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Ebola virus budding is mediated by the VP40 matrix protein.
VP40 can bud from mammalian cells independent of other viral
proteins, and efficient release of VP40 virus-like particles (VLPs)
requires interactions with host proteins such as tsg101 and
Nedd4, an E3 ubiquitin ligase. Ubiquitin itself is thought to be
exploited by Ebola virus to facilitate efficient virus egress.
Disruption of VP40 function and thus virus budding remains an
attractive target for the development of novel antiviral thera-
pies. Here, we investigate the effect of ISG15 protein on the
release of Ebola VP40 VLPs. ISG15 is an IFN-inducible, ubiquitin-
like protein expressed after bacterial or viral infection. Our
results show that expression of free ISG15, or the ISGylation
system (UbE1L and UbcH8), inhibits budding of Ebola virus VP40
VLPs. Addressing the molecular mechanism of this inhibition, we
show that ISG15 interacts with Nedd4 ubiquitin ligase and
inhibits ubiquitination of VP40. Furthermore, the L-domain de-
letion mutant of VP40 (�PT/PY), which does not interact with
Nedd4, was insensitive to ISG15-mediated inhibition of VLP
release. These data provide evidence of antiviral activity of
ISG15 against Ebola virus and suggest a mechanism of action
involving disruption of Nedd4 function and subsequent ubiq-
uitination of VP40.

Ebola virus � interferon � innate immunity � ubiquitin

The IFN pathway activates hundreds of cellular IFN-
stimulated genes (ISGs), some of which have direct antiviral

activity (1–5). For example, ISG15 was one of the first recog-
nized ISG proteins whose expression was up-regulated not only
by IFN but also by viral infection, LPS treatment, and retinoic
acid (6–8). ISG15 has high homology to ubiquitin and can be
detected in cells in both free and conjugated forms (9, 10). ISG15
conjugation (ISGylation) to proteins uses cascades of enzymatic
reactions similar to those used in protein ubiquitination path-
ways (11). Some of these enzymes, like ubiquitin E1-like protein
(UBE1L) (12, 13), are unique for ISG15, whereas two E2
enzymes, UbcH8 and UbcH6, are also used in the ubiquitination
pathway (14–16)

The observation that ISG15 conjugation targets many com-
ponents of the antiviral signaling pathway suggests that ISG15
may play a role in the innate antiviral response (12, 17). To this
effect, it was shown that the NS1 protein of the Influenza B virus
inhibits ISGylation (12), and ISG15 expression decreased Sind-
bis virus replication and provided protection against lethal
infection (12, 18). Also, ISG15-null mice showed an increase
susceptibility to both DNA- and RNA-containing viruses in vivo,
including influenza, herpes simplex, and Sindbis viruses (19).
Recently, inhibition of HIV-1 virion release in IFN-treated cells
was shown to be mediated by ISG15 (20). Several reports have
also linked induction and expression of ISG15 to inhibition of
important viral pathogens of fish (21, 22). Together, these
studies suggest that ISG15 has a potent and broad-based antiviral

effect; however, the mechanism of action of ISG15 remains to be
determined.

Ebola virus (Zaire; EBOZ) is a member of the Filoviridae
family of negative-sense RNA viruses, and the VP40 matrix
protein is a key structural protein critical for virion egress.
Late-budding domains (L-domains) present in VP40 mediate
interactions with host proteins to facilitate VLP and virus release
(23–39).

For example, Ebola VP40 contains overlapping L-domains
(7PTAP10 and 10PPEY13), which interact with members of the
ESCRT pathway (e.g., tsg101) and members of the HECT family
of WW-domain containing ubiquitin ligases (e.g., Nedd4) to
facilitate budding (36, 40–48). Indeed, monoubiquitination of
viral matrix proteins has been postulated to promote efficient
release of virus and/or VLPs (36, 38, 39, 48–59).

