extent due to the presence of
a second L domain motif, PTAP and PPxY, respectively (27,
35). Furthermore, Alix has been recognized as a binding part-
ner of the EIAV p9 protein (38). Thus, if the F13L YxxL motif
functions as an L domain, Alix may also play a role in the
formation of VV EEV. We also sought to determine whether
TSG101, a known binding partner of viral PTAP L domains
(12, 40), had any effect on EEV release. While it is true that
VV does not contain the PTAP motif in any of its known
envelope proteins, the C-terminal proline-rich domain of Alix
does contain a PSAP motif and has been shown to bind to
TSG101 (27, 38, 41). Finally, it has been proposed that F13L is
recycled from the plasma membrane via an association with
clathrin complexes which lead to the formation of early endo-
somes (23). Blocking the F13L endocytic retrieval pathway
using a dominant-negative form of the accessory protein Eps15

FIG. 2. Plaque phenotypes of recombinant F13L YxxL mutant vi-
ruses. Six-well plates containing BSC40 cells seeded at a density of 3 �
105 cells/well were infected with virus for 1 h, overlaid with growth
medium containing 1% methylcellulose, and incubated for 3 days.
Cells were fixed and plaques visualized by staining with 0.1% crystal
violet. vvWR, VV WR strain.
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(2) demonstrated a decreased quantity of EEV released from
cells (24). To compare the effects of each of these trafficking
factors on VV EEV release, an analysis of VV comet forma-
tion following the depletion of Alix, TSG101, or Eps15 via
RNA interference (RNAi) transfection was performed. Addi-
tionally, the amount of EEV released into the medium was
quantified by plaque assay. Commercially available sets of
RNAi oligonucleotides targeting Alix, TSG101, and Eps15 as
well as a scrambled control were purchased from Invitrogen
(Carlsbad, CA). Prior to this study, the knockdown efficiency
of each oligo set was qualitatively evaluated by immunoblot

analysis, and Alix expression was further analyzed by densi-
tometry (Fig. 3A and B). The best set was chosen for each
target, with the exception of Alix, in which case, two sets of
differing efficiencies were chosen in an attempt to demonstrate
a correlation between Alix expression and EEV release.
BSC40 cells underwent liposome-mediated transfection with
200 pmol of each oligo set. Fresh growth medium was added at
24 h posttransfection. At 48 h posttransfection, the growth
medium was replaced with medium containing 50 PFU/well of
VV strain IHDJ for 1 h at 37°C. IHDJ was chosen for this assay
since it possesses a mutation in the A34R protein that allows it

FIG. 3. Depletion of host trafficking factors by RNAi. Six-well plates containing BSC40 cells seeded at a density of 1.5 � 105 cells/well were
transfected with RNAi oligonucleotides overnight and then incubated for an additional 24 h in growth medium. At 48 h posttransfection, cells were
harvested, lysed, and subjected to immunoblot analysis using commercially available monoclonal antibodies purchased from BD Biosciences
Pharmingen (Philadelphia, PA). (A) Determination of Alix inhibition. The amount of protein loaded into each well was normalized to the
actin-loading control by densitometry analysis. *, oligo sets selected for use in subsequent assays. (B) Determination of TSG101 and Eps15
inhibition. *, oligo set selected for use in subsequent assays. (C) EEV quantification. Six-well plates containing BSC40 cells seeded at a density
of 1.5 � 105 cells/well were transfected with RNAi oligonucleotides overnight and then incubated for an additional 24 h in growth medium. At 48 h
posttransfection, cells were infected with VV strain IHDJ for 1 h, at which time the viral inoculum was replaced with fresh growth medium. Cells
were then incubated for an additional 29 h. At 30 h postinfection, the supernatant was collected and treated with anti-A27L antisera for 1 h. Titers
were determined via plaque assay. Bars and vertical lines represent the mean PFUs and standard deviations for each RNAi treatment. (D) Comet
inhibition. Cells were fixed, and comets were visualized by staining with 0.1% crystal violet.
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to release up to 40 times more EEV than other strains of VV,
resulting in the formation of comet-like plaques (4). The viral
inoculum was then replaced with growth medium and incu-
bated at 37°C for an additional 30 h, at which time the super-
natant was collected and subjected to IMV depletion via a 1-h
incubation with anti-A27L antisera. Viral titers were then de-
termined using BSC40 cells. The most dramatic effect on EEV
release was associated with the depletion of Alix, followed by
the depletion of TSG101 and to a lesser extent the depletion of
Eps15 (Fig. 3C). Cell monolayers were fixed and stained and
revealed an inhibition of comet formation that correlated with
the results obtained for the EEV quantification (Fig. 3D),
suggesting that VV may interact with Alix in a way similar to
that which has been described for EIAV. Moreover, these
results also imply that TSG101 and Eps15 may be involved in
EEV egress as well. IMV formation does not appear to be
affected by the depletion of any of the three host factors or the
scrambled control as all four wells treated with RNAi demon-
strated primary plaques of similar size and quantity relative to
those of the untreated control.