The goal of this study was to determine whether expression of
ISG15 can inhibit budding of Ebola VP40 VLPs, and if so, to
elucidate the molecular mechanism of ISG15 activity. We found
that expression of ISG15 inhibited release of VP40 VLPs in a
dose-dependent manner. This inhibition was specific for ISG15,
because down-regulation of ISG15 expression by ISG15-specific
siRNAs rescued budding of VP40 VLPs. Regarding the mech-
anism of inhibition of budding, we demonstrate that ISG15
interacts with host ubiquitin ligase-Nedd4, and that ISG15
expression inhibits ubiquitination of Ebola VP40. Interestingly,
expression of ISG15 did not inhibit release of an L-domain
mutant of VP40, which does not interact with the Nedd4. Thus,
our findings suggest that IFN-induced ISG15 inhibits budding of
Ebola VP40 VLPs in an L-domain-dependent manner by a
mechanism that involves disruption of Nedd4 function and
subsequent ubiquitination of VP40. Our results implicate an
important role for ISG15 in the enhancement of the innate
antiviral response and suggest a mechanism of action whereby
ISG15 disrupts Nedd4 ligase activity.

Results
Human ISG15 Inhibits Budding of Ebola VP40 VLPs. We first sought to
determine whether expression of human ISG15 would inhibit
budding of Ebola VP40 VLPs. Human 293T cells were either
mock-transfected or transfected with a constant amount of a
plasmid-expressing VP40-WT together with increasing amounts
of a plasmid-expressing human ISG15 (Fig. 1). Total plasmid
DNA was held equivalent in all samples by using empty
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pCAGGS vector. At 48 h posttransfection, media from all
samples were collected and centrifuged through a 20% sucrose
cushion to pellet VLPs. Both cells and VLPs were lysed, and the
indicated proteins were detected by SDS/PAGE and Western
blotting (Fig. 1).

Western blotting of transfected cell extracts revealed that the
levels of VP40 remained relatively constant (Fig. 1, Cells, lanes
1 and 3–6), as did levels of endogenous Nedd4 E3 ubiquitin

ligase (Fig. 1, Cells, lanes 1–6). As expected, levels of ISG15 in
cells increased with increasing amounts of ISG15 plasmid DNA
transfected (Fig. 1, Cells, compare lanes 2–6). In contrast, the
levels of VP40 detected in VLPs decreased significantly in
response to increasing amounts of ISG15 (Fig. 1, VLPs, compare
lanes 3–6). In correlation with the observed decrease in VP40
VLPs, the levels of endogenous Nedd4 incorporated into bud-
ding VP40 VLPs (36, 48, 61, 62) also decreased in response to
increasing amounts of ISG15 (Fig. 1, VLPs, compare lanes 3–6).
These findings indicate that expression of human ISG15 inhibits
Ebola VLP release in a dose-dependent manner, as illustrated by
a steady decrease of both VP40 and host Nedd4 in budding
VLPs.

ISG15 Inhibits Ubiquitination of VP40. Both the PTAP and over-
lapping PPEY motifs present in Ebola VP40 have been shown to
possess L-domain activity and to interact physically and func-
tionally with host proteins tsg101 and Nedd4, respectively (56,
58, 61, 62). Because ISG15 is a ubiquitin-like protein and can be
conjugated to target proteins via lysine residues, we sought to
determine whether ISG15 modulates the ubiquitination of VP40
and/or Nedd4 ligase activity to disrupt VP40 VLP budding.

Human 293T cells were transfected with the indicated plas-
mids (Fig. 2), and cell extracts and VLPs were harvested at 24 h
after transfection. The levels of Ebola VP40 were detected in
both cell lysates and VLPs by immunoprecipitation with anti-
VP40 antiserum, followed by Western blotting with anti-VP40
antiserum (Fig. 2 A; H.C., IgG heavy chain). The level of VP40
present in appropriate cell extracts was equivalent (Fig. 2 A,
Cells, lanes 1 and 4–6). As expected, a basal level of VP40 was
detected in VLPs (Fig. 2 A, VLPs, lane 1), whereas enhanced
budding of VP40 was evident when VP40 was coexpressed with
Nedd4 (Fig. 2 A, VLPs, lane 4). Interestingly, Nedd4-mediated
enhancement of VP40 budding was abolished by coexpression of
ISG15 alone (Fig. 2 A, VLPs, lane 5), or the ISGylation system
(Fig. 2 A, VLPs, lane 6).

The blots in Fig. 2 A were then stripped and reprobed with
anti-HA antiserum to detect ubiquitinated VP40 (Fig. 2B). Thus,
cell and VLP samples shown in Fig. 2B were first immunopre-
cipitated with anti-VP40 antiserum followed by Western blot by
using anti-HA antiserum (Fig. 2B). In the absence of exogenous
Nedd4 (Fig. 2B, cells plus VLPs, lane 1) and in control samples
(lanes 2 and 3), ubiquitination of VP40 was not detectable.
However, a strong ubiquitination profile of VP40 was observed

Fig. 1. ISG15 inhibited Ebola VP40 VLP budding in a concentration-dependent
manner. Human 293T cells were transfected as indicated. The total amount of
plasmid DNA transfected was held equivalent in all samples by using empty
pCAGGS vector. At 48 h posttransfection, VLPs and cell extracts were harvested
and analyzed by Western blot with anti-VP40, -ISG15, or -Nedd4 antisera.

Fig. 2. Expression of ISG15 affects Nedd4-mediated ubiquitination. Human 293T cells in 100-mm dishes were transfected with the indicated plasmids. VLPs and
cell extracts were first immunoprecipitated with anti-VP40 antiserum, followed by Western blotting with (A) anti-VP40 antiserum (H.C., heavy chain), or (B)
anti-HA antiserum.
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in both cells and VLPs in the presence of Nedd4 (Fig. 2B, Cells
and VLPs, lane 4). Strikingly, ubiquitination of VP40 was
reduced significantly in the presence of free ISG15 (lane 5) or
the ISGylation system (lane 6). These findings suggest that
ubiquitination of VP40 is mediated by Nedd4, leading to an
enhancement of VP40 VLP budding. Furthermore, coexpression
of ISG15 counteracts the enhancing effect of Nedd4-mediated
ubiquitination, leading to a reduction in VP40 VLP budding.

Based on the findings described above, we sought to determine
whether ISG15 interacts with Nedd4, thus inhibiting its ubiquitin
ligase activity and positive effect on VP40 VLP budding. Cell
extracts were first immunoprecipitated with anti-Nedd4 anti-
serum followed by Western blot with anti-ISG15 antiserum (Fig.

3 Top). As expected, ISG15 was not detected in control samples
that did not receive the ISG15 expression plasmid (Fig. 3 Top,
lanes 1, 2, and 4). In contrast, free ISG15 was detected in cells
receiving only the ISG15 expression plasmid (Fig. 3 Top, lane 3).
This weak signal is likely due to an interaction between endog-
enous Nedd4 and exogenous ISG15. A significantly stronger
ISG15 signal was evident in cells receiving exogenous Nedd4 and
ISG15 alone or ISG15 plus UBE1L and UbcH8 (Fig. 3 Top, lanes
5 and 6). These findings indicate that ISG15 physically interacts
with endogenously and exogenously expressed Nedd4.