The identification and characterization of viral L domains
have provided a more solid understanding regarding the way in
which enveloped virions are produced and released into the
extracellular environment. By encoding sequence domains that
mimic those of the host cell, nascent viral particles are able to
usurp established pathways for their own dissemination, and
VV, with its highly conserved L domain-like motif, is likely no
exception (Table 1). In the manuscript, we report on the anal-
ysis of the YxxL domain identified within the VV F13L enve-
lope protein. A panel of F13L-GFP fusion constructs contain-
ing mutations to the YxxL motif was generated (Fig. 1A) and
used in conjunction with a recombinant F13L-deleted mutant
VV in a trans complementation assay. The results obtained
indicate that the ability of the deletion virus to form plaques
may be restored by the introduction of a functional F13L ORF
(Fig. 1B). However, in order for rescue to proceed, certain
minimum requirements within the YxxL motif were estab-
lished: (i) single alanine substitutions at each residue restored
the plaque-forming ability, albeit to various degrees, but con-
structs lacking both the Y and the L residues were not func-
tional, indicating that these residues work in tandem to direct
EEV release, and (ii) the YxxL motif is absolutely required for
plaque formation and cannot be deleted or replaced with other
known L domains, as was demonstrated by a lack of comple-
mentation for the AAAA construct, the YxxL deletion con-
struct, and the PTAP substitution construct. This suggests that
VV EEV utilizes a very specific process to achieve budding.
Recombinant YxxL motif mutant viruses supported these ob-
servations in that isolates containing alanine substitutions for
either the Y or the L residue demonstrated an extremely small,
asymmetrical plaque phenotype, while alanine substitutions for
either of the P residues produced much larger, circular
plaques, similar to those observed for the parental virus strains
(Fig. 2). At no time were isolates containing an AxxA or an
AAAA mutation, a YxxL deletion, or a YxxL substitution
obtained, implying that the result of this type of recombination
may be detrimental to the formation of mature virions. RNAi
experiments involving the depletion of known host protein
trafficking components also demonstrated measurable effects
on EEV release (Fig. 3C and D). A reduction in the expression

of Alix, an established binding partner of the YxxL L domain
of EIAV (38), resulted in a 3.5- to 4.5-fold reduction of EEV
release. Data from these experiments also support a less sig-
nificant role for TSG101 in VV EEV release. Since VV lacks
a PTAP domain, TSG101 is not thought to participate in the
direct binding of VV proteins but may instead act as a traf-
ficking regulator through its association with Alix. These data
also support previous assertions that EEV release is somewhat
dependent upon the recycling of F13L from the plasma mem-
brane (23, 24), although from these experiments, it appears as
though endocytosis is not as crucial for EEV release as Alix
and possibly TSG101.

The role of the VV F13L YxxL motif and potential host
binding factors in the production and release of EEV particles
is of great interest. The highly conserved nature of the motif
coupled with its sensitivity to mutation suggests that the YxxL
motif located within the F13L protein may conduct late do-
main function in order to subvert host protein sorting machin-
ery and facilitate EEV release, making it the subject of future
research. One possible role for the YxxL motif may be in the
wrapping of IMV particles to form IEV, or perhaps the motif
is responsible for the recruitment of cellular factors to the site
of IEV particle release. Recent studies indicate that Alix is
involved in intracellular membrane metabolism through inter-
actions with endophilins (6) and with 2,2�-dioleoyllysobisphos-
phatidic acid (LBPA) (25, 28). As a result of this relationship,
the recruitment of Alix by viral L domains may be necessary to
facilitate the release of enveloped VV particles from the
plasma membrane. Experiments to decipher how the YxxL
motif functions in extracellular enveloped particle production
are under way. If the YxxL motif is recognized as a bona-fide
L domain, it will be of interest to identify potential antiviral
targets common to both enveloped DNA and enveloped RNA
viruses with the intention of preventing a systemic viral infec-
tion.
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