In addition to the IP/Western blots described above, Western
blots were performed to confirm expression of either ISG15 or
Nedd4 in the appropriate samples (Fig. 3 Middle and Bottom).
Free ISG15 was readily detected in cells receiving the ISG15
expression plasmid (Fig. 3 Middle, lanes 3, 5, and 6), but not in
control samples (lanes 1, 2, and 4). A weak Nedd4 signal
corresponding to endogenously expressed protein was detected
by Western blot (Fig. 3 Lower, lanes 1 and 3), whereas a strong
Nedd4 signal corresponding to endogenously and exogenously
expressed Nedd4 was observed in lanes 2, 4, 5, and 6. A band
corresponding in size to ISGylated-Nedd4 was observed in cell
extracts coexpressing ISG15 and Nedd4 (Fig. 3 Bottom, lanes 5
and 6); however, whether ISG15 is conjugated to Nedd4 remains
to be confirmed. In sum, these findings suggest that ISG15 and
Nedd4 interact, leading to the possible ISGylation of Nedd4.

ISG15 Had No Effect on Budding of the VP40 L-Domain Mutant,
VP40�PTPY. Because it appears that ISG15 inhibits budding of
VP40 VLPs by disrupting Nedd4 activity, and because Nedd4
interacts with VP40 via the PPxY-type L-domain of VP40, we
sought to determine whether expression of ISG15 would affect
release of VP40-�PTPY. We know from previous studies that
VP40-�PTPY does bud as a VLP, albeit at levels up to 100-fold
less than that of VP40-WT. VLPs were isolated, and VP40-WT
or VP40-�PTPY was detected by Western blot (Fig. 4). Con-
sistent with results described above, budding of VP40-WT VLPs
was enhanced in the presence of Nedd4 (Fig. 4A Top, compare
lanes 1 and 4), and VP40-WT VLPs were not detected in control
samples (lanes 2 and 3). As expected, budding of VP40-WT was
reduced in the presence of free ISG15 alone or the ISGylation
system (Fig. 4A Top, compare lane 4 with lanes 5 and 6).

In marked contrast, although VP40-�PTPY was detected in
VLPs (Fig. 4B Top, lane 1), there was no enhancement of

Fig. 3. Interaction of Nedd4 and ISG15. Human 293T cells were transfected
with the indicated plasmids, and cell extracts were harvested. (Top) Proteins
were first immunoprecipitated with anti-Nedd4 antiserum, followed by West-
ern blot with anti-ISG15 antiserum. (Middle and Bottom) Western blots of cell
extracts using anti-ISG15 or anti-Nedd4 antisera as indicated. ISG15 detected
in Top and Middle represents free ISG15.

Fig. 4. ISG15 inhibits VP40 VLP budding in an L-domain-dependent manner. Human 293T cells were transfected with the indicated plasmids. At 48 h after
transfection, media were concentrated and VLPs were harvested as indicated. (A) VP40-WT VLPs were analyzed by Western blot using anti-VP40 antiserum (Top)
or anti-HA antiserum (Bottom). (B) VP40-�PTPY VLPs were analyzed by Western blot using anti-VP40 antiserum (Top), or anti-HA antiserum (Bottom).
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budding of VP40-�PTPY when coexpressed with Nedd4 (Fig.
4B Top, compare lanes 1 and 4). In addition, coexpression of free
ISG15 (lane 5) or the ISGylation system (lane 6) did not inhibit
release of VP40-�PTPY (Fig. 4B Top, compare lane 4 with lanes
5 and 6). These data indicate that the L-domain sequences of
VP40 are required for both Nedd4-mediated enhancement and
ISG15-mediated inhibition of VP40 VLP budding.

Next, we examined the ubiquitination profile of VP40-WT VLPs
and VP40-�PTPY VLPs in the presence or absence of ISG15 (Fig.
4 A and B Bottom). Consistent with results described above,
ubiquitination of VP40-WT was readily evident in VLPs harvested
from cells expressing VP40-WT, Ub-HA, and Nedd4 (Fig. 4A
Bottom, lane 4), whereas no ubiquitination was detected in control
samples (Fig. 4A Bottom, lanes 1–3). Ubiquitination was reduced in
the presence of ISG15 alone (Fig. 4A Bottom, lane 5) or the
ISGylation system (lane 6). In contrast to that of VP40-WT, a more
diffuse and nonspecific pattern of ubiquitination was observed in
VLPs from cells expressing VP40-�PTPY, Ub-HA, and Nedd4
(Fig. 4B Bottom, lane 4). Importantly, this observed pattern of
ubiquitination of VP40-�PTPY did not change in the presence of
free ISG15 (Fig. 4B Bottom, compare lanes 4 and 5) or the
ISGylation system (compare lanes 4 and 6). Taken together, the
data presented in Fig. 4 are consistent with our model that ISG15
disrupts Nedd4 activity leading to disruption of L-domain-mediated
budding of VP40 VLPs.

ISG15-Specific siRNA Rescues Budding of VP40 VLPs. To confirm that
the inhibition of VP40 VLP budding is specific for expression of
ISG15, control or ISG15-specific siRNAs were incorporated into
the VLP budding assay. Human 293T cells were cotransfected
with VP40 and ISG15 in the presence of nonspecific, scrambled
siRNA (20 nmol) or ISG15-specific siRNA (20 nmol) (Fig. 5A).
Proteins were radiolabeled at 24 h posttransfection with 100
�Ci/ml of [35S]Met-Cys. Cell extracts and VLPs were harvested
6 hours later, and the indicated proteins were detected by
immunoprecipitation (Fig. 5).

Equivalent levels of expression of VP40 were observed in the
appropriate cell extracts (Fig. 5A, cells, lanes 2 and 4–6).
Expression of ISG15 in cell extracts cotransfected with ISG15
siRNA was abolished (Fig. 5A, cells, lane 6), whereas expression
of ISG15 was unaffected in cell extracts transfected with random

siRNA (lane 5). VP40 was readily detected in VLPs when
expressed alone (Fig. 5A, VLPs, lane 2), and a 2-fold reduction
in VP40 VLP budding was observed in the presence of ISG15
(1.0 �g of DNA transfected) (Fig. 5A, VLPs, compare lanes 2
and 4). This level of reduction remained in the presence of
random siRNA (Fig. 5A, VLPs, lane 5), whereas the level of
VP40 in VLPs harvested from cells receiving ISG15-specific
siRNA increased close to that observed in the positive control
sample (Fig. 5A, VLPs, compare lanes 1 and 6). These results
confirm that inhibition of VP40 VLP budding is directly related
to expression of ISG15.

In a complementary approach, expression of endogenous ISG15
was induced in VP40-transfected cells by treating with 500 units/ml
of IFN-� (Fig. 5B). Cells expressing VP40 alone served as a positive
control for VLP budding (Fig. 5B, VLPs, lane 1). The level of VP40
in VLPs from cells treated with IFN-� was reduced by �40%
compared with that observed in the untreated positive control (Fig.
5B, VLPs, compare lanes 1 and 3). This reduction in VP40 VLP
budding correlated with the IFN-�-mediated induction of endog-
enous ISG15 in these cells (Fig. 5B, Cells Middle, lane 3). Reduced
levels of VP40 VLP budding were also evident in IFN-�-treated
cells receiving random siRNA (Fig. 5B, VLPs, lane 4). In contrast,
budding of VP40 VLP was rescued in IFN-�-treated cells receiving
ISG15-specific siRNA (Fig. 5B, VLPs, compare lanes 1 and 5).
Importantly, the level of endogenous ISG15 in these cells was
virtually undetectable (Fig. 5B, Cells, lane 4), indicating that the
ISG15-specific siRNA efficiently knocked down expression of
ISG15. Taken together, the data presented in Fig. 5 indicate that
inhibition of VP40 VLP budding is due specifically to expression
(exogenous or endogenous) of host ISG15.

Discussion
Type 1 IFN plays a central role in the innate immune response
to virus infection, in part by stimulating expression of a plethora
of host genes, many of which possess antiviral functions (5, 63).
One such gene, ISG15, is a ubiquitin-like protein that is conju-
gated to cellular proteins (9), and that has been shown recently
to have antiviral activity (12, 17, 18, 64). In this study, we
demonstrated that IFN treatment and/or expression of human
ISG15 significantly inhibited release of Ebola VP40-WT VLPs.
It is well documented that Ebola virus VP40 can bud indepen-

Fig. 5. siRNAs targeting ISG15 rescue budding of VP40 VLPs. (A) Human 293T cells were transfected for 24 h with the indicated plasmids and with ISG15 siRNA
(20 �M), or random siRNA (20 �M). VLPs and cell extracts (Cells) were harvested as described, and samples were immunoprecipitated with anti-VP40 (Top) or
anti-ISG15 (Middle) antisera, as indicated. Actin (Bottom) is shown as a loading control. (B) Human 293T cells were transfected with the indicated plasmids or
siRNAs for 24 h. Transfected cells were then treated with IFN-� (500 units/ml) for an additional 24 h. Cell extracts and VLPs were harvested as described and
immunoprecipitated with either anti-VP40 (Top) or -ISG15 (Middle) antisera, as indicated. All numbers represent an average of three independent experiments.
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dently as a VLP from mammalian cells (40, 46, 47, 61, 65).
Efficient release of VP40 VLPs is known to depend on functional
L-domain(s) of VP40, and at least two host proteins, tsg101 and
Nedd4 (36, 48, 51, 61, 62, 66). Indeed, monoubiquitination of
viral matrix proteins by WW-domain-containing E3 ligases such
as Nedd4 plays a role in facilitating budding of rhabdoviruses,
filoviruses, and retroviruses (24, 36, 37, 39, 61, 67).

Our results indicate that IFN treatment and/or ISG15 expres-
sion significantly inhibits release of VP40 VLPs [supporting
information (SI) Fig. 6], and that the IFN-induced inhibition of
VP40 VLP budding is mediated by ISG15, because ISG15-
specific siRNA reversed the IFN inhibition of VLP release.
These data extend those described for ISG15 modulation of
HIV-1 budding (20) by addressing the molecular mechanism of
inhibition of VP40 VLP budding by ISG15. We show here that
ISG15 disrupts ubiquitin ligase activity of Nedd4 and its ability
to ubiquitinate VP40. The extent of Nedd4-mediated ubiquiti-
nation of VP40 in cells and VLPs was reduced dramatically in the
presence of ISG15; however, it should be noted that the presence
of ubiquitinated forms of VP40 in VLP samples from ISG15-
transfected cannot be ruled out completely because of the
paucity of VP40 present in these VLP samples (Fig. 4A, lanes 5
and 6). The ISG15-mediated inhibition of ubiquitination and
subsequent budding were L-domain-dependent. Indeed, expres-
sion of ISG15 and Nedd4 had no effect on budding of the
L-domain mutant, VP40-�PTPY. In addition, VP40 VLP bud-
ding was not inhibited by ISG15 in the presence of inactive,
dominant-negative Nedd4 (SI Fig. 7). These findings reveal a
mechanism of antiviral activity of ISG15 that involves blocking
E3 ligase activity of host Nedd4.

Based on these data, we hypothesize that inactivation of Nedd4
ligase by ISG15 may also lead to inefficient release of other viruses
containing L-domains in their matrix proteins. As part of this study,
we have used a transfection/infection approach to examine the
effect of ISG15 on release of VSV. Like Ebola VP40, VSV M
protein possesses a functional PPxY type L-domain that interacts
with host Nedd4 (24, 36, 48, 61, 62, 67, 68). We show that expression
of ISG15 resulted in titers of VSV-WT that were �10-fold lower
than those measured in the absence of ISG15 at 4 and 6 h
postinfection (SI Table 1). Importantly, expression of ISG15 had
little to no effect on titers of recombinant virus PY�A4; a PPxY-
type L-domain-defective mutant of VSV (SI Table 1).

Future experiments need to determine whether ISG15 expres-
sion can also inhibit budding of live Ebola virus and clearly establish
the role of Type I IFN-mediated antiviral response to Ebola virus
infection in vivo. To this effect, it has been shown that mice lacking
the Type I IFN response (IRFR1 knockout mice) are highly
susceptible to Ebola virus infection (69). Also the transcription
profile of blood samples from non-human primates infected with
Ebola virus reflects both the IFN and cytokine response. However,
a common feature of filovirus infection is to suppress the antiviral

response, and a correlation between the virulence of highly patho-
genic Ebola viruses (Zaire and Sudan strains) and their ability to
antagonize the Type I IFN response has been observed (60).

Additional experiments to test the role of ISG15 in the
IFN-mediated inhibition of virus budding by using ISG15-
knockout mice are currently underway. A better understanding
of these virus–host interactions and the mechanism of action of
innate immune proteins such as ISG15 is fundamental for the
future development of novel and specific antiviral therapeutics.

Materials and Methods
Cells and Plasmids. Human 293T cells and BHK-21 cells were cultured in DMEM
with 10% FBS. Plasmids VP40-WT and VP40-�PT/PY have been described in ref.
48, and pISG15, UBE1L and the histidine-tagged ISG15 (ISG15-His) was ob-
tained from Ian Pitha-Rowe (Dartmouth Medical School, Hanover, NH) and are
described (20). UbcH8 was provided by Bret A. Hassel (University of Maryland,
Baltimore). The HA-tagged tsg101 is described in ref. 48.

VLP Budding Assay. 293T cells were transfected with the indicated amount of
plasmid DNA by using Lipofectamine (Invitrogen) in OptiMem (Invitrogen/Life
Technologies). Transfected cells were metabolically labeled 24 h posttrans-
fection with 100 �Ci/ml of [35S] Met-Cys (Perkin–Elmer). Six hours later,
medium was harvested, clarified, and layered over a 20% sucrose cushion in
STE buffer (0.01 M Tris�HCl, pH 7.5; 0.01 M NaCl; 0.001 M EDTA, pH 8.0), then
centrifuged at 36,000 rpm for 2 h at 4°C. The pellet was suspended in sodium
chloride/Tris/EDTA buffer and lysed with lysis buffer (50 mM Tris, pH 8; 150 mM
NaCl; 1.0% Nonidet P-40; proteinase inhibitor mixture). Cells were washed
twice with 1� PBS and then lysed in lyses buffer. Both cell and VLP samples
were immunoprecipitated with the appropriate antiserum and analyzed by
SDS/PAGE.

Antiserum, Immunoprecipitation, and Western Blotting. Antiserum against hu-
man tsg101 and the HA epitope tag were purchased from Santa Cruz Biotech-
nology. ISG15 antiserum was purchased from Cell Signaling Technology. Western
blotting and immunoprecipitations were performed as described in ref. 20.

VSV Infection. Human 293T cells were transfected with pISG15 (2.0 �g) or
pcDNA3.1 empty vector by using Lipofectamine (Invitrogen). Twenty-four hours
after transfection, the cells were infected with VSV (Indiana, Serotype) at a
multiplicity of infection of 10. At the indicated times postinfection, supernatant
samples were harvested and titered by standard plaque assay on BHK-21 cells.

Transfection of ISG15 siRNA. ISG15-synthetic siRNA (G1P2) and scrambled
siRNA (used as a negative control) were purchased from Ambion. Human 293T
cells were cotransfected with ISG15 siRNA (20 nmol) or scrambled siRNA (20
nmol), and VP40-WT by using Lipofectamine 2000 (Invitrogen). To express
ISG15, cells were either transfected with pISG15 or treated with IFN-� (1,000
units/ml) for 24 h. Transfected cells were then metabolically labeled with 100
�Ci/ml of [35S]Met-Cys, and media samples were harvested 6 hours later for
use in the VLP budding assay, as described above. Levels of ISG15 synthesized
in cell lysates were determined by Western blot analysis.
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